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Summary 28 

The centromere is an epigenetic mark that is a loading site for the kinetochore 29 

during meiosis and mitosis. This mark is characterized by the H3 variant CENP-A, 30 

known as CID in Drosophila, which replaces canonical H3 at the centromeres. In 31 

Drosophila, CENP-C is critical for maintaining CID at the centromeres and directly 32 

recruits outer kinetochore proteins after nuclear envelope break down. It is not clear, 33 

however, if these two functions require the same population of CENP-C. In Drosophila 34 

and many other metazoan oocytes, centromere maintenance and kinetochore assembly 35 

are separated by an extended prophase. We used RNAi knockdown, mutants, and 36 

transgenes to study the dynamics and function of CENP-C in meiosis. CENP-C that is 37 

incorporated into cells prior to the onset of meiosis is involved in centromere 38 

maintenance and CID recruitment. We found this is not sufficient for the other functions 39 

of CENP-C. Indeed, CENP-C is loaded during meiotic prophase, while CID and the 40 

chaperone CAL1 are not. CENP-C prophase loading is required for meiotic functions at 41 

two different times. In early meiotic prophase, CENP-C loading is required for sister 42 

centromere cohesion and centromere clustering. In late meiotic prophase, CENP-C 43 

loading is required to recruit kinetochore proteins. Thus, CENP-C is one of the few 44 

proteins that links the function of the centromeres and kinetochores through the long 45 

prophase pause in oocytes.  46 

  47 
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INTRODUCTION: 48 

 The chromatin of the centromere is characterized by an H3 variant known as 49 

CENP-A rather than a specific sequence [1, 2]. One of its main functions is to recruit 50 

kinetochore proteins for meiosis and mitosis [3]. Failure to maintain the centromere after 51 

DNA replication or failure to recruit an effective kinetochore during M-phase can result 52 

in chromosome segregation defects, which is a feature of many cancers, infertility, and 53 

developmental disorders. In Drosophila, CENP-A is encoded by the cid gene [4]. 54 

CENP-A interacts with the “constitutive centromere associated network” (CCAN) 55 

complex in a wide variety of organisms such as humans and yeast [3]. The CCAN 56 

contains many proteins that form multiple links between the inner centromere and the 57 

outer kinetochore. In many vertebrate cells, two pathways defined by the components 58 

CENP-T and CENP-C provide the link between the centromere and outer kinetochore 59 

[5]. In some cases, one of these pathways has been lost during evolution. C. elegans 60 

and Drosophila are examples where most or all CCAN proteins have been lost and 61 

CENP-C forms the only linkage between the inner centromere and outer kinetochore.  62 

Centromeres are maintained by loading new CENP-A once per cell cycle, but 63 

unlike other centromeric histones, this does not occur during S-phase. Thus, CENP-A 64 

levels are reduced during S-phase and return to normal levels once during the cell 65 

cycle. The timing of CENP-A loading varies in different species and possibly cell types, 66 

but typically occurs once per cell cycle, usually during M or G1 [6-8]. In yeast and 67 

mammals, maintenance of centromeric CENP-A depends on CENP-C, the Mis18 68 

complex, and HJURP [9-15]. In Drosophila, the Mis18 complex and HJURP are absent, 69 

but CAL1 takes on a similar role by interacting with both CENP-C and CID [16-18]. CID, 70 
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CENP-C, and CAL1 rely on each other for loading to maintain centromere identity [10, 71 

16, 18, 19].  72 

While CENP-C is required for centromere maintenance, it also has a direct role in 73 

kinetochore assembly by recruiting MIS12 in mammals [20-22] and Drosophila [23-25]. 74 

In many organisms, including Drosophila and mammals, the kinetochore is loaded once 75 

the nuclear envelope breaks down, and is only present during cell division. Although 76 

considered part of the inner kinetochore, CENP-C is present throughout the cell cycle. 77 

In Drosophila, no other kinetochore proteins except for MIS12 exhibit this behavior [26]. 78 

CENP-C recruits MIS12 [24, 25], and they directly interact to form an inner kinetochore 79 

complex that is present throughout the cell cycle [21, 23, 27].  80 

Following the pachytene stage of meiosis, mammalian and Drosophila oocytes 81 

enter a long pause in prophase. If centromere proteins are loaded once per cell cycle, 82 

they would have to be maintained for a long time before kinetochores are assembled 83 

and cell division commences [28]. Cohesins, for example, are loaded during S-phase 84 

and deteriorate with age, causing aneuploidy in older mothers [29, 30]. However, 85 

CENP-A nucleosomes in the mouse are stable and do not need to be maintained during 86 

meiotic prophase [28]. Furthermore, CENP-C becomes immobilized at metaphase [31]. 87 

Thus, it is possible that the CENP-C loaded along with CENP-A in G1 is sufficient for 88 

kinetochore assembly. However, the stability of CENP-C during meiotic prophase has 89 

not been tested. How age affects proteins like CENP-C that are loaded before or during 90 

the prophase pause is poorly understood and important for oocytes health [32].  91 

In this study, we investigated the meiotic prophase dynamics of CENP-C, CAL1, 92 

and CID. As with CENP-A in mouse oocytes [28], we found that CID is stable 93 
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throughout Drosophila oocyte meiotic prophase, and there was little addition of new 94 

subunits. CAL1 is gradually lost during prophase and is absent in metaphase I oocytes. 95 

CENP-C is uniquely loaded at centromeres using an exchange mechanism during 96 

prophase, and this is required for assembly of the meiotic kinetochore. Thus, CENP-C is 97 

loaded independently of centromere maintenance in a process that is required for 98 

kinetochore assembly.  99 

  100 
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RESULTS 101 

CENP-C, but not CAL1 or CID, loads onto centromeres during prophase I 102 

 The analysis of centromere protein dynamics during prophase is facilitated by the 103 

organization of the Drosophila ovary. Each of Drosophila’s two ovaries contains several 104 

strings, or ovarioles, of developing oocytes (Figure 1A). At the anterior end of each 105 

ovariole is the germarium, which includes mitotically dividing cells (region 1) and early 106 

meiotic prophase (regions 2-3). Region 3 (stage 1) oocytes leave the germarium and 107 

enter the vitellarium. During stages 1-12,  meiosis remains in prophase while the oocyte 108 

grows and matures. At the posterior end of the ovariole (stage 13-14), the oocyte enters 109 

prometaphase. Meiosis arrests at metaphase I until passage through the oviduct and 110 

fertilization occurs.  111 

 The dynamics of CENP-C during meiotic prophase was investigated along with 112 

comparisons to its known centromeric partners, CAL1 and CID. Expression of UASP 113 

regulated EGFP-tagged transgenes of Cenp-C, cal1, and cid were induced during 114 

female meiotic prophase by crossing to one of three GAL4-expressing strains (Figure 115 

