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Collaborate to Maintain the Association of
Achiasmate Homologs in Drosophila Oocytes
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ABSTRACT Accurate segregation of homologous chromosomes during meiosis depends on their ability to remain physically connected
throughout prophase I. For homologs that achieve a crossover, sister chromatid cohesion distal to the chiasma keeps them attached until
anaphase I. However, in Drosophila melanogaster wild-type oocytes, chromosome 4 never recombines, and the X chromosome fails to cross
over in 6-10% of oocytes. Proper segregation of these achiasmate homologs relies on their pericentric heterochromatin-mediated associ-
ation, but the mechanism(s) underlying this attachment remains poorly understood. Using an inducible RNA interference (RNAI) strategy
combined with fluorescence in situ hybridization (FISH) to monitor centromere proximal association of the achiasmate FM7a/X homolog pair, we
asked whether specific heterochromatin-associated proteins are required for the association and proper segregation of achiasmate homologs in
Drosophila oocytes. When we knock down HP1a, H3K9 methytransferases, or the HP1a binding partner Piwi during mid-prophase, we observe
significant disruption of pericentric heterochromatin-mediated association of FM7a/X homologs. Furthermore, for both HP1a and Piwi knock-
down ooqytes, transgenic coexpression of the corresponding wild-type protein is able to rescue RNAi-induced defects, but expression of a
mutant protein with a single amino acid change that disrupts the HP1a-Piwi interaction is unable to do so. We show that Piwi is stably
bound to numerous sites along the meiotic chromosomes, including centromere proximal regions. In addition, reduction of HP1a or
Piwi during meiotic prophase induces a significant increase in FM7a/X segregation errors. We present a speculative model outlining

how HP1a and Piwi could collaborate to keep achiasmate chromosomes associated in a homology-dependent manner.
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ONE unique feature of meiosis is segregation of homolo-
gous chromosomes during the first division followed by
segregation of sisters during meiosis II. For their proper
segregation, homologs need to find each other and physically
associate during meiotic prophase I. Prolonged association of
homologous chromosomes is essential for establishing
biorientation of their centromeres and proper microtubule
attachments on the meiosis I spindle. If their association is not
maintained, homologs are free to attach to microtubules
emanating from the same pole, which can lead to nondisjunc-
tion and the production of aneuploid gametes. A crossover
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between homologous chromosomes is normally sufficient to
ensure their accurate segregation because sister chromatid
cohesion distal to the chiasma keeps the pair of recombinant
homologs physically attached until anaphase I (Buonomo
et al. 2000; Bickel et al. 2002; Hodges et al. 2005).

In the Drosophila oocyte, the X chromosome fails to cross
over 6-10% of the time, and chromosome 4 never recombines
(Ashburner et al. 2005). Still, these achiasmate chromosomes
segregate faithfully in wild-type oocytes (Grell 1976). Elegant
genetic experiments have uncovered the existence of a backup
system in Drosophila oocytes that ensures proper segregation
of homologs that lack a crossover and that is distinct from
the achiasmate pathway that operates in the male germline
(Theurkauf and Hawley 1992; Hawley et al. 1993; Whyte
et al. 1993; Moore et al. 1994; Karpen et al. 1996). Accurate
segregation of achiasmate homologs in Drosophila oocytes
requires homology-dependent interactions within their
pericentric heterochromatin (Hawley et al. 1993; Karpen
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et al. 1996). Pericentric heterochromatin-mediated associa-
tion of achiasmate homologs (for which we have adopted the
acronym PHeMAAH) persists throughout prophase I (Dernburg
et al. 1996), and heterochromatic threads connecting homo-
logs have been visualized in oocytes during prometaphase I
congression (Hughes et al. 2009). Models to explain how
achiasmate homologs remain physically associated include
the possibility of heterochromatin entanglements (Hughes
et al. 2009) as well as heterochromatin-bound proteins acting
to connect the two homologs (Karpen et al. 1996). Although a
role for pericentric heterochromatin in PHeMAAH is well
established, the function of heterochromatin proteins in this
process remains largely unexplored.

HP1a, an essential heterochromatin protein encoded by the
Drosophila Su(var)205 gene, is enriched in pericentric hetero-
chromatin (James et al. 1989), making it an attractive candi-
date for participation in PHeMAAH. HP1a is highly conserved,
and functional orthologs in other species are also required for
proper heterochromatin structure and function (Vermaak
and Malik 2009; Zeng et al. 2010a; Canzio et al. 2014). The
N-terminal chromodomain of HPla binds to the canonical
H3K9me2/3 heterochromatin mark, while its chromo shadow
domain (CSD) at the C-terminus mediates the formation of
homodimers (Mendez et al. 2011). In vitro experiments have
demonstrated that HP1 dimers can interact with two nonad-
jacent nucleosomes within a multinucleosomal array (Canzio
et al. 2011) or serve as a bridge between two independent
nucleosomal arrays (Azzaz et al. 2014). In addition, when
HP1a is tethered to a specific chromosomal site within Dro-
sophila polytene chromosomes, its interaction with a distant
location on the chromosome promotes looping (Azzaz et al.
2014). HPla-mediated nucleosome-nucleosome interactions
are thought to be critical in establishing and maintaining the
compact structure of heterochromatin. Another key feature of
the HP1a dimer is the binding surface created when its two
CSDs come together, and this interaction platform is able to
recruit additional proteins to the heterochromatin, including
the nuclear protein Piwi (Mendez et al. 2013).

Piwi, a member of the Argonaute superfamily of proteins,
is best known for its ability to bind Piwi-interacting RNAs
(piRNAs) and prevent transposon mobilization in the germ-
line (Mani and Juliano 2013; Ku and Lin 2014). Most piRNA
sequences in the Drosophila genome map to heterochromatic
regions (Saito et al. 2006), and several lines of investigation
have demonstrated that Piwi and HP1a can physically inter-
act (Brower-Toland et al. 2007; Mendez et al. 2011). More-
over, transcriptional silencing of retrotransposons by the
Piwi-piRNA system involves recruitment of HP1a to transpos-
able elements (Wang and Elgin 2011; Sentmanat and Elgin
2012; Huang et al. 2013). Piwi also participates in activities
that are not directly related to transposon silencing. In the
early Drosophila embryo, maternally inherited Piwi protein is
required for localization of HP1a to specific genomic regions
and subsequent establishment of heterochromatin at those
locations (Gu and Elgin 2013). Piwi also has been implicated
in a phenomenon termed pairing-sensitive silencing, in which
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“crosstalk” between homologs results in transcriptional re-
pression of two transgenes on homologous chromosomes,
but only when the transgenes are paired (Grimaud et al.
2006). The involvement of Piwi in heterochromatin for-
mation and its role in facilitating communication between
paired homologs raise the possibility that Piwi also may
promote PHeMAAH in the Drosophila oocyte.

Here we explore a potential role for HP1a and Piwi in
maintaining the association of achiasmate homologs during
meiotic prophase I. We find that reduction of either protein in
the oocyte disrupts PHeMAAH and causes achiasmate chro-
mosomes to missegregate. Significantly, we find that the
ability of HP1a and Piwi to promote PHeMAAH depends on
their ability to interact with each other. We provide a specu-
lative model for how these two heterochromatin localized
proteins could collaborate to keep the pericentric hetero-
chromatin of achiasmate homologs physically associated in a
homology-dependent manner.

Materials and Methods
Fly stocks

Flies were raised on standard cornmeal/molasses food at
25°. Stocks containing a wild-type or mutant V30A Piwi
transgene were provided by S. Elgin (Brower-Toland et al.
2007). All other fly stocks were obtained from Bloomington
Drosophila Stock Center at Indiana University, the Vienna
Drosophila RNAi Center, and the Harvard Transgenic RNAi
Project or generated for this study (Supplemental Mate-
rial, Table S1 provides a complete list of stocks and their
sources). The Su(var)205° allele has been characterized
previously (Eissenberg et al. 1992), and the GFP-HP1a trans-
genic construct containing the native Su(var)205 promoter is
derived from the previously described RFP-HP1a transgene
(Wen et al. 2008; Lipsick 2010).

Nondisjunction tests

Because Drosophila tolerate certain sex chromosome aneu-
ploidies (XXY and XO), we can assay meiotic nondisjunction
(NDJ) in females by using X chromosome markers that
allow us to visually distinguish progeny arising from normal
X chromosome segregation and exceptional progeny for
which X chromosome missegregation resulted in diplo-X or
nullo-X oocytes. To accommodate the visible markers car-
ried on specific transgenes, we used two slightly different
cross schemes to measure nondisjunction (Figure S1). For
HPla mutant and HPla RNAi NDJ tests, FM7a/y females
were crossed to attached XY, v f B males, and progeny
were scored based on sex and body color. For Piwi RNAi
NDJ tests, FM7a/w B females were crossed to males with
attached XY chromosomes that carried a wild-type Bar
allele, and progeny were scored based on sex and eye mor-
phology. In both cross schemes, all the normal progeny but
only half the exceptional progeny are expected to survive
(XXX " Y and 00 are lethal), so total %NDJ was calculated as
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{[2 X (diplos + nullos)]/(n + diplos + nullos)} X 100,
where n is the total number of progeny scored. P-values
were calculated using the method described in Zeng et al.
(2010D).

Creation of GFP-HP1a constructs

Site-directed mutagenesis was used (Agilent QuikChange II
Kit) to introduce silent mutations into the enhanced green
fluorescent protein (EGFP) complementary DNA (cDNA)
sequence in pEGFP-C1 (Clontech Laboratories) in order to
remove Kpnl, BamHI, and Xbal sites from the coding se-
quence and facilitate downstream cloning. During PCR am-
plification of EGFP, a short linker sequence encoding four
amino acids was introduced at the 3’ end of the open read-
ing frame (ORF), as well as Eagl and Spel restriction sites
flanking the ORF, which were used to clone the PCR product
into the pUASP-attB vector (Takeo et al. 2012). Full-length
HP1la cDNA (LD10408) in pBluescript SK(—) was obtained
from the Drosophila Genome Resource Center and used as a
template for site-directed mutagenesis to create a W200A
mutant HP1a construct in the SK vector. The wild-type and
W200A HP1a clones were used as PCR templates to gener-
ate HP1a ORF amplicons lacking the 3’ UTR (thereby con-
ferring HP1a RNAiV20 resistance), and each was inserted
downstream of EGFP in pUASP. Table S2 contains the se-
quences of all primers used for site-directed mutagenesis and
cloning. The EGFP-HP1a inserts were excised from pUASP-
attB and inserted into the pUAST-attB vector (Bischof et al.
2007) using Eagl and Xbal. All clones were verified by se-
quencing, and transgenic flies with insertions at the attP40
site on chromosome 2 were generated by Genetic Services,
Inc. (Cambridge, MA).

