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SUMMARY  47 
Trisomy, the presence of a third copy of one chromosome, is deleterious and 48 
results in inviable or defective progeny if passed through the germ line.  Random 49 
segregation of an extra chromosome is predicted to result in a high frequency of 50 
trisomic offspring from a trisomic parent.  C. elegans with trisomy of the X 51 
chromosome, however, have far fewer trisomic offspring than expected.   We 52 
found that the extra X chromosome was preferentially eliminated during 53 
anaphase I of female meiosis.  We utilized a mutant with a specific defect in 54 
pairing of the X chromosome as a model to investigate the apparent bias against 55 
univalent inheritance.  First, univalents lagged during anaphase I and their 56 
movement was biased toward the cortex and future polar body.  Second, late-57 
lagging univalents were frequently captured by the ingressing polar body 58 
contractile ring.  The asymmetry of female meiosis can thus partially correct pre-59 
existing trisomy.  60 
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Introduction 61 
 During female meiosis, a G2 oocyte containing four genome copies 62 
undergoes two asymmetric cell divisions depositing one genome in a single 63 
haploid egg while the other three genomes are segregated into polar bodies. 64 
These divisions are mediated by meiotic spindles that are asymmetrically 65 
positioned against the oocyte cortex with the pole-to-pole axis of the spindle 66 
perpendicular to the cortex.  Both the inheritance of only one of four genome 67 
copies and the distinct perpendicular positioning of the meiotic spindle are 68 
remarkably conserved among animal phyla suggesting a selective advantage 69 
(Fabritius et al., 2011a; Maddox et al., 2012; Maro and Verlhac, 2002). 70 
 Several advantages of asymmetric meiosis have been suggested 71 
previously, yet none are applicable to all animals.  Asymmetric meiotic spindle 72 
positioning maximizes the volume of a single egg, helps prevent interference with 73 
the meiotic spindle by the sperm aster (McNally et al., 2012), and preserves 74 
predetermined embryonic polarity gradients.  Here we suggest a previously 75 
unrecognized advantage of asymmetric meiosis, the ability of meiotic spindles to 76 
correct trisomy by preferentially depositing the extra chromosome copy into a 77 
polar body.   78 
 Accurate segregation of homologous chromosomes to opposite spindle 79 
poles depends on a physical attachment, or chiasma, between homologous 80 
chromosomes.  A chiasma consists of a crossover, which holds the two 81 
homologous chromosomes together in a bivalent so that kinetochores can be 82 
properly oriented towards opposite poles (Miller et al., 2013; Moore and Orr-83 
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Weaver, 1998).   When a chiasma does not form, univalent chromosomes may 84 
maintain sister cohesion and move to poles independent of their homologs at 85 
anaphase I as can occur in S. cerevisiae (Buonomo et al., 2000).  If a univalent 86 
chromosome biorients, loses cohesion, and segregates sister chromatids at 87 
anaphase I (eg. Kouznetsova et al., 2007; LeMaire-Adkins and Hunt, 2000; 88 
Nicklas and Jones, 1977), the resulting single chromatid will segregate randomly 89 
at anaphase II.  Random segregation of homologs at anaphase I or single 90 
chromatids at anaphase II should result in equal frequencies of haplo and diplo 91 
ova in the case of a trisomy (Fig. 1A), and equal frequencies of nullo and diplo 92 
ova in the case of a crossover failure.     93 
 Deviations from random segregation are suggested by observations of X 94 
chromosomes in Caenorhabditis elegans.  In C. elegans, the single unpaired X 95 
chromosome from an XXX mother is inherited with unexpectedly low frequency 96 
with twice as many haploX ova produced as diploX ova (Hodgkin et al., 1979).  97 
HIM-8 is a zinc finger protein that binds to specific DNA sequences that are 98 
enriched on the X chromosome.  him-8 mutants have a pairing defect that is 99 
completely specific for the X chromosome, resulting in two X univalents and 5 100 
autosomal bivalents in 95% of diakinesis oocytes (Phillips et al., 2005).  If the two 101 
X univalents segregated randomly, him-8 mutants would be expected to produce 102 
equal frequencies of nulloX ova and diploX ova.  However, Hodgkin et al. (1979) 103 
demonstrated a 5-fold preponderance of nulloX ova over diploX ova in him-8.  104 
Using sex-reversed him-8 XX males, these authors showed the oposite effect in 105 
spermatogenesis.  Rather than producing the 50% haploX, 25% diploX, 25% 106 
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nulloX sperm expected from random segregation, him-8 XX males produced 86% 107 
haploX, 3% diploX, 11% nullo X sperm, indicating symmetric distribution of 108 
univalents during male meiosis.  Thus achiasmate maternal X chromosomes are 109 
inherited with unexpectedly low frequency in worms.  110 
 Five mechanisms might reduce the frequency of trisomic offspring from 111 
trisomic or him-8 mothers.  First, trisomic embryos might die during embryonic 112 
development resulting in undercounting of XXX offspring.  This is unlikely in C. 113 
elegans because both XXX and him-8 mutant mothers produce a very low 114 
frequency of dead embryos (Hodgkin et al., 1979; Supplementary File 1).  A 115 
second possibility is that mitotic non-disjunction in the XXX mother results in a 116 
mosaic gonad that contains both diploX and triploX oocytes.  Selective apoptosis 117 
of XXX germline cells (Bhalla and Dernburg, 2005) would then enrich for XX 118 
germline cells.  This does not contribute to the segregation bias in C. elegans as 119 
the most mature diakinesis oocytes in him-8 and wild-type XXX worms have 7 120 
rather than 6 DAPI-staining bodies (Phillips et al., 2005; this study).  A third 121 
possibility is that a univalent present during metaphase I or a single chromatid 122 
present during metaphase II would be broken or otherwise degraded during 123 
anaphase.  A fourth possibility is that many XXX progeny look normal because of 124 
the stochastic nature of dosage compensation and thus are undercounted.  A 125 
fifth possibility is that univalent chromosomes present at metaphase I are 126 
preferentially placed in the first polar body.  Here we demonstrate that indeed, 127 
biased deposition of univalent X chromosomes into the first polar body reduces 128 
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the frequency of trisomic zygotes resulting from oocytes with unpaired X 129 
chromosomes.   130 
 131 
 132 
 133 
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Results 134 
XXX wild-type oocytes preferentially lose the achiasmate X chromosome 135 
between metaphase I and metaphase II 136 
 Elimination of the extra chromosome from an oocyte starting with a 137 
trisomy would result in rescue to a euploid state.  It has previously been shown 138 
that C. elegans XXX wild-type oocytes have a paired bivalent X and an unpaired 139 
univalent X chromosome in pachytene (Goldstein, 1984).  We picked wild-type 140 
XXX adult hermaphrodites from the progeny of an XXX strain (AV494, 141 
Mlynarczyk-Evans et al., 2013) based on their characteristic dumpy morphology 142 
as described by Hodgkin et al. (1979).  Meiotic embryos from XXX mothers were 143 
fixed and stained for microtubules and DNA.  Chromosomes are well separated 144 
by bundles of microtubules during C. elegans female meiotic metaphase.  This 145 
unique morphology facilitates counting of individual chromosomes on the 146 
metaphase plate when viewed down the pole to pole axis of the spindle (Fig. 1B).  147 
We found that 100% of metaphase I meiotic embryos from XXX wild-type worms 148 
had 7 DAPI-staining bodies on the spindle [Fig 1C, F], consistent with 6 bivalents 149 
and a single univalent X.  Two chromosomes were labelled with an X-specific 150 
fluorescence in situ hybridization (FISH) probe in these spindles (Fig. 1C, 151 
Supplementary file 2).  This result shows that a mosaic gonad resulting from 152 
mitotic nondisjunction cannot explain the low frequency of XXX offspring from 153 
XXX worms.  If the univalent segregated randomly during anaphase I, 50% of 154 
metaphase II spindles should have 6 DAPI-staining bodies (6 bivalents) and 50% 155 
should have 7 DAPI-staining bodies (6 bivalents and one univalent).  Instead, 156 
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71% of metaphase II spindles contained only 6 DAPI-staining bodies and only 157 
29% contained 7 DAPI-staining bodies [Fig 1D-F].  These frequencies match the 158 
2:1 ratio of X to XX ova previously interpreted from genetic studies (Hodgkin et 159 
al., 1979) and are significantly different than the 50% expected from random 160 
segregation (one tailed p= 0.004, Pearson’s Chi Squared test).  This result 161 
eliminates the possibilities that XXX mothers have many XXX offspring that are 162 
undercounted due to incomplete penetrance of the XXX dumpy phenotype, or 163 
that hermaphrodite nulloX sperm contribute significantly to the low frequency of 164 
XXX self progeny.  The finding that all assayed metaphase I spindles had 7 165 
chromosomes also indicates that our method of identifying XXX worms as dumpy 166 
individuals is  accurate and the high frequency of metaphase II spindles with 6 167 
chromosomes is not a result of misidentifying diploid worms as XXX worms. 168 
FISH with an X-specific probe revealed that in 6/6 metaphase II embryos with 169 
only 6 DAPI-staining bodies, a single hybridization signal was present in the 170 
spindle and 2-3 hybridization signals were present in the polar body (Fig. 1D; 171 
Supplementary file 3).  Because only a single X-hybridization signal was 172 