1). P{GAL4: :VP16-nos.UTR}CG6325MVD1 (referred to as MVD1) initiates expression of 116 

transgenes in the pre-meiotic cyst cells of the germline and continues throughout oocyte 117 

maturation [33]. P{GAL4-nos.NGT}A (referred to as NGTA) expresses only during early 118 

prophase (Figure S 1). P{w[+mC]=matalpha4-GAL-VP16}V37 (referred to as mata) 119 

expression begins late in prophase (region 2B/3) and continues through metaphase I in 120 

the stage 14 oocyte [34, 35]. We expressed the EGFP-tagged transgenes using one of 121 

these promoters to determine whether centromeric loading of each protein could occur 122 

during prophase.   123 
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 Experiments with MVD1 showed CID, CAL1, and CENP-C localization in region 124 

2a and throughout stages 1 to 5 of oogenesis (Figure 1B-D). These results may closely 125 

resemble wild-type expression because MVD1 promotes expression of UAS transgenes 126 

through all stages of the germline. We also observed centromeric localization of EGFP-127 

tagged CID, CAL1, and CENP-C in region 2a and stages 1-5 when expressed with 128 

NGTA. This is consistent with expression of NGTA in the early stages of the germarium, 129 

including the mitotic divisions. Similar results were observed using an HA-Cenp-C 130 

transgene with NGTA (Figure S 2A).  131 

We did not observe centromeric localization of EGFP-tagged CID or CAL1 when 132 

expressed during late prophase I using mata (Figure 1B, C). In contrast, centromeric 133 

localization of CENP-C was observed in late prophase when expressed with mata 134 

(Figure 1D, Figure S 2A,B). These data indicate that meiotic CENP-C dynamics are 135 

different than CID and CAL1. CENP-C is loaded onto the centromeres during meiotic 136 

prophase. In addition, heat shock was used to induce expression of Cenp-C, which also 137 

showed evidence of prophase loading of CENP-C (Figure S 2C).  Together, these 138 

results suggest a prophase function for CENP-C that is independent of centromere 139 

establishment or maintenance.  140 

While EGFP-CENP-C under the control of NGTA resulted in centromeric GFP 141 

localization in stages 1-5 (see above), it was absent in stage 14 oocytes (Figure 1D). 142 

These results suggest that CENP-C is unloaded from the centromeres during meiotic 143 

prophase. In contrast, CID was retained at the centromeres in stage 14 when expressed 144 

using NGTA (Figure 1B), suggesting CID loaded prior to meiotic prophase is maintained 145 

throughout late prophase of oogenesis. Surprisingly, CAL1 showed a different pattern 146 
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with NGTA and MVD1. CAL1 localized in early prophase oocytes similarly to CID but 147 

was not detected in stage 14 oocytes (Figure 1C, Figure S 3). Thus, like CENP-C, CAL1 148 

is unloaded during prophase, but unlike CENP-C, CAL1 is not loaded during this time.  149 

 150 

CENP-C regulates centromere clustering, recombination, and MIS12 loading in 151 

early prophase I 152 

These results show there is a population of CENP-C loaded during meiotic 153 

prophase that is distinct from the population required for the maintenance of CID at the 154 

centromeres. To investigate Cenp-C function in early prophase, we knocked down the 155 

expression by RNAi using an shRNA (GL00409) and the NGTA or MVD1 promoters. 156 

Females expressing GL00409 with MVD1 (GL00409/MVD1 oocytes) were sterile and 157 

agametic. MVD1 expression initiates early in the primordial germ cells of the embryo 158 

and a requirement for CENP-C during these mitotic divisions would explain the 159 

agametic phenotype. Thus, the remaining early prophase experiments were performed 160 

with females expressing GL00409 with NGTA (GL00409/NGTA oocytes).  161 

 162 

GL00409/NGTA females were fertile but displayed a high level of homologous 163 

chromosome nondisjunction (7%) compared to controls (0.25%) (Table 1). A similar 164 

result was observed with a different shRNA (HMJ21500). NGTA expression peaks 165 

during early prophase, affecting Cenp-C expression for only a limited time. Therefore, 166 

these results suggest CENP-C has an early meiotic function required for chromosome 167 

segregation that is separable from centromere maintenance. To investigate the 168 

mechanisms of nondisjunction caused by loss of CENP-C, we characterized processes 169 
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that occur early in meiotic prophase such as centromere assembly, meiotic 170 

recombination, centromere pairing and synaptonemal complex (SC) formation.  171 

The intensity CENP-C or CID at the centromeres was not significantly decreased 172 

in early prophase nuclei of GL00409/NGTA oocytes (Figure 2A - C). The absence of a 173 

reduction in CID suggests that inhibition of CENP-C occurred after CID was loaded and 174 

did not affect centromere maintenance. The failure to observe a significant reduction in 175 

CENP-C may have been due to the abundance of protein required for CID 176 

maintenance. For another measure of CENP-C function in prophase, we examined 177 

MIS12. In mitotic cells, CENP-C promotes kinetochore assembly by recruiting MIS12 178 

[23]. MIS12-GFP localization was observed in the same prophase stages as CENP-C in 179 

control oocytes, starting in region 2a of the germarium (Figure 2D). The intensity of 180 

centromeric MIS12-GFP was significantly reduced in GL00409/NGTA females (Figure 181 

2D, E) indicating that CENP-C promotes recruitment of MIS12 during meiotic prophase. 182 

These results show that MIS12 localizes to the centromeres in meiotic prophase and 183 

depends on CENP-C.  184 

Increased frequencies of nondisjunction can be associated with loss of SC and/ 185 

or a reduction in crossing over (CO) [36]. SC assembly in GL00409/NGTA females was 186 

found to be normal, indicated by the thread-like appearance of transverse filament 187 

protein C(3)G [37] (Figure S 4). We genetically measured the frequency of COs in 188 

GL00409/NGTA females and observed an increase in centromeric crossovers, but 189 

overall, crossing over was not decreased (Table 1). In a separate experiment where the 190 

centromeres were genetically marked (see Methods), we observed an increase in sister 191 
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chromatid nondisjunction. Thus, the meiotic nondisjunction may be occurring because 192 

of loss of cohesion rather than crossing over.  193 

A cohesion defect can be observed as an increase in the number of centromere 194 

foci [38, 39]. Indeed, there was an increased number of CID foci in the germaria of 195 

GL00409/NGTA ovaries, indicating a separation of centromeres (Figure 2F, G).  196 

