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ABSTRACT In most organisms the synaptonemal complex (SC) connects paired homologs along their entire length during much of
meiotic prophase. To better understand the structure of the SC, we aim to identify its components and to determine how each of these
components contributes to SC function. Here, we report the identification of a novel SC component in Drosophila melanogaster
female oocytes, which we have named Corolla. Using structured illumination microscopy, we demonstrate that Corolla is a component
of the central region of the SC. Consistent with its localization, we show by yeast two-hybrid analysis that Corolla strongly interacts
with Cona, a central element protein, demonstrating the first direct interaction between two inner-synaptonemal complex proteins in
Drosophila. These observations help provide a more complete model of SC structure and function in Drosophila females.

HE Laws of Mendelian Inheritance are little more than

a statistical restatement of the events that underlie the
proper segregation of homologous chromosomes at the first
meiotic division. Homologous segregation requires a number
of distinct processes, such as pairing and recombination, but
our focus here is on the formation of a complex, proteina-
ceous structure known as the synaptonemal complex (SC).
The SC forms between homologous chromosomes during
early meiotic prophase and is essential for such functions
as the maintenance of homolog pairing, the conversion of
programmed double-strand breaks (DSBs) into crossovers
(Page and Hawley 2004), and the facilitation of both ho-
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mologous and heterologous centromeric associations (Takeo
et al. 2011; Tanneti et al. 2011).

In terms of its overall structure and dimensions, the SC is
highly conserved (Carpenter 1975; Zickler and Kleckner 1999;
Schild-Priifert et al. 2011; Fraune et al. 2012a), consisting of
two lateral elements (LEs) and a central region (CR). The CR is
composed of both transverse filament (TF) proteins and cen-
tral element (CE) proteins. LE proteins run the length of each
homolog and function to connect the sister chromatids and to
compact the chromosome axes with a complex composed of
cohesins as well as SC-specific components (Lammers et al.
1994; Anderson et al. 2005; Khetani and Bickel 2007;
Alsheimer et al. 2010; Watts and Hoffmann 2011). In Drosoph-
ila melanogaster, the SC-specific components of the LE are Ord,
Solo, and C(2)M (Manheim and McKim 2003; Webber et al.
2004; Anderson et al. 2005; Khetani and Bickel 2007; Yan and
McKee 2013). The CE is located at the very center of the SC. In
Drosophila, the protein Cona is thought to be a component of
the CE. Cona appears to be required for “zippering” together
the TF proteins that both span the width of the SC and overlap
in an interlocking manner at the center of the SC (Page et al.
2008). Many organisms appear to have a single TF protein;
however, Caenorhabditis elegans has multiple TF proteins that
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act together to bridge the width of the SC (MacQueen et al.
2002; Colaiacovo et al. 2003; Smolikov et al. 2007, 2009;
Schild-Priifert et al. 2011).

Although it has long been thought that Drosophila also
possesses a single TF protein, known as C(3)G (Page and
Hawley 2001), we will present evidence below that the
novel protein Corolla is a TF protein. Corolla is encoded
by a novel Drosophila gene, CG8316, and corolla mutants
are defective in SC assembly and/or maintenance. Using
structured illumination microscopy (SIM), we show that Co-
rolla localizes to the CR of the Drosophila SC. Consistent
with Corolla’s localization to the CR by SIM, we show that
Corolla physically interacts with Cona, demonstrating the
first direct interaction between two inner-SC proteins in
Drosophila. We propose that Corolla, which possesses sev-
eral predicted coiled-coil domains, functions both by directly
binding to Cona and by interacting with C(3)G, perhaps via
the coiled-coil domains of C(3)G and Corolla, to stabilize the
ability of C(3)G to link the LEs to the CE and thereby estab-
lish the SC.

Materials and Methods
Drosophila genetics

All stocks were maintained on standard medium containing
yeast, cornmeal, corn syrup, malt extract, and agar at 25°, and
include y w cv v corolla® FRT19A/C(1)DX, y f/Y (Collins et al.
2012), y w corolla® FRT19A/C(1)DX, y f/y*Y (Collins et al
2012), w!ll8 p{XP}CG831691774/C(1)DX, y f/y*Y (created
from stock Bloomington 19165), and Df(1)BSC643 (Blooming-
ton 25733), w!l18/Binsinscy, Df(1)BSC583, and w!118/Binsinscy
(Bloomington 25417) were used in mapping corolla. w; pCa4-
attB-genomic-Corolla (this study), okra*4 cn bw/CyO (Ghabrial
et al. 1998), okra®V cn bw/CyO (Ghabrial et al. 1998), ru! h! th!
st! cu® sr! e ca® (Bloomington 576), ru! h! th! st! cu! sr! es Pr!
ca/TM6B, Bri! Tb! (Bloomington 1711), and ru! h? th! st! cu?
srl e cal/TM3, Sb were used in recombination assays. Other
stocks used: nanos-Gal4; cona®#3/TM3, y w eyFLP; FRT82B y*
TPN1, Tb Ser (Page et al. 2008), yw eyFLP;FRT82B cona’*'?/
TM6B y* TPN1, Tb (Page et al. 2007), y w FRT19A/hs-hidY
(used as wild-type stock) (Collins et al. 2012), y w nanos-
Gal4/FM7a; c(3)G%e ca/TM3, Ser (Jeffress et al. 2007), y w ;
P{UASP}-c(3)GCdeld-Flag - (3)GIo8] e/TM3, Sb Ser e; spaP®/+
(Jeffress et al. 2007), and w/B°Y; c(3)G%%e/TM3, Ser.

The following genotypes were used throughout and
represent the null genotypes of corolla, cona, c(3)G, and
okra: 'y w ¢v v corolla’ FRT19A/y w corollal FRT19A,
conaf4903 /conat12, ¢(3)G®8 e/c(3)G% e ca and okra®* cn
bw/okraRV cn bw, respectively.

