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 2 

ABSTRACT  23 

Chromosome segregation errors in human oocytes increase dramatically as women age and 24 

premature loss of meiotic cohesion is one factor that contributes to a higher incidence of 25 

segregation errors in older oocytes.  Here we show that cohesion maintenance during meiotic 26 

prophase in Drosophila oocytes requires the NAD+-dependent deacetylase, Sirt1.  Knockdown 27 

of Sirt1 during meiotic prophase causes premature loss of arm cohesion and chromosome 28 

segregation errors.  We have previously demonstrated that when Drosophila oocytes arrest and 29 

age in diplotene, segregation errors increase significantly.  By quantifying acetylation of the Sirt1 30 

substrate H4K16 on oocytes chromosomes, we find that Sirt1 deacetylase activity declines 31 

markedly during aging.  However, if females are fed the Sirt1 activator SRT1720 as their 32 

oocytes age, the H4K16ac signal on oocyte DNA remains low in aged oocytes, consistent with 33 

preservation of Sirt1 activity during aging.  Strikingly, age-dependent segregation errors are 34 

significantly reduced if mothers are fed SRT1720 while their oocytes age.  Our data suggest 35 

that maintaining Sirt1 activity in aging oocytes may provide a viable therapeutic strategy to 36 

decrease age-dependent segregation errors. 37 

 38 

 39 
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 3 

INTRODUCTION 43 

Aging cells face several challenges, including (but not limited to) altered signaling 44 

pathways, changes in metabolism, mitochondrial dysfunction and oxidative damage (Lopez-Otin 45 

et al, 2013; Mihalas et al, 2024).  Human oocytes initiate meiosis in the fetal ovary, arrest before 46 

birth and resume meiosis upon ovulation, which can occur decades later.  Therefore, in 47 

humans, oocytes undergo years of aging before they complete the first meiotic division.  As 48 

women progress through their thirties, the risk that meiotic chromosome segregation errors in 49 

aging oocytes will lead to an aneuploid pregnancy increases exponentially, a phenomenon 50 

termed the maternal age effect.     51 

Premature loss of meiotic sister chromatid cohesion is one factor that contributes to the 52 

maternal age effect (Charalambous et al, 2023; Greaney et al, 2018; Park et al, 2021; Wartosch 53 

et al, 2021).  In both meiotic and mitotic cells, cohesin-mediated linkages between sister 54 

chromatids are established during S phase and are essential for accurate chromosome 55 

segregation.  During meiosis, cohesion along the arms of sister chromatids also keeps a 56 

crossover bivalent physically connected and is required for proper segregation of homologs 57 

during anaphase I.  Age-dependent loss of arm or pericentric cohesion in oocytes can lead to 58 

segregation errors during the first or second meiotic division, respectively.   59 

The mechanisms that lead to premature loss of cohesion in aging oocytes are not well-60 

defined.  One protein that helps protect aging cells by regulating cellular homeostasis and 61 

stress resistance is Sirt1/Sir2 (Silent information regulator), the founding member of the highly 62 

conserved sirtuin family (Chang & Guarente, 2014; Wu et al, 2022).  Originally identified as a 63 

chromatin silencing factor in yeast, Sirt1 is an NAD+-dependent deacetylase with a diverse array 64 

of substrates that regulate a wide range of physiological processes including sugar and lipid 65 

metabolism, oxidative stress, inflammation, and cellular senescence (Chen et al, 2020; 66 

Grabowska et al, 2017; McBurney et al, 2013; Stunkel & Campbell, 2011; Tatone et al, 2018; 67 

Wu et al., 2022).  Aging is accompanied by decreased levels of Sirt1 protein and/or activity in 68 
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multiple mammalian cell types, including oocytes (Di Emidio et al, 2014; Gong et al, 2014; Ma et 69 

al, 2015; Zhang et al, 2016), and this decline is considered a key factor in health challenges that 70 

become more prevalent with aging (Chen et al., 2020; Tatone et al., 2018; Wu et al., 2022).  71 

Because of its critical role in healthy aging, Sirt1 has become a target for therapeutic 72 

interventions in the last two decades and several small molecule Sirt1 activators have been 73 

developed and tested with promising outcomes (Dai et al, 2018; Grabowska et al., 2017; 74 

Hubbard & Sinclair, 2014; Sinclair & Guarente, 2014; Tatone et al., 2018).   75 

Here we investigate the function of Sirt1 in Drosophila oocytes and provide evidence 76 

that Sirt1 activity during meiotic prophase is required for accurate chromosome segregation. 77 

Knockdown of Sirt1 during prophase I causes premature loss of arm cohesion and 78 

missegregation of recombinant homologs during meiosis I.  We previously developed an 79 

experimental procedure to age Drosophila oocytes in vivo and demonstrated that when 80 

diplotene oocytes undergo aging, the incidence of meiotic segregation errors increases 81 

significantly compared to non-aged oocytes (Perkins et al, 2019; Subramanian & Bickel, 2008).  82 

Using this aging method, we show here that aging causes a significant decrease in Sirt1 activity 83 

in Drosophila oocytes.  However, Sirt1 activity in aged oocytes is preserved if mothers are fed 84 

the Sirt1 activator, SRT1720, during the aging regimen.  Furthermore, SRT1720 feeding 85 

significantly suppresses age-dependent segregation errors in Drosophila oocytes.  Our results 86 

suggest that a nutritional supplementation strategy that preserves Sirt1 activity in aging oocytes 87 

might provide a viable therapeutic approach to attenuate the maternal age effect in humans. 88 

  89 
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RESULTS 90 

Knockdown of Sirt1 in prophase oocytes causes a significant increase in meiotic 91 

segregation errors 92 

To determine whether accurate chromosome segregation in Drosophila oocytes 93 

depends on Sirt1 activity during meiotic prophase, we measured segregation errors (% NDJ) in 94 

control and Sirt1 knockdown (KD) oocytes.  Use of the matα-GAL4-VP16 driver (hereafter matα 95 

driver) permits us to induce expression of a short hairpin exclusively in the female germline 96 

(Januschke et al, 2002).  In addition, because expression of this driver begins in mid-prophase 97 

(Haseeb et al, 2024a; Weng et al, 2014), this strategy allows us to investigate the effect of Sirt1 98 

knockdown specifically on the maintenance of meiotic cohesion (see Fig EV1A).  99 

In our X-chromosome segregation assay, we can recover and distinguish progeny 100 

resulting from normal or aneuploid gametes and calculate the frequency of chromosome 101 

segregation errors (Fig EV1C).  We compared NDJ in control and Sirt1 KD oocytes that were 102 

also heterozygous for the mtrmKG allele (Fig EV1B), a sensitized background that results in 103 

weakened meiotic cohesion (Bonner et al, 2020; Haseeb et al, 2024b).  Haploinsufficiency for 104 

mtrm also disables the achiasmate segregation system that operates in Drosophila oocytes in 105 

which pericentric heterochromatin-mediated association of homologs ensures proper 106 

segregation of bivalents that lack a crossover as well as crossover bivalents for which 107 

premature loss of arm cohesion causes chiasma destabilization (Dernburg et al, 1996; Harris et 108 

al, 2003; Hawley et al, 1992; Karpen et al, 1996).   Therefore, via different mechanisms, 109 

heterozygosity for mtrmKG renders our NDJ assay more sensitive for segregation defects that 110 

arise due to premature loss of cohesion. 111 

To induce knockdown, we utilized a previously described recombinant mtrmKG mata 112 

driver chromosome that results in robust Gal4 expression (Haseeb et al., 2024a; Perkins et al, 113 

2016).  Segregation errors were significantly greater in KD oocytes (mtrm, matα driver à short 114 
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hairpin) than control oocytes (mtrm, no driver à short hairpin).  Two different Sirt1 hairpins 115 

yielded similar results (Fig 1A).  These results demonstrate that Sirt1 function during meiotic 116 

prophase is essential for accurate chromosome segregation in Drosophila oocytes.     117 

Using Diplo-X progeny from the NDJ tests described above, we performed an additional 118 

cross that allowed us to determine if Sirt1 KD caused recombinant homologs to missegregate at 119 

a higher frequency (Fig EV1D).  Because sister chromatid cohesion distal to a crossover keeps 120 

recombinant homologs associated (Bickel et al, 2002; Buonomo et al, 2000; Hodges et al, 121 