However, nonhomologous centromeres normally cluster in early prophase. Therefore, 197 

we used chromosome-specific FISH probes for the pericentromeric regions of the X, 198 

2nd, and 3rd chromosomes to examine pairing of the centromeres in early prophase of 199 

GL00409/NGTA oocytes. Clustering defects were defined as nuclei containing 3 or 200 

more clearly separated probe foci (of any color) where control oocytes had 1-2 foci. 201 

Pairing defects were defined as greater than one nuclear focus per probe. In control 202 

oocytes, homologous centromeres were efficiently paired throughout all stages of 203 

meiosis in the germarium (Figure 3A). In GL00409/NGTA oocytes, pairing was defective 204 

(Figure 3B). Those centromeres that were able to successfully pair, still failed to cluster 205 

(Figure 3C). These results suggest that there are defects in both centromere pairing and 206 

clustering, consistent with a defect in sister centromere cohesion. We also tested if a 207 

cohesin defect was persistent, and therefore would result in increased CID foci in 208 

metaphase I oocytes. The variability in CID foci number was greater in the experimental 209 

group, but the mean was not significantly different from the control (Figure 2H, I).   210 

These data show that during early meiotic prophase, CENP-C is responsible for 211 

recruiting MIS12 and for centromere clustering and pairing. As these defects were 212 

observed in the presence of constant centromeric CID levels, these CENP-C functions 213 

appear to be distinct from centromere maintenance.   214 
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 215 

Prophase CENP-C plays a critical role in maintenance of centromeres and 216 

kinetochores. 217 

 To test the function of CENP-C loaded during mid-late prophase, we used the 218 

mata promoter to express Cenp-C shRNA (Figure 1, GL00409/mata). The 219 

GL00409/mata females were sterile, although this could be due to the lack of CENP-C 220 

in the early embryo. To investigate the effects on meiosis I, stage 14 GL00409/mata 221 

oocytes were analyzed for meiotic phenotypes. The level of CENP-C at the centromeres 222 

was reduced to approximately 20% of WT levels (Figure 4A, B). We also examined the 223 

phenotype of a hypomorphic allele, Cenp-CZ3-4375 [40].  When Cenp-CZ3-4375 was 224 

heterozygous to a null allele (Cenp-CIR35), centromeric CENP-C levels in oocytes were 225 

reduced, though not to the same levels as with GL00409 (Figure 4A, B). The intensity of 226 

CID at the centromeres, despite observing no significant changes when GL00409 was 227 

expressed in early stages of meiosis (Figure 2), was mildly reduced by 25% in 228 

GL00409/mata oocytes compared to control levels (Figure 4A, C). A similar reduction in 229 

centromeric CID was observed in the Cenp-CZ3-4375/Cenp-CIR35 mutant oocytes. These 230 

results suggest that CENP-C might play a role in stabilization of CID late in meiotic 231 

prophase or in metaphase I.  232 

To determine if the loss of CENP-C affects kinetochore assembly, we quantified 233 

the intensity of MIS12 and SPC105R in mature oocytes. Consistent with the reduction in 234 

CENP-C levels, we observed approximately a 75% reduction in MIS12 levels and a 235 

90% reduction in SPC105R in GL00409/mata oocytes (Figure 4D-G). Consistent with 236 

the loss of SPC105R recruitment, we observed an increase in the distance between 237 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2023. ; https://doi.org/10.1101/2023.03.13.532437doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.13.532437
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

centromeres and microtubules (Figure S 5), which has previously been observed when 238 

SPC105R is depleted [41]. These results suggest CENP-C recruits MIS-12, which then 239 

recruits SPC105R.  240 

 To determine whether the loss of CENP-C in oocytes affected chromosome 241 

segregation at meiosis I, we assayed for bi-orientation of homologous chromosomes 242 

using FISH. We observed a dramatic increase in bi-orientation errors (primarily mono-243 

orientation) in GL00409/mata oocytes compared to the control (Figure 5). Bi-orientation 244 

errors were also elevated in Cenp-CZ3-4375 /Cenp-CIR35 mutant oocytes, though not to 245 

the same extent as the shRNA-expressing oocytes. These spindle attachment errors 246 

could indicate that CENP-C plays a direct role in error correction, but more likely has an 247 

indirect effect due to the function of CENP-C in kinetochore assembly. 248 

 249 

Rescue of the CENP-C phenotype by late prophase expression of a wild-type 250 

allele 251 

 The defects observed in GL00409/mata females suggest that prophase CENP-C 252 

expression is required for meiosis and fertility. To determine if prophase-expressed 253 

CENP-C was functional in meiosis, we tested whether expression of a transgene in late 254 

prophase could complement the Cenp-C RNAi or mutant phenotypes. Two UASP – 255 

regulated transgenes expressing Cenp-C were used for these experiments, one GFP-256 

tagged and another HA-tagged. These two constructs differ at the 5’UTR, which is 257 

present in GFP-Cenp-C and carries the target sequence for GL00409. In contrast, HA-258 

Cenp-C lacks the 5’UTR and is therefore resistant to knockdown by GL00409.  259 
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 If prophase expression of CENP-C is functional, it should be able to rescue 260 

phenotypes observed in Cenp-CZ3-4375/Cenp-CIR35 females. The HA-Cenp-C transgene 261 

was shown to be functional by co-expressing it in GL00409/mata oocytes. This resulted 262 

in localization of HA-CENP-C to the centromeres and restoration of MIS12 and 263 

SPC105R localization in GL00409/mata oocytes (Figure 4D-G). In addition, the 264 

biorientation defects in GL00409/mata oocytes were rescued by expression of HA-265 

CENP-C (Figure 5).  266 

Despite the rescue of the RNAi phenotypes, expression of HA-CENP-C using 267 

mata caused sterility (Table 2). Using P{w[+mC]=osk-GAL4::VP16}A11 (referred to as 268 

oskGal4), which has an expression pattern similar to matα but at lower levels [42], 269 

resulted in fertile females (Table 2). These results suggest overexpression of CENP-C 270 

leads to loss of fertility. The females expressing HA-CENP-C had normal oocytes at 271 

metaphase I, making it likely that the defect causing sterility is after meiosis I, possibly 272 

during embryonic mitosis. Using oskGal4, we found that expression of HA-CENP-C or 273 

GFP-CENP-C rescued the sterility of Cenp-CZ3-4375/Cenp-CIR35 mutant females (Table 274 