observed in the first polar body in 5/5 spindles from diploids, these results 173 
demonstrate that single X univalents are deposited in the first polar body with 174 
greater than 50% frequency.   175 
 176 
X and V univalents are frequently deposited in the first polar body 177 
 To further investigate the mechanism leading to preferential loss of 178 
univalents during meiosis I, we utilized him-8 worms as a more tractable model.  179 
It has previously been shown that diakinesis stage him-8 oocytes have 5 180 
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autosomal bivalents and two X univalents (Phillips et al., 2005).  If segregation of 181 
the two X univalents was random, these worms should produce equal numbers 182 
of nullo X and diploX ova.  Instead, him-8 mutants produce a 5-fold higher 183 
frequency of nulloX ova over diploX ova (Hodgkin et al., 1979), indicating that 184 
both maternal X univalents are lost at some time after diakinesis in a large 185 
fraction of embryos.  To determine when maternal X univalents are preferentially 186 
lost, we imaged both live embryos within him-8 worms expressing GFP::tubulin 187 
and mCherry::histone (Fig. 2A-E) and also fixed embryos stained with DAPI and 188 
anti-tubulin antibodies (Fig. 2F-J).  We assayed the number of chromosomes 189 
(defined here as DAPI-staining or mCherry:histone-positive bodies that would 190 
include univalents and bivalents) present at metaphase of meiosis I and II (Fig. 191 
2K).  At meiosis I metaphase, 7 chromosomes were present in 96% of him-8 192 
embryos [Fig 2B, K], with the remainder having 6 chromosomes.   If the two 193 
univalents segregated randomly without losing cohesion, 25% of metaphase II 194 
spindles would be expected to have 5 autosomes and no X, 50% would have 5 195 
autosomes and 1 X and 25% would 5 autosomes and 2 X chromosomes.  196 
Instead, 40% of him-8 metaphase II embryos had 5 chromosomes, 55% had 6 197 
chromosomes and only 5% had 7 chromosomes [Fig 2K].  These frequencies 198 
differ significantly from those expected from unbiased segregation (Chi-square 199 
test, two tailed p <0.0001), closely match the ratio of nulloX to diploX ova inferred 200 
by Hodgkin et al. (1979), and support the hypothesis that the majority of X 201 
univalents are eliminated between metaphase I and metaphase II.  These 202 
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maternal chromosome counts are also unaffected by nullo X or diplo X sperm 203 
that might contribute to phenotype-based progeny counts. 204 
 To confirm that the two chromosomes lost between these stages were 205 
indeed the X univalents, we used fluorescence in situ hybridization (FISH) with a 206 
lac operator probe to detect a multicopy lac operator array integrated on the X 207 
chromosomes in a him-8 background [Fig 2F-J].  FISH revealed two X univalents 208 
and 7 total DAPI-staining bodies on 93% of all the him-8 metaphase I plates (Fig. 209 
2G, L).  At metaphase II, FISH revealed at least two X hybridization foci in the 210 
first polar body and none on the metaphase plate when the spindle had 5 DAPI-211 
staining bodies (Fig 2H).  When 6 DAPI-staining bodies were present on the 212 
metaphase II plate, we always observed one X hybridization focus each on the 213 
metaphase plate and in the first polar body (Fig 2I).  Finally, metaphase II 214 
embryos containing 7 DAPI-staining bodies had two X hybridization foci on the 215 
metaphase plate and none in the first polar body [Fig 2J].  Together, these 216 
results demonstrate that both achiasmate X univalents are deposited into the first 217 
polar body in 40% of him-8 embryos as compared with the 25% expected from 218 
random segregation.  219 
 To test whether achiasmate autosomes are also placed in the first polar 220 
body with higher than random frequency, we analyzed a strain with a Lac 221 
operator array integrated on chromosome V and bearing a loss of function 222 
mutation in the him-8 homolog zim-2, which contributes to chromosome V pairing 223 
(Phillips and Dernburg, 2006).  Unlike the situation with him-8 and pairing of the 224 
X, redundancy between ZIM proteins may contribute to chromosome V pairing. 225 
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Phillips and Dernburg reported only 72% of diakinesis oocytes with 7 rather than 226 
6 DAPI-staining bodies in a zim-2 mutant and our zim-2 strain with lacO(V) had 227 
only 62% of diakinesis oocytes with 7 DAPI-staining bodies (Figure 2- figure 228 
supplement 1 F).  FISH revealed two distinct chromosome V hybridization foci 229 
and 7 DAPI-staining bodies on 41% of metaphase I spindles (Figure 2- figure 230 
supplement 1 A, E).  Starting with 41% achiasmate V's, random segregation 231 
should yield 10% of metaphase II embryos with both V’s in the first polar body 232 
(25% of 41%).  Instead, FISH revealed 27% of metaphase II embryos had five 233 
DAPI-staining bodies on the metaphase plate and chromosome V hybridization 234 
foci only in the first polar body (Figure 2- figure supplement 1 B, E).  Likewise, 235 
random segregation of achiasmate V’s should yield 10% metaphase II spindles 236 
with 7 DAPI-staining bodies on the metaphase II spindle, two distinct 237 
chromosome V hybridization foci on the spindle and none in the first polar body.  238 
Only 5% of this embryo class was observed (Figure 2- figure supplement 1 D, E).  239 
These frequencies are significantly different than those expected from random 240 
segregation (Chi-square test, two tailed p<0.0002).  The discrepancy in the 241 
fraction of zim-2 oocytes with 7 DAPI-staining bodies at diakinesis versus 242 
metaphase I raises the possibility that chromosomes might be systematically 243 
undercounted in zim-2 metaphase I spindles (but not in wild-type, him-8 or XXX 244 
metaphase I spindles).  If this is the case, the two V univalents must be 245 
positioned close together on the spindle because 0/57 zim-2 metaphase I plates 246 
with 6 DAPI-staining bodies had two widely spaced lacO(V) FISH foci and the 247 
deviation between expected and observed nulloV metaphase II spindles would 248 
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be even greater.  Two results strongly indicate that the same mechanisms acting 249 
on univalent X's in him-8 mutants also act on V univalents in the zim-2 mutant.  250 
First, the 5-fold preponderance of metaphase II spindles with 5 DAPI-staining 251 
bodies over those with 7 DAPI-staining bodies is similar to him-8.  Second, the 252 
presence of lacO FISH signal only in the first polar body of metaphase II embryos 253 
with 5 DAPI-staining bodies on the spindle is the same in him-8 and zim-2.  Thus 254 
achiasmate autosomes, like achiasmate X chromosomes, are preferentially 255 
deposited into the first polar body.  256 
Univalents biorient at metaphase I and tend to lag during anaphase I 257 
 To understand the mechanism by which univalent X chromosomes are 258 
preferentially deposited in polar bodies, we examined their orientation and 259 
position in the spindle.  Antibodies specific for the cohesin subunit, REC-8, label 260 
a cruciform on metaphase I bivalents (Fig 3A, B), and a single band on 261 
metaphase II chromosomes (Fig 3A, C).  The single REC-8 bands on wild-type 262 
metaphase II chromosomes and on him-8 metaphase I univalents were both 263 
oriented perpendicular to the pole to pole axis of the spindle (Fig 3D), indicating 264 
that him-8 X univalents biorient at metaphase I.  him-8 worms expressing 265 
GFP::KNL-2, which labels the C. elegans cup-shaped meiotic kinetochores 266 
(Dumont et al., 2010), were also analyzed for biorientation and yielded the same 267 
conclusion as analysis by REC-8 antibody (Figure 3 - figure supplement 1).  We 268 
also examined the localization of GFP:AIR-2, the aurora B kinase that is 269 
essential for loss of cohesion at anaphase I and which is loaded between 270 
homologs of wild-type bivalents in a chiasma-dependent fashion (Rogers et al., 271 
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2002).  The fluorescence intensity of GFP::AIR-2 was 2.3 times higher on 272 
bivalents than univalents at metaphase I of him-8 embryos (Figure 3 - figure 273 
supplement 2 B,C).  AIR-2 is normally re-loaded between sister chromatids at 274 
metaphase II.  GFP::AIR-2 on metaphase II chromosomes was 1.7 times higher 275 
than on him-8 metaphase I univalents (Figure 3 - figure supplement 2 C) 276 
indicating that the reduced amount of AIR-2 on metaphase I univalents was not 277 
simply a consequence of the smaller size of a univalent relative to a bivalent.  278 
AIR-2 is required for the crossover-dependent, prometaphase, partial removal of 279 
REC-8 from between homologs in a wild-type bivalent, an event proposed to be 280 
essential for loss of cohesion at anaphase I (Severson and Meyer, 2014).  281 
Consistent with the low levels of AIR-2, him-8 univalents had 1.7 +/- 0.3 times the 282 
intensity of REC-8 staining as the inter-homolog region of bivalents in the same 283 
spindle (Fig. 3B; n=8 embryos, two tailed p = .04 Chi Square relative to expected 284 
1.0).    285 
 Because X univalents biorient at metaphase I but load half as much AIR-2, 286 
which is required for loss of cohesion at anaphase I in C. elegans (Kaitna et al., 287 
2002; Rogers et al., 2002), and retain twice as much REC-8, we hypothesized 288 
that bioriented univalents might be pulled toward both spindle poles and lag on 289 
the anaphase spindle as they fail to lose cohesion. To test this possibility, we did 290 
time-lapse imaging of him-8 embryos expressing GFP::tubulin and 291 
mCherry::histone, focusing specifically on the events of anaphase I.  90% of him-292 
8 embryos at anaphase I had one or two lagging chromosomes (n=119), 293 
compared to 2% of wild-type embryos (n=52) [Fig 4A, B].  In 51% of living him-8 294 