2005), premature loss of arm cohesion will allow a recombinant bivalent to segregate randomly 122 

during the first meiotic division.  Therefore, increased missegregation of recombinant homologs 123 

in Sirt1 KD oocytes would support the hypothesis that maintenance of arm cohesion during 124 

meiotic prophase relies on Sirt1.   125 

Because the females we used in the NDJ test were heterozygous for recessive visible 126 

markers (Fig EV1B), we could deduce the X chromosome genotype of each Diplo-X female 127 

(arising from missegregation) by phenotyping her sons (Fig EV1D).  Specifically, we could 128 

determine 1) whether the missegregating X chromosomes had undergone recombination before 129 

missegregation and 2) based on the centromere-proximal marker car, we could determine if the 130 

two chromosomes are homologs (car+/-) or sisters (car+/+ or car-/-), indicating missegregation at 131 

Meiosis I or Meiosis II, respectively.  For each of the Sirt1 short hairpins, knockdown 132 

significantly increased the frequency at which recombinant homologs missegregated (Meiosis I), 133 

consistent with premature loss of arm cohesion allowing their separation prior to anaphase I 134 

(Fig 1B).  For one hairpin (SH00806), we also observed a significant increase in the frequency 135 

at which Diplo-X females inherited two sister chromatids from a crossover bivalent (P=0.003) 136 

consistent with premature loss of pericentromeric cohesion.  However, because some of our 137 

SH00806 stocks appeared unstable, we continued our experiments using solely the SH022-B06 138 

hairpin.  139 

 140 
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Cohesion maintenance in prophase oocytes depends on Sirt1 141 

To assay directly whether cohesion is lost prematurely when Sirt1 is knocked down 142 

during meiotic prophase, we performed FISH (Fluorescence In Situ Hybridization) on mature 143 

Sirt1SH022-B06 KD and control oocytes that were wild-type for mtrm.  We quantified cohesion 144 

defects using two differently labeled X-chromosome probes (Fig 2A); one hybridizes to a large 145 

block of heterochromatin near the centromere and the other recognizes a 100Kb region on the 146 

distal arm.  Fig 2B provides examples of oocytes in which arm cohesion is intact (one or two 147 

arm spots, top images) and those that we score as cohesion defective (three or four arm spots, 148 

bottom images).  In matα à Sirt1 KD oocytes, arm cohesion defects were significantly higher 149 

than in control oocytes.  Fig 2C presents data from two independent replicates.  Our scoring did 150 

not uncover any pericentric cohesion defects in Sirt1 KD or control oocytes. However, the large 151 

size of the satellite repeat (11Mb) recognized by this probe may hamper detection of cohesion 152 

defects near the centromere of the X chromosome (Haseeb et al., 2024a; Haseeb et al., 153 

2024b).  The finding that arm cohesion is disrupted when Sirt1 is knocked down indicates that 154 

cohesion maintenance in Drosophila oocytes during meiotic prophase depends on Sirt1 protein.    155 

 156 

Aging reduces Sirt1 activity on oocyte chromosomes 157 

Given that reduction of Sirt1 protein and/or activity has been shown to accompany aging 158 

in multiple cell types (Di Emidio et al., 2014; Gong et al., 2014; Ma et al., 2015; Zhang et al., 159 

2016) we next investigated whether Drosophila oocytes suffer a decline in Sirt1 protein and/or 160 

activity when they undergo aging.  We have previously described an experimental strategy to 161 

age Drosophila oocytes in vivo using a sensitized genetic background in which functional 162 

cohesin is reduced by half (smc1D /+) and the achiasmate segregation system is disabled 163 

(mtrmKG/+).  In this genotype, cohesion is weakened but not eliminated (Subramanian & Bickel, 164 

2008).  When mtrmKG/smc1D females were subjected to our aging regimen (Fig EV2), 165 
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segregation errors were significantly higher in aged oocytes than in non-aged oocytes (Perkins 166 

et al., 2019; Subramanian & Bickel, 2008).  Moreover, oocytes at stages 7 and 8, which arrest 167 

and age in diplotene, are the most vulnerable to age-dependent segregation errors 168 

(Subramanian & Bickel, 2008) and this is the meiotic stage at which human oocytes arrest for 169 

decades.  For the studies described below (cytology and NDJ), we utilized females that were 170 

heterozygous for a mtrmKG smc1D recombinant chromosome (Fig EV2), subjected them to the 171 

aging regimen and focused on stages 7 and 8 for cytological analysis. 172 

We first validated immunoreagents using ovaries from Sirt1 control and sirt1 null 173 

transheterozygotes (sirt14.5/sirt15.26).   Using an anti-Sirt1 monoclonal antibody to localize Sirt1 174 

protein in Drosophila ovarioles, we observed predominantly nuclear signal in nurse cells and 175 

follicle cells as well as the oocyte nucleus (Fig EV3).  This pronounced nuclear Sirt1 signal was 176 

absent in egg chambers from sirt1 null females.  177 

When we quantified the Sirt1 signal associated with oocyte DNA in control and null 178 

genotypes, we confirmed that Sirt1 signal on oocyte chromosomes was significantly reduced in 179 

null oocytes compared to control (Fig 3A-B).  Moreover, when the mata driver was used to 180 

induce knockdown of Sirt1 during meiotic prophase, Sirt1 signal associated with oocyte 181 

chromosomes was comparable to that observed in sirt1 null oocytes (Fig 3A-B).   182 

To measure Sirt1 activity in vivo, we utilized an antibody specific for histone H4 when 183 

acetylated at Lysine 16 (H4K16ac), a known Sirt1 deacetylation target (Vaquero et al, 2004).  As 184 

previously reported by others (Samata et al, 2020), we observed H4K16ac signal primarily on 185 

the oocyte chromosomes of Drosophila egg chambers (Fig EV3).  Absence of Sirt1 enzymatic 186 

activity in sirt1 null females significantly increased the H4K16ac signal associated with oocyte 187 

DNA compared to control oocytes (Fig 3A,C). The H4K16ac signal on oocyte chromosomes 188 

was comparable in sirt1 null and Sirt1 KD, consistent with neglible levels of Sirt1 associated 189 

with oocyte DNA in these two genotypes (Fig A-C).  These data confirm that the H4K16ac 190 
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signal on oocyte DNA provides a reliable method to monitor Sirt1 activity in the Drosophila 191 

oocyte.   192 

We next asked whether the level of Sirt1 protein or activity associated with oocyte 193 

chromosomes is impacted when Drosophila oocytes undergo aging.  We utilized our normal 194 

aging regimen (Fig EV2) to generate mtrmKG smc1D / + aged and non-aged ovarioles which 195 

were fixed and processed for Sirt1 or H4K16ac immunostaining.  As a control, we also fixed and 196 

stained ovaries from sirt1 null females that were not subjected to the aging regimen.  197 

As shown in Fig 4A-B, aging did not affect the amount of Sirt1 protein on oocyte DNA.  198 

However, a significant reduction of Sirt1 signal associated with oocyte chromosomes was still 199 

detected for sirt1 null oocytes.  200 

 Although we did not detect a decrease in the amount of Sirt1 protein associated with the 201 

DNA of oocytes that had undergone aging, the H4K16ac signal was significantly higher on the 202 

oocyte DNA of aged oocytes compared to non-aged oocytes (Fig 4C-D).  Because a higher 203 

H4K16ac signal corresponds to decreased Sirt1 deacetylase activity, these data indicate that 204 

aging causes a decline in Sirt1 activity associated with oocyte chromosomes.  Notably, 205 

acetylation of H4K16 on the chromosomes of aged oocytes was comparable to that for sirt1 null 206 

oocytes (Fig 4C-D).   207 

 208 

Feeding females SRT1720 prevents the decline of SIRT1 activity in aging oocytes 209 

Several small molecule activators of Sirt1 have been developed and recent work 210 

suggests that nutritional supplementation may provide a valuable therapeutic approach for age-211 

related pathologies (Dai et al., 2018; Grabowska et al., 2017; Hubbard & Sinclair, 2014; Sinclair 212 

& Guarente, 2014; Tatone et al., 2018).  One such activator, SRT1720, was found to be 1000 213 

times more effective than the naturally occurring Sirt1 activator, resveratrol (Milne et al, 2007).  214 