2). In addition, SPC105R localization was restored (Figure 4F-G) and the biorientation 275 

defects in Cenp-CZ3-4375/Cenp-CIR35 mutant females was rescued (Figure 5). These 276 

results show that late prophase expression of CENP-C contributes to kinetochore 277 

function in meiosis I.  278 

The RNAi resistance of the HA-Cenp-C transgene can be used to express 279 

mutant variants in the absence of wild-type CENP-C. Previous studies have shown that 280 

the C-terminal domain of Drosophila CENP-C interacts with the centromere components 281 

CID and CAL1 [17, 23]. To determine what domains of CENP-C are required for 282 
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prophase loading in oocytes, we generated two Cenp-C transgenes expressing either 283 

the N-terminal (aa 1-788, Cenp-CN) or C-terminal (789–1411, Cenp-CC) domain of 284 

CENP-C. The N-terminal domain was not detected by fluorescence microscopy, 285 

suggesting it is either unstable or does not localize. In contrast, CENP-CC was loaded 286 

during prophase (Figure S 2), localized to the centromeres (Figure S 5), but failed to 287 

recruit SPC105R or MIS12 (Figure 4D-G). These results support the conclusion that the 288 

C-terminal domain of CENP-C is required for centromere localization, while the N-289 

terminal domain promotes recruitment of MIS12 and the rest of the kinetochore.  290 

Centromeric CENP-C exchanges during prophase I 291 

 Our results have shown that CENP-C loading during prophase is required for 292 

fertility. To test the relationship between the loading and unloading of CENP-C during 293 

prophase, females were generated that expressed GL00409 and HA-Cenp-C under the 294 

control of mata, and GFP-Cenp-C under the control of its own promoter (Figure 6A). 295 

GFP-CENP-C was expected to be expressed at all stages of the germline but, due to 296 

containing the 5’ UTR, was sensitive to the shRNA in meiotic prophase. In contrast, 297 

expression of the HA-CENP-C would begin in early prophase and resistant to the co-298 

expressed shRNA because it lacks the 5’UTR. This setup allowed us to simultaneously 299 

compare the unloading and loading of centromeric CENP-C during prophase. In 300 

particular, is unloading of centromeric CENP-C dependent upon loading from the 301 

cytoplasmic pool of CENP-C?  302 

In females expressing GFP-CENP-C and GL00409 but not HA-CENP-C, the 303 

GFP intensity was reduced over time (Figure 6B). This is consistent with the results 304 

using the CENP-C antibody (Figure 4A). In females expressing GFP-CENP-C and HA-305 
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CENP-C, the GFP and HA signals were both maintained over time (Figure 6C). In 306 

contrast, in females expressing GFP-CENP-C, GL00409 and HA-CENP-C, the GFP 307 

signal decreased and the HA signal increased (Figure 6D). The decrease in GFP signal 308 

after induction of shRNA expression was greater when HA-CENP-C was expressed 309 

than in females not expressing HA-CENP-C. This observation suggests the actions of 310 

an exchange mechanism during prophase that is sensitive to cytoplasmic levels of 311 

CENP-C. We propose that the unloading of centromeric CENP-C depends on the 312 

availability of a replacement. Notably, while the GFP signal at the centromeres in 313 

oocytes drops dramatically at the onset of HA and shRNA expression, low but 314 

significant GFP signals were still observed in stage 14 oocytes (Figure 6D). These 315 

results suggest that, although most CENP-C is exchanged during prophase, there is a 316 

small pool of CENP-C that is stably maintained throughout meiosis.  Similar results 317 

were observed with the HA-CenpCC mutant (Figure 6E), which suggests that exchange 318 

of CENP-C is not dependent on the N-terminal domain of the protein.   319 
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DISCUSSION 320 

Prophase dynamics of centromere proteins 321 

In Drosophila, centromere maintenance involves three proteins, CID, CAL1, and 322 

CENP-C, and occurs during late M or G1 (see Introduction). We show here that only 323 

CENP-C is loaded during meiotic prophase.  The prophase CENP-C population is 324 

required for at least two meiotic functions: sister centromere cohesion and kinetochore 325 

assembly. Reductions in CENP-C levels were not accompanied by similar decreases in 326 

CID at the centromeres, showing that prophase-loaded CENP-C is not required to 327 

maintain the centromeres.  328 

We observed CENP-C unloading at a higher rate when there was a cytoplasmic 329 

source of replacement CENP-C. This indicates that an exchange reaction may be 330 

operating and without new sources of CENP-C, the dynamics are reduced. The C-331 

terminal domain of CENP-C had the same dynamic properties during prophase as the 332 

full-length protein. This part of the protein also contains the elements required to interact 333 

with CID and CAL1 for centromere maintenance [17, 18, 25]. Some evidence in 334 

mammals, however, suggests CENP-C has both CENP-A-dependent and independent 335 

localization mechanisms, although in most of these studies, loading during G2 is not 336 

specifically addressed [43]. CENP-C loading occurs while CID is not loaded and CAL1 337 

is unloaded. In addition, CAL1 was absent in metaphase I, in contrast to observations in 338 

mitotic cells [7, 16]. Thus, prophase loading of CENP-C may involve a mechanism that 339 

involve factors other than CAL1 and CID. For example, CDK1 has been implicated in 340 

CENP-C dynamics in chicken and human cells [44]. 341 
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We did not observe incorporation of CID during prophase, which is consistent 342 

with studies on CENP-A in mouse oocytes [28]. However, it has been reported that CID 343 

is incorporated during meiotic prophase of Drosophila females [45]. We suspect the 344 

difference between our study and the prior study is how incorporation was measured. 345 

The prior studies used changes in fluorescence intensity, which could be affected by 346 

changes in the environment of the centromere as the oocyte develops (e.g. the oocyte 347 

gets larger, the chromatin changes). We used pulsed expression, which allows for direct 348 

observation of the incorporation of newly synthesized centromere proteins.  349 

Early prophase function: centromere clustering and cohesion 350 

When CENP-C was depleted from early prophase oocytes, we observed an 351 

increased number of centromere foci. CID levels were not reduced by Cenp-C RNAi, 352 

suggesting these phenotypes most likely result from early prophase loss of CENP-C. 353 

Our results suggest the increased CID foci phenotype could be due to a loss of 354 

centromeric cohesion because we also observed an increase in sister chromatid 355 

nondisjunction. These observations are consistent with and extend prior studies on 356 

Cenp-C [40]. These authors also found that Cenp-CZ3-4375  mutant females have defects 357 

in centromere clustering in pachytene oocytes (region 3 of the germarium). The 358 

centromere clustering and pairing phenotypes are similar to a hypomorphic allele of 359 

replication protein mcm5 that was associated with loss of SMC1 at the centromeres 360 

[46]. Thus, we propose that CENP-C is required to recruit or maintain cohesion. A 361 

recruitment function of CENP-C could occur when cohesion is established in S-phase 362 