 14
embryos with lagging chromosomes at anaphase I, two discrete lagging 295 
chromosomes could be resolved.  Each lagging chromosome eventually moved 296 
as a single unit either toward the cortex or into the embryo in 98% of embryos (n 297 
= 179) (Fig. 4B, 5A) indicating that cohesion between sister chromatids is 298 
maintained and that univalents are not broken or destroyed during anaphase.  At 299 
anaphase II, only 10% of him-8 embryos exhibited lagging chromosomes (n=60) 300 
and 0/22 wild-type embryos had lagging chromosomes, suggesting that lagging 301 
chromosomes are caused by the presence of univalents at meiosis I.  302 
 To confirm that the lagging chromosomes are bioriented X univalents, we 303 
used LacO(X) FISH. We found that the X-specific FISH probe labeled one or two 304 
lagging chromosomes at anaphase I of him-8 embryos, indicating that lagging 305 
chromosomes are X univalents (13/14) (Fig. 4D).  36% of fixed him-8 anaphase I 306 
embryos with lagging chromosomes had two distinct FISH positive chromosomes 307 
lagging.  Another 21% had a single FISH-positive lagging body but no other FISH 308 
positive chromosomes on the spindle indicating that the two X univalents were 309 
likely too close to resolve in these embryos.  The remaining 36% had one FISH 310 
positive lagging chromosome and one FISH positive chromosome in one of the 311 
main chromosome masses (one embryo had a lagging chromosome that was a 312 
bivalent).  These results suggest that one or both X univalents lag in up to 90% of 313 
him-8 embryos.  314 
 Similar results were obtained for chromosome V in zim-2 mutants, where 315 
40% of metaphase I embryos have univalent V’s (Figure 2 - figure supplement 1).  316 
27% (4/15 or over half of anaphase I spindles expected to have V univalents) 317 
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had a lagging chromosome.  100% (4/4) of these lagging chromosomes were 318 
chromosome V as assayed by LacO(V) FISH (Fig 4E). These results indicate 319 
that achiasmate autosomes lag at anaphase I, just like achiasmate X 320 
chromosomes. 321 
  322 
 323 
The meiotic contractile ring captures lagging X univalents in the first polar 324 
body 325 
 After establishing that lagging chromosomes were univalents, we next 326 
asked if univalents that lagged were subject to biased segregation at anaphase I. 327 
To analyze this we conducted time-lapse imaging of embryos from him-8 worms 328 
expressing GFP::tubulin and mCherry::histone as well as embryos from him-8 329 
worms expressing these along with GFP::PH (plextrin homology domain) to label 330 
the plasma membrane (Fig 5A). Our time-lapse analysis revealed that 65% of 331 
lagging chromosomes eventually moved toward the cortex and the forming polar 332 
body of him-8 embryos during anaphase I (n= 181) (Fig 5B), indicating that 333 
preferential expulsion of lagging univalents into the first polar body could 334 
contribute to the higher than random frequency of metaphase II spindles with 5 335 
autosomes and no X.  Because the polar body contractile ring ingresses inward 336 
toward the midpoint of the late anaphase spindle where it normally scissions, we 337 
hypothesized that the preferential resolution of lagging chromosomes toward the 338 
cortex might result from inhibition of contractile ring scission until the ring 339 
ingresses past lagging chromosomes (Fig 5C).  In wild type, ingression of the 340 
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polar body contractile ring initiates when homologs have separated by 2.3 μm 341 
and polar body scission completes when homologs have separated by 5.6 μm 342 
(Fabritius et al., 2011b).  The bias of univalents that moved toward the cortex 343 
before initiation of contractile ring ingression could not be caused by engulfment 344 
by the polar body.  Therefore we separated lagging univalents into two 345 
categories, early resolving univalents that moved to one pole while the main 346 
chromosome masses were separated by less than 4.0 µm and late resolving 347 
univalents that moved to one pole only after the main chromosome masses were 348 
separated by greater than 4.0 µm.  If late resolving univalents were engulfed 349 
during polar body formation, elimination of contractile ring activity would reduce 350 
the fraction of lagging chromosomes resolving toward the cortex.  Indeed, RNAi 351 
depletion of the non-muscle myosin, NMY-2, which causes complete loss of 352 
cortical furrowing and polar body formation (Fabritius et al., 2011b), in him-8 353 
embryos resulted in a significant (p = .02) reduction in the percentage of late 354 
lagging univalents resolving toward the cortex from 64% to 43% (Fig. 5B).   355 
 As a complementary approach, we asked if more rapid polar body ring 356 
ingression would have the opposite effect of NMY-2 depletion.  We previously 357 
showed that depletion of the myosin phosphatase, MEL-11, doubled the rate of 358 
polar body ring ingression (Fabritius et al., 2011b).  Therefore we hypothesized 359 
that inactivation of MEL-11 might enhance the preferential engulfment of lagging 360 
univalents by the first polar body.  Unlike NMY-2 depletion which generates 361 
100% dead embryos, the lethality of mel-11 mutants is rescued by wild-type 362 
sperm so the chromosome constitution of progeny from a mel-11 mother can be 363 
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scored by phenotype.  Mating otherwise wild-type males bearing the recessive X-364 
linked marker, lon-2, to him-8 hermaphrodites allows measurement of the 365 
frequency of nullo X ova (which give rise to lon male progeny) and diplo X ova 366 
(which give rise to XXX dumpy progeny) (Hodgkin et al., 1979).  Random 367 
segregation of univalents should generate a 1:1 ratio of nullo X:diplo X ova.  We 368 
found that  mel-11 increased the segregation bias of him-8 by 7-fold from 3:1 to 369 
23:1 (Table 1).  This result indicates that more rapid furrow ingression captures 370 
more lagging univalents in the first polar body resulting in more nulloX ova.   371 
 To test our hypothesis that a lagging chromosome inhibits contractile ring 372 
scission to allow univalent capture, we asked whether the presence of late 373 
lagging univalents might cause misplacement of the contractile ring from the 50% 374 
spindle length scission point observed in wild-type embryos (Fabritius et al., 375 
2011b) by time-lapse imaging of the plasma membrane marker GFP::PH (Fig. 376 
5A).  Spindle length was measured between the outside edges of the main 377 
chromosome masses and only in frames in which both chromosome masses 378 
were in focus (Fig. 5C).  In him-8 embryos, when there were no lagging 379 
univalents, the contractile ring ingressed normally to 50% spindle length as 380 
measured from the outside edge of the main chromatin mass in the interior of the 381 
embryo.  When a lagging univalent was seen segregating into the polar body, the 382 
contractile ring was seen ingressing deeper into the embryo to 40% spindle 383 
length (Fig. 5C, D).  Alternatively, when a lagging univalent was seen 384 
segregating into the embryo, the contractile ring ingressed inward to a shallower 385 
depth at 59% spindle length (Fig. 5C, D).   386 
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 To further test the idea that a late-lagging univalent might influence the 387 
choice of the scission point, we imaged formation of the first polar body in wild-388 
type or him-8 worms expressing GFP:UNC-59 (septin) and mCherry: histone.  389 
Septins are polymerizing GTPases that assemble in the contractile ring with 390 
myosin II, F-actin and anillins (Green et al., 2013).  In wild type or him-8 with 391 
early resolving univalents, GFP:UNC-59 labeled a flat washer-shaped contractile 392 
ring that moved down to the midpoint of the elongating anaphase spindle as 393 
reported previously for GFP:NMY-2 (Fabritius et al., 2011b). The septin ring 394 
transformed into a tube (Fig. 6A, 255 sec) as previously described for myosin 395 
and ANI-1 (Dorn et al., 2010).  When cortical furrowing relaxed at the end of 396 
telophase I, the septin tube moved outward to the embryo surface, then flopped 397 
over and remained as a separate entity next to the chromosomes in the first polar 398 
body (Fig. 6A, 420 sec).  In 5/10 him-8 embryos in which the septin-labeled ring 399 