For each insertion, a series of crosses was performed to
generate a stock carrying both the GFP-HP1a transgene (chro-
mosome 2) and the HP1a RNAiV2° transgene (chromosome
3). Expression of pUASP and pUAST versions of wild-type
HP1a insertions was tested in fluorescence in situ hybridiza-
tion (FISH) experiments, but preliminary results indicated
that the pUAST resulted in more robust rescue of the HP1a
knockdown (KD) phenotype; therefore, pUAST insertions
were used for subsequent experiments.

Immunoblotting

Flies were fattened for 2-3 days on yeast, and ovaries from
20 females were dissected in 1X PBS, frozen in liquid nitrogen,
and stored at —80° until ready to use. Frozen ovaries were
homogenized in a solution of 8 M urea, 2% SDS, 100 mM Tris
HCI (pH 6.8), 5% Ficoll, and 2 mM Pefabloc (Sigma-Aldrich),
heated at 95° for 5 min, and centrifuged at 13,000 rpm for
5 min to pellet debris. The supernatant was transferred to a
new tube, and protein concentration was quantified using the
Bio-Rad DC protein assay. Then 15 g of protein per lane (for
HP1a blots) or 25 wg protein per lane (for Piwi blots) was
separated on a Bio-Rad Mini-PROTEAN TGX Stain-Free
4-20% Gradient Gel and transferred to a Millipore PVDF
membrane using a Bio-Rad Trans-Blot SD Semi-Dry apparatus.

HP1a blots were cut at 37 kDa to allow separate processing
of HP1a and tubulin bands. Each blot was stained with rabbit
a-Piwi 1:5000 (Klattenhoff et al. 2009), rabbit «-HP1a 1:5000
(Covance PRC-291C), or monoclonal mouse a-tubulin 1:1000
(DM1A, Sigma T9206). After incubation with Promega AP-
conjugated secondary antibodies diluted 1:7500, Lumi-Phos
reagent (Thermo Scientific) or Immuno-Star AP substrate
(Bio-Rad) was applied to the blots, and they were imaged
on a Bio-Rad ChemiDoc Touch System. Signal intensity was
quantified with Bio-Rad Image Lab 5.2.1 software. HPla
bands were normalized to the tubulin signal, and the normal-
ized KD signal was divided by the normalized control signal
to determine relative protein amount. Because Piwi KD ova-
ries were consistently smaller than control ovaries, we were
concerned that normalization using tubulin might not be ac-
curate. Therefore, for Piwi blots, we used Bio-Rad Stain-Free
Gel Technology to quantify the total protein signal in each
lane of the blot and then normalized the Piwi band intensity
to the total protein in each lane. Normalized KD signal was
divided by the normalized control signal to quantify Piwi
knockdown.

Fluorescence in situ hybridization (FISH)

Ovaries were probed using a Cy3-labeled oligo (5'-Cy3-AGG-
GATCGTTAGCACTCGTAAT; Integrated DNA Technologies)
that corresponds to a portion of the 359-bp sequence of the
1.688 satellite DNA, repeats of which comprise approximately
11 Mb of the heterochromatin proximal to the X chromosome
centromere (Dernburg et al. 1996). Females of each genotype
were fattened for 1-2 days on yeast with males. Ovaries from
12 females were dissected in 1X modified Robb’s solution
(Theurkauf and Hawley 1992), gently splayed open with a
tungsten needle, and transferred to a microfuge tube. Pre-
heated (37°) fix solution (4% formaldehyde, 0.1 M sodium
cacodylate, 0.1 M sucrose, 0.04 M sodium acetate, and
0.01 M EGTA) was added to the ovaries, the tube was nutated
for 3 min at room temperature, and the ovaries were allowed
to settle for 1 min. Ovaries were rinsed three times and washed
three times for 10 min in 2X SSCT (0.3 M sodium chloride,
0.03 M sodium citrate, and 0.1% Tween-20) and then incu-
bated for 10 min each in 20, 40, and 50% formamide in 2X
SSCT at room temperature. Samples were incubated for 2 hr
at 37° in prewarmed 50% formamide in 2X SSCT and then
transferred to a 0.2-ml PCR tube. Then 40 pl of hybridization
buffer (3X SSC, 50% formamide, 10% dextran sulfate, and
2.5 ng/pl 359 probe) was added, and the samples were incu-
bated in a PCR machine at 37° for 5 min, 92° for 3 min, and 37°
overnight. Following hybridization, ovaries were transferred to
a 0.5-ml microfuge tube and washed three times for 20 min and
three times for 10 min at 37° in prewarmed 50% formamide
in 2X SSCT, moved to room temperature, and washed for
10 min each in 50, 40, and 20% formamide in 2X SSCT and
for 10 min in 2X SSCT. A 20-min incubation in DAPI (1.0 pwg/ml
in 2X SSCT) was followed by three rinses and two times
10-min washes in 2X SSCT. Stained ovaries were separated
into individual ovarioles with tungsten needles, spread on
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poly-1-lysine-coated coverslips, and mounted in Prolong Gold
(Molecular Probes).

FISH scoring

Each slide was scanned systematically, and ovarioles were
scored as they were encountered. Ovarioles were scored only
if they contained four or more egg chambers with clearly
discernible oocyte nuclei. The developmental stage of each
egg chamber was determined based on size and morphology
(Ashburner et al. 2005). The “two-spot” phenotype was
assigned to oocytes in which the DAPI signal colocalized with
two distinct FISH spots and in which a small spot was clearly
visible, distinct from the larger spot, and in which the two spots
were separated by at least the diameter of the small spot. In
addition to the phenotypes depicted in Figure 1C, other con-
figurations were observed occasionally. Two spots of equal size
were interpreted as representing the satellite region of the
normal X chromosome and the distal end of FM7a, with the
small FM7a pericentric region associated with one or the other.
Because we could not be certain in this case whether the peri-
centric regions were associated or apart, these oocytes were
conservatively scored as exhibiting “normal” PHeMAAH. When
two large spots and a single small spot were observed, this was
interpreted as indicating separation of all three regions of sat-
ellite sequence and scored as “defective” PHeMAAH because
the pericentric regions of the two chromosomes were unam-
biguously separated. KD and control genotypes were compared
using a two-tailed Fisher’s exact test to obtain P-values. Thirty
ovarioles were scored per slide. For each genotype, because we
observed negligible variation between slides, we pooled our
results when more than one slide was scored. Then 95% con-
fidence intervals were calculated using the modified Wald
method (Agresti and Coull 1998) available on GraphPad.

Chromosome spreads

Preparation of chromosome spreads was performed as de-
scribed previously (Khetani and Bickel 2007), with the excep-
tion that incubation in primary antibodies extended overnight,
and slides were mounted in Prolong Gold (Molecular Probes).
Primary antibodies and dilutions used were chicken a-CID at
1:250 (Blower and Karpen 2001), mouse «-C(3)G at 1:2000
(Page and Hawley 2001), and rabbit «-Piwi at 1:1000
(Klattenhoff et al. 2009). Secondary antibodies, all used at a
final dilution of 1:400, were Alexa 488-conjugated donkey
a-mouse (Invitrogen) and Cy3-conjugated donkey a-rabbit
and Cy5-conjugated donkey a-chicken (both from Jackson
Immunoresearch Laboratories).

Visualization of ovary GFP-HP1a expression

Ovaries from eight or nine fattened females were dissected in
1X PBS, fixed in 4% formaldehyde in 1X PBS for 5 min, and
rinsed three times in 1X PBS. Samples were incubated for
30 min in 2.0 pg/ml Hoechst 33342 in 1X PBS in the dark
and then rinsed and washed in 1X PBS. Individual ovarioles
were separated and mounted on poly-1-lysine-coated cover-
slips in Prolong Diamond (Molecular Probes).
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Microscopy, imaging, and image processing

FISH analysis was performed using a 1.4-NA 100X Plan
APOCHROMAT Objective on a Zeiss Axioimager M1 Micro-
scope with a Hamamatsu C10600-10B Orca-R2 camera con-
trolled by Volocity 6.3 software (Perkin-Elmer). FISH spots
were analyzed by focusing up and down and while viewing
an enlarged image on the computer screen. Images of FISH
spots and chromosome spreads were captured using a 1.4-NA
63X Plan APOCHROMAT Objective on the same microscope
and represent maximum-intensity projections of Z series
(0.1-pm steps) that were deconvolved using Volocity 6.3
(20 iterations) and then cropped in the Z to 0.7 pm (spreads)
or 0.5 wm (FISH). For chromosome spreads, Cy3 (Piwi) im-
ages corresponding to “plus” or “minus” Piwi primary anti-
body were acquired, processed, and contrast enhanced
identically. However, different settings were used for 16-cell
cysts and individual nuclei. Images of GFP-HP1a expression
in ovaries were acquired using a 40X Oil Plan Fluor DIC
objective (NA 1.3) on a Nikon A1RSi Laser Scanning Confocal
Microscope controlled by NIS Elements software v4.30.02.
Single optical sections were captured using 407- (DAPI) and
488-nm (GFP) lasers. Ovariole images were captured without
digital zoom, while magnified images of oocyte nuclei were
captured using 4X digital zoom; otherwise, all images were
captured and processed identically.

Quantification of ovary GFP-HP1a expression

Confocal images of ovarioles expressing the UAS-driven
wild-type or W200A GFP-HPla transgene were used to
quantify GFP-HP1a expression and compare relative expres-
sion levels at different stages of oogenesis. For each geno-
type, three representative ovarioles were selected, and egg
chamberswere assigned a developmental stage based on size
and morphology. Within each egg chamber, three nurse cell
nuclei with clearly defined boundaries were selected. The
GFP signal within each nucleus was quantified using Volocity
6.3 software, and the mean GFP nuclear intensity was cal-
culated for that egg chamber. For each developmental stage,
the average nuclear GFP signal intensity for three egg cham-
bers was graphed. An unpaired t-test was used to compare
the nuclear GFP intensity from the three wild-type GFP-HP1a
and three W200A GFP-HP1a egg chambers for each stage.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in this article are represented fully within
the article. Constructs and strains are available on request.