[38]. Alternatively, our results show striking similarities to the known roles of mammalian 363 
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and yeast CENP-C in recruiting Moa1 or Meikin [47, 48], which are protectors of 364 

centromeric cohesion and particularly important for meiosis I.   365 

Late prophase function: kinetochore assembly 366 

Depletion of prophase CENP-C resulted in phenotypes associated with loss of 367 

the kinetochore. This includes loss of MIS12 and SPC105R when CENP-C was 368 

depleted in prophase. These results show that CENP-C is required for most or all 369 

kinetochore assembly, consistent with studies in Drosophila mitotic cells [19, 24, 25]. 370 

The C-terminal domain of CENP-C was recruited to the centromere but failed to 371 

assemble a kinetochore. Thus, the N-terminal domain of CENP-C appears to interact 372 

with MIS12 and recruit the rest of the kinetochore, consistent with previous studies in 373 

Drosophila [23, 27]. These results also show that unlike CID/CENP-A, CENP-C that is 374 

sufficient for centromere maintenance is not sufficient for kinetochore assembly. Studies 375 

in vertebrate cells have shown that CENP-C is dynamic during interphase but stable in 376 

metaphase [31, 49]. If the same is true here, then prophase loaded CENP-C provides a 377 

platform for kinetochore assembly at the beginning of meiotic prometaphase in oocytes. 378 

Implications of CENP-C prophase loading  379 

 CENP-A /CID is remarkably stable [50, 51]. Therefore, even though our results 380 

show that CID/CENP-A is not loaded during extended prophase in oocytes, it appears 381 

to be adapted for this by being extremely stable. CENP-C must be loaded during 382 

prophase, making it among a small number of proteins that are required for kinetochore 383 

function but are loaded prior to metaphase I. Why CENP-C but not CID/CENP-A must 384 

be loaded during prophase is not known. It is possible that more CENP-C is needed for 385 

kinetochore assembly than centromere maintenance.  Loading CENP-C during 386 
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prophase could be a mechanism to establish a stable and invariant platform to regulate 387 

assembly of a specific size of kinetochore in prometaphase. The requirement for CENP-388 

C prophase loading could affect the health of aging oocytes. If loading of CENP-C is 389 

compromised in older oocytes that have spent more time in prophase, our results show 390 

that both sister chromatid cohesion and kinetochore assembly could be affected.  391 

 392 
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METHODS 403 

Drosophila strains and genetics 404 

Drosophila crosses and stocks were kept at 25°C on standard medium. Fly 405 

stocks were obtained from the Bloomington Stock Center or the Transgenic RNAi 406 

Project at Harvard Medical School [TRiP, Boston, MA, USA, flyrnai.org], and information 407 

about the genetic loci can be found on FlyBase [flybase.org]. Drosophila lines 408 

expressing a short hairpin RNA (shRNA) were obtained from the Bloomington Stock 409 

Center. Expression of the shRNA was controlled by the Upstream Activating Sequence 410 

(UAS), which is activated by expression of GAL4 under the control of a tissue-specific 411 

enhancer [1]. Five Gal4 strains were used in this study, four of which were germline-412 

specific: P{matalpha4-GAL-VP16}V37 and P{w[+mC]=osk-GAL4::VP16}A11 promote 413 

expression after zygotene, P{GAL4-nos.NGT}A promotes expression only in the 414 

germarium (during prophase I), and P{GAL4: :VP16-nos.UTR}CG6325MVD1 promotes 415 

expression throughout the whole germline. In addition, heat shock was used to induce 416 

expression of transgenes using P{GAL4-Hsp70,PB}89-2-1.  417 

The shRNA used to reduce Cenp-C expression, GL00409, is located on 418 

chromosome II. To measure the extent of the Cenp-C mRNA knockdown, total RNA 419 

was extracted from stage 14 oocytes expressing GL00409 with P{matalpha4-GAL-420 

VP16}V37 using the TRIzol Reagent (Life Technologies). cDNA was made using the 421 

High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). TaqMan Gene 422 

Expression Assays (Life Technologies) were used to measure expression levels of 423 

CENP-C. RT-qPCR was done on a StepOnePlus (Life Technologies) real-time PCR 424 

system and results showed that the Cenp-C RNAi expressed only 4% of wild-type RNA. 425 
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In addition, CAL1 was knocked down using shRNA GL01832 and CDK1 was knocked 426 

down using shRNA HMS01531, both located on chromosome II. 427 

Cencp-CZ3-4375 is a homozygous-viable allele that has a missense mutation in the 428 

CENP-C motif, changing a proline amino acid to a serine at position 1116. [40]. For the 429 

analysis of Cenp-CZ3-4375, trans heterozygous mutant strains were used, with one 430 

chromosome carrying either the Cenp-CIR35 or Cenp-Cpr141 mutations. The Cenp-CIR35 431 

mutation is a premature stop codon at position 858 before the CENP-C motif and Cupin 432 

domain, resulting in a deletion of these regions [52]. The Cenp-Cpr141 mutation is a 433 

premature stop codon at position 1107 within the CENP-C motif [52], resulting in a 434 

partial deletion of the CENP-C motif and the rest of the protein.   435 

HA- and GFP-tagged transgenes 436 

The coding region of cDNA clone FI18815 was PCR amplified and cloned in 437 

frame into pENTR4 (HiFi assembly, NEB) and then into pPHW using Clonase (Life 438 

Tech.). The target sequence for GL00409 is located in the 5’UTR of Cenp-C and, 439 

therefore, this transgene is RNAi resistant. The GFP-CENP-C is similar but contains the 440 

5’UTR sequences upstream of the GFP sequence, and thus is RNAi sensitive. MIS12 441 

localization was observed using a UASP regulated GFP-fusion transgene [53].  442 

 443 
Fertility trials, nondisjunction, and crossover assays 444 

The GL00409 Cenp-C shRNA was tested for fertility and chromosome 445 

segregation errors by crossing females expressing the shRNA to yw/ BS Y males. The 446 

aneuploid genotypes that survive are y/y/ BS Y (Bar-eyed females) and y w / 0 (wild-type 447 

males). Because half the aneuploid progeny have lethal genotypes, aneuploidy was 448 
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calculated by multiplying the number of aneuploid progeny by two and dividing by the 449 

total number of progeny.  450 

Sister chromatid aneuploidy was tested by crossing y w/ Bwinscy females 451 

expressing the shRNA to v f B ^ Y males. If aneuploidy occurs among homologous 452 

chromosomes, the expected genotypes that survive are y w/Bwinscy and O/ v f B ^ Y. 453 