To assay chromosome nondisjunction, tester female
virgins were crossed to XY, In(1)EN,v f B; C(4)RM,ci ey
males. Calculations were performed as previously described
(Zitron and Hawley 1989; Hawley et al. 1992). To assay
recombination on the third chromosome, single tester fe-
male virgins (either y w FRT19A; ru h th st cu sr e Pr
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ca/+ ory w corolla FRT19A; ru h th st cu sr e* Pr ca/+) were
crossed to ru h th st cu sr e’ ca males in vials and all single
and double recombinants in the female progeny between th
and ca were scored through day 18.

Mapping of the corolla mutants to CG8316

Next-generation sequencing (NGS) was used to identify the
causative lesion in the novel complementation group pre-
viously reported (Collins et al. 2012), which contains
mutants corolla?, corolla’?®, and corolla’®®. A multi-allele
whole-genome sequencing approach was done for two of
these alleles (corolla’ and corolla’?®) and compared to the
parental stock used in the screen, y w FRT19A, according to
Blumenstiel et al. (2009) with the following modifications.

For each NGS sample, 1-3 pg of genomic DNA was
sheared to <700-bp fragments using a Bioruptor sonicator
(Diagenode). Following the manufacturer’s directions, short
fragment libraries were made using the Ilumina TruSeq
DNA LT Sample Prep Kit v2-set B (Illumina, catalog no.
FC-121-2002). The resulting libraries were quantified using
a Bioanalyzer (Agilent Technologies) and a Qubit Fluorom-
eter (Life Technologies). All libraries were pooled, quanti-
fied, and run as 100-bp paired-end reads on an Illumina
HiSequation 2000 instrument using HiSeq Control Software
1.4.8. Following sequencing, Illumina Primary Analysis version
RTA 1.12.4.2 and Secondary Analysis version CASAVA-1.8.2
were run to demultiplex reads and generate FASTQ files.

Reads were trimmed to 90 bp by the FastX toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/index.html). Reads
were aligned to the University of California at Santa Cruz
dm3 reference genome using BWA, version 0.5.9 (Li and
Durbin 2009). Duplicate reads potentially caused by amplifi-
cation were removed using samtools rmdup. Samtools and
Picard were used to index and sort the reads to prepare for
variant analysis. Aligned data is available at NCBI under ac-
cession numbers 2899034, 2899035, and 2899036.

Indel and SNP detection was performed using the GATK
pipeline (McKenna et al. 2010; DePristo et al. 2011). This
tool was used to perform local realignment around indels
and then call SNPs and indels for the region of interest.
Predicted variant effects were found using the snpEff tool
(version 2.0.5d) (Cingolani et al. 2012). Post processing,
filtering, and analysis of variants was performed using cus-
tom scripts.

Three SNPs were detected within the CG8316 gene re-
gion in the parental stock compared with the reference se-
quence. The “extended gene region” of CG8316 from
FlyBase (release 5.43) was downloaded; the first nucleotide
is equivalent to position 1 in the following SNP designations.
The three SNPs correspond to the synonymous mutation
G2299A in exon 2; G3776T in exon 4, which results in an
Asp-to-Glu amino acid change; and a deletion of 4067A after
the stop codon in exon 4.

corolla! has an A2759T mutation in CG8316, resulting in
a single stop codon at amino acid 173; corolla’?® has a 23-bp
deletion located at position 2814-2836 (just 1 bp following
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amino acid 190), which results in a frameshift leading to
a series of stop codons with the first beginning at amino
acid 199; and corollal®® has a C2804T mutation, which cre-
ates a single stop codon at amino acid 188 (Figure 1A).
CG8316 was the only gene on the X chromosome that we
identified that had a single nucleotide polymorphism or a de-
letion in the two mutant chromosomes tested when compared
to the reference parental chromosome.

Transgene rescue

For transgene rescue of corolla, a genomic rescue construct
was made by performing PCR on the y w FRT19A stock that
was used for the mutagenesis in which corolla was isolated.
The transgene included 1019 bp upstream of the start codon of
CG8316 and 227 bp of downstream sequence, which includes
the 3' untranslated region. Naturally occurring Spel and
BamHI sites were utilized for cloning this genomic fragment.
The entire gene region was sequenced after cloning into pCas-
PeR4-attB (gift from the Perrimon laboratory) at Spel and
BamHI sites in the multi-cloning region for site-specific inte-
gration at attP40 (Genetic Services) (Markstein et al. 2008).

Yeast two-hybrid

The Matchmaker Gold Yeast Two-Hybrid System User
Manual (Clontech Protocol no. PT4084-1, Version No.
PR033493) was followed for yeast transformation, testing
for autoactivation, and for yeast two-hybrid assays. AH109
yeast were used in place of Y2Hgold. The AH109 genotype is
as follows: MAT«, trp1-901, leu2-3, 112, ura3-52, his3-200,
gal4A, gal80A,LYS2:: GALI1yas-GALI1ara-HIS3, GAL2yas-
GAL27p1a-ADE2, URA3:: MELI1yas-MEL1 papa-lacZ (James
et al. 1996). The Y187 genotype is as follows: MATa,
ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4A,
met—, gal80A, URA3:: GAL1yss-GALI rara-lacZ (Wade Harper
et al. 1993). BD-Corolla autoactivated the HIS3 reporter but
did not autoactivate the ADE2 reporter and only weakly
autoactivated the MELI reporter (data not shown).