In vitro, 10µM SRT1720 was able to increase Sirt1 activity over 7-fold (Milne et al., 2007) and in 215 
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vivo studies have demonstrated that feeding mice SRT1720 can delay and/or improve age-216 

dependent health issues such as insulin resistance and inflammation (Milne et al., 2007; Minor 217 

et al, 2011; Mitchell et al, 2014).  Therefore, we asked whether feeding SRT1720 to Drosophila 218 

females during the oocyte aging regimen could counteract the aging-induced decline of Sirt1 219 

activity on oocyte chromosomes.    220 

 We carried out our standard aging regimen with two treatment groups: DMSO only and 221 

10µM SRT1720 dissolved in DMSO (Fig 5A).  Fresh yeast paste was prepared daily with the 222 

addition of DMSO or SRT1720 and applied to a fresh glucose plate.  At the end of the four-day 223 

aging regimen, ovaries were fixed and immunostained to quantify acetylation of H4K16 on the 224 

chromosomes of aged and non-aged oocytes at stages 7 and 8. 225 

As shown in Fig 5B-C, aging in the absence of SRT1720 (DMSO only) caused a 226 

significant increase in the H4K16ac signal on the oocyte DNA, indicative of reduced Sirt1 227 

activity.  However, when females were fed 10µM SRT1720 during the aging regimen, 228 

acetylation of H4K16 on the chromosomes of aged oocytes was comparable to the low level 229 

observed in non-aged oocytes. These data indicate that feeding females SRT1720 can prevent 230 

the decline in Sirt1 activity that occurs when their oocytes undergo aging in the absence of this 231 

Sirt1 activator.   232 

 233 

Age-dependent segregation errors are suppressed when mothers are fed 234 

SRT1720 during oocyte aging 235 

 Because SRT1720 feeding prevented a decline of Sirt1 activity on oocyte chromosomes 236 

during aging, we next asked whether this supplementation could also reduce age-dependent 237 

segregation errors.  We carried out the four-day oocyte aging regimen in the presence and 238 

absence of the Sirt1 activator, SRT1720, and divided the females into vials for the NDJ assay.  239 

Fig 5D and Table EV2 present the data from three independent experiments.  In the treatment 240 
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group that lacked SRT1720 (DMSO only), meiotic segregation errors were significantly higher in 241 

aged oocytes than in non-aged oocytes, as expected.  When females were fed 10µM SRT1720 242 

during the aging regimen, NDJ in aged oocytes was slightly higher than that observed for non-243 

aged oocytes, but the difference between these two groups was not significant.  Notably, 244 

segregation errors were significantly lower for aged oocytes in the SRT1720 treatment group 245 

than for aged oocytes in the DMSO treatment group.  In addition, non-aged oocytes from both 246 

treatment groups (+ or – SRT1720) exhibited similar levels of NDJ.  These data demonstrate 247 

that if the aging-induced decline of Sirt1 activity on oocyte chromosomes is prevented with 248 

SRT1720 nutritional supplementation, age-dependent segregation errors can also be 249 

prevented. 250 

  251 
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DISCUSSION 252 

Here we demonstrate that Sirt1 is required during prophase I for accurate chromosome 253 

segregation in Drosophila oocytes.  Sirt1 KD during meiotic prophase significantly increases the 254 

number of oocytes with arm cohesion defects, as evidenced by FISH (mtrm+ oocytes).  255 

Premature loss of arm cohesion leading to chiasma destabilization is consistent with the 256 

increased frequency at which recombinant homologs missegregate in Sirt1 KD oocytes.  257 

A link between Sirt1 and cohesion has previously been described in budding yeast.  258 

Cohesion within silent chromatin domains depends on the yeast ortholog, Sir2, but does not 259 

require its deacetylase activity or its silencing partners (Wu et al, 2011).  While this mechanism 260 

may operate at a limited number of other locations within the yeast genome, it is not universally 261 

required for arm cohesion in budding yeast (Chen et al, 2016).   262 

Sirt1 has a diverse set of substrates and could impact cohesion maintenance by a 263 

variety of mechanisms, either direct or indirect.  Interestingly, acetylation of the cohesin loader 264 

NIPBL and the cohesion establishment factor ESCO2 are significantly elevated in Sirt1 265 

knockout cells (Chen et al, 2012).  Although these quantitative proteomics data cannot 266 

distinguish whether these proteins are deacetylated directly by Sirt1 or another deacetylase 267 

regulated by Sirt1, they suggest an intriguing mechanistic link between Sirt1 and cohesion.  We 268 

have recently reported that newly synthesized cohesin loads onto oocyte chromosomes and 269 

generates new cohesive linkages during meiotic prophase in Drosophila oocytes, a process we 270 

have termed “cohesion rejuvenation” (Haseeb et al., 2024b; Weng et al., 2014).  Moreover, the 271 

Drosophila orthologs of the cohesin loader (Nipped-B) and the establishment factor (Eco) are 272 

both required for cohesion rejuvenation in Drosophila oocytes (Haseeb et al., 2024b; Weng et 273 

al., 2014).  Therefore, cohesion defects in Sirt1 KD oocytes may arise because the rejuvenation 274 

process is compromised by loss of Sirt1 activity.   275 

Sirt1 also modulates the activity of several transcription factors (Chen et al., 2020; 276 

Grabowska et al., 2017; McBurney et al., 2013; Stunkel & Campbell, 2011; Wu et al., 2022) that 277 
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could impact meiotic cohesion via an indirect manner such as controlling oxidative stress within 278 

the oocyte.  Sirt1 positively regulates the expression or activity of several antioxidant enzymes 279 

(Alam et al, 2021; Li, 2014; Singh et al, 2018) and we have previously shown that induction of 280 

oxidative stress during meiotic prophase causes premature loss of arm cohesion in Drosophila 281 

oocytes (Perkins et al., 2016).  Therefore, Sirt1 KD during meiotic prophase could lead to 282 

oxidative stress that results in premature loss of arm cohesion.  Moreover, SRT1720-mediated 283 

activation of Sirt1 may slow reproductive aging and reduce segregation errors by limiting aging-284 

induced oxidative stress in the Drosophila oocyte. 285 

Our results indicate that when Drosophila oocytes undergo aging, the amount of Sirt1 286 

protein associated with oocyte chromosomes does not change but acetylation of H4K16 on 287 

oocyte DNA is significantly higher in aged oocytes.  The robust H4K16ac signal intensity in sirt1 288 

null oocytes and aged oocytes is comparable, suggesting that Sirt1 activity is absent in 289 

Drosophila diplotene oocytes after the aging regimen.  However, if females are fed SRT1720 290 

during the aging regimen, aging-induced loss of Sirt1 activity is prevented and age-dependent 291 

chromosome segregation errors are significantly reduced.  These results complement the 292 

findings in mice that Sirt1 is required to maintain oocyte quality during aging (Di Emidio et al., 293 

2014; Iljas et al, 2020; Vo et al, 2023; Zhang et al., 2016) and suggest that therapeutic 294 

approaches to maintain Sirt1 activity in aging oocytes may provide an effective strategy to 295 

reduce age-dependent segregation errors.   296 

If Sirt1 protein levels do not decrease, why does Sirt1 activity decline with age in 297 

Drosophila oocytes?  One possibility is that NAD+ decreases during aging and becomes limiting 298 

as a Sirt1 cofactor.  Diminution of NAD+ during aging has been reported for several tissues in 299 

mice and also in human tissues, although sample sizes in the latter are small (McReynolds et 300 

al, 2020).  Notably, dietary supplementation with a NAD+ precursor decreases aneuploidy in 301 

chromosome spreads of meiosis II oocytes from aged mice (Miao et al, 2020), consistent with 302 

Sirt1 activation decreasing age-dependent segregation errors.    303 
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While we acknowledge that using Drosophila as a model for aging human oocytes has 304 

limitations, we consider this system a valuable tool to better understand mechanisms underlying 305 

the maternal age effect.  Major strengths include the short generation time, a variety of genetic 306 

tools and a simple assay to quantify meiotic segregation errors in oocytes.  In addition, our age-307 

dependent NDJ assay (using mtrmKG smc1D heterozygotes) is sensitized for detection of 308 

segregation errors arising from premature loss of cohesion.  Although we limit our aging 309 

regimen to 4 days for technical reasons, stage 7 & 8 oocytes spend 11-18X more time in 310 

diplotene when they arrest and age (Subramanian & Bickel, 2008).  Furthermore, only diplotene 311 

oocytes are vulnerable to age-dependent NDJ; compared to non-aged oocytes, segregation 312 

errors are not elevated in oocytes that arrest and age prior to synaptonemal complex 313 

disassembly (Subramanian & Bickel, 2008).  One potential limitation of our experiments is that 314 