Results

Reducing HP1a levels causes FM7a/X segregation errors
in oocytes

Drosophila FM7a/X females are a useful model system for
studying the association and segregation of achiasmate
chromosomes. The FM7a balancer is a derivative of the X
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Figure 1 Reduction of HP1a protein or H3K9 methyltransferases in FM7a/X oocytes disrupts PHeMAAH. (A) Diagram of wild-type Drosophila X
chromosome and its derivative, the FM7a balancer. Heterochromatin is shown as black. Orange cross-hatching denotes the 359-bp satellite DNA
repeats recognized by the FISH probe. The centromere is the gray circle. Rearrangements within the FM7a euchromatin (green) suppress recombination
with a normal X chromosome. (B) Immunoblots of ovary extracts from HP1a knockdown (KD) and control (C) flies. The relative intensity of HP1a signal
for each set of knockdown and control extracts is shown below the blot. For each lane, HP1a signals were normalized to tubulin. GD and V20
correspond to the HP1a hairpins used for knockdown. (C) Schematic diagram of heterochromatic pairing between FM7a and a normal X chromosome.
Pairing between euchromatic regions has been omitted for clarity. The 359-bp repeats are shown in orange. When PHeMAAH is normal (top),
association between heterochromatic regions results in one large, visible FISH signal. When PHeMAAH is disrupted (bottom), the pericentric regions
separate, resulting in one small dot corresponding to the FM7a pericentric region and one large dot representing the remaining 359-bp repeats of the
FM7a and normal X chromosomes. Inset images show representative oocyte FISH signals. Scale bars, 1.0 um. See Materials and Methods for other
heterochromatin pairing configurations not shown. (D-F) Levels of FM7a/X PHeMAAH defects measured by FISH. P-values are shown above the bars,
and 95% confidence intervals are presented as error bars. Number of oocytes assayed for each genotype is indicated in white. Control flies carry the
UAS hairpin transgene but lack the mata driver, so the hairpin is not expressed. KD flies express the hairpin under the control of the mata driver (see
Materials and Methods). Complete data for these experiments are provided in Table S3. (D) In HP1a RNAI experiments, 60 ovarioles were scored for
each genotype using the GD hairpin, and 90 ovarioles were scored for each V20 hairpin genotype. (E) In Su(var)3-9 RNAi experiments, 30 and 60
ovarioles were scored for each genotype containing the V20-1 and V20-2 hairpins, respectively. (F) For both Eggless hairpins, 60 ovarioles were
scored for each genotype.

chromosome for which much of the pericentric heterochro-  during meiosis (Figure S1), we observed a small but statis-
matin has been translocated to the distal end of the arm tically significant increase in FM7a/X chromosome NDJ in
(Figure 1A). The euchromatin of FM7a also contains several — Su(var)205° heterozygotes compared to control FM7a/X
inversions that suppress recombination with a normal Xeven  flies lacking the mutation (1.69% in mutant vs. 0.49% in
though pairing and synapsis occur normally in the majority of  control, P < 0.0001; Table 1). This result suggests that the
FM7a/X oocytes (Hawley et al. 1993; Gong et al. 2005). heterochromatin protein HP1a promotes accurate segrega-
Therefore, FM7a/X homologs rely entirely on the achiasmate  tion of achiasmate homologs in Drosophila oocytes.
system for accurate segregation. We have previously shown Because HP1ais an essential gene product, we cannot assay
that because centromere proximal heterochromatin on FM7a  for meiotic chromosome segregation defects in homozy-
is greatly reduced, the FM7a/X pair provides a sensitized  gotes (which are nonviable), and heterozygotes have reduced
system to investigate the mechanisms underlying PHeMAAH  levels of HP1a in all somatic cells as well as in the germline. In
(Subramanian and Bickel 2009). order to focus more narrowly on the role of HP1a in oocytes,
We predicted that reducing the amount of any protein  we turned to a UAS/Gal4-inducible RNAIi strategy. We used
required for PHeMAAH would lead to weakened FM7a/X as-  the female germline-specific driver mata Gal4:VP16 (mata
sociation, which should, in turn, cause an increase in X chro-  driver) (Januschke et al. 2002), which is first expressed in
mosome segregation errors. Therefore, to begin to investigate  region three of the germarium and remains active as oogen-
the role of HP1a in achiasmate homolog association, we mea-  esis progresses (Weng et al. 2014). The mata driver allowed
sured X chromosome NDJ during meiosis in FM7a/X females  us to induce expression of an HP1a RNAi hairpin starting in
that also were heterozygous for the Su(var)205° null allele  mid-prophase, well after homologs synapse and meiotic re-
(Eissenberg et al. 1992). In a genetic test that provides a quan- ~ combination begins. Therefore, this approach allowed us to
titative measure of the fidelity of chromosome segregation  specifically ask whether normal levels of HP1a in the oocyte
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Table 1 Reduction of HP1a induces increased FM7A/X nondisjunction

Genotype % NDJ % Diplo (n) % Nullo (n) Total n P-value
FM?7aly; Su(var)205°/+ 1.69% 0.83% (23) 0.86% (24) 5513 <0.0001
FM?7aly, cn bw sp/+ 0.49% 0.27% (5) 0.22% (4) 3680

FM7aly w, HP1a RNAICP/+; mata/+ 1.69% 0.92% (12) 0.77% (10) 2610 0.001
FM7aly w;, HP1a RNAICP/+; +/+ 0.33% 0.25% (3) 0.08% (1) 2399

are required to maintain pericentric association and for
proper segregation of achiasmate homologs. For all the RNAi
experiments we describe, “knockdown” (KD) refers to flies
that express an RNAI hairpin driven by the mata driver, while
“control” refers to flies that carry the RNAi transgene but lack
the driver and therefore do not express the hairpin. We mea-
sured meiotic NDJ in FM7a/X flies expressing the HPla
RNAICP hairpin (Figure S2) in the germline and observed a
result very similar to that seen in Su(var)205° heterozygotes:
knockdown of HP1a caused a small but statistically signifi-
cant increase in X chromosome NDJ during meiosis (1.69% in
KD vs. 0.33% in control, P = 0.001; Table 1). Immunoblotting
confirmed that mata-driven expression of the HP1a RNAi®P
hairpin reduced HP1a protein in the ovary (Figure 1B) to a
level that was comparable to that observed in Su(var)205°>
heterozygotes (Figure S3). Our finding that reduction of HP1a
by two different methods causes similar levels of achiasmate
homolog missegregation confirms that the NDJ phenotype
we observe is not an artifact of genetic background. We
conclude that reduced levels of HP1a protein in the oocyte
compromises segregation of the achiasmate FM7a/X chro-
mosome pair.

Knockdown of HP1a in oocytes weakens pericentric
heterochromatin-mediated association of
achiasmate homologs

Because accurate segregation of achiasmate homologs de-
pends on their stable association during meiotic prophase,
our finding that HP1a knockdown in oocytes causes chromo-
some segregation errors suggests that the physical association
of achiasmate homologs may be disrupted when HP1a levels
are reduced. To directly visualize PHeMAAH in FM7a/X oo-
cytes, we performed FISH using a probe that hybridizes to the
359-bp satellite repeat sequence that comprises a large per-
centage of the heterochromatin on the X chromosome (Hsieh
and Brutlag 1979) (Figure 1A). As illustrated in Figure 1C,
one FISH signal within the oocyte nucleus indicates that the
centromere proximal heterochromatin of FM7a is physically
associated with that of the normal X chromosome, and this
represents “normal” PHeMAAH (Dernburg et al. 1996).
However, defects in PHeMAAH are manifest as visible sep-
aration of the small region of pericentric heterochromatin
on FM7a (small dot) from the large heterochromatin signal
corresponding to the normal X chromosome and distal het-
erochromatin on FM7a (large dot) (Figure 1C). We used the
presence of a small FISH dot in combination with one or two
large FISH signals to quantify the number of FM7a/X oocytes
exhibiting “defective” PHeMAAH.
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When we probed ovaries from FM7a/X females express-
ing the HP1a RNAICP hairpin, we observed a significant in-
crease in PHeMAAH defects in KD oocytes compared to
control (22.0% in KD vs. 13.5% in the control, P = 0.01),
indicating that the pericentric heterochomatin-mediated as-
sociation of FM7a and a normal X chromosome was weaker
and/or disrupted in HP1a KD oocytes (Figure 1D). We also
obtained a very similar result (24.0% in KD vs. 11.1% in con-
trol, P < 0.001; Figure 1D) when using the HP1a RNAiV2©
hairpin, which targets a different region of the HP1a mRNA
(Figure S2). Because two different hairpins that reduce HP1a
protein levels in ovaries (Figure 1B) both result in disruption
of PHeMAAH, we can conclude that the defects that we ob-
serve are not the result of RNAIi off-target effects. Interestingly,
when we pooled data from multiple experiments and tabulated
FISH results for different stages of oogenesis (Figure S4 and
Table S4), we found that PHeMAAH defects were significantly
increased in HP1a KD oocytes primarily during middle to late
oogenesis (stages 7-10), after disassembly of the synaptonemal
complex. However, knockdown of HP1a also caused a signifi-
cant increase in PHeMAAH defects at earlier stages (stages 2-3)
when the synaptonemal complex is still intact.

We reasoned that if the PHeMAAH defects we observe
in FM7a/X HP1a KD oocytes are due solely to reduction of
HP1la protein, increasing HP1a levels in HP1a KD oocytes
should rescue the phenotype. To test this hypothesis, we used
the mata driver to induce germline expression of the HP1a
RNAiSP transgene in FM7a/X females that also harbored
one copy of a GFP-HPla transgene containing Su(var)205
regulatory sequences that control its expression (Wen et al.
2008; Lipsick 2010). When we performed FISH, the number
of oocytes exhibiting PHeMAAH defects was significantly
lower (P = 0.02) for HP1a RNAiSP KD oocytes expressing
the GFP-HP1a transgene (14.3%) than for HP1a RNAiSP KD
oocytes that lacked the GFP-HPla transgene (22.0%)
(Figure 1D). Notably, expression of GFP-HP1a resulted
in pericentric heterochromatin-mediated association between
FM7a and a normal X chromosome that was comparable to
that observed in control oocytes (P = 0.91) (Figure 1D). To-
gether these data support the conclusion that reduction of
HP1a levels in the oocyte leads to weakening and/or loss of
pericentric heterochromatin-mediated association of achias-
mate chromosomes.

Knockdown of two different H3K9 methyltransferases
disrupts PHeMAAH

Because PHeMAAH specifically depends on pericentric het-
erochromatin, and because proper localization of HP1a to
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pericentric heterochromatin depends on deposition of the
H3K9me2/3 mark by the methyltransferase Su(var)3-9
(Schotta et al. 2002), we asked whether PHeMAAH is af-
fected by reduction of Su(var)3-9 in the oocyte. Using two
different RNAi hairpins that target different regions of
the mRNA (Figure S2), we knocked down Su(var)3-9 in
FM7a/X oocytes and assayed for PHeMAAH defects using
FISH. With both hairpins, we observed that Su(var)3-9
knockdown induced defects at levels similar to those in
HP1la knockdown oocytes (V20-1: 21.6% in KD vs. 12.4%
in control, P = 0.04; V20-2: 20.9% in KD vs. 11.9% in con-
trol, P = 0.004; Figure 1E). These results are consistent with
the hypothesis that proper localization of HP1a to pericen-
tric heterochromatin is required to support PHeMAAH.