Cytology

Germarium preparations for whole-mount immunofluores-
cence were as according to Page and Hawley (2001)
with minor exceptions. Females (0- to 1-day-old) were col-
lected and yeasted overnight in the presence of males. Ova-
ries were dissected in PBS for no longer than 20 min prior to
fixing. In all incubation steps, ovaries were incubated at
room temperature while nutating unless otherwise speci-
fied. Ovaries were then washed three times for 10 min in
PBS with 0.1% Tween (PBST). Ovaries were cut at approx-
imately stage 4-5, and the tips containing the germarium
were dissected apart with forceps. Germarium tips were
then blocked in PBST with 1% BSA for 1 hr, and the primary
antibody diluted in PBST was incubated with germarium
tips overnight at 4° while nutating. After washing three
times for 15 min in PBST, the secondary antibodies were
applied for 4 hr followed by the addition of 4'6-diamididino-
2-phenylindole at a concentration of 1 wg/ml for the final

10 min of incubation. After washing as before, the samples
were mounted in ProLong Gold (Invitrogen) and allowed
to cure for 24 hr. Chromosome spreads were prepared as
described in Khetani and Bickel (2007) with the two
following minor exceptions: 16% formaldehyde (Ted Pella)
was diluted to 1% in water and pH was not adjusted. Nor-
mal goat serum was substituted for normal donkey serum in
the blocking solution.

Mouse anti-C(3)G 1A8-1G2 was used at 1:500 (Anderson
et al. 2005). Rabbit anti-Corolla (animal 210) was used at
1:1000 or 1:1500 in all experiments with indistinguishable
results (this study). Guinea pig anti-Cona was used at 1:500
(Page et al. 2008). Rat anti-CID (gift of Sunkel laboratory)
was used at 1:1000 (Martins et al. 2009). Guinea pig anti-
SMC1 was used at 1:500 (Khetani and Bickel 2007).
Mouse anti-Orb antibodies 4H8 and 6H4 (Developmental
Studies Hybridoma Bank) were used at 1:50 each. Anti-
Flag M2 antibody (Sigma) was used at 1:500. Mouse anti-
v-H2AV (Lake et al. 2013) supernatant was used at 1:500.
In experiments where both mouse anti-y-H2AV (isotype
IgG2b-kappa) and mouse anti-Orb were used together, only
anti-Orb 4H8 (isotype IgG1) was used. Secondary goat anti-
mouse, rabbit, guinea pig, or rat Alexa-488, Alexa-555, and
Alexa-647 1gG heavy and light chain or isotype-specific
(IgG1 and IgG2b) conjugated antibodies were used at 1:500
(Molecular Probes).

With the exception of Figure 2 and Figure S2, all images were
acquired with a DeltaVision microscopy system (GE Healthcare)
consisting of a 1 X 70 inverted microscope with a high-resolution
CCD camera. Images were deconvolved using SoftWoRx
(Applied Precision/GE Healthcare) software, and maximum
intensity projections were made unless otherwise noted.

SIM images were acquired on an Applied Precision OMX
Blaze microscope (GE Healthcare) equipped with a PCO Edge
SCMOS camera (Kelheim, Germany). An Olympus (Center
Valley, PA) 60X 1.42 numerical aperture Plan Apo N oil ob-
jective was used. SIM reconstruction was performed with the
Applied Precision Softworx software package (GE Healthcare,
Piscataway, NJ) following the Applied Precision protocols. All
analysis was performed using ImageJ and custom plugins
written for ImageJ available at http://research.stowers.org/
imagejplugins. Prior to analysis, the SIM reconstructed image
was scaled 2 by 2 with bilinear interpolation. Alignment be-
tween differently colored channels was performed on single
slices or projections using the TurboReg plugin for ImageJ
(Thevenaz et al. 1998). Well-formed regions of the SC that
ran approximately parallel to the xy plane were manually
selected, and intensity profiles were averaged over a three-
pixel-wide stripe perpendicular to the SC. For C(3)G distance
measurements, these intensity profiles were then fit to double
Gaussian functions with a background component.

Sanger sequencing

DNA was isolated from a single aged male according to
Gloor et al. (1993). Sequencing primers for CG8316/corolla
are available upon request.

Corolla: A Novel SC Protein 221


http://flybase.org/reports/FBgn0030852.html
http://flybase.org/reports/FBgn0030852.html
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.165290/-/DC1/genetics.114.165290-5.pdf
http://research.stowers.org/imagejplugins
http://research.stowers.org/imagejplugins

A HEEEH — E

|
corolla’ i T =
| wild type |- 5 n=38
dor774 | corolla’®®
P{XPICGB316 e
corolla L. o | |r=2
B 50 X
44.5% 0 20% 40% 0% 80% 100%
S 401 Frequency of CID foci
5 33%70/ B W2 Oz E4 s [s
£ 304 ==
=1
2 DAPI y-H2AV
T 20
[=]
Z
=2 10
X 4th
5 , 0.2% 0.0%
corolla corolla + transgene
C 1|_D | G 5?4
20-47 104-169 324-351
CC1 cCc2 CC3