Drosophila females were fed SRT1720 during the entire time-period that their oocytes 315 

underwent aging, a protocol that would be challenging to replicate for mammalian oocytes.  316 

Further work will be required to determine whether supplementation partway through the aging 317 

regimen can still significantly reduce age-dependent segregation errors.    318 

In conclusion, our data demonstrate that preserving Sirt1 function during aging prevents 319 

age-dependent chromosome segregation errors in Drosophila oocytes.  We hope these findings 320 

will inform further exploration of Sirt1 activation as a mechanism to preserve the fidelity of 321 

chromosome segregation as oocytes age.   322 

  323 
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METHODS 324 

Reagents and Tools Table 325 

Reagent/Resource Reference or Source  Identifier or 
Catalog Number 

Experimental Models    
D. melanogaster stocks used in 
this study, see Table EV1 

This study N/A 

Antibodies    
Polyclonal rabbit anti-acetyl-
H4K16 

Millipore Cat# 07-329;  
RRID: AB_310525 

Monoclonal mouse anti-Sirt1, 
clone p4A10 

Developmental Studies 
Hybridoma Bank, depositor S. 
Parkhurst  

Clone P4A10;  
RRID: AB_1553778 

Purified p4A10 mouse anti-Sirt1 
antibody 

Bio X Cell, Lebanon, NH  

Cy3 Donkey anti-rabbit Jackson ImmunoResearch Cat# 711-165-152; 
RRID: AB_2307443 

Cy5 Donkey anti-rabbit Jackson ImmunoResearch Cat# 711-175-152;  
RRID: AB_2340607 

Cy5 Donkey anti-mouse Jackson ImmunoResearch Cat# 715-175-151;  
RRID: AB_2340820 

Oligonucleotides and 
sequence-based 
reagents 

  

Alexa 647-labeled Oligopaint 
probe (OPP122), Mixture of 80-
base oligos targeting 100kb 
distal region of the X 
chromosome (dm6, nucleotides 
1,400,000-1,500,000)  

Joyce Lab, University of 
Pennsylvania 

N/A 

Cy3-conjugated probe (50 -Cy3-
AGGGATCGTTAGCACTCGTA
AT) hybridizes to 359-bp repeat 
in pericentric heterochromatin of 
the X chromosome 

Integrated Technologies N/A 

Chemicals, Enzymes and 
other reagents  

  

InSolution SRT1720, HCl 
(25mM in DMSO) 

Millipore Cat# 530748 

Filter-sterile Dimethyl sulfoxide 
(DMSO) 

Millipore Cat# D2438 

Active Dry yeast  Red Star  
Agar powder/flakes Fisher Scientific Cat# BP1423-500 
Bovine Serum Albumin Fisher Scientific Cat# BP1605-100 
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DAPI Invitrogen Cat# D1306 
Formaldehyde, 16% Ted Pella Cat# 18505 
Formamide  Invitrogen Cat# AM9342 
Grace’s Medium Thermo Fisher Cat# 11595030 
Heptane Fisher Scientific Cat# H-350-4 
Hoechst 33342 Fisher Scientific Cat# H3570 
Normal donkey serum Jackson ImmunoResearch Cat# 017-000-121 
Poly-L-lysine Sigma-Aldrich Cat# P8920 
RNase A (10mg/mL) Thermo Fisher Cat# EN0531 
10% Tween-20 Thermo Fisher Cat# 28320 
10% Triton-X 100 Thermo Fisher Cat# 28314 
Prolong Gold Antifade Thermo Fisher  Cat# P36930  
SlowFade Diamond Antifade Thermo Fisher Cat# S36967 
Software    
Volocity Visualization, 
Restoration, and Quantitation  

Version 6.5.0 
https://www.volocity4d.com/do
wnloadhttps://www.volocity4d.
com/download  

  

Nikon Elements (for spinning 
disc confocal imaging) 

Version 5.11.02 Build 1369  

MATLAB(MathWorks) Version R2022a 
https://www.mathworks.com/pr
oducts/new_products/release2
022a.html 

 

Affinity Designer Version 1.10.6.1665 
https://affinity.serif.com/ en-
us/designer/ 

 

Microsoft Office Version 16.84 
 

 

Statistics Kingdom online 
calculator (One-way ANOVA 
calculator and Tukey HSD) 

https://www.statskingdom.com/
180Anova1way.html  
 

 

 326 

Methods and Protocols 327 

Fly stocks and crosses 328 

Stocks and crosses were raised on standard cornmeal-molasses food and kept at 25ºC 329 

in a humidified incubator.  Table EV1 provides full genotypes for all stocks utilized in this study 330 

as well as Bickel stock numbers which accompany the cross descriptions below.  331 

 332 
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X-chromosome NDJ and Recombinational History assays 333 

To measure chromosome segregation errors in control and Sirt1 KD oocytes, y sc cv v f 334 

car; + ; mtrmKG/TM3,Sb (M-835) or y sc cv v f car; + ; mtrmKG, matα/TM3,Sb (M-834) males 335 

were crossed to y virgins containing a UAS-Sirt1 short hairpin (SH) insertion on the 2nd 336 

chromosome (Sirt1SH022-B06, H-087) or the 3rd chromosome (Sirt1SH00806, H-084).  Non-balancer 337 

Control (mtrmKG, no driver à Sirt1SH) and KD (mtrmKG, matα driver à Sirt1SH) female progeny 338 

were collected as virgins and mated to X^Y, Bar (C-200) males in vials containing food and a 339 

small amount of dry yeast.  For each resulting Sirt1 control and KD genotype, 20 vials of the 340 

NDJ cross (8 virgins × 4 males) were set on day 0, the parents cleared on day 7, and the 341 

progeny scored daily from day 11 through day 18  Because all the progeny from normal 342 

gametes but only half of the progeny from exceptional gametes survive (Fig EV1C), % NDJ is 343 

calculated using the following formula: [(2(Diplo-X + Nullo-X))/(N + Diplo-X + Nullo-X)]100, 344 

where N is the total number of progeny scored.  To determine whether Sirt1 KD significantly 345 

impacted the fidelity of meiotic chromosome segregation, P values were calculated for each 346 

hairpin by comparing control and KD data using the method described in (Zeng et al, 2010). 347 

The X-chromosome genotype of the females used for the NDJ assay (y/ y sc cv v f car) 348 

allowed us to perform an additional test to determine the recombinational history of the 349 

missegregating X chromosomes inherited by the Diplo-X progeny (Fig EV1D).  When scoring 350 

the NDJ tests, Diplo-X progeny were collected each day and phenotyped for the X-chromosome 351 

visible markers sc, cv, f, and car.  Each female was mated to two y w (A-062) males and the 352 

parents cleared on day 7.  Male progeny were scored for sc, cv, f, and car through day 18.  By 353 

considering the X-chromosome phenotype of the Diplo-X female and her sons, one may deduce 354 

the genotype of the two X chromosomes that missegregated, including whether they 355 

recombined before missegregation and whether they were sisters (car+/+ or car-/-) or homologs 356 

(car+/-). The frequency at which recombinant X chromosomes underwent missegregation in 357 

each genotype was calculated by dividing the number of Diplo-X females that inherited at least 358 
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one recombinant chromosome by the total number of progeny scored in the NDJ test and 359 

multiplying by 100.  Meiosis I and Meiosis II errors were graphed individually and based on 360 

whether the Diplo-X female inherited two homologs (Meiosis I) or two sisters (Meiosis II).  A two-361 

tailed 2 x 2 chi2 contingency test with Yates' correction (GraphPad) was used to determine 362 

whether the frequency of Diplo-X females with at least one recombinant X chromosome was 363 

significantly different between Sirt1 KD and control.  P value calculations were performed 364 

separately for Diplo-X females that inherited two homologs (Meiosis I) and Diplo-X females that 365 

inherited two sisters (Meiosis II).  366 

Not all Diplo-X females were fertile, and a small number of Diplo-X genotypes could not 367 

be confidently called. This assay will underestimate the number of recombinant bivalents 368 

because only two of the four chromatids will be inherited by the Diplo-X female (and therefore 369 

scored) and double crossovers within the large interval between cv and f will be invisible.  In 370 

addition, although crossovers are unlikely within the 3.5 cM interval between car and 371 

heterochromatin, a small number may still occur.  372 

 373 

FISH to score for cohesion defects 374 

 We utilized two X chromosome probes so that we could score for arm and pericentric 375 

cohesion defects for the same chromosome assayed in the NDJ and Recombinational History 376 

tests.  The Alexa 647-labeled OligoPaint probe (OPP122) contains a mixture of 80-mers that 377 

recognize a 100-kb distal region on the X chromosome and allows us to assess the state of arm 378 

cohesion.  The Cy3-labeled pericentromeric probe hybridizes to an 11 Mb stretch of satellite 379 