Interpretation of the Su(var)3-9 result is somewhat
complicated by the fact that owing to a quirk of Drosophila
evolutionary history, the Su(var)3-9 gene shares an exon
with that of the translation initiation factor eIF-y (Krauss
and Reuter 2000). Unfortunately, all publically available
Su(var)3-9 hairpins target sequences in this common exon,
raising the possibility that the PHeMAAH defects that we
observe in Su(var)3-9 KD oocytes result from disruption
of elF-vy function rather than reduced H3K9 methyltransfer-
ase activity. To further investigate the requirement of the
H3K9me2/3 mark for promoting centromere proximal associ-
ation of achiasmate homologs, we knocked down Eggless (also
known as dSETDB1), a second methyltransferase that is also
required to maintain the H3K9me2/3 mark in the pericentric
heterochromatin (Brower-Toland et al. 2009). With two differ-
ent hairpins targeting different sequences within the Eggless
mRNA (Figure S2), FM7a/X KD oocytes exhibited a significant
increase in PHeMAAH defects compared to control oocytes
(V20-1: 22.0% in KD vs. 13.6% in control, P = 0.005; V20-2:
28.4% in KD vs. 14.4% in control, P < 0.001; Figure 1F). Al-
though we cannot rule out the possibility that knockdown of
elF-y may contribute to PHeMAAH defects, the striking similar-
ity in the results we observe for Su(var)3-9 and Eggless KD
argues that maintenance of the H3K9 methyl mark and recruit-
ment of HP1a to pericentric heterochromatin are required to
promote the centromere proximal association of achiasmate
homologs in Drosophila oocytes.

Given that the knockdown of HP1a, Su(var)3-9, and Egg-
less all result in a similar elevation of PHeMAAH defects
compared to control oocytes, we performed an additional
control to rule out the possibility that mata-driven expres-
sion of any RNAI hairpin in the oocyte will cause disruption
of PHeMAAH. For this experiment, we used the mata driver
to induce expression of a GFP RNAi hairpin in FM7a/X fe-
males that lacked a GFP target (no transgene encoding GFP
or a GFP fusion protein). Expression of the GFP RNAI hairpin
did not cause a significant increase in PHeMAAH defects
compared to control oocytes lacking the driver (16.6% in
KD vs. 13.3% in control, P = 0.4), demonstrating that mata-
driven hairpin expression alone does not cause weakening
of centromere proximal heterochromatin-mediated pairing
of the FM7a/X homologs (Figure S5).

Piwi protein stably associates with oocyte chromosomes

A member of the Argonaute protein family, Piwi is able to bind
piRNAs and repress the mobilization of retrotransposons
within the germline (Mani and Juliano 2013; Ku and Lin
2014). However, Piwi is also a recognized binding partner
of HPla (Brower-Toland et al. 2007), plays a role in the
establishment of heterochromatin during early embryogene-
sis (Gu and Elgin 2013), and is required for pairing-sensitive
silencing (Grimaud et al. 2006), a phenomenon that involves
crosstalk between homologous chromosomes (Kassis 1994;
Americo et al. 2002). Therefore, we set out to test the hypoth-
esis that Piwi, possibly in collaboration with HP1a, promotes
the pericentric heterochromatin-mediated association of
achiasmate homologs that is required for their accurate seg-
regation in the Drosophila oocyte.

Localization of Piwi within the nuclei of nurse cells and the
oocyte has been well established using whole-mount ovary
preparations (Brennecke et al. 2007; Klattenhoff et al. 2009;
Wang and Elgin 2011; Darricarrere et al. 2013; Dufourt et al.
2014); however, these data have not yielded conclusive evi-
dence that Piwi physically associates with oocyte chromatin.
Therefore, we used ovaries from wild-type females to prepare
chromosome spreads, a technique in which cytosolic proteins
are removed as well as nuclear proteins that are not bound to
chromatin (Peters et al. 1997; Khetani and Bickel 2007). This
approach, coupled with standard immunostaining, facilitates
visualization of proteins that are stably associated with the
oocyte chromosomes (Webber et al. 2004; Khetani and Bickel
2007; Page et al. 2008). We used the synaptonemal complex
protein C(3)G (Page and Hawley 2001) as a marker to iden-
tify oocyte chromosomes and the centromere-specific histone
variant CID (Blower and Karpen 2001) to mark the centro-
meres. Using antiserum specific for Piwi (Klattenhoff et al.
2009), we observed binding of Piwi protein to multiple sites
along the meiotic chromosomes. In some cases, the spread
chromosomes from all 16 nuclei of a germarial cyst remain in
close proximity on the slide (Figure 2A). Note that Piwi is
localized to the chromatin of all 16 nuclei and that the signal
intensity in the two pro-oocytes [long C(3)G threads] is sim-
ilar to that of the adjacent pro-nurse cells. Interestingly, Piwi
binding to the chromatin does not appear uniform; instead,
numerous patches of enrichment are visible, contrasting
sharply with the homogeneous signal we have reported for
spread preparations stained with histone antibodies (Khetani
and Bickel 2007). This nonuniform Piwi staining pattern is
especially apparent in Figure 2B, which shows an isolated
spread from a pachytene oocyte, most likely at a later stage
of oogenesis. Regions of Piwi enrichment often lie adjacent
to the C(3)G threads but do not colocalize extensively with
the synaptonemal complex. Moreover, Piwi signal is not re-
stricted to the pericentric heterochromatin, but it is clearly
visible in the vicinity of the centromeres. Because piwi muta-
tions disrupt germline stem cell maintenance, we could not
prepare spreads from ovaries lacking Piwi protein. However,
Figure 2, C and D, shows negative controls in which spread
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CID DAPI

preparations were stained identically except that the Piwi
antibody was omitted. From these experiments, we conclude
that Piwi is able to associate with the oocyte chromosomes
and that its localization within pericentric heterochromatin is
consistent with a possible role in PHeMAAH.

Reduction of Piwi during mid-prophase causes
PHeMAAH defects and missegregation of
achiasmate homologs

If Piwi promotes the centromere proximal association of the
FM7a/X homologs, then reduction of Piwi levels by RNAi
may affect their segregation. Immunoblotting confirmed that
mata-driven RNAi knockdown of Piwi lowered Piwi protein
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Figure 2 Piwi localizes to oocyte chro-
matin throughout the genome. Chro-
mosome spread preparations from
wild-type ovaries were stained with
antibodies that recognize Piwi (magenta),
the synaptonemal complex protein C(3)G
(green), and the centromere marker CID
(orange) and counterstained with DAPI
(blue). Images are maximum-intensity
projections of a deconvolved Z series
(see Materials and Methods). (A) Chro-
matin from 16 interconnected cells of
an early meiotic cyst. C(3)G staining
indicates that full-length synaptone-
mal complex is present in two adjacent
cells, corresponding to region 2B of
the germarium. Piwi localizes to the
chromatin in a nonuniform pattern in
both pro-oocytes and pro-nurse cells.
(B) Chromosome spread from a single
pachytene nucleus, most likely from a
postgermarial egg chamber. Piwi lo-
calizes to discrete regions along the
meiotic chromosomes. Regions of Piwi
enrichment are visible, including het-
erochromatin near the centromeres
(marked with CID). (C and D) Chromatin
from semi-intact 16-cell cyst (C) and sin-
gle nucleus (D) stained for C(3)G and CID
and counterstained with DAPI. Primary
antibody against Piwi was omitted, but
secondary antibody was included. Piwi
images were captured and processed
identically for A and C and for B and D
pairs. Scale bars correspond to 10 um in
Aand C and 3 pmin B and D.

levels in ovary extracts (Figure 3A). Although induction of Piwi
knockdown with the mata driver does not begin until mid-
prophase, fertility of Piwi KD females was still strongly reduced.
However, we were able to recover sufficient progeny from
FM7a/X females expressing the Piwi RNAiV2%-! hairpin (Figure
S2) to measure meiotic NDJ levels (Table 2). We observed a
significant increase in FM7a/X NDJ in Piwi KD oocytes com-
pared to control oocytes (16.4% NDJ in KD vs. 1.4% in control,
P = 0.004), indicating that normal levels of Piwi are required
for the accurate segregation of achiasmate chromosomes.

If chromosome segregation errors arise in Piwi KD
oocytes because Piwi is required to promote pericentric
heterochromatin-mediated association of achiasmate
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Figure 3 Knockdown of Piwi in the germline causes PHeMAAH defects,
which can be rescued by wild-type, but not mutant, Piwi expression. (A)
Western blot comparing Piwi levels in knockdown (KD) and control (C)
ovary extracts from flies harboring the Piwi V20-1 or the V20-2 hairpin.
For each lane, the Piwi signal intensity was normalized to the total protein
in the corresponding lane of the blot, and the relative levels of Piwi pro-
tein in knockdown and control extracts are shown below the blots. (B)
Mata-driven expression of two hairpins targeting different regions of the
Piwi mRNA both result in PHeMAAH defects for FM7a/X chromosomes.
Sixty ovarioles per genotype were scored for the V20-1 hairpin, and 30
ovarioles were scored for each V20-2 genotype. (C) FM7a/X PHeMAAH
defects caused by Piwi knockdown can be rescued by expression of a
wild-type (WT) Piwi transgene but not a transgene encoding the V30A
Piwi mutant protein. “Control” oocytes carry the Piwi RNAV20-T hairpin
transgene but lack the Gal4 driver, so the hairpin is not expressed. “KD"
oocytes express the RNAiV20-1 hairpin under control of the mata driver.
"KD + WT" oocytes express the Piwi UAS-RNAiV20-! hairpin and also
contain a wild-type Piwi transgene in which Piwi expression is controlled
by native Piwi regulatory sequences. “KD + V30A" oocytes express the
RNA{V20-1 Piwi hairpin and also harbor a transgene in which native Piwi
regulatory sequences control expression of Piwi protein containing a
V30A mutation. Ninety ovarioles of each genotype were scored. For B
and C, the number of individual oocytes scored for each genotype is
indicated in white, and P-values are shown above the bars. Error bars
represent 95% confidence intervals. Complete data for FISH experiments
are provided in Table S3.

homologs, we reasoned that a significant increase in
PHeMAAH defects should be evident in FM7a/X Piwi KD
oocytes analyzed by FISH. Using two independent Piwi hair-
pins (denoted V20-1 and V20-2; Figure S2) that both reduce

Piwi protein levels in the ovary (Figure 3A), we observed a
significantly higher percentage of PHeMAAH defects in KD
oocytes than in control oocytes (V20-1: 29.6% in KD vs.
12.9% in control, P < 0.001; V20-2: 26.0% in KD vs. 15.1%
in control, P = 0.02; Figure 3B). In addition, when we ana-
lyzed FISH data from multiple experiments and quantified
PHeMAAH defects at different oocyte stages, we found that
the temporal profile for Piwi KD-induced defects was strikingly
similar to what we observed for HP1a KD oocytes (Figure S4
and Table S4). Notably, it was during middle to late oogenesis
that the most dramatic differences were observed between
Piwi KD and control oocytes, specifically the stages that follow
disassembly of the synaptonemal complex. However, like
HP1a KD, knockdown of Piwi caused a significant increase in
PHeMAAH defects as oocytes exited the germarium (stage 2).
These data, combined with the published evidence that HP1a
and Piwi physically interact (Brower-Toland et al. 2007), sug-
gest that the two proteins may indeed be collaborating to pro-
mote the association and segregation of achiasmate homologs
in Drosophila oocytes.