AP

corolla; okra

s ® B
72C 73A 860 90E 93C 99C
Genotype n ith-si stcu cu-sr sr-e e-ca

widtype 1271 02% 45% 11.6% 11.5% 31.7%
corolla 168 0% 1.2% 0% 0% 0%

Figure 1 Corolla is an essential component of the Drosophila SC. (A) A schematic of the CG8376 gene region shows the relative location of the corolla
alleles with coding sequence in blue and the 5’ and 3’ untranslated regions in gray. Note that all alleles are located in exon 3. Mutations in corolla’,
corolla’@?, and corolla’®® are predicted to truncate the protein at amino acids 173, 199, and 188, respectively (see Materials and Methods). (B) corolla
exhibits elevated levels of X and 4% chromosome nondisjunction, which can be fully suppressed by expression of one copy of corolla (pCa4-genomic-
Corolla-attB). (C) A schematic of Corolla showing the location of the internal coiled-coil domains as predicted by Coils (http://embnet.vital-it.ch/software/
COILS_form.html). (D) Immunofluorescence of wild-type and corolla mutant germaria showing that in wild type Corolla (red in merge) localizes
exclusively to the SC in oocytes throughout pachytene, as demonstrated by the colocalization of C(3)G (green in merge) and Cona; however, in the
absence of corolla, no SC can be detected. (E) corolla mutants are defective in centromere clustering, displaying an average of 3.97 = 0.93 CID foci
compared to 1.80 *+ 0.80 CID foci in wild type. The number of oocyte nuclei scored from region 3 of the germarium, identified by Orb staining, is shown
at the right of the graph. (F) Immunofluorescence analysis showing that the number of DSBs formed in the corolla mutant is reduced when examined in
the background of the DSB-repair-deficient mutant okra. Arrowheads identify the oocyte nuclei in region 3 of the germarium with concentrated Orb
staining and accumulated DSBs. See Table S2 for y-H2AV region 3 foci counts. For each genotype, the oocyte nucleus is shown at higher magnification
within the y-H2AV panel in the inset. (G) corolla mutants are defective in meiotic recombination as assayed on the 3@ chromosome. Euchromatin is
indicated by yellow and heterochromatin by blue. The frequency of recombination is shown for the five intervals examined.
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Centromere clustering analysis

Analysis was performed as previously described (Takeo et al.
2011). We analyzed oocyte nuclei in region 3 of the germa-
rium in both wild-type and SC-defective lines. Region 3
oocytes were identified by costaining with the cytoplasmic
marker Orb.

Generation of polyclonal anti-Corolla antibodies

The cDNA of CG8316 (Berkeley Drosophila Genome Project,
Drosophila Gene Collection #LD15362) was amplified with
primers containing Ndel and BamHI sites (primer sequence
available upon request) and subcloned into pET19b at Ndel
and BamHI sites within the multi-cloning region. The clone
was sequence-verified and transformed into BL21 DE3 cells
(New England Biolabs). Protein expression was done follow-
ing the QiaExpressionist Handbook for purification under de-
naturing conditions, and the 6xHis protein was purified using
ProBond Nickel Chelating Resin (Invitrogen). Antibodies
were made in rabbits using 6xHis-Corolla protein as antigen
(Cocalico Biologicals, Inc). Pre-immune rabbit (animal 210)
serum did not stain Drosophila ovaries (data not shown).

Quantification of y-H2AV foci

To score the number of y-H2AV foci, we first identified the
nuclei of the oocyte in region 3 cysts that had concentrated
cytoplasmic Orb staining. okra mutants also display a delay
in selection of the oocyte (Joyce and McKim 2009). There-
fore, in those region 3 cysts that had two oocytes, both
oocytes were scored as if each had concentrated Orb stain-
ing and robust SC staining. We then identified the z-stacks
pertaining to the oocyte nuclei. Using Imaris 7.0.0 software
(Bitplane, Zurich, Switzerland), we performed a 3D crop of
the selected nuclei and displayed the z-sections using the
gallery function. Only clearly defined foci where counted
in the corresponding z-series.

Results

The corolla gene was first identified by the recovery of three
allelic mutants, originally named mei-397, mei-39729, and
mei-39166, in a screen for X-linked meiotic mutants in
Drosophila (Collins et al. 2012). Based on the cytological
phenotype that we will describe below, we have named
this gene corolla. We also have renamed the mei-391, mei-
39129 and mei-3916¢ mutants corollal, corolla?2®, and
corolla’®®,

As described in Materials and Methods, these mutants
were mapped by whole-genome sequencing to a transcrip-
tion unit denoted CG8316 (Figure 1A). The meiotic pheno-
type exhibited by these corolla alleles was confirmed to be
the result of mutations in CG8316 by showing that two over-
lapping deficiencies that uncover CG8316 and a P-element
insertion mutation, P{XP}CG8316901774_ fail to complement
the corolla’ allele as assayed by measuring meiotic nondis-
junction (data not shown). We further showed by a transgene
rescue assay that expression of CG8316 fully suppresses the

Table 1 Comparison of fertility of wild type, corolla, and corolla
with the rescue construct

Total Average per % of wild
Genotype n?  progeny vial type
Wild type 8 402 50.3 100
corolla 6 47 7.8 15.6
corolla + transgene 9 571 63.4 126.2

? Individual females tested.

meiotic nondisjunction phenotype of the corolla’ mutant
(Figure 1B).

The corolla gene is predicted to encode a 554-amino-acid
protein with three internal coiled-coil domains (FlyBase and
Coils) (Figure 1C and Supporting Information, Figure S1)
(Lupas et al. 1991). All four known alleles of corolla (shown
in Figure 1A) exhibit DNA sequence changes in the third
exon of this gene. corolla!, corolla’®, and corolla’®® are
the result of mutations that would be predicted to truncate
the Corolla protein at amino acids 173, 199, and 188 (see
Materials and Methods), respectively, while P{XP}CG8316401774
is a P-element insertion mutant in exon 3. The three EMS-
induced alleles behave similarly in all assays tested, and
therefore we will discuss corolla’ exclusively in this article.
In addition, based both on studies that we will discuss
below and the fact that the meiotic phenotype of corolla’
homozygotes was similar to corolla’/Df(corolla) heterozy-
gotes (data not shown), we will propose that corolla’ is a
null allele.