DNA near the centromere of the X chromosome.  Unfortunately, the large size of this target may 380 

limit our detection of cohesion defects near the X chromosome centromere (Haseeb et al., 381 

2024a; Haseeb et al., 2024b).  382 
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To generate control & KD genotypes, y w (A-062) or matα (T-273) males were crossed to 383 

Sirt1SH022-B06 virgins (H-213).  20-25 young female progeny were held with 10 males in a vial 384 

with food and dry yeast for 3 days before dissection.  385 

Below is a brief description of the steps used in FISH detection of sister chromatid 386 

cohesion defects in mature Drosophila oocytes (stages 13-14).  Additional details, especially 387 

regarding removal of chorions and vitelline membranes and tips for oocyte handling, may be 388 

found in (Perkins & Bickel, 2017).  A detailed protocol is available upon request. 389 

In a shallow dissecting dish, 15-20 sets of ovaries were dissected within a 10 min 390 

window in 1X Modified Robb’s buffer (55 mM potassium acetate, 40 mM sodium acetate, 100 391 

mM sucrose, 10 mM glucose, 1.2 mM magnesium chloride, 1.0 calcium chloride, 100 mM 392 

Hepes, pH 7.4) and transferred to a 1.5mL microfuge tube.  After addition of 500 µL prewarmed 393 

(37ºC) fixative (4% formaldehyde, 100 mM sodium cacodylate, 100 mM sucrose, 40 mM sodium 394 

acetate, 40 mM sodium acetate, 10 mM EGTA) and 500µL of heptane (RT), the tube was mixed 395 

vigorously and ovaries fixed for 6 min on a nutating mixer.  Following removal of fixative, ovaries 396 

were washed three times with 500 µL of 1X PBSBTx (1X PBS / 0.5% BSA / 0.1% Triton X-10) 397 

by inverting tube 2-3 times and allowing ovaries to settle.  Fixed ovaries were transferred to a 398 

shallow dissecting dish containing PBSBTx and pipetted up and down using a BSA-coated gel-399 

loading tip to help dissociate the later stages.  This mixture was rolled between the frosted 400 

regions of two slides to manually remove the chorion and vitelline membrane of mature oocytes 401 

and transferred to a 15mL conical tube for three rounds of settling (3mL of PBSBTx) to remove 402 

younger stages and debris which settle less quickly.  Mature oocytes were transferred to a 403 

500µL microfuge tube and stored in PBSBTx overnight at 4°C.  The next morning, oocytes were 404 

rinsed once with 500µL PBSTx (1X PBS containing 1% Triton X-100) and incubated on a 405 

nutating mixer for 2 hours at room temperature (RT) in PBSTx containing 100µg/mL RNAse).  406 

Following three rinses in 2X SSCT (0.3M sodium chloride, 30mM sodium citrate with 407 
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0.1% Tween 20), oocytes were washed three times 10 min in 2X SSCT, followed by a 408 

10 min wash in 2X SSCT containing 20% formamide, another with 2X SSCT / 40% 409 

formamide and a final wash in 2X SSCT / 50% formamide, all at RT on a nutating mixer.  410 

Oocytes were incubated in 2X SSCT + 50% formamide with rotation for 2 hours at 37°C before 411 

transfer to 200µL PCR tubes and a pre-denaturation program in a thermocycler (5min @ 37C, 3 412 

min @ 92C, 20 min @ 60C, Hold @ 37C).  Probes in 50µL of 1X hybridization buffer (3X SSC, 413 

50% formamide, 10% dextran sulfate) were allowed to hybridize overnight after denaturation (37 414 

°C for 5 min, 92 °C for 3 min, Hold @ 37 °C).  The Cy3-labeled pericentromeric probe was used 415 

at 1 ng/µL and the Alexa 647-labeled Oligopaint probe (OPP122) was used at 0.50 pmol/µL.  On 416 

day 3, oocytes were transferred to a pre-warmed 500µL microfuge tube and taken through a 417 

series of 500µL washes at 37°C on a rotator:  three 20 min washes in 2X SSCT / 50% 418 

formamide, three 10 min washes in 2X SSCT / 50% formamide.  Washes continued at RT on a 419 

nutating mixer: one 10 min wash in 2X SSCT / 40% formamide, one 10-min wash in 2X SSCT / 420 

20% formamide and one 10 min wash in 2X SSCT.   Following a 30 min incubation with DAPI (1 421 

µg/mL) in 2X SSCT (protected from light on a nutating mixer), oocytes were rinsed 3 times with 422 

2X SSCT followed by two 10 min washes in 2X SSCT.  Oocytes were rinsed with 1X PBS / 423 

0.01% Tween-20 and left in that solution for mounting onto poly-L-lysine coated 18 mm #1.5 424 

coverslips with 25µL of Prolong Gold mounting medium.  Slides were allowed to cure in the dark 425 

for at least 21 days before imaging.  426 

 427 

Sirt1 and H4K16ac Immunostaining 428 

matα (T-273) or y w (A-062) males were crossed to Sirt1SH022-B06 virgins (H-213) to 429 

produce Sirt1 control and KD ovaries/oocytes.  To generate sirt1 null oocytes, sirt15.26 males 430 

were crossed to sirt14.5 females and ovaries of female progeny were examined.  Each of these 431 

sirt1 deletion alleles removes >750 nucleotides of the Sirt1 coding sequence but leaves the 432 
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coding sequence of the adjacent DnaJ-H gene intact (Newman et al, 2002).  For the above 433 

genotypes, newly eclosed females were held with males for 2-3 days in vials with food and a 434 

small amount of dry yeast before ovary dissection  435 

For immunostaining aged and non-aged ovarioles, mtrmKG smc1Δ / TM3 males (M-822) 436 

were crossed to y w females (A-062).  Non-balancer virgins from this cross were collected 437 

during an 8-12 hour interval, held overnight in vials with food and a small amount of dry yeast, 438 

and subjected to the 4-day aging regimen (Fig EV2, and described in more detail below).  439 

Ovary dissections were performed immediately following the aging regimen.  440 

For each genotype or treatment condition, 6 sets of ovaries were dissected in Grace's 441 

medium and ovarioles were gently splayed (early stages) using a fine tungsten needle.  442 

Fixation was performed in a deep-well glass dish with gentle rotation on a shaker for 20 min at 443 

RT in 400µL of 1X PBS containing 2% formaldehyde.  All subsequent incubations and washes 444 

were performed in a glass dish at RT with gentle rotation on a shaker.  Following fixation, 445 

ovaries were rinsed three times with 400µL of 1X PBS / 0.2% Triton X-100 and permeabilized 446 

by performing two 15-min incubations in 400µL of 1X PBS containing 0.5% Triton X-100.  After 447 

three rinses with 400µL of 1X PBS / 0.2% Tween-20, ovaries were blocked for one hour in 448 

400µL of blocking buffer (1X PBS / 0.2% Tween-20 / 0.5% BSA / 5% Donkey Serum).  Ovaries 449 

were incubated overnight in a humidified box in 200µL of 1X PBS / 0.01% Tween-20 / 0.5% BSA 450 

containing primary antibody. The next morning, 400µL of 1X PBS / 0.2% Tween-20 was used for 451 

each of three rinses followed by three 20 min washes.  Ovaries were incubated for one hour, 452 

protected from light, in 200µL in 1X PBS / 0.01% Tween-20 / 0.5% BSA containing secondary 453 

antibody.  Following three rinses and a 20 min wash with 400µL of 1X PBS / 0.2% Tween-20, 454 

ovaries were incubated 20 min in 1X PBS containing Hoechst (2.0µg/mL), and 20 min in 1X 455 

PBS / 0.01% Tween-20.  After separation with fine tungsten needles, ovarioles were transferred 456 

onto 18mm poly-L-lysine coated #1.5 coverslips, excess liquid removed and a slide with 457 

mounting medium lowered onto the coverslip.   458 
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Either SlowFade Diamond (Fig 3 & 4) or ProLong Gold (Fig 5) was used for mounting.   459 