Wild-type Piwi protein but not the V30A Piwi mutant
protein promotes PHeMAAH

In order to demonstrate that the elevation of PHeMAAH
defects we observed in Piwi KD oocytes is genuinely due to
reduced levels of Piwi protein, we performed a rescue exper-
iment similar to that described earlier for HP1a. For this
experiment, we used a Piwi transgene in which the native
Piwi promoter controls expression of wild-type Piwi protein
(Brower-Toland et al. 2007). For FM7a/X flies that expressed
both the Piwi RNAiV29-! hairpin and a single copy of the wild-
type Piwi transgene (KD + WT, Figure 3C), PHeMAAH de-
fects were significantly lower than for Piwi RNA{V29-! KD
oocytes that lacked the Piwi transgene (19.1% in KD + WT
vs. 28.5% in KD, P < 0.001) and not significantly different
from control females that contained the Piwi RNAiV20-1 hair-
pin but no mata driver (15.5% in control; for control vs. KD +
WT, P = 0.16; Figure 3C). We also tested an additional Piwi
transgene encoding a mutant version of Piwi protein (V30A)
that is unable to interact with HP1la (Brower-Toland et al.
2007). Unlike the wild-type Piwi transgene, V30A Piwi failed
to rescue the PHeMAAH defects caused by expression of the
Piwi RNAiV29-1 hairpin in FM7a/X oocytes (27.3% in KD + V30A
vs. 28.5% in KD, P = 0.7; vs. 15.5% in control, P < 0.001;
Figure 3C). We verified that Piwi protein levels were in-
creased in both KD + WT and KD + V30A extracts relative
to KD only (Figure S6). From these data, we conclude that
Piwi is required for accurate chromosome segregation of
achiasmate homologs because it helps to promote their
pericentric heterochromatin-mediated association during
prophase I. Importantly, our finding that the V30A point
mutation in the Piwi transgene abolishes its ability to res-
cue PHeMAAH defects in Piwi KD oocytes supports the
model that centromere proximal association of achiasmate
chromosomes in Drosophila oocytes requires physical in-
teraction of Piwi with the HP1a protein.

HP1a, Piwi Promote Homolog Association 181


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.186460/-/DC1/FigureS2.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.186460/-/DC1/FigureS4.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.186460/-/DC1/Table S4.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.186460/-/DC1/FigureS6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.186460/-/DC1/Table S3.pdf

Table 2 Piwi RNAi KD increases nondisjunction of FM7A/X chromosomes

Genotype % NDJ % Diplo (n) % Nullo (n) Total n P-value
w BIFM7a;+;Piwi RNAIV29-/mata 16.39% 9.84% (6) 6.56% (4) 122 0.004
W BIFM7a:+;Piwi RNAY20-1/+ 1.44% 1.03% (5) 0.41% (2) 969

Mutant HP1a protein that is unable to bind Piwi fails to
promote PHeMAAH

We used an alternative approach to confirm that interaction of
Piwi with HP1a is required for pericentric heterochromatin-
mediated association of achiasmate homologs. The W200A
mutation in HP1a lies within the CSD and has been shown to
abolish the ability of HP1a to interact with Piwi (Brower-
Toland et al. 2007; Mendez et al. 2011). W200A HP1a dimers
still form, but the binding surface formed by HP1a dimeriza-
tion does not support association with Piwi (Brower-Toland
et al. 2007; Mendez et al. 2011). Therefore, we generated
UAS/Gal4-inducible transgenes that encoded either wild-
type or W200A mutant HP1a tagged with GFP (Figure 4A).
Both transgenes lack the 3’ UTR region of the endogenous
HP1a mRNA and are therefore resistant to the HP1a RNAiV2°
hairpin (Figure S2). In FM7a/X oocytes in which the mata
driver simultaneously induced expression of both the wild-
type GFP-HP1la transgene and the HPla RNAiV2° hairpin
(KD + WT), PHeMAAH defects were significantly lower
than in KD oocytes expressing only the HP1a RNAiV2? hair-
pin (KD + WT: 17.7%, KD: 25.4%, P = 0.02; Figure 4B).

Importantly, expression of the wild-type GFP-HP1a trans-
gene in HP1a KD oocytes (KD + WT) resulted in PHeMAAH
defects that were comparable to control oocytes harboring
both HP1a transgenes but lacking the mata driver (KD + WT:
17.7%, control: 16.9%, P = 0.84; Figure 4B). These data in-
dicate that mata-driven expression of our UAS/Gal4-inducible
wild-type GFP-HP1a construct can rescue the KD phenotype.
In contrast, simultaneous expression of the W200A GFP-
HP1a transgene with the HP1a RNAiV2° hairpin in FM7a/X
oocytes fails to rescue PHeMAAH defects caused by HP1a
KD (KD + W200A: 26.3%; P = 0.80 when compared to KD
alone and P = 0.003 when compared to control; Figure 4B).
Therefore, results from two independent experimental ap-
proaches (Figure 3C and Figure 4B) support the hypothesis
that physical interaction of HP1la with Piwi is required to
maintain the pericentric heterochromatin-mediated associa-
tion of achiasmate homologs during meiotic prophase.

We performed an additional control to verify that the lack
of rescue observed with the W200A mutant HP1a protein was
not due to low expression or mislocalization. Using confocal
imaging, we compared GFP-HP1a signal intensity and local-
ization in the ovarioles of three genotypes: females with mata-
driven expression of wild-type GFP-HP1a and HP1a RNAiV2©
(WT), females in which mata is driving expression of the
W200A GFP-HP1a transgene and the HP1a RNAiV2° hairpin
(W200A), and females that harbored both the WT GFP-
HP1a and the HP1a RNAiV2? transgenes but lacked a driver
(no GFP-HP1la expression). Figure 5 shows representative
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ovariole images that were captured and processed identically
for each genotype. The GFP fluorescence intensity is compa-
rable for WT GFP-HP1a and W200A GFP-HP1a ovarioles, and
both WT and W200A GFP HP1a proteins localize to the nurse
cell and oocyte nuclei (compare Figure 5, A and F). No nu-
clear GFP signal is detectable in the control ovarioles (no
GFP-HP1) (Figure 5K). In nurse cell nuclei, bright foci for
both WT and W200A GFP-HP1a are visible and most likely
correspond to HPla association with specific genomic re-
gions. In the oocyte nuclei, bright regions of GFP-HP1a signal
are restricted to the area occupied by the karyosome (oocyte
DNA), indicating that both WT and W200A GFP-HP1la can
localize to the oocyte chromosomes (Figure 5, C-E and H-J).
Quantification of GFP-HP1a signal intensity in nurse cell nu-
clei at different stages of oogenesis confirms that the level of
nuclear W200A is comparable or slightly higher than that of
WT GFP-HP1a (Figure 5P). Therefore, failure of W200A GFP-
HP1la to rescue the PHeMAAH defects caused by HP1a KD
cannot be explained by poor expression or mislocalization of
the mutant protein.

We also carried out an additional set of experiments to rule
out the possibility that titration of the Gal4:VP16 produced by
the mata driver was limiting in the presence of two UAS-
controlled transgenes (Figure S7). If this were the case, a
reduction of HP1la KD PHeMAAH defects could arise when
the UAS/Gal4-inducible WT GFP-HP1a transgene is present
not because of “true rescue” but because expression of the
UAS-RNAI hairpin is lower in the presence of another UAS
transgene. However, when we measured PHeMAAH defects
in FM7a/X females that harbored the UAS-HPla RNAiV20
hairpin as well as a UAS-GFP RNAI hairpin (but no transgene
encoding a GFP protein), we found that the levels of PHe-
MAAH defects were comparable to those observed when
mata was driving only the single UAS-HP1a RNAiV2° hairpin
(Figure S7; compare HP1a KD with HP1a KD + GFP RNAI,
P = 0.86). Therefore, we conclude that the level of Gal4:
VP16 protein produced by the mata driver is not limiting in
the presence of two UAS-controlled transgenes and that fail-
ure of the W200A GFP-HP1a transgene to suppress the HP1a
RNAi-induced PHeMAAH defects indicates that physical in-
teraction between HP1a and Piwi is required to promote cen-
tromere proximal association of achiasmate homologs.

Discussion

HP1a and Piwi collaborate to promote the association of
achiasmate homologs

In this study, we reveal a previously unknown role for het-
erochromatin-associated proteins in maintaining pericentric
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Figure 4 PHeMAAH defects induced by expression of the HP1a RNAiGP
hairpin can be rescued by wild-type HP1a expression but not by the W200A
mutant HP1a protein. (A) UAS/Gald-inducible transgenes were generated
that encode wild-type (WT) or mutant (W200A) HP1a protein tagged with
GFP at its N-terminus. The three HP1a domains are indicated, as is the site of
the W200A mutation within the shadow domain. (B) “Control” oocytes
carry the HP1a RNAICP transgene, but it is not expressed due to the lack
of a Gal4 driver. “"KD" oocytes express the hairpin under control of the mata
driver. In “KD + WT" ovaries, the mata driver induces expression of the HP1a
RNAiV20 hairpin as well as expression of GFP-tagged wild-type HP1a protein.
“KD + W200A" indicates HP1a RNAIV2° knockdown as well as simultaneous
expression of GFP-tagged HP1a protein containing the W200A mutation,
which disrupts HP1a interaction with Piwi. Numbers of oocytes scored for
each genotype are shown in white, and P-values are shown above the bars.
Sixty ovarioles were scored for each genotype, and 95% confidence intervals
are shown as error bars. For complete FISH data, see Table S3.

heterochromatin-mediated association of achiasmate homo-
logs (PHeMAAH) during meiotic prophase. Reducing either
HP1la or Piwi in the Drosophila female germline induces a
significant increase in the frequency of meiotic nondisjunc-
tion of FM7a/X homologs, demonstrating that both proteins
are required to ensure proper biorientation and segregation
of achiasmate chromosomes. To test the hypothesis that in-
creased NDJ is caused by weakening or failure of PHeMAAH,
we used a FISH assay to quantitatively assess the centromere
proximal association of the achiasmate FM7a/X homolog pair
in KD and control oocytes. RNAi knockdown of either HP1a
or Piwi resulted in a significant increase in the percentage of
oocytes in which the pericentric region of FM7a was sepa-
rated from the normal X chromosome. In FM7a/X flies that
expressed an HP1a or Piwi RNAI hairpin in combination with
an additional transgenic copy of the corresponding wild-type
gene, the RNAi-induced PHeMAAH defects were reduced to
levels comparable to those of controls. These data confirm
that pericentric heterochromatin-mediated association of
achiasmate homologs depends on a threshold level of HP1a
and Piwi protein in oocytes. Because mata driver expression
does not begin until mid-prophase (Weng et al. 2014), when
homologs are already fully synapsed, our experimental strat-
egy has allowed us to specifically monitor how reduction of
HP1la or Piwi affects the maintenance of PHeMAAH. Our

approach differs from that of a previous study that monitored
homolog pairing at earlier stages of meiosis by examining
mutant germaria (Blumenstiel et al. 2008). Because germa-
rial morphology is severely disrupted in piwi! homozygotes,
analysis of pairing was not possible in this mutant background.
However, mutations in other components of the piRNA path-
way did not cause synapsed homologs to exhibit pairing de-
fects during early prophase (Blumenstiel et al. 2008). We
suspect that our knockdown strategy combined with targeted
analysis of the FM7a/X achiasmate homolog pair during later
stages of oogenesis accounts for our different findings.