Corolla encodes a SC component and is required for
proper SC formation

Given that corolla appears to encode a protein with coiled-
coil domains—a known conserved domain within compo-
nents of the CR—and that mutations in corolla cause high
levels of meiosis I nondisjunction (Collins et al. 2012), we
speculated that Corolla might be a component of the SC. We
generated antibodies to Corolla and performed immunoflu-
orescence assays on ovaries from wild-type females. As
shown in Figure 1D, Corolla localizes to the SC in a pattern
that closely mimics that of the transverse filament protein
C(3)G and the CE protein Cona. In the absence of corolla, SC
formation is abolished (Figure 1D). This defect in SC forma-
tion can be rescued by a transgene bearing a genomic copy
of corolla (data not shown), confirming that Corolla is es-
sential for SC formation.

corolla mutants exhibit phenotypes consistent with
a role in SC formation and function

Proteins involved in forming the structure of the SC tend to
display many of the same phenotypes. In general terms,
mutations in these genes cause the following: (1) a failure to
cluster centromeres in early prophase and to maintain the
pairing of homologous centromeres (Takeo et al. 2011;
Tanneti et al. 2011); (2) a reduction in the frequency of
programmed DSBs (Mehrotra and McKim 2006); and (3)
greatly reduced or abolished meiotic recombination (Page
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Figure 2 Corolla localizes to the central region of the SC. (A) DeltaVision OMX microscopy of C(3)G (C-terminal domain) (magenta, AF488) and Corolla
(green, AF555). Maximum-intensity projections are shown of a few Z slices. See Figure S2B for a representative image of a maximum-intensity projection
through an entire pachytene pro-oocyte. (B) Representative line profiles plot the normalized intensity for Corolla (green) and C(3)G (magenta). The line
profile in B is from A. Two peaks of C(3)G intensity represent the parallel tracks of C(3)G, and the Corolla peak is positioned clearly between the two

C(3)G peaks.

and Hawley 2001; Manheim and McKim 2003; Page et al.
2007). As described in detail below, corolla mutants also
affect each of these processes, consistent with the hypothesis
that Corolla functions as an integral component of the SC.

We begin by demonstrating that corolla mutants exhibit
a severe defect in meiotic centromere clustering. Drosophila
females have four pairs of homologous chromosomes, which
cluster in early prophase within the germarium. The number
of centromere clusters is obtained by counting the number
of foci observed using an antibody against the Drosophila
CID protein (CENP-A homolog) (Blower and Karpen 2001).
Typically, one or two CID clusters are seen in wild-type
oocytes (Takeo et al. 2011; Tanneti et al. 2011). However,
in mutants that are defective in SC formation/maintenance,
centromere clustering is abrogated, increasing the number of
CID foci to three or four, and often homologous centromeres
become unpaired, resulting in the observation of more than
four CID foci (Takeo et al. 2011).

We measured the extent of both centromere clustering
and centromere pairing in corolla by determining the per-
centage of a given genotype that displayed either a decrease
in oocytes with one or two CID foci (a centromere clustering
defect) or displayed more than four CID foci (a centromere
pairing defect).

Since corolla is defective in SC formation, it is difficult to
distinguish oocyte nuclei from nurse-cell nuclei in early
stages of pachytene. Therefore, we chose to analyze oocytes
in region 3 of the germarium where the oocyte nucleus is
easily identifiable by costaining with Orb, which concen-
trates in the cytoplasm of the specified oocyte. As shown
in Figure 1E and Table S1, the number of oocytes with
one or two CID foci decreased from 76.3% observed in wild
type to 0% in corolla, indicative of a strong defect in centro-
mere clustering. Additionally, although oocytes with more
than four foci were never observed in wild-type oocytes, in
corolla oocytes we found that 21.9% of nuclei scored had
more than four CID foci, suggesting that corolla mutants are
also strongly defective in centromere pairing. These defects
in centromere clustering and centromere pairing are compa-
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rable to those exhibited by other SC mutants. For example,
a c¢(3)G mutant showed a significant reduction in one or two
CID foci [80.7% in wild type to 6.3% in c¢(3)G], and 28.1%
of region 3 oocyte nuclei had more than four CID foci
(Takeo et al. 2011).

Previous studies have also shown that SC disruption can
lead to reduced DSB formation (Mehrotra and McKim
2006). To assay the number of DSBs, we used a monoclonal
antibody recognizing the phosphorylated form of H2AV,
called y-H2AV (Lake et al. 2013), and used the cytoplasmic
marker Orb to mark the early-mid-pachytene oocyte nuclei
in region 3 (Figure 1F). Because the formation and repair of
DSBs is a dynamic process, and to determine more accu-
rately the number of DSBs generated in early pachytene,
we utilized a DSB repair-defective background (okra) to
assay the total number of DSBs made (Ghabrial et al.
1998; Jang et al. 2003; Mehrotra and McKim 2006). As
anticipated, we found that corolla; okra double mutants
exhibited a reduced number of y-H2AV foci (average of
8.3 foci per oocyte, n = 15 oocytes), displaying only 37%
of the DSBs observed in the okra control genotype (average
of 22.3 foci per oocyte, n = 10 oocytes) (set to 100%) (Table
S2). This is similar to the range of reduction seen by Mehrotra
and McKim (2006) in the LE mutant c¢(2)M (44.8% of okra
control) and the TF mutant ¢(3)G (15-21.3% of okra control)
in the absence of repair. Thus, although Corolla is not essen-
tial for DSB formation, like other SC proteins it is required
for normal levels of DSB formation. Moreover, the following
analysis of recombination shows that Corolla is required to
process DSBs into mature crossovers.

The high levels of nondisjunction seen in corolla mutants
are easily explained by the reduction in meiotic recombi-
nation (Figure 1G). While the wild-type control exhibited
levels of recombination on the third chromosome similar
to previous studies (Manheim and McKim 2003), corolla
exhibited no recombination throughout most of the euchro-
matin and exhibited a reduced frequency of recombination
in the centromere-proximal interval. These reduced levels of
recombination are fully consistent with the high levels of
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Figure 3 Corolla strongly interacts with Cona by yeast two-hybrid. (A) All diploid strains grow equally well under selection for both the AD and BD
plasmids (~trp—feu). (B) AD-Cona and BD-Corolla strongly interact on the ADE2 reporter assay (~trp—leu—-ade). No interaction was detected with AD-
empty and a BD-Corolla construct or between AD-Cona and an empty BD construct. (C) AD-Cona and BD-Corolla strongly interact on the MELT reporter
assay (of —trp-leu + X-a-Gal). It should be noted that BD-Corolla weakly autoactivates the MELT reporter. (D) AD-Cona and BD-Corolla strongly interact

under the most stringent selection of —trp—leu-ade + X-a-Gal.

nondisjunction observed in corolla mutants. Although the
same number of females were tested, fewer progeny were
scored in corolla (n = 168) than in wild type (n = 1271) due
to a fertility defect of corolla mutants (Table 1), which may
well be the consequence of chromosome missegregation.