reached the lagging univalent, the univalent was trapped in the septin tube and 400 
moved with the septin tube outward during cortical relaxation (Fig. 6B).  In these 401 
cases, the univalent remained trapped in the septin tube adjacent to the polar 402 
body as shown in Fig. 6B and C.  In 3/10 cases, the septin ring passed the 403 
univalent before the tube was formed and in these cases the univalent joined the 404 
main mass of chromatin in the polar body.  In the 2/10 cases where the univalent 405 
did not end up in the polar body, the univalent slipped out of the septin tube into 406 
the embryo before the septin tube moved toward the embryo surface.  These 407 
results are consistent with a model where the septin tube traps late-lagging 408 
univalents until scission occurs on the embryo side of the septin tube.  409 
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 To further test the idea that late-lagging univalents are physically trapped 410 
in the septin tube, we tried to influence the integrity of the septin tube without 411 
blocking polar body scission.  Septins act together with anillins (Green et al., 412 
2013).  C. elegans has three anillins: ANI-1 which is required for polar body 413 
scission, ANI-2 which is required for gonad development and ANI-3 which has no 414 
known function (Maddox et al., 2005).  We hypothesized that ANI-3 might play a 415 
non-essential structural role in the polar body septin tube and that ani-3(RNAi) 416 
might therefore allow late-lagging univalents to slip out of the tube back into the 417 
embryo.  Indeed RNAi of ANI-3 initiated on L4 him-8 hermaphrodites (which have 418 
already completed spermatogenesis) significantly (p<0.001 binomial test) 419 
reduced the fraction of XO male progeny from 37% (n= 9 mothers, 1960 420 
progeny) to 27% (n = 11 mothers, 2123 progeny) whereas ani-3 (RNAi) had no 421 
significant effect on wild -type worms (wt: 0.04% XO, 1% dead, n= 11 mothers; 422 
ani-3 (RNAi): 0.05% XO, 1% dead, n = 17 mothers).  This result suggests that 423 
compromising the integrity of the septin tube may reduce the efficiency of 424 
trapping lagging univalents in the septin tube.   ANI-3 depletion did not 425 
significantly increase the frequency of XXX dumpy progeny from him-8 mothers 426 
(him-8: 3% XXX, 5% dead; him-8 ani-3(RNAi): 4% XXX, 6% dead). This apparent 427 
inconsistency might be explained if additional ANI-3-independent mechanisms 428 
act to reduce the number of XXX progeny (see below). 429 
 430 
  431 
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The early anaphase segregation bias 432 
 Lagging chromosomes were resolved prior to contractile ring ingression in 433 
45% of embryos with lagging chromosomes at anaphase I.   These were 434 
resolved toward the cortex 64% of the time (n=72) and NMY-2 depletion had no 435 
significant effect on this class of embryos (p = .8) (Fig. 5B).  These results 436 
suggest that an additional mechanism biasing univalent movement toward the 437 
cortex might be at work earlier in the cell cycle.  During wild-type meiosis, 438 
bivalents congress to the metaphase plate on an 8 µm long spindle that is 439 
oriented parallel to the cortex.  Upon anaphase promoting complex activation, the 440 
meiosis I spindle shortens to 4.8 μm in length (Yang et al., 2003), then one 441 
spindle pole moves to the cortex in a dynein-dependent manner and homolog 442 
separation initiates (Ellefson and McNally, 2009, 2011).  We found that 443 
univalents were misaligned toward the spindle poles in fixed him-8 embryos at 444 
late metaphase I, when the meiotic spindle is shortened but not yet rotated (Fig. 445 
7A-B).  In 46% of these embryos, both univalents were misaligned toward the 446 
same pole (Fig. 7B), close to the 50% expected from random positioning.  In 447 
fixed him-8 embryos at the onset of anaphase, when spindles are shortened and 448 
rotated, but chromosomes are not yet separated, 57% had one or both univalents 449 
closer to the cortical pole (38 + 19%; Fig. 7F,G).  No embryos had both 450 
univalents closer to the interior spindle pole.  We hypothesized that one of two 451 
mechanisms might link spindle rotation with the early anaphase preference for 452 
univalent movement toward the cortex.  Univalents might stochastically align 453 
closer to one spindle pole before rotation and bias the movement of that pole to 454 
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the cortex.  Alternatively, the cortex-proximal pole might acquire distinct 455 
biochemical properties after rotation due to cortical contact and subsequently 456 
generate more pulling force on the lagging univalents and pull them preferentially 457 
toward the cortex.  458 
 To test whether spindle rotation is involved with the him-8 segregation 459 
bias, we utilized mei-2(ct98), a partial loss of function katanin mutant which 460 
causes a failure of meiotic spindle rotation but still allows polar body formation 461 
and production of viable progeny (McNally et al., 2006).  If offset univalents bias 462 
spindle rotation or if the cortex-proximal pole exerts greater pulling on univalents 463 
after rotation, then a mei-2(ct98) him-8 double mutant should have a reduced 464 
frequency of male progeny relative to him-8 alone.  At 20°C the mei-2(ct98) him-465 
8 double mutant produced only 21% male progeny (n = 1440 progeny from 14 466 
parents) which is significantly less than the 36% male progeny produced by the 467 
him-8 single mutant (n = 964 progeny from 8 parents; p < 0.0001 by one-tailed 468 
binomial test) and is significantly different than mei-2 (ct98) alone (0% males; n = 469 
925 progeny from 8 parents).  The reduction in male progeny is unlikely to be 470 
due to effects on spermatogenesis as sperm is unaffected by katanin null 471 
mutants (Mains et al., 1990).  This result is consistent with either spindle rotation 472 
based models for the early anaphase segregation bias.  The role of spindle 473 
rotation is not conclusive, however,  since mei-2(ct98) meiotic spindles have 474 
other phenotypes besides spindle rotation failure (McNally et al., 2006).   475 
 Absolute distinction between the two possible rotation models would 476 
require unambiguous tracking of both univalents before during and after spindle 477 
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rotation.  This was not possible in any of 201 time-lapse sequences.  In 8 478 
particularly clear time-lapse sequences, one or both univalents could be 479 
identified unambiguously 10 - 100 seconds before initiation of spindle rotation.  In 480 
6/8 of these cases, the univalent-proximal pole rotated to the cortex (Fig. 7I, H).  481 
In 1/8 cases, the univalent-proximal pole rotated away from the cortex.  In 1/8 482 
cases, the 2 univalents were offset to opposite poles both before and during 483 
rotation.  If the cortical environment conferred a stronger pulling force on the 484 
cortical pole after rotation, then lagging univalents crossing the midpoint of the 485 
anaphase spindle should be common.  Time-lapse imaging of spindles after 486 
rotation revealed that among 30 embryos in which one or two lagging 487 
chromosomes were already positioned closer to one pole at anaphase I onset 488 
and the lagging chromosome resolved early, the lagging chromosome resolved 489 
toward the pole that it was already close to in 80% of these embryos (data not 490 
shown).  Among the 20% of embryos in which the lagging chromosome moved to 491 
the opposite pole after spindle rotation, the chromosome moved toward the 492 
cortex 3 times, toward the embryo 3 times, and in one instance, the two lagging 493 
chromosomes resolved to opposite poles.  These observations are not consistent 494 
with a cortical pole that generates a stronger pulling force after rotation but 495 
instead favor the idea that the offset position of univalents before rotation 496 
increases the probability that the univalent-proximal pole will move to the cortex. 497 
 Two results suggested that additional factors might contribute to the 498 
overall inheritance of univalent X chromosomes.  Both ani-3(RNAi) and mei-499 
2(ct98) reduced the frequency of male self progeny from him-8 worms without 500 
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increasing the frequency of triploX self progeny.  We therefore tested whether 501 
aneuploid sperm might influence phenotypic outcomes by LacO(X) FISH on 502 