Our results argue that association of achiasmate homologs
also depends on H3K9 methyl marks that recruit HP1a to
the pericentric heterochromatin. Previous work has demon-
strated that Su(var)3-9 mutants display defects in H3K9
methylation patterns and reduced pericentric HP1a localiza-
tion in both the ovary (Schotta et al. 2002; Yoon et al. 2008)
and salivary glands (Brower-Toland et al. 2009), and similar
phenotypes have been observed in Eggless RNAi KD salivary
glands (Brower-Toland et al. 2009). When we use the mata
driver to knock down either Su(var)3-9 or Eggless protein
during meiotic prophase, we observe PHeMAAH defects at
levels similar to those observed in HP1a and Piwi knockdown
ovaries. Therefore, our data are consistent with a model in
which centromere proximal association of achiasmate homo-
logs depends on recruitment of HP1a to the pericentric het-
erochromatin by H3K9 methyl marks laid down by histone
methyltransferase proteins.

Because we found that both HP1a and Piwi are required for
PHeMAAH, and several lines of evidence have demonstrated
that Piwi binds to the HP1a dimer, we tested the hypothesis
that interaction of HP1a with Piwi is required to maintain the
association of achiasmate homologs. The HP1a W200A mu-
tation prevents Piwi binding by altering the surface formed by
HP1a dimerization (Brower-Toland et al. 2007; Mendez et al.
2011), while the Piwi V30A mutation is located in a penta-
peptide motif (PXVXL) through which Piwi interacts with
HP1la (Brower-Toland et al. 2007). When a transgene encod-
ing either of these mutant proteins was expressed in conjunc-
tion with an RNAI hairpin targeting the respective wild-type
endogenous protein, the mutant protein was unable to sup-
press the PHeMAAH defects caused by knockdown. This
contrasts sharply with the rescue that we observed when a
transgene encoding the corresponding wild-type protein
was expressed in KD oocytes. Therefore, in two independent
approaches, rescue of RNAi-induced PHeMAAH defects was
eliminated by mutation of a single amino acid known to
abolish the interaction of HP1a with Piwi. These data pro-
vide strong evidence that HP1a and Piwi must interact in
order to keep achiasmate homologs physically together.

Weakened PHeMAAH predisposes achiasmate
homologs to segregation errors

For Piwi KD oocytes, NDJ values (~16%) and PHeMAAH
defects (~28%, as quantified by FISH) were reasonably well
matched. However, we observed a much more pronounced
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Figure 5 Wild-type and W200A GFP-HP1a protein expression levels and localization in the female germline are similar. Representative confocal images
of ovarioles in which the indicated UAS-driven GFP-HP1a protein (WT or W200A) as well as the HP1a RNAiV2° hairpin was induced by the mata Gal4
driver. Each image represents a single confocal optical section, and image acquisition and processing were identical for all three genotypes presented.
GFP fluorescence is green, and Hoechst signal (DNA) is magenta. Arrows indicate oocyte nuclei for which enlarged insets are shown in the bottom row.
(A-E) Ovariole from female expressing wild-type (WT) GFP-HP1a protein. GFP signal is visible in nurse cell and oocyte nuclei. (C-E) Distinct patches of
wild-type HP1a signal colocalize with the oocyte chromatin. Note that GFP signal is absent in follicle cells in which the mata driver is not expressed. (F-J)
Expression of GFP-HP1a W200A mutant protein in the ovariole. GFP signal intensity in germline nuclei is comparable to that seen in wild type (compare
A to F and see below). (H-J) Mutant W200A HP1a protein also localizes in distinct patches to the oocyte DNA. (K-O) Ovariole from control female
lacking GFP-HP1a expression because the mata driver is absent. In this genotype, weak signal is often visible in the oocyte cytosol, most likely due to
autofluorescence. However, note the absence of GFP signal associated with nurse cell or oocyte chromatin. Scale bars correspond to 50 pm in A, F, and
Kand 5 pmin C, H, and M. (P) Quantification of nuclear GFP signal demonstrates that the lack of rescue observed in W200A GFP-HP1a-expressing flies
is not due to insufficient transgene expression. Each bar represents the average GFP intensity for nurse cell nuclei within three representative egg
chambers for each genotype at the specified stage of oogenesis (see Materials and Methods). Error bars represent SD. P-values comparing wild type and
W200A were calculated using an unpaired t-test (P = 0.01 for stage 5-6, P = 0.15 for stage 7-8, and P = 0.62 for stage 9-10).
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difference between the severity of NDJ and FISH phenotypes
in HP1a KD oocytes, with approximately 1.7% chromosome
missegregation in NDJ tests compared to roughly 23% sepa-
rated FISH signals in oocytes. In addition, the baseline value
for separated FM7a/X pericentric heterochromatin in both
HPla and Piwi control oocytes hovered between 10 and
15% in most of our FISH experiments, but NDJ was consid-
erably lower (0.33% for the HP1a control and 1.44% for the
Piwi control). This means that weakened PHeMAAH between
a pair of homologs during prophase I does not always result
in missegregation during anaphase I. Our previous work has
shown that a reduction of pericentric heterochromatin on
one of the chromosomes of an achiasmate X chromosome pair
sensitizes it to missegregation under conditions that perturb
PHeMAAH (Subramanian and Bickel 2009). This is the case
for the FM7a/X achiasmate chromosome pair that we have
used in our analyses. However, we cannot rule out the possi-
bility that the large distal block of heterochromatin on FM7a,
even when removed from a centromere proximal location,
still may contribute to accurate segregation of the achiasmate
FM7a/X pair. Another possibility is that the physical separa-
tion of pericentric regions that we observe when HP1a levels
are reduced does not reflect complete disengagement of the
achiasmate homologs. This idea is reinforced by the observa-
tion that during prometaphase, achiasmate chromosomes
move toward the poles but rejoin the chiasmate bivalents at
the spindle equator by metaphase (Gilliland et al. 2009).
Hawley and colleagues have observed heterochromatin
threads that stretch between separated achiasmate homologs
during prometaphase and have proposed that congression
back to the metaphase plate is mediated by contraction of
these threads (Hughes et al. 2009). Reducing topoisomerase
1T activity in mature oocytes disrupts the normal morphology
of heterochromatin threads and separation of achiasmate
homologs during prometaphase, suggesting that DNA en-
tanglements also play a role in heterochromatin-mediated
association (Hughes and Hawley 2014).

We suggest that the “two-spot” FISH phenotype that we
observe in control oocytes represents an elastic state in which
the bulk of pericentric heterochromatin for the two homologs
has separated but that homologs remain physically connected
by stretched heterochromatin threads that are not readily ap-
parent in our FISH assay. The increased frequency of the “two-
spot” phenotype observed in KD oocytes reflects weakened
PHeMAAH and looser association between homologs. Indeed,
HP1la knockdown most likely reduces the compaction of
heterochromatin resulting in a less rigid state. However,
even when levels of HP1a are reduced, most homologs re-
main connected by heterochromatin threads and are able to
segregate correctly. Our finding that reduction of HP1a in-
duces a significant elevation in chromosome segregation
errors argues that increased stretching of pericentric hetero-
chromatin can cause missegregation for a subset of chromo-
some pairs. Therefore, we conclude that weakened centromere
proximal association predisposes the FM7a/X homolog pair to
missegregation but does not guarantee it.

Interestingly, HP1la and Piwi KD oocytes that have
disassembled their synaptonemal complex exhibit the most
dramatic increase in PHeMAAH defects, but we do observe
separation of FM7a/X pericentric heterochromatin at stages
where the synaptonemal complex is still intact. Moreover, clus-
tering of oocyte centromeres persists even after synaptonemal
complex disassembly in wild-type oocytes (Takeo et al. 2011).
These results suggest that even within the context of the
synaptonemal complex or centromeric clustering, the elas-
ticity of pericentric heterochromatin can allow this region of
the FM7a homolog to stretch away from its partner. This
most likely occurs because the FM7a/X homolog pair pro-
vides a sensitized system to detect PHeMAAH defects given
that pericentric heterochromatin is substantially reduced on
the FM7a chromosome. Supporting this idea, HP1a KD did
not cause detectable PHeMAAH defects between a normal X
chromosome and In(1)dl-49, an X chromosome derivative
that carries euchromatic inversions that suppress recombi-
nation but contains un-rearranged full-length pericentric
heterochromatin (data not shown).

A model for HP1a-Piwi interaction in PHeMAAH

Previously published work has demonstrated that the yeast
HP1la ortholog Swi6 forms dimers that can bridge two
nucleosomes, with each chromodomain binding to a differ-
ent histone H3 tail (Canzio et al. 2011). Interaction of human
HP1la dimers with a single molecule of nucleosome-associated
DNA can cause its compaction in vitro, and dimerization of
Drosophila HP1a can facilitate looping within chromosomes
in vivo, bringing distantly spaced regions of the chromosome
into close proximity (Azzaz et al. 2014). Moreover, in vitro
experiments have demonstrated that two separate nucleoso-
mal DNA arrays are held together when HP1a dimers are pre-
sent but remain separate when incubated with mutant HP1a
proteins that cannot dimerize (Azzaz et al. 2014). With these
observations in mind, we propose a speculative model
suggesting how HP1a, H3K9 methylation, and Piwi may be
working together to bring about the stable association of
achiasmate homologous chromosomes during meiotic pro-
phase (Figure 6). In this model, the chromodomains of an
HP1a dimer bind to nucleosomes at the H3K9 methyl mark,
with dimers physically tethering homologous chromosomes
as they do with in vitro nucleosome arrays. HP1a bridging of
homologs must be restricted to regions of homologous het-
erochromatin, and we suggest that Piwi provides this func-
tion, with Piwi-associated RNA molecules interacting with
DNA and thereby providing sequence recognition. In addition,
the inability of W200A HPla dimers to mediate PHeMAAH
independently of Piwi interaction suggests that Piwi also
may be required to initiate or stabilize HP1a bridging.
Figure 6 illustrates two different scenarios that rely on
recruitment of HP1a to H3K9 methyl marks, HP1a dimer-
ization and interaction with Piwi, as well as interaction of
Piwi-bound RNA with the pericentric heterochromatin of ho-
mologous chromosomes. One possibility (Figure 6A) is that
Piwi binds an RNA that directly hybridizes with the DNA,
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Figure 6 A model illustrating possible roles for HP1a and Piwi in
PHeMAAH. In this model, nucleosomes (gray) from two homologs are
physically connected by dimers of HP1a. HP1a chromodomains (green) bind
to the chromatin at the H3K9 methyl mark (yellow star) and dimerize via
interactions at their CSDs (dark blue). Piwi (light blue), along with an asso-
ciated RNA (red), binds to the HP1a dimer at the CSD-CSD surface. The Piwi-
associated RNA provides sequence specificity by interacting with the DNA
sequence via (A) RNA-DNA hybridzation or (B) hybridization to a second RNA
(orange), such as a nascent transcript, emerging from the DNA (black).

with RNA-DNA interactions occurring on both homologs such
that stable HP1a bridging occurs only if both chromosomes
are able to hybridize with the Piwi-associated RNA. Because
pericentric satellite sequences are highly repetitive, a small
number of RNA sequences may be sufficient to direct the
HP1a-Piwi complex to a relatively large region of heterochro-
matin. Alternatively (Figure 6B), the Piwi-associated RNA
could be interacting with DNA sequences via another RNA
intermediate, such as a nascent satellite sequence transcript.
Though not included in this model, it is interesting to note
that like Drosophila HP1a, mammalian HP1a and Schizosac-
charomyces pombe Swib also bind RNA (Muchardt et al. 2002;
Keller et al. 2012). This activity is required in mammals for
the targeting of HP1la to the pericentric heterochromatin,
raising the possibility that in the context of PHeMAAH,
HP1a-RNA interactions also could contribute to targeting or
stabilizing the HP1a-Piwi complex.