Aneuploidy among sister chromatids is detected by the genotypes y w/y w (non-bar-454 

eyed females) or Bwinscy/Bwinscy (Bar-eyed females). Because the O/ v f B ^ Y 455 

genotype arises from both MI or MII nondisjunction, only the y w/y w and 456 

Bwinscy/Bwinscy progeny were used to determine the sister chromatid aneuploidy 457 

frequency. Therefore, the number of aneuploid progeny counted was multiplied by four 458 

and divided by the total number of progeny in order to measure sister chromatid 459 

aneuploidy.  460 

In order to observe the role of CENP-C in crossing over, females were generated 461 

that expressed the shRNA and were heterozygous for four genetic markers on 462 

chromosome III: st, cu, e and ca. These females were crossed to a strain carrying all 463 

the recessive traits and the frequency of the recombinants was scored.  464 

 465 
Cytology and immunofluorescence of early prophase oocytes 466 

For immunolocalization experiments in the germaria, mated females were aged 467 

for 1-2 days at 25°C. In one well of a two well plate, 10-15 ovaries were dissected using 468 

1x Robb’s media and then were transferred to the second well containing fresh media. 469 

A tungsten needle was used to break open the ovary sheath and tease the ovarioles 470 

apart. The dissected ovaries were transferred to a 1.5 mL Eppendorf tube with 4% 471 

formaldehyde in 500ul of Buffer A as described [54].  The ovaries were nutated at room 472 
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temperature for 10 minutes, then were washed four times before adding the primary 473 

antibodies. The next day, following four washes, secondary antibodies were added and 474 

incubated at room temperature for 4 hours.  475 

Cytology and immunofluorescence of metaphase I oocytes 476 

For immunolocalization experiments in pro-metaphase I oocytes (stages 13-14), 477 

we used the immunocytochemical protocol as described [55]. I brief, 100-200 females 478 

were aged 2-3 days with males in yeasted vials [56]. Oocytes were collected by pulsing 479 

the females in a blender and then separating the oocytes from the bulk fly tissues using 480 

a mesh. Oocytes were fixed in 5% formaldehyde solution for 2.5 minutes, and then 481 

equal amounts of heptane were added and the oocytes were vortexed for 30 seconds. 482 

The membranes were removed by rolling the oocytes between a coverslip and the 483 

frosted part of a glass slide. These oocytes were incubated in PBS/1% Triton X-100 for 484 

two hours, then washed in PBS/0.05% Triton X-100. The oocytes were blocked in 485 

PBS/0.1% Tween 20/0.5% BSA (PTB) for one hour, and then incubated with primary 486 

antibodies overnight. Oocytes were washed the next day in PTB and incubated with 487 

secondary antibodies for 4 hours at room temperature.  488 

Tissues were mounted for confocal imaging using SlowFade Gold (Invitrogen). A 489 

Leica TPS SP8 confocal microscope with a 63X, N.A. 1.4 lens was used to visualize 490 

fluorescent tags using different colored lasers. Images were imaged by collecting 491 

sections throughout the germarium or stage 14 oocyte spindle, using parameters 492 

optimized by the Leica Confocal software based on the lens and wavelength.  Images 493 

were analyzed as image stacks and presented as maximum projections whole 494 

germarium, cells or spindles.   495 
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Antibodies 496 

An antibody against CENP-C made in guinea pig was made by generating a 497 

clone expressing amino acids 502-939 (Genscript). This guinea pig anti-CENP-C was 498 

used at 1:1000. Additional primary antibodies were rat anti-CID (Active motif, 1:100), 499 

rabbit anti-CID (Active motif, 1:100), rabbit anti-SPC105R (1:4000) [57], rabbit anti-GFP 500 

(Invitrogen, 1:400), rat anti-HA (Roche, 1:50), mouse anti-C(3)G (1:500) [58], two 501 

mouse anti-ORB antibodies, 6H4 and 4H8 (1:100 for each) [59] and mouse anti-α 502 

tubulin DM1A conjugated directly to FITC (Sigma, 1:50). The secondary antibodies that 503 

were used were Cy3, Alexa 546, Alexa 633, or Alexa 647 from Jackson 504 

Immunoresearch Laboratories, and Alexa 488 from Invitrogen. The oocytes were 505 

stained with Hoechst 33342 at 1:10,000 (10 μg/ml). FISH probes were obtained from 506 

IDT where the X359 repeat was labeled with Alexa 594, the dodeca repeat was labeled 507 

with Cy5, and the AACAC repeat was labeled with Cy3.   508 

 509 

Quantification and statistical analysis 510 

Aneuploidy in flies expressing the Cenp-C shRNA with NGTA was compared to 511 

that of the control group and a t-test was done to determine if the difference is 512 

statistically significant (p-value < 0.05). Sister chromatid aneuploidy in flies expressing 513 

the Cenp-C shRNA with NGTA was compared to that of the control group and a t-test 514 

was used to determine whether the difference was statistically significant (p-value < 515 

0.05). The percent of crossovers at each position was compared to that of the control 516 

group using a t-test, and if the difference was statistically significant (p-value < 0.05), 517 
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then this indicated that elevated or reduced recombination occurred at that specific 518 

location. 519 

Quantification of CID foci and protein localization in both the germarium and in 520 

stage 14 oocytes was measured using the Imaris Software. To quantify centromere foci, 521 

the automated spots detection feature of Imaris was used. A spot with a XY diameter of 522 

0.20 μm, a Z diameter of 1.00 μm, and a physical interaction with the DNA was counted 523 

as a centromere. A t-test was done to compare the number of centromere foci in flies 524 

expressing the knockdown to the number in the control group using a p-value < 0.05 to 525 

indicate statistical significance. 526 

To measure the localization of proteins to the centromere or the nucleus in Cenp-527 

C RNAi, intensity experiments were performed using Imaris. The Imaris software was 528 

utilized to measure protein intensity at the centromere of the oocyte, using CID as the 529 

centromere marker. Spots were chosen in random somatic cells to quantify the intensity 530 

of the background. The intensity of the protein at the centromere was divided by the 531 

background and a t-test was used to determine whether the centromere protein intensity 532 

was reduced with a loss of CENP-C.  533 

Intensity experiments were also performed to measure localization of MIS12, 534 

SPC105R, or CENP-C to the centromere at stage 14 using a similar protocol. However, 535 

background intensity was measured in the oocyte cytoplasm as opposed to measuring 536 

the background in the somatic cells for germarium images. A t-test was used to 537 

determine whether the intensity of the protein of interest at the centromere normalized 538 

to the background was reduced with a loss of CENP-C using a p-value <0.05 to indicate 539 

statistical significance.  540 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2023. ; https://doi.org/10.1101/2023.03.13.532437doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.13.532437
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

 541 

  542 
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 543 

Table 1: Fertility, nondisjunction and crossing over in Cenp-C RNAi females 544 

 545 
 Fertility Nondisjunction (NDJ) Recombination (% of control) 

 

Offspring 
per female 

(# of 
females) 

Homologous 
Chromosom
e NDJ (# of 
offspring) 

Sister 
Chromatid 
NDJ (# of 
offspring) 

st-cu 
(m.u.) 

cu-e 
(m.u.) 

e-ca 
(m.u.) 