pronuclear stage embryos from self-fertilized him-8 mothers (not shown).  Before 503 
pronuclear meeting, male pronuclei are distinguished from female pronuclei by 504 
the presence of sperm asters.  We observed 90% haploX, 8% nulloX and 2% 505 
diploX male pronuclei (n = 52).  These values are significantly different than the 506 
50%, 25%, 25% expected from random segregation (two tailed p<.0001 by Chi 507 
Square) and are similar to the frequencies obtained by Hodgkin et al. (1979) 508 
using genetic tests with sex reversed him-8 XX males.  10% nulloX sperm thus 509 
make a small contribution to reducing the frequency of XXX self progeny.    510 
   511 
 512 
 513 
  514 
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Discussion 515 
 Hodgkin et al. (1979) showed that C. elegans that are trisomic for the X 516 
chromosome or that fail to form a chiasma between the normal two X homologs, 517 
have fewer trisomic offspring than expected from random segregation.  Our 518 
results explain this phenomenon by demonstrating that two cellular pathways 519 
preferentially segregate X univalents into the first polar body.  Mechanisms 520 
reducing the frequency of trisomic offspring have not been investigated in other 521 
model organisms because in both mouse and Drosophila, animals with trisomy X 522 
are not fertile (Tada et al., 1993; Schupbach et al., 1978 ) and there are no 523 
mutants, like him-8, that specifically block crossover formation on one specific 524 
chromosome in females.  However, women with trisomy 21 or trisomy X are often 525 
fertile and have been reported to have more than 50% euploid offspring (Bovicelli 526 
et al., 1982; Neri, 1984; Ratcliff et al., 1991;  Robinson et al., 1991;  Stewart et 527 
al., 1991).  Triploid oysters provide a stronger example of apparent female-528 
specific correction to a diploid state.  Eggs produced by triploid females and 529 
fertilized with sperm from diploid males result in 57% diploid, 31% triploid and 530 
12% aneuploid offspring whereas eggs produced by diploids and fertilized by 531 
sperm from triploids result in 15% diploid and 85% aneuploid offspring (Gong et 532 
al., 2004).  Gauging the liklihood that the phenomenon described here for C. 533 
elegans might be relevant to trisomic humans or triploid oysters is complicated by 534 
two issues.  In contrast with trisomic C. elegans, triploid oysters (Guo and Allen, 535 
1994) and trisomic human oocytes sometimes form trivalent structures rather 536 
than a separate bivalent and univalent.  Only  42 - 16% of diplotene oocytes from 537 
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fetuses with trisomy 21, trisomy 13 or trisomy 18 exhibited a separate bivalent 538 
and univalent (Robles et al., 2007; Roig et al., 2005).  It is difficult to predict the 539 
behavior of trivalents on the spindle.  In addition, it is not clear whether a 540 
univalent present during anaphase I of a human or oyster oocyte would be more 541 
likely to move to one pole intact as in C. elegans or to separate equationally.  We 542 
speculate that single chromatids resulting from equational separation of 543 
univalents at anaphase I could be subjected to asymmetric segregation at 544 
anaphase II.  Our results suggest that any chromosome that lags during late 545 
anaphase might be prefentially expelled simply due to the conserved, 546 
asymmetric nature of polar body formation. 547 
 There is one example where a univalent chromosome exhibits the 548 
opposite of the segregation bias reported here in C. elegans.   In the 44 - 78% of 549 
oocytes from XO mice in which the univalent segregates intact at anaphase I, the 550 
univalent is preferentially retained in the embryo (Lemaire-Adkins and Hunt, 551 
2000).  This appears to be a difference between worms and mice rather than a 552 
difference between a trisomy and a monosomy since sex-reversed XO C. 553 
elegans produce an excess of nulloX ova (Hodgkin, 1980).  554 
 Discerning the overall significance of preferentially placing univalents into 555 
the first polar body is a complex problem.  In the case of an XXX mother or a 556 
mother with a mosaic ovary containing trisomic and diploid oocytes, these 557 
pathways would increase the frequency of normal haploid eggs relative to that 558 
expected from random distribution of a single univalent (Fig. 1).  In the case of 559 
diploid oocytes with two univalent autosomes, however, 100% efficient expulsion 560 
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of univalents into the first polar body would increase the frequency of lethal 561 
monosomy.  Data shown in Fig. 2, however, show no significant decrease in 562 
haploid eggs (interpreted from the frequency of MII spindles with 6 563 
chromosomes) from him-8 or zim-2 mothers relative to the 50% that would occur 564 
by random distribution.  Thus the efficiency of placing univalents in the first polar 565 
body has evolved to a point that corrects trisomy without reducing the frequency 566 
of haploid eggs produced from oocytes that failed to form a chiasma between 567 
one pair of homologs.  The conservation of these mechanisms in other species 568 
will have to be elucidated by studies focused specifically on the concept of 569 
chromosomal errors that are corrected, rather than caused, by female meiotic 570 
spindles. 571 
 572 
  573 
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Experimental Procedures 574 
 575 
Worm strains 576 
 The genotypes of C. elegans strains used in this work are listed in 577 
Supplementary File 1.  For LacO(X) FISH, EG7477, which has Lac operator 578 
arrays integrated on chromosome II and X was outcrossed to him-8 males or to 579 
wild-type males to eliminate the extra LacO array on chromosome II, generating 580 
strains FM299 (wild-type LacO(X)) and FM300 (him-8 lacO(X)).  The loss of the 581 
chromosome II LacO array and homozygosity for the X chromosome array were 582 
confirmed by PCR.  583 
 584 
RNAi 585 
 RNAi was carried out by feeding bacteria (HT115) induced to express 586 
double-stranded RNA (Timmons et al., 2001). The clones used were nmy-2 l-587 
3L24, ani-3 V-12J23 (Kamath et al., 2001). 588 
Live imaging 589 
 Adult hermaphrodites were anesthetized with tricaine and tetramisole and 590 
immobilized between a coverslip and agarose pad on a slide.  The time-lapse 591 
images shown in Fig. 2A-E and 4A-B were captured on an Olympus IX71 592 
microscope equipped with a 60x PlanApo NA 1.42 oil objective and an ORCA R2 593 
CCD camera (Hamamatsu Photonics).  Hg arc excitation light was shuttered by a 594 
Sutter Lambda 10-3 shutter controller (Sutter Instruments).  Images shown in Fig. 595 
5A were captured with an Intelligent Imaging Innovations Marianas Spinning Disk 596 
Confocal equipped with a  Photometrics Cascade QuantEM 512SC EMCCD, and 597 
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Zeiss 63X 1.4 objective.  Image sequences in Fig. 6 were captured with a Perkin 598 
Elmer-Cetus Ultraview Spinning Disk Confocal equipped with an Orca R2 CCD 599 
and an Olympus 60X 1.4 objective.   600 
Immunofluorescence  601 
 Meiotic embryos were extruded from hermaphrodites by gentle squishing 602 
between coverslip and slide, flash frozen in liquid N2, permeabilized by removing 603 
the coverslip, then fixed in cold methanol before staining with antibodies and 604 
DAPI.  Antibodies used in this work were mouse monoclonal anti-tubulin 605 
(DM1alpha) (Sigma) [1:200], mouse monoclonal DM1alpha:FITC conjugated  606 
(Sigma) [1:30], rabbit anti-REC-8 (from Josef Loidl) [1:500], Alexa 594 anti-rabbit 607 
and Alexa594 anti-mouse (both from Molecular Probes and used at 1:200).   608 
Images in Fig. 3 were captured with an Applied Precision Deltavision 609 
Deconvolution system equipped with an Olympus PlanApo 60X 1.40 objective 610 
and a CoolSnap HQ CCD camera (Photometrics).  Deltavision Z-stacks were 611 
captured at 130nm intervals.   Images in Fig. 1, 2A’-E’, 4C-E, 7, and S1 were 612 
captured with the Olympus IX71 described above but using an Olympus DSU 613 
(disc scanning unit).  Z stacks were acquired by taking images every 200 nm 614 
(unless otherwise noted) from the top to the bottom of the spindle tubulin signal.  615 
Deconvolution 616 
 Deconvolution was performed on most images shown.  Deconvolution of 617 
time-lapse movies from the IX71 was performed using Huygens Professional X11 618 