Taken together, these data suggest that, at least as assayed
genetically, Corolla acts as an integral member of the SC, such
that corolla mutants show the same cluster of meiotic defects
exhibited by mutants in genes encoding other known SC
components.

Corolla localizes to the central region of the
synaptonemal complex

To determine the precise location of Corolla within the SC, we
performed studies using SIM. First, to ascertain if we could
resolve the lateral edge of the SC from the central region, we
analyzed by SIM the colocalization of C(3)G and Cona. Using
an antibody to the C-terminal globular domain of C(3)G that
has been shown by immuno-electron microscopy (EM) to
localize at the lateral edges of the TF, abutting the LE
(Anderson et al. 2005), we were able to resolve two parallel
tracks of C(3)G localization. As predicted from preliminary
immuno-EM studies used to analyze the location of Cona::
venus overexpressed in wild-type ovaries (Lake and Hawley
2012), Cona localized between the two tracks of the lateral
edges of the TF (Figure S2).

We determined the distance between the two C(3)G
tracks to be 137 + 3 nm (Figure S3, A and B). Our data for
SC width are slightly greater than the number (109 * 8 nm)
obtained by Carpenter’s EM analysis of the Drosophila SC
(Carpenter 1975). One possible explanation for this discrep-
ancy may be that the C-terminal epitope of C(3)G is buried
within the LE. Indeed, the immuno-EM done by Anderson
et al. (2005) using this antibody shows C(3)G localization
that appears within the electron dense LE tracks.

As we were able to resolve the lateral sides of the SC from
the central region using SIM, we next determined the lo-
calization of Corolla within the SC by costaining wild-type
oocytes with antibodies to Corolla and the C-terminal end of
C(3)G (Figure 2A, Figure S2B, File S1, and File S2). The
immunofluorescence signal for Corolla was similar to that
for Cona, in that the Corolla signal ran between the two
tracks of C(3)G. When a line profile was drawn perpendic-

ular to a parallel track of C(3)G, two peaks of the C(3)G
signal are clearly visible and only one peak of Corolla is
present in between the two C(3)G peaks (Figure 2B). While
in the vast majority of cases (33/34), the Corolla signal
appeared as a single peak in a line profile, Corolla appeared
as a double peak in 1/34 cases. The significance of this one
unusual profile, if any, is currently not understood. In con-
clusion, SIM technology enabled us to localize Corolla
within the SC; specifically, Corolla localizes to the CR
of the SC.

Corolla interacts with Cona by yeast two-hybrid

Since SIM analysis virtually always identified Corolla as
a single track running between the lateral sides of the SC—
a pattern very similar to Cona—we wanted to determine
whether Corolla and Cona physically interact. To test this,
we performed yeast two-hybrid analysis (Figure 3). We
assayed BD-Corolla/AD-Cona interaction on the ADE2 re-
porter, as well as in the MEL]1 assay. Diploids containing
BD-Corolla and AD-Cona were able to grow on media lack-
ing adenine and exhibited a deep blue color indistinguish-
able from the diploid positive control in the presence of
X-a-gal, thus illustrating that Cona-Corolla strongly interact.
This provides the first evidence of a physical linkage be-
tween any two Drosophila inner-SC proteins. Corolla was
named for this interaction with Cona, whose full name is
Corona, as Corolla is the Latin diminutive of Corona.

Corolla may self-associate, but does not appear to
localize to the chromosome axes in the absence of C(3)G

Since Corolla contains coiled-coil domains and physically
interacts with Cona, we next addressed whether Corolla
could associate with the chromosomes in the absence of the
TF protein C(3)G. Whole-mount immunofluorescence imag-
ing using standard deconvolution microscopy demonstrated
that the Corolla signal persisted in early pachytene nuclei
(region 2A) in the absence of the TF protein C(3)G, although
the signal appeared more diffuse and less ribbon-like than the
wild type (Figure 4).

The Corolla staining observed in Figure 4B was unantici-
pated since previous EM analysis of ¢(3)G mutants did not re-
veal any SC structure (Smith and King 1968). In an attempt to
resolve this issue, we performed immunofluorescence analysis
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Figure 4 Corolla localization in ¢(3)G mutants. (A and B) Pachytene pro-
oocyte nuclei from wild type and a ¢(3)G mutant showing the localization
of Corolla (green) and C(3)G (magenta) in whole-mount tissue. (A) C(3)G
and Corolla appear as clear ribbons of SC by standard deconvolution
imaging in wild-type oocytes. (B) Corolla signal persists in early pachytene
nuclei of ¢(3)G mutants as a diffuse ribbon-like structure. (C and D)
Pachytene nuclei from wild type and a ¢(3)G mutant showing localization
of Corolla (green) and SMC1 (magenta) in chromosome spread prepara-
tions. (C) Corolla colocalizes with SMC1 in wild-type oocytes. (D) Corolla
staining is not preserved in chromosome spreads of a ¢(3)G mutant. (E)
DeltaVision microscopy of C(3)G (green) identified by anti-Flag antibody,
Corolla (red), and Cona (blue) in early-mid-pachytene oocytes from
nanos-GAL4::\VP16/yw; UASp-c(3)G@e-ag/+. ¢(3)G®S. Corolla localizes to
polycomplexes when C(3)G is unable to associate with the LEs. Maximum-
intensity projections are shown of a few Z slices in A-D, and a single Z slice is
shown in E.