Both versions of the model presented in Figure 6 rely on
interaction between Piwi and RNA to provide the homology
recognition that is essential for PHeMAAH. At this time, our
suggestion that Piwi-bound RNA is required for PHeMAAH is
based solely on extrapolation of published evidence detailing
Piwi-piRNA interactions (Le Thomas et al. 2013; Mani and
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Juliano 2013; Ku and Lin 2014). We can only speculate on
the identity of Piwi-associated RNAs that might be involved
in PHeMAAH and whether these might be mature piRNAs or
unprocessed nuclear transcripts. piRNAs largely originate
from transcription of piRNA clusters enriched in heterochro-
matic regions, and long piRNA precursor molecules in excess
of 200 nucleotides have been detected by RT-PCR (Pal-Bha-
dra et al. 2004; Saito et al. 2006; Brennecke et al. 2007;
Usakin et al. 2007). After processing in the cytosol, mature
piRNAs are loaded onto Piwi and transported back into the
nucleus, where they are thought to guide Piwi to retrotrans-
poson sequences throughout the genome (Brennecke et al.
2007; Huang et al. 2013; Weick and Miska 2014). In addi-
tion, RNA transcripts from both strands of the pericentric
satellite DNA of all Drosophila chromosomes have been de-
tected, including the 359-bp satellite sequence on the X
chromosome (Usakin et al. 2007). Furthermore, pericentric
repeat sequences have been detected among small RNAs
bound to Piwi (Brennecke et al. 2007), raising the possibility
that RNA molecules from these regions may contribute to
homology recognition by the HP1a-Piwi complex. Further
work will be required to establish whether RNA binding is
required for Piwi to promote PHeMAAH and, if so, how
those RNAs are generated and processed.

The proposal that Piwi facilitates the association of homol-
ogous sequences on different chromosomes is not without
precedent. Piwi has been implicated previously in a phenom-
enon known as pairing-sensitive silencing in which transcrip-
tional repression of transgenes on homologous chromosomes
occurs only when they are able to pair (Kassis et al. 1991). In
their analysis of transgenes carrying the Fab-7 silencing ele-
ment upstream of a miniwhite reporter, Grimaud et al. (2006)
found that pairing-sensitive silencing was disrupted in piwi’
and piwi? mutant adults, resulting in an increase in eye pig-
mentation. In addition, production of short RNAs from the
Fab-7 region of the paired transgenes was strongly reduced
by piwi mutations. Although the mechanism of pairing-
sensitive silencing is not completely understood, these results
suggest that Piwi, with the guidance of small RNAs, can pro-
mote pairing between homologous regions of different chro-
mosomes in a way that is similar to the mechanism that we
envision for Piwi in our model of PHeMAAH (Figure 6). Our
chromosome spread analysis indicates that Piwi stably local-
izes at many locations along the meiotic chromosomes, includ-
ing the centromere proximal regions. Therefore, Piwi protein
is in the right place at the right time to collaborate with HP1a
and promote the sustained association of pericentric regions of
achiasmate homologs during meiotic prophase.

Possible relevance to human biology

In humans, chromosome segregation errors lead to trisomy
disorders, including Down syndrome, and are the leading cause
of miscarriages (Nagaoka et al. 2012). Although direct evi-
dence for the existence of an achiasmate chromosome associ-
ation system in humans is lacking, multiple lines of inquiry
indicate that human chromosomes frequently fail to recombine
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but are still able to segregate correctly (Oliver et al. 2008;
Cheng et al. 2009; Fledel-Alon et al. 2009; Nagaoka et al.
2012). HPla, Su(var)3-9, and Piwi are highly conserved
(Saunders et al. 1993; Cox et al. 1998; Aagaard et al. 1999),
and human Su(var)3-9 and HP1 proteins are able to function-
ally replace their Drosophila counterparts (Ma et al. 2001;
Schotta et al. 2002). Therefore, if a human achiasmate segre-
gation system does indeed exist and it relies on pericentric
heterochromatin-mediated association of homologs, these three
proteins may function as conserved components of this path-
way. Our findings that HP1a and Piwi must collaborate to pro-
mote PHeMAAH in Drosophila oocytes opens the door to further
investigation of the mechanisms that govern achiasmate chro-
mosome segregation in flies and possibly even in humans.
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Figure S1. Scoring methods used for nondisjunction assays. (A) For Su(var)205°/+ and HP1a
RNAIi®P NDJ tests, FM7a/y w females were crossed to males carrying an attached X1y
chromosome marked with a wild-type copy of the yellow gene. Body color and sex were used to
distinguish progeny arising from normal, Diplo-X or Nullo-X female gametes. (B) The Piwi
RNAIiV20 NDJ tests utilized FM7a/w B females crossed to males that harbored an attached XAY
chromosome carrying a wild-type allele of the Bar gene. This scheme allowed us to distinguish
progeny arising from normal, Diplo-X or Nullo-X eggs based on eye shape and sex.
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Figure S2. RNAI hairpins used in this study. A schematic is shown for each mRNA targeted for
knockdown. The nucleotide length of each transcription unit is listed in parentheses after its
name. Two hairpins were utilized to target each mRNA. The region targeted by each hairpin is
shown in red, and the hairpin name and the specific bases targeted by the hairpin are shown
directly above each mRNA. For HP1a RNAI®P, the hairpin sequence spans three exons.
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Figure S3. Heterozygotes carrying a null mutation in Su(var)205 express less HP1a in the ovary
than siblings lacking the mutation. An immunoblot comparing ovary extracts from Su(var)205°
heterozygotes and from wild-type siblings from the same cross demonstrates reduced HP1a
protein levels in the mutants. For each genotype, the intensity of the HP1a signal was

normalized to the tubulin signal. Numbers below each lane represent the mean intensity of the
signals, relative to WT, from multiple experiments (n=4).
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Figure S4. In both HP1a and Piwi KD ovarioles, PHeMAAH defects are more pronounced at later
stages of oocyte development. The data from multiple FISH experiments (150 ovarioles for ea
ch genotype) were pooled and tabulated for different stages of oogenesis. The developmental st
age of each egg chamber was determined based on size and morphology

(ASHBURNER et al. 2005). The number of oocytes scored is shown in white. P values are presented
above the bars for those stages in which the difference between control and KD is statistically
significant (P < 0.05). For complete data, see Table S4. (A) Data from HP1a RNAiV2° knockdown
experiments. (B) Data from Piwi RNAiV2%-1 knockdown experiments.
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Figure S5. PHeMAAH defects do not arise from expression of an unrelated hairpin. To rule out
the possibility that expression of any RNAI hairpin in the female germline could cause PHeMAAH
defects, we used the mata driver to express a GFP RNAI hairpin in flies that lack a GFP
transgene. FISH analysis was performed on FM7a/X oocytes in which GFP hairpin expression
was induced (GFP RNAI) and those carrying the GFP RNAI transgene but no driver (Control).
Number of oocytes assayed for each genotype is presented in white. 30 ovarioles of each
genotype were scored. The P value is shown above the bars. For complete data, see Table S3.
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Figure S6. Expression of WT or V30A transgenic Piwi increases the level of Piwi protein when
the Piwi RNAiV2%-1 hairpin is expressed. An immunoblot containing ovary extracts from flies
harboring the Piwi RNAiV2%1 hairpin and either no transgenic Piwi (V20-1), a wild-type transgenic
copy of Piwi (V20-1 + WT Piwi), or a V30A Piwi transgene (V20-1 + V30A) is presented. Control
(C) genotypes lack the mata driver, while in knockdown (KD) genotypes, mata induces
expression of the hairpin. The signal intensity of each Piwi band was normalized to the total
amount of protein/lane on the blot (using Bio-Rad Stain-Free technology). The numbers
immediately below each lane represent mean normalized Piwi band intensity relative to the
V20-1 control band. Presented values are averages from two independent experiments.
Unpaired t test P values are presented for the indicated comparisons (NS = not significant).
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Figure S7. The presence of two UASi controlled transgenes does not cause detectable titrati
on of Gal4 protein produced by the mata driver. Most of our FISH experiments utilized flies in
which a single copy of the Gal4 driver induced expression of a single UAS-transgene, the RNAI
hairpin. However, to look for rescue of PHeMAAH defects in HP1a KD oocytes, we utilized a
single copy of the Gal4 driver to simultaneously drive two UAS transgenes: the RNAi hairpin and
the UAS-GFP-HP1a construct. This raised the possibility that Gal4 levels might be insufficient to
induce full expression of both constructs. If this were the case, reduced HP1a hairpin expression
could result in fewer PHeMAAH defects, which would be misinterpreted as “rescue.” To test this
possibility, we performed an experiment to test for Gal4 titration. We used a single copy of the
mata Gal4 driver to express the HP1a RNAiV2° hairpin as well as a GFP-hairpin in flies lacking a
GFP transgene. Using FISH to assay PHeMAAH defects, we compared FM7a/X oocytes
expressing both hairpins (HP1a KD + GFP RNAI) to those expressing only the HP1a hairpin (HP1a
KD). PHeMAAH defects were comparable in both genotypes, and significantly more prevalent
than in flies containing both hairpin transgenes but lacking a driver (Control). Numbers of
oocytes scored for each genotype are presented in white. 60 ovarioles were scored per
genotype. P values are shown above the bars. Complete data are presented in Table S3.
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Genotype Hairpin ID Vector Abbrevi- Source Bickel

ation Stock #
DRIVER
FM7a/y’Y ; + ; P{w™ = matalphad- Bickel lab T-600
GAL4-VP16} V37 derivative of