# of 
progen

y 

Control 24.3 (105) 0.25% 
(1590) 0.5% (2696) 4.4 

(100%) 

2.2 
(100
%) 

29.4 
(100
%) 

2853 

GL00409 / 
NGTA 10.0 (240) 7.0% (1658) 2.6% (1164) 9.4 

(226%) 

21.1 
(101
%) 

22.9 
(81%) 1668 

HMJ2150
0/ 

NGTA 
3.3 (133) 7.6 (1213)  ND ND ND ND ND 

GL00409 / 
MVD1 0.27 (105) 0% (54) - a - - - - 

 546 
a not enough progeny to accurately measure nondisjunction or crossing over  547 

  548 
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 549 

Table 2: Fertility in Cenp-C RNAi, mutant and transgenic females 550 

 551 
Genotype Offspring per 

female (# of 
females) 

Control (w-) 22.93 (90) 
HA-Cenp-C ; mata 0.58 (325) 
HA-Cenp-C ; oskar 23.15 (125) 
EGFP-Cenp-C ; mata 0.14 (150) 
EGFP-Cenp-C ; oskar 18.11 (65) 
Cenp-CZ/+ 11.5 (120) 
Cenp-CIR35/+ 13.58 (160) 
Cenp-Cpr141/+ 19.82 (105) 
Cenp-CZ/Cenp-CZ 1.46 (120) 
Cenp-CZ/ Cenp-CIR35 0.06 (270) 
Cenp-CZ/ Cenp-Cpr141 0.25 (70) 
Cenp-CZ/ Cenp-CIR35; HA-Cenp-C;  
mat a 

1.358 (460) 

Cenp-CZ/ Cenp-CIR35; HA-Cenp-C ; 
oskar 

15.22 (180) 

Cenp-CZ/ Cenp-Cpr141; EGFP-Cenp-C; 
mata 

0.21 (125) 

Cenp-CZ/ Cenp-Cpr141; EGFP-Cenp-C 
; oskar 

11.27 (130) 

GL00409 ; mata  0 (120) 
GL00409 ; oskar 10.81 (90) 
GL00409; HA-Cenp-C; mat a 0.08 (430) 
GL00409; HA-Cenp-C; oskar 26.72 (65) 

 552 
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Supplementary Figures 555 

 556 

Figure S 1: Expression pattern of NGTA.  Related to Figure 1 and 2 557 

The expression pattern of (A) P{GAL4-nos.NGT} and (B) P{GAL4::VP16-558 

nos.UTR}CG6325MVD1 using UASP-β-galactosidase as a reporter. Arrowheads 559 

indicate anterior tip of the ovariole, where the germarium is located, and the blue stain 560 

indicates where each GAL4 promotes expression.  561 

 562 

Figure S 2: Loading of centromere proteins during oocyte meiotic prophase. 563 

Related to Figure 1 and 2 564 

In all images, HA-CENP-C is green, the centromeres are marked with CID (red), and 565 

DNA is in blue. The scale bars represent 5 mm. A) Whole germarium with HA-tagged 566 

CENP-C expressed using NGTA or mata. Enriched in the oocyte is the ORB protein in 567 

white. B) HA-tagged CENP-C or CENP-CC was expressed using mata. C) HA-CENP-C 568 

was expressed using hsp70-Gal4. Oocytes were collected and fixed 6 hours after a 1-569 

hour incubation at 37°C.  570 

 571 

Figure S 3: CAL1 localization in stage 14 oocytes. Related to 1 and 4 572 

EGFP-tagged CENP-C or CAL1 (grey in single channel, green in merge) in stage 14 573 

oocytes.  The DNA is blue, microtubules in red, and the scale bars represent 5 mm. A) 574 

Localization of GFP-tagged CENP-C expressed using the MVD1 promoter. The 575 

centromeres were detected using CID (white). B) Localization of GFP-tagged CAL1 576 
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using the MVD1 promoter. The centromeres were detected using an antibody against 577 

CENP-C (white). C) Localization of GFP-tagged CAL1 using the endogenous cal1 578 

promoter.  The centromeres were detected using an antibody against CENP-C (white). 579 

 580 

Figure S 4: SC assembly in when CENP-C is depleted in prophase. Related to 581 

Figure 2 582 

Confocal images of the germarium with Cenp-C RNAi (HMS01171) with (A) no GAL4 583 

and (A) NGTA. DNA is shown in blue, CENP-C is in red, and C(3)G is in green. The 584 

scale bar is 10 µm. CENP-C and C(3)G are shown in white in the single channel 585 

images. Region 1 of the germarium has been boxed to show increased centromeric 586 

C(3)G. The insets show single nuclei from region 1 in the germarium to show co-587 

localization of CENP-C and C(3)G (Scale bar= 3 µm).  588 

 589 

Figure S 5: Additional images of CENP-C localization in RNAi and transgenic 590 

oocytes. Related to Figure 4. 591 

A) Cenp-C RNAi or Cenp-CZ oocytes with CENP-C (green) and CID (red).  B) Cenp-C 592 

RNAi or Cenp-CZ oocytes expressing a Cenp-C transgene, with HA in red and 593 

SPC105R in green, DNA in blue, microtubules in white, and the scale bars represent 5 594 

mm. C) Oocytes shown in panels A and B were assessed for KT-MT attachments. This 595 

was done by measuring the distance between each centromere and the nearest 596 

microtubule.  597 

 598 
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 761 

Figure 1 762 

Loading of centromere proteins during meiotic prophase in oocytes. A) Oocytes 763 
are generated and enter meiotic prophase in the germarium. Region 1 contains the 764 
stem cell niche as well as the pre-meiotic cyst cells undergoing mitosis. Prophase I of 765 
meiosis begins in region 2A. Time points are relative to the onset of meiosis [60, 61]. 766 
Region 3 is also known as vitellarium stage 1, and at this stage, a single oocyte 767 
(orange) has been determined. NGTA begins expressing in the mitotic germline (region 768 
1) and ends in region 3 or early in the vitellarium. MVD1 expression begins earlier than 769 
NGTA, being expressed in all the mitotic and meiotic stages of the germline, including 770 
the stem cells. Mata begins expressing in region 2B or 3 and continues until stage 14, 771 
the metaphase I-arrested oocyte [34]. B) Localization of GFP-tagged CID (green) and 772 
centromeres detected using a CENP-C antibody (red). C) Localization of GFP-tagged 773 
CAL1 (green) with the centromeres detected using a CID antibody (red). (D) 774 
Localization of GFP-tagged CENP-C, with the centromeres detected using a CID 775 
antibody (red). In all images, the DNA is blue and the scale bars are 5 mm. 776 
 777 
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Figure 2 781 