on chromosome spreads of wild-type and ¢(3)G mutant oocytes
immunostained with Corolla and the cohesin component SMC1
to visualize the lateral elements of the SC (Figure 4, C and D).
Previous studies have shown that loading of the cohesin com-
ponents SMC1 and SMC3 is not affected in the absence of ¢(3)G
(Khetani and Bickel 2007). Chromosome spread preparation of
ovaries, in which soluble components not attached to chromatin
are removed (Khetani and Bickel 2007), enabled us to deter-
mine whether Corolla localizes to meiotic chromosomes in the
absence of ¢(3)G. In 40 partially intact germaria, we did not
detect any chromatin-associated Corolla (one example shown in
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Figure 4D), suggesting that the structure of Corolla seen in
whole-mount ¢(3)G oocytes does not appear to associate with
chromosomes. We speculate that Corolla may be self-assembling
via the coiled-coil domains; however, these complexes do not
associate with the LEs. Thus, based on these observations and
those described above, Corolla and C(3)G appear mutually de-
pendent with regard to localization to meiotic chromosomes.
In addition, we also analyzed Corolla’s localization in
oocytes expressing a mutation of ¢(3)G that lacks the C-terminal
globular domain of the C(3)G protein (Jeffress et al. 2007). In
this mutant, C(3)G cannot attach to the LEs, and therefore
instead of assembling along the chromosomes, the proteins
composing the central region of the SC are assembled into
aggregates called polycomplexes. In the absence of C(3)G
association with the LEs, we find that Corolla, like Cona,
assembles into polycomplexes (Figure 4E). This result further
supports the findings that Corolla is a CR component of the SC
and does not associate with the LEs in the absence of C(3)G.

Discussion

This article both describes the utility of SIM for the analysis
of SC in wild-type and mutant Drosophila oocytes and
reports the identification of Corolla, a new component of
the central region of the Drosophila SC. We have further
shown that Corolla physically interacts with another central
region protein, Cona. We previously presented preliminary
immuno-EM data suggesting that Cona localizes to the
edges of the CE (Page et al. 2008; Lake and Hawley
2012). The discovery of Corolla raises the number of central
region proteins identified in Drosophila to three [Corolla,
Cona, and C(3)G], each of which is dependent on the other
two for establishing the SC. We propose that, while the
binding of these three proteins to the paired homologs is
mediated by the attachment of the C terminus of C(3)G to
the LE, both Cona and Corolla are required to stabilize the
interactions between oppositely oriented C(3)G proteins
(transverse filament proteins), which are required to form
nascent complexes that can be attached to the LE. In the
absence of the C terminus of C(3)G, the three known central
region proteins (and presumably others) can form polycom-
plexes that fail to attach to the chromosomes.

Perhaps because these three proteins are so functionally
interdependent, the phenotypes of corolla mutants are virtually
identical to those of cona and ¢(3)G mutants (Page and Hawley
2001; Mehrotra and McKim 2006; Page et al. 2008; Takeo et al.
2011). These phenotypes include a reduction in the number of
meiotic DSBs, a near elimination of meiotic recombination (and
a concomitant increase in meiotic nondisjunction), and a loss of
centromere clustering. We imagine that the similarity of meiotic
defects exhibited by all three mutants reflects the fact that these
act as part of a functional identity, such that each component is
left functionless without the other two.

Anderson et al. (2005) used immuno-EM to show that
C(3)G spanned the distance between the LEs and the middle
of the CE, and Ollinger et al. (2005) has shown that
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expression of the rat TF protein, SCP1, alone in cultured
cells can facilitate the assembly of polycomplex-like struc-
tures. Why then does the Drosophila oocyte require addi-
tional proteins such as Cona and Corolla to build an SC,
and what specifically is the function of Corolla? Perhaps
the answer lies in (1) Cona’s position in the central region,
where it could act to stabilize the antiparallel interactions
between C(3)G homodimers emanating from opposite LEs;
(2) Corolla’s ability to physically interact with Cona; and (3)
a hypothetical interaction between the coiled-coil domains
of Corolla and C(3)G.

Although corolla encodes what appears to be a novel pro-
tein, we have identified three short regions of amino acid
homology between Corolla and the C. elegans SYP-4 protein
(Figure S4). SYP-4 is one of the C. elegans TF proteins, which,
like Corolla, localizes within the central region and reaches out
toward the lateral elements (Schild-Priifert et al. 2011). SYP-4
is a slightly larger protein than Corolla (605 vs. 554 amino
acids) and is not known to have any identifiable structural
motifs (other than three predicted coiled-coils that span amino
acids 115-410) or homology to any known protein in any
organism (Smolikov et al. 2009). Moreover, syp-4 mutants
have no detectable SC structure present by transmission elec-
tron microscopy (Smolikov et al. 2009). This is similar to co-
rolla mutants, which fail to show a discernible SC structure
when assayed by SIM (data not shown).

One common feature of SC proteins (particularly those
of the CR) is the presence of protein domains that are
predicted to be coiled-coils. Coiled-coil domains are known
to promote oligomerization and often interact with other
proteins that contain coiled-coils (Newman et al. 2000). In
mice, the CR is known to contain five proteins, four of
which are predicted to have coiled-coil domains (SYCP1,
SYCE1, SYCE2, and SYCE3) and one (TEX12) that does
not contain a coiled-coil domain (Fraune et al. 2012b). In
C. elegans, all four known CR proteins (SYP-1, SYP-2, SYP-3,
and SYP-4) have coiled-coil domains (Smolikov et al. 2009;
Schild-Priifert et al. 2011). In Drosophila, although C(3)G
has multiple coiled-coil domains (Page and Hawley 2001;
Jeffress et al. 2007), Cona is not predicted to possess any
(Page et al. 2008). Corolla, as shown in Figure S1, is pre-
dicted by the COILS program to contain multiple coiled-coil
domains.