(Scientific Volume Imaging) with PSFs determined from bead images.  619 
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Deltavision Z-stacks were deconvolved using Softworx native deconvolution 620 
software with PSFs calculated from bead images taken on that system.  621 
 622 
IF-C-FISH: Immunofluorescence with chromosome fluorescence in situ 623 
hybridization 624 
 A lac operator oligonucleotide CCACATGTGGAATTGTG 625 
AGCGGATAACAATTTGTGG and an oligonucleotide corresponding to an X-626 
specific repeat, XC (Phillips et al., 2005) 627 
TTTCGCTTAGAGCGATTCCTTACCCTTAAATGGGCGCCGG, were each 628 
synthesized with 3’ and 5’ Texas Red and used in hybridization to LacO arrays 629 
integrated on X or V or to endogenous X sequences.  FISH with 630 
immunofluorescence was performed as described by Phillips et al. (2009) with 631 
some modifications.  632 
  Worms were washed in 0.8% egg buffer and then placed on slides pre-633 
coated with poly-L-lysine (Sigma). Worms were then gently crushed between the 634 
slide and a 25mm sq. #1 coverslip to extrude meiotic embryos and immediately 635 
submerged in liquid nitrogen for 10-15 minutes. Coverslips were then flicked off 636 
to freeze-crack eggshells, and slides were submerged in -20°C methanol for 20-637 
30 minutes.  Slides were then washed in 1X PBS twice for 10 minutes and then 638 
in 1X PBST (0.2% Tween-20) for 10 minutes.  Slides were then blocked in 1X 639 
PBST with 4% BSA for 30-45 minutes at room temperature in a moist chamber.  640 
Blocking solution was wicked away being careful not to dry out the samples and 641 
FITC-conjugated DM1a was applied 1:30 in 1X PBST with 4% BSA using 20 μL 642 
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coverwells (Grace BioLabs).  Slides were incubated in this antibody for 4 hours at 643 
room temperature or left overnight at 4°C.  Slides were then washed sequentially 644 
in 1X PBST, 1X PBS, and 2X SSCT (0.4% Tween-20) for 10 minutes each. 645 
Following the last wash, slides underwent secondary fixation in 7% formaldehyde 646 
in 1X egg buffer for 5 minutes and were immediately dipped in 2X SSCT to wash 647 
off fixative.  Slides were then washed in 2X SSCT twice for 5 minutes each and 648 
then pre-hybridized.  Pre-hybridization was performed by adding 200 μL of 50% 649 
formamide in 2X SSCT with a 200 μL coverwell (Grace BioLabs) overnight at 650 
37°C in a moist chamber.  After 24 hours, slides were taken out of 37°C 651 
incubation and placed at room temperature while the FISH probe was prepared. 652 
The FISH probe was prepared by adding 0.6 μL of the stock [900ng/uL] to 30uL 653 
of hybridization buffer (hybridization buffer was made as described in Phillips et 654 
al., 2009) with 300 μL/mL salmon sperm DNA and 0.1% Tween-20 per slide. 655 
Slides were then incubated in 30 μL of this solution under a hybridization slip 656 
(Grace BioLabs) at 95°C for 3 minutes on an OmniSlide (Thermo Scientific) and 657 
then at 37°C in a moist chamber for 48-72 hr. Following this incubation slides 658 
were washed in 50% formamide in 2X SSCT as before but for 2 one hour 659 
incubations. Finally slides were stained with DAPI by submerging in a Coplin jar 660 
filled with 2X SSCT 6 μg/ml DAPI for 10 minutes, and were then washed for 30 661 
minutes in fresh 2X SSCT. Slides were then wicked dry with a Kimwipe taking 662 
care not to dry out the sample and were mounted with 8 μL of DABCO Mowiol 663 
and sealed with nail polish.  Following 2-3 days for curing, slides were imaged. 664 
Metaphase chromosome counts 665 
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 Chromosome counts were carried out on live embryos in utero or on fixed 666 
embryos extruded from the worm by locating metaphase spindles whose 667 
chromosomes were all aligned at the metaphase plate.   Z stacks were captured 668 
at 200nm intervals.  Spindles that were oriented sideways, with their metaphase 669 
plates perpendicular to the imaging plane, were reconstructed using ImageJ 3D 670 
stack reconstruction and chromosomes were counted only if individual masses 671 
could be discerned. Metaphase II spindles were distinguished from metaphase I 672 
spindles by the presence of polar bodies.  673 
Analysis of lagging chromosome resolution 674 
  Time lapse images of lagging chromosomes in FM125, FM126 and 675 
FM232 were acquired at 10 s intervals beginning at late metaphase I when the 676 
spindle is shortening and rotating and continuing through polar body extrusion 677 
and the formation of the metaphase II spindle.  The direction of resolution was 678 
determined from the last frame where the lagging chromosome was still 679 
discernable from the segregating chromosome masses.  At this frame, spindle 680 
length was determined by measuring the distance between the outside edges of 681 
the main masses of segregating chromosomes.  Lagging chromosomes that 682 
decided which way to go when the spindle was more than 4 μm long were 683 
classified as late resolving because earlier work indicated that myosin dependent 684 
polar body scission occurs when spindles are longer than 4 μm (Fabritius et al., 685 
2011b).  We confirmed this assumption by finding that 5/5 FM232 (GFP:PH) 686 
spindles longer than 4 μm exhibited deep cortical furrows.  687 
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 For nmy-2(RNAi) time-lapse sequences, only embryos in which polar body 688 
extrusion completely failed were analyzed. The fate of lagging chromosomes was 689 
scored based on whether they ended up at the cortex or in the interior prior to the 690 
formation of the metaphase II spindle. Often, chromosomes at the cortex were 691 
picked up by the metaphase II spindle.  These were still scored as cortex fated 692 
lagging chromosomes. 693 
 694 
 695 
 696 
 697 
 698 
 699 
 700 
  701 
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Figure Legends 911 
 912 
Figure 1. Trisomy correction during meiosis I.  (A) Illustration showing 913 
expected outcomes of female meiosis in XXX wild-type worms assuming the 914 
extra univalent X (red) does not lose cohesion (yellow) between sister chromatids 915 
during anaphase I, and assuming random segregation.   (B) Illustration of a 916 
spindle with chromosomes at the metaphase plate with poles marked “P” (left) 917 
and a projection of the cross-sectional view down the pole to pole axis at the 918 
metaphase plate (right).  (C-E) Z projections of fixed meiotic embryos viewed 919 
down the pole to pole spindle axis. Meiotic embryos from XXX wild-type mothers 920 
were stained with DAPI and anti-tubulin antibody.   (C) Metaphase I spindles with 921 
7 chromosomes; right images of X-FISH show two X chromosomes on the 922 
spindle.   See also Supplemental Stack 1.  (D) Metaphase II spindles with 6 923 
chromosomes; right images of X-FISH show one X on the spindle and 2-3 foci in 924 
the polar body.  See also supplemental Stack 2.  (E) Metaphase II spindle with 7 925 
chromosomes. (F) Frequency of each spindle class among the progeny of XXX 926 
wild-type mothers.  Insets show polar bodies, marked by asterisks, which were 927 
used to identify metaphase II spindles.   Bar = 5 μm.   928 
 929 
Figure 2.  X univalents are preferentially lost between metaphase I and 930 
metaphase II in him-8 mutants.   Z projections of living (A-E) and fixed (F-J)   931 
C. elegans meiotic embryos viewed down the pole to pole spindle axis at 932 
metaphase I (A ,B, F, G) or metaphase II (C, D, E, H, I, J).  mCherry::Histone 933 
H2B and GFP::tubulin label the chromosomes and spindle respectively in live 934 
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embryos.  Fixed embryos were stained with DAPI, anti-tubulin antibody and a 935 
LacO FISH probe that recognizes a LacO array integrated on the X chromosome.  936 
Asterisks indicate polar bodies. Insets show polar bodies that did not fit in the 937 
image frame.   In (E) “s” denotes a sperm outside of the embryo.   Percentages 938 
are shown for each outcome (K, L).  Bar = 5 μm.   939 
 940 
Figure 2- figure supplement 1.  zim-2 embryos also deposit unpaired 941 
chromosome V  univalents into the first polar body.  Z projections of fixed 942 
meiotic embryos viewed down the pole to pole spindle axis. Embryos were 943 
stained with DAPI, anti-tubulin antibody and a LacO FISH probe that recognizes 944 