Prophase I defects when CENP-C is depleted. Immunocytology was performed on 782 
GL00409/NGTA oocytes with CID (red), DNA (blue), and scale bars represent 5 mm. A) 783 
Region 2 oocytes showing CENP-C in green. B-C) The intensities of CENP-C and CID 784 
in region 2 were measured in Cenp-C RNAi and control oocytes (For B, n = 17 and 23; 785 
for C, n = 11 and 29). D) Region 2 oocytes with MIS12-GFP in green. E) MIS12 intensity 786 
was measured in region 2 (n = 9 and 30). F) CID foci in Cenp-C RNAi region 3 oocytes, 787 
with CENP-C in green. G) Number of centromere foci was measured based on CID foci 788 
in contact with the DNA (n = 84 and 27). H) tubulin (green) and CID foci (red) in Cenp-C 789 
RNAi metaphase I oocytes. I) There was no increase in CID foci observed in stage 14 790 
oocytes (n = 40 and 52). Error bars represent standard deviation from the mean. **p = 791 
0.0037, ***p = 0.0001, ****p<0.0001 792 
 793 

  794 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 23, 2023. ; https://doi.org/10.1101/2023.03.13.532437doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.13.532437
http://creativecommons.org/licenses/by-nc-nd/4.0/


39 
 

Figure 3 795 

 796 

Figure 3 797 

CENP-C is required for centromere pairing and clustering. A) FISH probes were 798 
used to detect the pericentromeric regions of chromosome 2 (red), 3 (grey), and X 799 
(magenta) in the germarium of GL00409/NGTA or control oocytes. DNA is in blue. B) 800 
Clustering defects were defined as nuclei with greater than 2 of any centromere foci 801 
(control n = 16, 20, 14; RNAi n = 42, 38, 18). C) Pairing defects were defined as oocytes 802 
with greater than one focus for a chromosome in a nucleus. Scale bars represent 5mm. 803 
* = 0.0196>p>0.0238, ** = 0.0045>p>0.0081, ****p<0.0001  804 
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Figure 4 805 

 806 

 807 
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Figure 4 809 

CENP-C is required for kinetochore assembly and chromosome segregation. 810 
Immunocytology was performed on stage 14 oocytes heterozygous for Cenp-C 811 
mutations (Cenp-CZ3-4375/Cenp-CIR35 referred to as “Cenp-CZ ”) or expressing the 812 
GL00409 with mata (referred to as Cenp-CRNAi). HA-tagged Cenp-C transgenes were 813 
coexpressed using the mata promoter in RNAi experiments or osk-Gal4 in Cenp-CZ 814 
experiments. A) Oocytes with CENP-C (green) and CID (red). B) The intensity of 815 
CENP-C was measured relative to background (n = 55, 67, 54). C) The intensity of CID 816 
was measured relative to background (n = 186, 221, 54). D) Oocytes expressing MIS12-817 
GFP (green) and CID (red). E) Mis12-GFP localization was measured relative to the 818 
background (n = 57, 41, 47, 67). F) Oocytes with SPC105R (green) and CID (red). G) 819 
Intensity of SPC105R was measured relative to background (n = 108, 136, 115, 132, 820 
245, 150). *p = 0.0379, **p = 0.0086, *** = 0.0002>p>0.0001, ****p<0.0001 821 
 822 
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Figure 5 825 

 826 

Figure 5 827 

Prophase-loaded CENP-C is required for bi-orientation in meiosis I. A) FISH 828 
probes were used to detect the pericentromeric regions of chromosome 2 (red), 3 829 
(grey), and X (magenta). Stage 14 oocytes were Cenp-CZ3-4375/Cenp-CIR35 (Cenp-CZ) or 830 
GL00409/mata (Cenp-CRNAi ), in some cases expressing HA-Cenp-C using mata in 831 
Cenp-CRNAi experiments or oskGal4 in Cenp-CZ experiments. B) Bi-orientation defects 832 
were defined as two foci of the same probe that were on the same side of the spindle 833 
midzone or only a single focus, indicating mono-orientation (n = 75, 59, 53, 58, 56, 60). 834 
C) The distance between the center mass of two foci of the same probe was measured 835 
as a readout for the microtubule tension across the kinetochore (n = 90, 156, 60, 60, 836 
192, 72). All scale bars represent 5 mm and error bars represent standard deviation 837 
from the mean. * = 0.0473>p>0.0387, **p = 0.0024, *** = 0.0002 >p> 0.001, 838 
****p<0.001. 839 
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Figure 6 841 

 842 

Figure 6 843 

CENP-C is exchanged at the centromeres during meiotic prophase. A) 844 
Immunocytology was performed on oocytes ubiquitously expressing GFP-CENP-C 845 
(green), plus or minus GL00409 (Cenp-CRNAi) and HA-CENP-C (red), using the mata 846 
promoter. GL00409 recognizes a sequence in the 5’ UTR, and, therefore, degrades 847 
GFP-Cenp-C but not HA-Cenp-C. All scale bars represent 5 mm and DNA is blue. B) 848 
With GFP-Cenp-C and Cenp-CRNAi expression, the GFP levels decrease moderately 849 
over time. C) With expression of GFP-Cenp-C and HA-Cenp-C, both GFP and HA foci 850 
are observed. D) With expression of GFP-Cenp-C, Cenp-CRNAi, and HA-Cenp-C, the 851 
loss of GFP is associated with an increase in HA signal. E) Similar results were 852 
observed with expression of GFP-Cenp-C, Cenp-CRNAi, and HA-Cenp-CC. Below each 853 
image is a graph showing the relative centromeric intensity of GFP-CENP-C (green line) 854 
and HA-CENP-C (red) for each genotype (n = 70, 23, 104; 117, 19, 156; 28, 19, 50; 67, 855 
98, 90). For each genotype, the intensity between stage 1 and stage 14 was compared 856 
using an unpaired t-test. ** p = 0.0016; ****p<0.0001. 857 
 858 
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