SlowFade Diamond provided the highest signal to noise ratio for anti-Sirt1 staining, but the 460 

signal did degrade over the course of a week, so all images were captured within three days of 461 

mounting.  Coverslips were sealed with nail polish immediately upon SlowFade mounting and 462 

slides stored flat and protected from light at 4ºC.  For ProLong Gold, slides were allowed to cure 463 

in the dark for at least 14 days before application of nail polish and imaging.  464 

Purified anti-Sirt1 antibody (~52mg at 3.7 mg/mL) was produced by Bio X Cell (Lebanon, 465 

NH) using the mouse hybridoma cell line P4A10 that we obtained from the Developmental 466 

Studies Hybridoma Bank (DSHB).  Mouse anti-Sirt1 antibody was used at 1µg/mL, and rabbit 467 

anti-H4K16ac (Millipore Cat # 07-329) was used at 1:100.  Donkey secondary antibodies 468 

(Jackson ImmunoResearch) were used at a final dilution of 1:400.  For Figs 3 & 4, Cy3 anti-469 

rabbit (711-165-152) was used to detect H4K16ac and Cy5 anti-mouse (715-175-151) was used 470 

to detect Sirt1.  For Fig 5, Cy5 anti-rabbit (711-175-152) was used to detect H4K16ac.  For Fig 471 

3, samples were incubated simultaneously with both primary antibodies.  For Fig 4, samples 472 

were incubated with either anti-Sirt1 or anti-H4K16ac. 473 

 474 

Aging regimen 475 

For all experiments that compared aged and non-aged oocytes, mtrmKG smc1Δ / 476 

TM3 males (M-822) were crossed to y w virgins (A-062) to generate mtrmKG smc1Δ / + virgins 477 

that were collected during an 8-12 hour window and held in vials overnight with food and a small 478 

amount of dry yeast.  At approximately 2 pm the following day, virgins were divided equally and 479 

placed in laying bottles (Fig S2).  In one laying bottle, virgins were held in the absence of males.  480 

Because egg-laying is suppressed in the absence of mating, oogenesis halts in these females 481 

and stages 8 and earlier arrest and “age” in the female (Subramanian & Bickel, 2008). Females 482 

placed into a laying bottle with X^Y, Bar (C-200) males will lay fertilized eggs continuously 483 

during the aging regimen and provide the source for “non-aged” oocytes. 484 
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Every 24 hours, flies in laying bottles were provided with a fresh 60 mm petri plate 485 

containing 5% glucose / 2% agar as well as a smear (~ 1 cm diameter) of newly prepared yeast 486 

paste (0.6 g in 1mL sterile ultrapure water) on the agar surface.  At the end of each 24-hr 487 

interval, the surface of each agar plate was photographed to document egg laying (or lack 488 

thereof) for each laying bottle.  Upon completion of the 4-day aging regimen, flies were 489 

transferred from the laying bottles back into vials and used for cytology or NDJ experiments.  490 

We limit our aging regimen to a 4-day time frame because virgins lay an increased number of 491 

unfertilized eggs after 4 days.  492 

 493 

SRT1720 supplementation  494 

25mM SRT1720 in DMSO (Millipore, Cat # 530748) was aliquoted upon arrival, stored at 495 

-80°C, and a fresh aliquot used for each experiment.  On the first day of an aging regimen, one 496 

aliquot of 25mM SRT1720 was diluted to 10mM using a thawed aliquot of DMSO (Millipore, Cat 497 

# D2438), also stored at -80°C.  Both the 10mM SRT1720 solution and the remaining thawed 498 

DMSO were kept at 4°C during the 4-day aging regimen.  On each day of the aging regimen, a 499 

fresh 2mM SRT1720 solution was prepared using sterile ultrapure water.  5µL of 2mM SRT1720 500 

was added to 995µL of sterile ultrapure water to achieve the final concentration of 10uM 501 

SRT1720, and 0.6g of yeast was added to this solution to make yeast paste.  502 

For the control group, we matched the concentration of DMSO in yeast paste (0.1%) to 503 

that for the SRT1720 treatment.  On each day of the aging regimen, 5µL of 100% DMSO was 504 

added to 20µL of sterile ultrapure water to generate a 20% DMSO solution.  1mL of 0.1% 505 

DMSO was prepared by adding 5µL of 20% DMSO to 995µL of sterile ultrapure water and 0.6g 506 

of yeast was added to this solution to generate the yeast paste.  507 

 508 
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Age-Dependent NDJ 509 

To compare the frequency of segregation errors in aged and non-aged oocytes, mtrmKG 510 

smc1Δ / + females were removed from laying bottles at the end of the 4-day aging regimen and 511 

used to set up NDJ crosses in vials with X^Y, Bar (C-200) males.  A smear of wet yeast (with no  512 

SRT1720 or DMSO addition) was applied to the wall of each vial.  In most cases, 10 vials (4 513 

females +3 males) were set for each condition (aged + DMSO, non-aged + DMSO, aged + 514 

SRT1720, non-aged + SRT1720.  Parents were removed after 48 hours and progeny scored 515 

through day 18.   516 

Data from the three individual experiments are reported in Table EV2. The method 517 

described in (Zeng et al., 2010) was used to determine whether aged oocytes exhibited a 518 

significant increase in NDJ compared to non-aged oocytes when mothers were fed DMSO or 519 

SRT1720.  Fig 5D graphs the means from the three independent experiments.  A one-way 520 

ANOVA (Statistics Kingdom), using the NDJ values from all three replicates, indicated that there 521 

was a significant difference between at least two groups (F(3,8) = [26.8], P = 0.00016).  To 522 

determine whether NDJ values differed significantly between two specific conditions, a Tukey’s 523 

HSD test (Statistics Kingdom) for multiple comparisons was performed and P values for pair-524 

wise comparisons are presented in Fig 5D.   525 

 526 

Image acquisition and processing 527 

All images were acquired with an Andor Spinning Disk confocal (50µm pinhole) using 528 

Nikon Elements (5.11.02 Build 1369) to control a Nikon Eclipse Ti inverted microscope, ASI MS-529 

2000 motorized piezo stage, Zyla 4.2-megapixel sCMOS camera and three lasers (405, 561 530 

and 637 nm).  All image acquisition utilized 4X frame averaging.  For all Z stack imaging, a 531 

complete Z stack was captured for each fluor sequentially, moving from longest to shortest 532 

wavelength. 533 
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For FISH imaging (ROI: 512 x 512), a CFI 100x oil Plan Apo DIC objective (NA 1.45) 534 

was used to capture a 4 µm Z series with 0.1 µm steps.  For Sirt1 and H4K16ac imaging, a 535 

Nikon CFI 40X Plan Apo oil objective (NA 1.4) was used with the following workflow.  536 

First, the slide was scanned for ovarioles and the XY position recorded for presumptive 537 

stage 7 and stage 8 egg chambers.  For each egg chamber imaged, a Z series (0.5um 538 

step, 2 um total) was acquired for a small ROI (256 x 256) that contained the oocyte 539 

DNA.   These images are shown in Figs 3-5. Next, a single optical section was acquired 540 

for the entire egg chamber, focusing on a plane that included the oocyte DNA.  These 541 

images were used for Fig EV3   Lastly, a full-field (2048 x 2048) Z series (0.5um step, 542 

5um total) was captured that included as much of the ovariole as possible and this 543 

image stack was used to confirm the developmental stage of the egg chamber that was 544 

imaged in the preceding steps.   Staging was based on size and morphological criteria 545 

(King, 1970; Mahowald & Kambysellis, 1980; Spradling, 1993). 546 

For all comparisons of genotypes and/or conditions, acquisition and image 547 

processing parameters were identical for all Sirt1 images and separately for all 548 

H4K16ac images.  In addition, when Z series are presented, the same number of optical 549 

sections are included for each of the images shown in a series.  550 

 551 

Quantification Methods 552 

Scoring cohesion defects 553 

A MATLAB (R2022a) script was used to randomize and rename FISH images so that all 554 

FISH scoring was performed blind to sample identity.  Image stacks were batch processed for 555 

deconvolution (Volocity Restoration, v6.5.0) using identical parameters for all datasets.  556 

Cohesion defects were scored (Volocity Visualization, v6.5.0) by manually scrolling in all three 557 
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dimensions to visualize/count the number of Cy3 and Alexa 547) probe spots on the oocyte 558 