a LacO array integrated on chromosome V.  This array is larger than the array 945 
inserted on X thus the foci are larger than those shown in Fig. 2. (A) Metaphase I 946 
embryo with 7 DAPI chromosomes and two LacO (V) univalents.  (B) Metaphase 947 
II embryo with 5 DAPI chromosomes and no LacO (V) chromosome on the 948 
spindle and two in the first polar body.  (C) Metaphase II embryo with 6 DAPI 949 
chromosomes and one LacO (V) chromosome on the spindle and one in the first 950 
polar body. (D) Early anaphase II spindle with 2 LacO (V) chromosomes in the 951 
spindle and none in the first polar body.  In B and C polar bodies are marked by 952 
asterisks. In D the polar body is shown as an inset because it was in a distant 953 
focal plane.  (E) Quantification of the frequencies of each class.  (F) Diakinesis 954 
chromosome counts from the zim-2 and him-8 strains bearing Lac operator 955 
arrays. Left panel shows representative zim-2 diakinesis nucleus with 6 956 
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chromosomes, right two panels show two examples of zim-2 diakinesis nuclei 957 
with 7 chromosomes. Bar = 5 µm. 958 
 959 
Figure 3.  X univalents biorient at metaphase I in him-8 embryos. (A) 960 
Cartoon diagram of REC-8 staining on bivalents and univalents.  (B and C) Anti-961 
REC-8 staining of metaphase I and metaphase II embryos with bivalents (yellow 962 
arrow head) and univalents (white arrow head).  In him-8 embryos, univalents at 963 
metaphase I have a single band of REC-8 with the same orientation seen on 964 
normal chromosomes at metaphase II.   (D) Quantification of the orientation of 965 
univalents, by offset angle from the metaphase plate, 0° corresponds to perfect 966 
biorientation and 90° corresponds to perfect mono-orientation. Cortical pole is on 967 
the left in all images.  Bar = 5 μm.   968 
 969 
Figure 3- figure supplement 1.  Imaging of GFP::KNL-2 demonstrates that 970 
him-8 univalent chromosomes biorient at metaphase of meiosis I. (A-B) Z-971 
projections through fixed GFP::KNL-2 embryos stained with DAPI and anti-972 
tubulin antibody.  (A) Metaphase I wild type and him-8 embryos showing the 973 
distinct KNL-2 cups around bivalents (yellow arrow head) and univalents (white 974 
arrow head).  (B) Metaphase II wild type and him-8 embryos showing the 975 
characteristic KNL-2 cups around bioriented chromosomes at the metaphase 976 
plate.  (C) Quantification of the orientation of chromosomes, by offset angle from 977 
the metaphase plate, 0° corresponds to perfect biorientation and 90° 978 
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corresponds to perfect mono-orientation. Cortical pole is on the left in all images.  979 
Bar = 5 μm. 980 
 981 
Figure 3- figure supplement 2.  Reduced levels of AIR-2 are loaded on him-8 982 
X univalents at meiosis I.  (A and B) Z projections of fixed metaphase I, 983 
GFP:AIR-2 embryos stained with DAPI and anti-tubulin antibody. AIR-2 is loaded 984 
between homologs of both wild-type (A) and him-8 bivalents (B) whereas less 985 
AIR-2 was observed on him-8 univalents (arrow heads in B).  (C) Relative pixel 986 
intensity ratios show that him-8 metaphase II chromosomes load 1.7 times as 987 
much AIR-2 as X univalents at metaphase I, and metaphase I bivalents load 2.3 988 
times as much AIR-2 as X univalents at metaphase I.  n for both refers to total 989 
number of embryos counted, where each metaphase II embryo bore 5-7 990 
chromosomes, and each metaphase I embryo bore 2 univalents and 5 bivalents.  991 
Bar = 5 μm. 992 
 993 
 994 
Figure 4. X univalents lag at anaphase I.  (A) Time-lapse images of a living 995 
wild-type embryo undergoing anaphase I show chromosomes separating as two 996 
distinct masses.   (B) Time-lapse images of a living him-8 embryo show a lagging 997 
chromosome at anaphase I.   (C - E) Z projections of fixed anaphase I embryos.  998 
(C) LacO FISH labeling of a wild-type strain with a LacO array integrated on the 999 
X chromosome shows normal segregation of two X homologs from one X 1000 
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bivalent.  (D)  LacO FISH shows that a lagging chromosome in him-8 is the X.  1001 
(E) LacO FISH labeling of a zim-2 strain with a LacO array integrated on 1002 
chromosome V showing a univalent V lagging at anaphase I.  Cortical pole is to 1003 
the left in all images.  Bar = 5 μm.   1004 
 1005 
Figure 5. The contractile ring moves inward past the lagging chromosomes 1006 
of him-8 embryos. (A) Time-lapse sequence of anaphase I in a him-8 strain with 1007 
GFP::PH, GFP::Tubulin and mCherry::Histone H2B.  The plasma membrane 1008 
ingresses past the lagging chromosomes to engulf them in the polar body.  (B) 1009 
Fraction of him-8 anaphase I embryos in which a lagging chromosome eventually 1010 
resolved toward the cortex or eventually resolved into the embryo (interior).  1011 
Lagging univalents resolved more frequently toward the cortex during both early 1012 
and late anaphase.  Depletion of NMY-2, the myosin required for polar body 1013 
formation, eliminated only the late anaphase bias.    Pairwise two tailed p values 1014 
by Fisher's exact test: him-8 late vs him-8 nmy-2(RNAi) late = .02, him-8 early vs 1015 
him-8 nmy-2(RNAi) early = .80, him-8 early vs him-8 late = 1.0, him-8 nmy-1016 
2(RNAi) early vs him-8 nmy-2(RNAi) late = .26.   p values from Pearson’s Chi 1017 
Squared test: him-8 late vs 50% = .003, him-8 nmy-2(RNAi) late vs 50% = .32, 1018 
him-8 early vs 50% = .02, him-8 nmy-2(RNAi) early vs 50% = .38.  (C) Top, 1019 
diagram illustrating how the position of scission by the contractile ring along the 1020 
pole to pole spindle axis was scored.  Bottom, representative images from time-1021 
lapse sequences showing scission at different positions along the length of the 1022 
spindle.  (D) Average position of contractile ring scission along the pole to pole 1023 
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spindle axis in wild-type embryos and in him-8 embryos with no lagging 1024 
chromosomes, lagging chromosomes that end up at the cortex (Cortical), or 1025 
lagging chromosomes that end up in the embryo (Interior).   Bar = 5 μm.   1026 
 1027 
Figure 6. Lagging chromosomes are captured by the septin tube and 1028 
expelled with polar bodies.  Time-lapse imaging of embryos expressing 1029 
GFP::septin and mCherry::histone. (A) Time-lapse images of a living wild-type 1030 
embryo undergoing anaphase I show the conversion of a flat washer-shaped 1031 
contractile ring into a tube during formation of the first polar body.   (B) Time-1032 
lapse images of a living him-8 embryo show two lagging chromosomes at 1033 
anaphase I (arrows) as one moves into the polar body early on, while the second 1034 
is trapped in the septin tube and is extruded with the first polar body.   (C) Two 1035 
time points of a him-8 embryo during telophase I showing the lagging 1036 
chromosome trapped in the septin tube.  Bar = 4 μm.  Times are from the onset 1037 
of homolog separation. 1038 
 1039 
Figure 7. Early bias of univalent X chromosomes might occur at the 1040 
metaphase to anaphase I transition.  Representative cartoon diagrams and Z 1041 
projections from fixed embryos stained with DAPI, anti-tubulin antibody, and 1042 
LacO(X) FISH probe.  Cortex is at the top. (A-C) Both X univalents on metaphase 1043 
I spindles that were shortened (5.3 - 7.2 μm spindle length) but still parallel to the 1044 
embryo cortex were frequently (46%) aligned closer to the same spindle pole. (D-1045 
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F)  One or both univalents on MI spindles that had rotated but homologs had not 1046 
yet separated were closer to the cortex and future polar body in 38 + 19% of 1047 
embryos.  Both univalents were never observed closer to the interior spindle 1048 
pole.  Yellow dashed lines indicate the metaphase plate.  (H and I) Time-lapse 1049 
images of two univalents (arrows in H) or one univalent (arrowhead in I) offset 1050 
from the metaphase plate just before rotation of the univalent-proximal pole to 1051 
the cortex.  Time zero is initiation of spindle rotation.  Bar = 5 μm.   1052 
 1053 
  1054 
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Table 1.  Enhancement of the segregation bias in him-8 mutants by 1055 
mutations in the myosin phosphatase, mel-11 1056 
Self progeny counts 1057 
genotype temperature