T-273

RNAI TRANSGENES
yisc v+ Py SHO00583.N Valium 20 | HP1a RNAi"*° | TRiP #33400 H-005
v =TRiP.Su(var)205. HMS00278}
attP2
yisc v+ Py SH00585.N Valium 20 | Su(var)3-9 TRIP #33401 H-031
v 8=TRiP.Su(var)3-9. HMS00279} RNA;'%*
attP2
yisc v+ Py SH00979.N Valium 20 | Su(var)3-9 TRIP #32914 H-032
v 8=TRiP.Su(var)3-9. HMS00704} RNA;"*%?
attP2
y'sc' v Ply™ 7 v =TRiP.Eggless. | SH00952.N Valium 20 | Eggless TRIP #32445 H-093
HMS00443}attP2 RNA;"?**
y'sc' v Ply™ 7 v =TRiP.Eggless. | SH00343.N Valium 20 | Eggless TRiP #34803 H-096
HMS00112}attP2 RNA{"?*?
y'sc' v+ Py vt P=TRiP.Piwi. | SHO0477.N Valium 20 | Piwi RNAi"*®" | TRiP #34866 H-035
HMS00185} attP2
y'sc' v+ Py vt P=TRiP.Piwi. | SHO0951.N Valium 20 | Piwi RNAi"*®* | TRiP #33724 H-036
HMS00606} attP2
y'sct v Ply™ v =TRIP.EGFP} Valium 20 | GFP RNAi"*° | Bloomington B-069
attP40 #41559
w; P{VDRC.UAS-HP1a RNAi, w'} 12524 HP1a RNAI®® | VDRC #31995 V-027
ADDITIONAL TRANSGENES
w': Pfw’™ GFP-HP1a}/TM6b, Bloomington B-067
' #30561
w'™ ppiwi”™’, w'™} Elgin lab 0L-092
w' ppiwi”” W™} Elgin lab 0L-091
y w; P{w'™ UAST-EGFP-HP1a [WT] pUAST WT GFP-HP1a | This study T-690
y'} attP40
y w; P{w'™ UAST-EGFP-HP1a pUAST W200A GFP- | This study T-705
[W200A] y'} attP40 HP1a
RNAI + PROTEIN TRANSGENES
w; P{VDRC.UAS-HP1a RNAi, w'}; 12524 This study T-655
P{w'™ GFP-HP1a}
w; P{w"™ UAST-EGFP-HP1a[WT] | SHO0583.N This study T-719
attP40 y'}: Ply™" v E=TRiP.
HP1a. HMS00278} attP2
w; P{w"™ UAST-EGFP- SH00583.N This study T-721
HP1a[W200A]attP40 y'};
P{y"" v =TRiP. HP1a.

HMS00278} attP2
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1118 . JWT +mC +t7.7
w S, P{Piwi", w ) Ply
+t1.8

v "=Piwi TRiP.HMS00185}
attP2/TM3, Sb

SH00477.N This study T-714

w', pipiwi", w; Py SH00477.N This study T-713

+t1.8

v "=Piwi TRiP.HMS00185}
attP2/TM3, Sb

HP1A MUTANT STOCK

y/y" Y:Su(var)205°/SM1 Bickel lab M-828
derivative of
Bloomington

#6234
OTHER
FM7a Bickel lab A-195
w' B’ Bickel lab W-097
C(1)RM,y’ su(w’) w® / XAY,vfB Bloomington C-200
#700
C(1)M4, y° / C(1,;Y)6, w'® Bloomington c-217

#1999




TABLE S2. PRIMERS USED IN CONSTRUCTION OF GFP-HP1A CONSTRUCTS.
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Name Sequence (5’ - 3’)
Mutagenesis Primers
GFP Kpnl F CTGCAGTCGACGGAACCGCGGGCCCGGG
GFP Kpnl R CCCGGGCCCGCGGTTCCGTCGACTGCAG
GFP Xba F GCCCGGGATCGACCGGATCCAGATAACTGATCATAATCAG
GFP Xba R CTGATTATGATCAGTTATCTGGATCCGGTCGATCCCGGGC
GFP Bam2 F GGGATCGACCGGATCGAGATAACTGATCATAATCAG
GFP Bam2 R CTGATTATGATCAGTTATCTCGATCCGGTCGATCCC
W200A F CACTTCTACGAAGAGCGCCTATCCGCGTACTCTGATAATG
W200A R CATTATCAGAGTACGCGGATAGGCGCTCTTCGTAGAAGTG
Cloning Primers
GFP clon F ATCGGGTACCAAAATGGTGAGCAAGGGCGAGG
GFP clon4 R ATCGACTAGTGCCGCCTCTCGATCCGGTCGATCCC
HP1laclon2 F ATCGACTAGTGGCAAGAAAATCGACAACCC
HP1laclon R ATCGGGATCCGATCCAACCTGTTTAATCTTCATTATC
Sequencing Primers
pUAST Seq 5’ CGCAGCTGAACAAGCTAAAC
pUAST Seq 3’ TGCTCCCATTCATCAGTTCC
pUASP Seq 5’ GGCAAGGGTCGAGTCGATAG
pUASP Seq 3’ AGGTTTAACCAGGGGATGCT
pGFPSeq F CGTGTACGGTGGGAGGTCTA
pGFPSeq R GGGAGGTGTGGGAGGTTTT
GFPSeqg2 F TAAGCAGAGCTGGTTTAGTG
GFPSeg2 R GCATTCATTTTATGTTTCAGG
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TABLE S3. COMPLETE GENOTYPES AND DATA FOR FISH EXPERIMENTS PRESENTED IN FIGURES 1, 3, 4, S5, AND S7.

Fig Hairpin Genotype #ovar- | #normal # defective | % defective
ID ioles | PHeMAAH | PHeMAAH | PHeMAAH
Oocytes
1D GD C: FM7a/y w; HP1a RNAI®®/+; GFP-HP1a/+ 60 249 39 13.5
1D GD KD: FM7a/y w; HP1a RNA°°/+; mata /+ 60 213 60 22.0
1D GD KD + HP1a: FM7a/w; HP1a RNAI®’/+; GFP-HP1a/mata 60 258 43 14.3
1D V20 | C: FM7a/y scv; HP1a RNAi"*’/+ 90 337 42 11.1
1D V20 | KD: FM7a/y sc v; HP1a RNAi"°/mata 90 281 89 24.0
1E V20-1 | C: FM7a/y sc v; Su(var)3-9 RNAi"**"/+ 30 119 16 11.9
1E V20-1 | KD: FM7a/y sc v; Su(var)3-9 RNAi"**"/ mata 30 109 30 21.6
1E V20-2 | C: FM7a/y sc v; Su(var)3-9 RNAi"**%/+ 60 252 34 11.9
1E V20-2 | KD: FM7a/y sc v; Su(var)3-9 RNAi"*°?/ mata 60 242 64 20.9
1F V20-1 | C: FM7a/y sc v; Eggless RNAI"**/+ 60 280 44 13.6
1F V20-1 | KD: FM7a/y sc v; Eggless RNAI"**Y/mata 60 270 76 22.0
1F V20-2 | C: FM7a/y sc v; Eggless RNAI"**%/+ 60 268 45 14.4
1F V20-2 | KD: FM7a/y sc v; Eggless RNAI"**?/mata 60 239 95 28.4
3B V20-1 | C: FM7a/y sc v;Piwi RNAI"*%"/+ 60 269 40 12.9
3B V20-1 | KD: FM7a/y sc v;Piwi RNAI"**" /mata 60 200 84 29.6
3B V20-2 | C: FM7a/y sc v;Piwi RNAi"*%?/+ 30 135 24 15.1
3B V20-2 | KD: FM7a/y sc v;Piwi RNAI"*°?/mata 30 131 46 26.0
3C V20-1 | C: FM7a/y sc v;Piwi RNAi"*%" /+ 90 382 70 15.5
3C V20-1 | KD: FM7a/y sc v;Piwi RNAI"**" /mata 90 334 133 28.5
3C V20-1 | KD+WT: FM7a/w, Piwi[WT]; Piwi RNAi"**"/ mata 90 376 89 19.1
3C V20-1 | KD+V30A: FM7a/w, Piwi[V30A]; Piwi RNAI"*** /mata 90 352 132 27.3
4B V20 | C: FM7a/w;HP1a RNA;"°/+ 60 270 55 16.9
4B V20 | KD: FM7a/w;HP1a RNAi"’/mata 60 261 89 25.4
4B V20 | KD+ WT: FM7a/w; GFP-HP1a[WT]/+; HP1a 60 284 61 17.7
RNAiVZO/mata
4B V20 | KD+W200A: FM7a/w; GFP-HP1a[W200A]/+; HP1a 60 263 94 26.3
RNAiVZO/mata
S5 V20 | C: FM7a/y sc v; GFP RNAi/+ 30 137 21 13.3
S5 V20 | KD: FM7a/y sc v; GFP RNAi/+;mata/+ 30 131 26 16.6
7 V20 | C: FM7a/w; GFP RNAi/+; HP1 RNA;"*’/+ 60 280 54 16.2
7 V20 | HP1KD: FM7a/w; +/+; HP1a RNAi"*’/mata 60 253 83 24.7
7 V20 | HP1a+GFP KD: FM7a/w; GFP RNAi/+; HP1a 60 270 85 23.9
RNAiVZO/mata
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TABLE S4. COMPLETE DATA FOR STAGE-BY-STAGE FISH ANALYSES PRESENTED IN FIGURE S4.

A: HP1a stage-by-stage analysis (150 ovarioles)

V20

Control: FM7a/X; HP1a RNAi"*’/+ KD: FM7a/X; HP1a RNAi"*’/mata

Stage # normal # defective % defective # normal # defective % defective
PHeMAAH PHeMAAH PHeMAAH PHeMAAH PHeMAAH PHeMAAH

2 36 1 2.7 37 10 21.3

3 89 6 6.3 75 15 16.7

4 62 20 24.4 63 27 30.0

5 56 8 12.5 67 14 17.3

6 65 16 19.8 56 17 23.3

7 103 20 16.3 79 41 34.2

8 81 18 18.2 87 21 19.4

9 56 6 9.7 28 12 30.0

10 58 2 3.3 49 17 25.8

B: Piwi stage-by-stage analysis (150 ovarioles)
Control: FM7a/X; Piwi RNAi"***/+ KD: FM7a/X; Piwi RNAi"***/mata

Stage # normal # defective % defective # normal # defective % defective
PHeMAAH PHeMAAH PHeMAAH PHeMAAH PHeMAAH PHeMAAH

2 73 8 9.9 33 12 26.7

3 101 12 10.6 91 18 16.5

4 86 19 18.1 71 28 28.3

5 54 10 15.6 52 20 27.8

6 62 9 12.7 61 23 27.4

7 89 26 22.6 93 35 27.3

8 64 15 19.0 67 44 39.6

9 47 6 113 48 26 351

10 70 6.7 17 10 37.0
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