DNA.  Two spots were scored as separate if the distance between them was greater than one 559 

half the diameter of the smaller spot AND there was no evidence of a thread connecting them.  560 

Following scoring of both arm and pericentric defects, sample ID was revealed and the 561 

percentage of oocytes with cohesion defects calculated. Only arm defects were graphed in   562 

Fig 2 because no pericentric defects were detected in Sirt1 KD or control oocytes.  A two-tailed 563 

Fisher’s exact test (Graphpad) was utilized to determine whether the percentage of oocytes with 564 

arm defects were significantly different in two genotypes. 565 

 566 

Quantification of anti-Sirt1 and anti-H4K16ac signal on oocyte DNA 567 

Volocity Quantitation (v6.5.0) was used for all image quantification steps.  Quantification 568 

of Anti-Sirt1 and/or anti-H4K16ac signal intensity on oocyte DNA was performed using the short 569 

Z series (0.5um step, 2 um total) acquired as a 256 x 256 ROI (described above).  The image 570 

was cropped such that the only DNA in the field was oocyte DNA (405 channel).  Threshholding 571 

was used to identify the voxels containing oocyte DNA (405 nm channel).  For every voxel 572 

within the DNA volume, Volocity Quantification provided the signal intensity (0-4095) for anti-573 

Sirt1 (637nm channel) and anti-H4K16ac (561nm channel).  574 

In Figs 3-5, box and whiskers plots plot the average intensity of Sirt1 or H4K16ac on 575 

DNA for each oocyte.  In all box and whiskers plots shown, the average intensity is indicated 576 

with an “X”, the median and quartiles are depicted by horizontal lines and outliers are included 577 

as dots.  Outliers are shown as solid dots and correspond to values that lie more than 1.5 * IQR 578 

(interquartile range) above the 75% or below the 25% quartile.   579 

A two tailed unpaired t-test (Microsoft Excel) was used to calculate whether the 580 

difference between genotypes and/or conditions were significant.  P values are provided on the 581 

graphs in Figs 3-5 and the number of oocytes scored is shown for each genotype.   582 
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Figure 1. Sirt1 knockdown (KD) in oocytes during prophase causes chromosome segregation
errors. A. Meiotic segregation errors (% NDJ) are presented for two different Sirt1 short hairpins
(SH022-B06 & SH00806). Knockdown of Sirt1 during meiotic prophase (black, mtrm, matα driver →
hairpin) significantly increases NDJ compared to each respective Control (white, mtrm, no driver →
hairpin). See also Figure EV1. The number of flies scored (N) is provided in the bar for each genotype.
B. Diplo-X females from the NDJ tests in Fig 1A were used in a subsequent test to determine the
recombinational history of missegregating chromosomes (see Methods and Figure EV1). For both
Sirt1 hairpins, KD significantly increases the missegregation of recombinant homologs, consistent with
premature loss of arm cohesion. The number of recovered Diplo-X females with at least one
recombinant X chromosome (R Diplo) is indicated at the bottom of each bar. The graph presents the
number of R Diplos divided by the total number of progeny in the NDJ test (N) and multiplied by 100.
Gray represents Diplo-X females that inherited two homologs (Meiosis I error) and white depicts those
that inherited two sisters (Meiosis II error). P values shown compare Meiosis I errors in Sirt1 KD and
control oocytes.
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Figure 2. Arm cohesion defects increase significantly in Sirt1 KD oocytes.
A. Drosophila X chromosome bivalent with a single crossover is shown. Light blue and dark blue
sister chromatids are held together by cohesion, depicted as black lines. OligoPaint probe (yellow)
hybridizes to a distal location on the X chromosome arm and the 359 bp satellite repeat probe
(magenta) hybridizes close to the centromere (gray). B. Top images show oocyte chromosomes with
intact arm cohesion (one or two yellow spots). Examples of premature loss of arm cohesion (three or
four yellow spots) are provided on the bottom. Images are maximum projections of deconvolved
confocal Z series. Scale bar, 2 µm. C. The percentage of Sirt1 control (white) and KD (black)
oocytes with arm cohesion defects are shown for two independent replicates. Knockdown of Sirt1
during meiotic prophase significantly increases the percentage of oocytes with arm cohesion defects.
The number of oocytes scored is indicated within each bar. No pericentric cohesion defects were
detected in either replicate. Note that both Control and KD genotypes are wild-type for mtrm.
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Figure 3. Deacetylation of H4K16 on oocyte DNA provides a readout for Sirt1 activity in vivo.
A. Oocyte DNA (cyan) with Sirt1 (yellow) and H4K16ac (magenta) immunolocalization in Sirt1 Control,
KD and sirt1 null oocytes (sirt14.5/sirt15.26). Stage 7 oocyte chromosomes are shown as a maximum
intensity projection of a confocal Z series. Scale bar, 2 μm. B-C. Quantification of chromosome-
associated Sirt1 and H4K16ac signal intensity in stage 7-8 oocytes. The Sirt1 and H4K16ac signal
intensities are inversely proportional. Compared to Control, Sirt1 signal associated with oocyte DNA is
significantly lower in Sirt1 KD and sirt1 null oocytes and H4K16ac is significantly higher in these
genotypes, consistent with loss of the Sirt1 deacetylase. The number of oocytes analyzed for each
genotype is shown in parentheses.
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Figure 4. Sirt1 activity on oocyte chromosomes declines during aging.
A & C. Sirt1 (yellow) and H4K16ac (magenta) immunostaining on the DNA (cyan) of stage 7 Aged,
Non-aged and sirt1 null oocytes. All images are maximum intensity projections of confocal Z series.
Scale bar, 2 μm. B. Signal intensity of Sirt1 on the DNA of stage 7 & 8 oocytes indicates that
chromosome-associated Sirt1 does not decline during aging. D. Quantification of H4K16ac signal on
oocyte DNA demonstrates that aging causes a significant increase in acetylation, consistent with loss
of Sirt1 deacetylase activity. The number of oocytes scored in B and D is shown in parentheses.
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Figure 5. SRT1720 feeding preserves Sirt1 activity on oocyte DNA during aging and
suppresses age-dependent segregation errors. A. Aging-regimen +/- SRT1720 feeding.
B. H4K16ac signal (magenta) on the chromosomes of aged and non-aged oocytes (stage 7) after
mothers were fed DMSO or 10µM SRT1720 during the aging regimen. All images are maximum
intensity projections of confocal Z series. Scale bar, 2 μm. C. Quantification of H4K16ac signal
intensity on oocyte DNA (stages 7 and 8) indicates that feeding mothers SRT1720 during the aging
regimen prevents the significant increase in H4K16 acetylation that occurs when oocytes undergo
aging in the presence of DMSO. Acetylation of H4K16 is significantly lower in aged oocytes that were
exposed to SRT1720 than aged oocytes that were not (DMSO). With SRT1720 supplementation,
H4K16ac signal is comparable in aged and non-aged oocytes, consistent with preservation of Sirt1
activity during aging. The number of oocytes for which H4K16ac signal was quantified is indicated in
parentheses for each conditon. D. Chromosome segregation errors (% NDJ) were measured for
aged and non-aged oocytes whose mothers were fed DMSO or SRT1720 during the aging regimen.
For each condition, the mean % NDJ for three independent experiments is plotted with error bars
(SEM). Compared to aged oocytes in the DMSO treatment group, SRT1720 feeding significantly
reduced NDJ in aged oocytes. A significant difference between the NDJ of aged versus non-aged
oocytes is not observed when mothers are fed SRT1720 during the aging regimen.
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SUPPLEMENTAL INFORMATION 

 

Table EV1.  Fly Stocks and Genotypes 

Table EV2.  Age-dependent NDJ is suppressed by feeding mothers SRT1720 

 

Figure EV1.  Genetic tools and tests to assay for meiotic segregation errors.   

Figure EV2.  Experimental procedure to generate and compare aged and non-aged oocytes.   