In addition to coiled-coil domains, another hallmark of TF
proteins is that the coiled-coil domains are flanked by globular
domains (Zickler and Kleckner 1999; Page and Hawley 2004;
de Boer and Heyting 2006). Using the Eukaryotic Linear Motif
(ELM) resource (Puntervoll et al. 2003), we analyzed the pro-
tein sequence of Corolla in search of globular domains that
flanked the predicted coiled-coil domains. ELM analysis identi-
fied that Corolla, like other TF proteins, contains globular
domains that flank the predicted coiled-coil domains that were
identified by COILS (Figure S1 and Figure S4B). Taken together,
the short regions of possible homology, the similar size with the
presence of multiple coiled-coil regions that are flanked by glob-
ular domains, and the similar localization (by SIM for Corolla

and by immuno-EM for SYP-4), it seems at least possible that
Corolla could be the fly ortholog of the TF protein SYP-4.
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Coils output for Corolla
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Figure S1 Coiled-coil prediction of Corolla by the COILS program. Corolla is predicted to contain three coiled-coil
regions based on the COILS program (Lupas et al. 1991). These coiled-coil domains span the first two-thirds of the
protein. Of note, the Eukaryotic Linear Motif (ELM) program (http://elm.eu.org/) identified only one coiled-coil
domain in Corolla (aa 105-135) (DINKEL et al. 2014).
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Figure S2 SIM imaging of a wild-type pachytene oocyte for Cona, C(3)G and Corolla. (A) DeltaVision OMX
microscopy of C(3)G (C-terminal domain) (green, AF488) and Cona (magenta, AF555) in a wild-type pachytene oocyte.
Maximume-intensity projection of Z-series though an entire pro-oocyte is shown. Two regions outlined with a dashed
box are magnified above and below the image to show that Cona is clearly positioned between the two C(3)G tracks.
(B) DeltaVision OMX microscopy of C(3)G (C-terminal domain) (green, AF488) and Corolla (magenta, AF555) in a wild-
type pachytene oocyte. Maximume-intensity projection of Z-series though an entire pro-oocyte is shown.
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Figure S3 Measurements of the width of the SC by SIM. (A—B) Measurement of the width between C-terminal
epitopes of C(3)G. In areas where the SC remained in the same x-y plane for an extended period, a line profile was
generated and fit to two Gaussians. Error bar indicated the standard error in the mean. (B) A box and whisker plot
showing the distance between C(3)G epitopes. The small box represents the standard error, the remaining line
represents the median, and the whiskers represent standard deviation.
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Figure S4 Alignment of protein sequence and predicted secondary structure of Corolla with SYP-4. (A) Clustal
alignment of Corolla with SYP-4. C. elegans SYP-4 (http://www.ncbi.nlm.nih.gov/protein/CCD72468.1) was aligned to
Corolla using Clustal Omega (SIEVERs et al. 2011). Three regions of potential homology were detected: region 1, from
Corolla amino acids 83 to 95 (69% similarity, 38% identity); region 2, from amino acids 260 to 306 (28% similarity, 23%
identity); and region 3, from amino acids 322 to 365 (43% similarity, 34% identity). Hash marks (#) denote removed
sequence for ease of viewing the conserved regions and dashes (-) indicate gaps in alignment. Of these three similar
regions, only region 3 falls within a predicted coiled-coil region of Corolla (Figure S1). (B) ELM analysis
(http://elm.eu.org/) of Corolla (FBgn0030852), C. elegans SYP-4 (Accession CCD72468), Drosophila TF protein C(3)G
(FBgn0000246) and S. cerevisiae TF protein Zip1 (Accession AAA35239) showing only the predicted coiled-coil
domains, globular domains, low-complexity regions and disordered regions. Note that using the ELM resource, only
one coiled-coil region was identified for Corolla and SYP-4, whereas COILS program identified three stretches of coiled-
coil regions for both Corolla (Figure S1) and SYP-4 (Smolikov et al. 2009). The three coiled-coil stretches identified by
COILS for Corolla are between amino acids 17 and 380. For comparison of the coiled-coil domains and flanking
globular domains found in other TF proteins, Drosophila C(3)G and S.cerevisiae Zip1 are shown. Numbers above
vertical lines correspond to amino acid number for each protein. Number at right-hand side corresponds to the total
number of amino acids for each protein.
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Files S1-S2
Available for download as .mov files at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.165290/-/DC1

File S1 Movie moves through Z slices of a representative nucleus with Corolla in magenta and C(3)G (C-terminal
domain) in green as acquired on OMX Blaze microscope.

File S2 Corolla is continuous along the length of the SC. Movie shows rotation in X and Y of a representative nucleus
with Corolla in magenta and C(3)G in green as acquired on OMX Blaze microscope.
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Table S1 Quantification of the centromere clustering defect in corolla mutants.

Genotype Number of CID foci (%) n Average + SD
1 2 3 4 5 6

wild type 16 (42.1) 13 (34.2) 9(23.7) 0(0) 0(0) 0(0) 38 1.80+0.80

corolla 0(0) 0(0) 11 (34.4) 14 (43.8) 4(12.5) 3(9.4) 32 3.97+0.93

The number of oocytes in region 3 of the germarium with a given number of CID foci are shown, followed in
parentheses by the frequency that a given number of CID foci are seen in a genotype.
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Table S2 Frequency of y-H2AV foci in corolla as assayed in the DSB repair-deficient mutant okra

Average number of foci Standard Total oocytes
Genotype . .- % of control
per Region 3 oocyte deviation analyzed
okra 223 1.9 100 10
corolla; okra 8.3 2.0 37 15
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