Figure EV3.  Sirt1 and H4K16ac immunolocalization in stage 7 egg chambers.  
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 2 

  Table EV1. Fly Stocks and Genotypes  
 

 
BL = Bloomington Drosophila Stock Center 
#Over the course of this study, stock was reordered from Bloomington and given a new Bickel Stock # 

Genotype  Hairpin  Abbreviation  Source  Bickel 
Stock #  

y1 sc1 v1 ; P{y+t7.7 v+t1.8= TRiP. 
HMJ21708 =Sirt1V20}attP40; + 

SH022-B06 
Valium 20 

Sirt1SH022-B06 

 
BL #36614 H-087 

H-213# 

y  ; P{y+t7.7 v+t1.8= TRiP. HMJ21708 
=Sirt1V20}attP40; + 

SH022-B06 
Valium 20 

Sirt1SH022-B06 

 
Bickel lab 
derivative of H-087 

I-554 

y1 sc* v1 ; + ; P{y+t7.7 v+t1.8=TRiP 
HMS00484=Sirt1V20}attP2 

SH00806 
Valium 20 

Sirt1SH00806 
 

BL #32481 H-084 
H-214# 

y ; + ; P{y+t7.7 v+t1.8=TRiP 
HMS00484=Sirt1V20}attP2 

SH00806 
Valium 20 

Sirt1SH00806 
 

Bickel lab 
derivative of H-084 

I-543 

y sc cv v f car/FM7a/BSY ; + ; 
mtrmKG0805 P{w+mC=matα4-GAL4-
VP16}V37/TM3,Sb(Ser) 

 y sc cv v f car; 
mtrmKG matα 

Bickel Lab 
(Perkins et al, 
2016) 

M-834 

y sc cv v f car/FM7a/BSY ; + ; 
mtrmKG0805/TM3,Sb(Ser) 

  y sc cv v f car; 
mtrmKG 

 

Bickel Lab 
(Perkins et al., 
2016) 

M-835  

 C(1)RM, y2, su(wa) wa / X^Y,v f B      X^Y, Bar  BL #700 C-200  

y1 Df(1)w67c23 ; + ; +   y w    A-062  

w*; + ; P{w+mC=matα4-GAL4-
VP16}V37 

    matα  BL #7063  T-273   

+ ; sirt15.26 cn1 ; +  sirt15.26 BL #32657 
(Newman et al, 
2002) 

B-193 

+ ; sirt14.5 cn1/SM6b, P{ry+t7.2=eve-
lacZ8.0}SB1; + 

 sirt14.5 BL #32568 
(Newman et al., 
2002) 

B-194 

y w ; + ; FRT82B cu sr smc1Δex46/ 
TM3 Sb  

  Hawley Lab M-744  

y1; + ; P{y+mDint2 wBR.E.BR=SUPorP} 
Exo70KG08051 mtrmKG0805 ry506 / 
TM3,Sb1Ser1 

 

   BL #14932  M-755  

y w / B[S]Y; + ; mtrmKG0805 sr 
smc1Δex46 / TM3, Sb, Ser 

 mtrmKG smc1Δ Bickel lab 
derivative of M-744 
and M-755 

M-822 
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 3 

Table EV2:  Age-dependent NDJ is suppressed by feeding mothers SRT1720 
 

Condition % NDJ % Diplo 
(#) 

% Nullo 
(#) 

N 
(fert) P-value 

      
Replicate 1      

Aged, DMSO 15.26 7.07 
(57) 

8.19 
(66) 

1489 
(37.2) 7.8 x 10-6 

Non-Aged, DMSO 7.83 4.18 
(31) 

3.64 
(27) 

1424 
(35.6) 

Aged, SRT1720 12.79 6.01 
(46) 

6.79 
(52) 

1434 
(35.9) 0.126 

Non-Aged, SRT 1720 10.19 4.13 
(30) 

6.06 
(44) 

1378 
(34.5) 

      
Replicate 2      

Aged, DMSO 15.12 8.21 
(38) 

6.91 
(32) 

856 
(23.8) 5.35 x 10-4 

Non-Aged, DMSO 8.02 4.16 
(27) 

3.86 
(25) 

1245 
(34.6) 

Aged, SRT1720 11.43 5.87 
(37) 

5.56 
(35) 

1188 
(29.7) 0.111 

Non-Aged, SRT 1720 8.71 5.37 
(37) 

3.34 
(23) 

1318 
(33.0) 

      
Replicate 3      

Aged, DMSO 15.42 8.57 
(35) 

6.85 
(28) 

754 
(18.9) 2.48 x 10-3 

Non-Aged, DMSO 8.51 3.40 
(16) 

5.11 
(24) 

900 
(22.5) 

Aged, SRT1720 9.56 3.74 
(18) 

5.82 
(28) 

916 
(22.9) 0.232 

Non-Aged, SRT 1720 7.43 2.18 
(12) 

5.52 
(29) 

1063 
(26.5) 

 
In all three experiments, the genotype of mothers was: y w/y w; + : mtrmKG smc1Δ / +. 
# indicates number of progeny recovered for each category. 
N equals the total number of progeny scored. 
Fertility (fert) equals the progeny per female.   
P-values were calculated for pairs using the method described in (Zeng et al, 2010) 
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Figure EV1. Genetic tools and tests to assay for meiotic segregation errors.
A. Gal4/UAS strategy to knock down Sirt1 in the Drosophila female germline using the matα-Gal4 driver.
Expression of the matα driver does not begin until Region 3 (R3) or stage 2 of oogenesis, at least two days
after meiotic cohesion is established during S phase. Note that a single ovariole does not contain all stages
concurrently. B. Genotypes are shown for Sirt1 Knockdown and Control females used in the NDJ test with the
Sirt1SH transgene on the 3rd chromosome. Note that both genotypes are heterozygous for the mtrmKG allele
which weakens arm cohesion and also makes it more likely that premature loss of cohesion will result in
segregation errors in our NDJ assay. Females are also heterozygous for four visible makers on the X
chromosome (sc, cv, f & car) which permit the recombinational history analysis following the NDJ test. C. In
the NDJ test shown, X-chromosome segregation errors in oocytes can be quantified because progeny arising
from normal and aneuploid gametes survive and can be counted. Sirt1 KD or C females are mated to
attached X^Y, B males and progeny scored based on sex and the dominant marker Bar. Only half of the
Diplo-X and Nullo-X eggs will be viable when fertilized. D. Diplo-X females inherit both X chromosomes from
their mother due to missegregation in the oocyte. By mating Diplo-X females and scoring their male progeny
for the X chromosome markers sc, cv, f and car, we can determine whether a recombinant bivalent underwent
missegregation and, based on car, whether the two inherited X chromosomes were homologs (Meiosis I error)
or sisters (Meiosis II error). In the example shown here, the Diplo-X female inherited one recombinant and one
non-recombinant X chromosome and heterozygosity for the mutant car allele indicates that the two X
chromosomes are homologs.
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Figure EV2. Experimental procedure to generate and compare aged and non-aged oocytes.
mtrmKG smc1Δ / + virgins were used for all aging experiments. In this genotype, cohesion is weakened but
not abolished and disruption of the achiasmate segregation system allows bivalents that lose their chiasma
(due to loss of arm cohesion) to missegregate. Virgins are placed in plastic laying bottles with a glucose/agar
plate and yeast paste and X^Y, B males are omitted (left, aged) or added (right, non-aged). Left: In the
absence of mating, egg laying is suppressed and most oogenesis stages halt progression. On the agar plate
shown, very few unfertilized eggs (white spots on agar surface) have been laid during the 24-hr interval.
When oogenesis halts, oocytes arrest and age at a particular stage. Drosophila oocytes are most vulnerable
to aging-induced segregation errors when they arrest and age in diplotene. Right: Oogenesis is stimulated
in females that have mated, and many fertilized eggs are laid within a 24-hr period. Because oogenesis is
continuous in these females, they produce non-aged oocytes.
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Figure EV3. Sirt1 and H4K16ac immunolocalization in stage 7 egg chambers.
A single confocal optical section is shown for Sirt1 and H4K16ac immunostaining in stage 7 egg
chambers of Control (no driver → short hairpin) and sirt1 null (sirt14.5/sirt15.26) genotypes. DNA signal
is cyan, Sirt1 staining is yellow, and the H4K16 acetylation signal is magenta. Scale bar, 20 µm. The
arrowheads point to the oocyte DNA. A white square surrounds each oocyte nucleus. In Control egg
chambers, Sirt1 immunostaining is enriched in the nuclei of nurse cells, follicle cells and the oocyte
but this pronounced nuclear Sirt1 signal is absent in sirt1 null egg chambers. H4K16ac signal is
faintly visible on the chromosomes of Control oocytes. In contrast, the H4K16ac signal on oocyte
DNA is significantly stronger in sirt1 null oocytes, consistent with lack of Sirt1 deacetylase activity in
this genotype.
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