(°C) 
% XO 
male 

% XX 
hermaphrodite 

% XXX 
Dpy 

total 
progeny

mel-11(sb55) unc-
4 

20 0.2 99.8 NC 1763 

mel-11(sb55) unc-
4; him-8 

20 49* 51 NC 374 

unc-4; him-8 20 34 66 NC 1442 
mel-11(it126) unc-
4 

15 0.6 99 NC 790 

mel-11(it126) unc-
4; him-8 

15 58* 38.6 3.4 873 

Ratio of nulloX ova/diploX ova calculated from progeny of cross with lon-2 males 1058 
maternal 
genotype 

temperature
(°C) 

# nulloX (lon male 
progeny) 

 # diploX (dpy 
progeny) 

nullo/diplo  total 
progeny 

mel-
11(it26) 
unc-4 

25 1 0 NA 785 

mel-
11(it26) 
unc-4; him-
8 

25 160 7 22.9 595 

unc-4; him-
8 

25 98 31 3.2 677 

Table 1. mel-11 increases the frequency of male progeny from him-8 1059 
mothers.  mel-11(sb55) and mel-11(it26) worms produce high frequencies of 1060 
dead embryos which cannot be scored for sex at 25°C (Wissman et al., 1999).  1061 
Percent male (XO), hermaphrodite (XX) and dumpy (XXX) progeny from self-1062 
fertilizing mel-11, him-8 or him-8 mel-11 double mutant worms were therefore 1063 
scored at 15°C and 20°C.  Only progeny that developed to the L4 or adult stage 1064 
were counted.  * two tailed p<.0001 by binomial test compared with him-8 alone. 1065 
100% of mel-11(it26) self progeny die as embryos at 25°C but this lethality is 1066 
rescued by mel-11(+) sperm (Kemphues et al., 1988).  The progeny of mel-1067 
11(it26) hermaphrodites crossed with lon-2 males could therefore be scored at 1068 
25°C.  When lon-2(+) hermaphrodites are crossed with lon-2 males (lon-2 is a 1069 
recessive X-linked marker), 50% of the ova will be fertilized by sperm with a 1070 
single lon-2 X chromosome.  Fertilization of a nullo X ova by a a  lon-2 X sperm 1071 
will result in a lon-2 male.  Fertilization of a diploX ova by a lon-2 X sperm will 1072 
result in a XXX dumpy worm.  Random segregation of the unpaired X 1073 
chromosomes in him-8 would result in a ratio of nullo X/diplo X ova of 1.0. The 1074 
mel-11; him-8 double mutant showed a 7-fold increase in the ratio of nullo/diploX 1075 
ova relative to him-8 alone, indicating an increased efficiency of eliminating 1076 
maternal unpaired X chromosomes.   1077 
 1078 
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List of Supplemental Material 1079 
Supplementary File 1: C. elegans strains used in this study 1080 
 1081 
Supplementary File 2. Z-stack of XC FISH on XXX wild-type metaphase 1082 
plate in meiosis I.  16 bit 3 channel TIFF can be opened using FIJI or basic 1083 
ImageJ (http://fiji.sc/Downloads). Data shown is a z-stack acquired with 300nm 1084 
steps through a meiosis I metaphase spindle. Chromosomes are shown in blue 1085 
(DAPI), tubulin antibodies label the spindle in green, and the XC FISH probe 1086 
labels X chromosomes (2 present) in red. Channels can be split for individual 1087 
analysis using the channel splitter (Image>Colors>Split Channels) or can be 1088 
hidden using the channels tool (Image>Colors>Channels Tool).    1089 
 1090 
Supplementary File 3. Z-stack of XC FISH on XXX wild-type metaphase 1091 
plate in meiosis II. 16 bit 3 channel TIFF can be opened using FIJI or basic 1092 
ImageJ (http://fiji.sc/Downloads). Data shown is a z-stack acquired with 300nm 1093 
steps through a meiosis II metaphase spindle. Chromosomes and the first polar 1094 
body, which is on the top, are shown in blue (DAPI), tubulin antibodies label the 1095 
spindle in green, and the XC FISH probe labels X chromosomes (1 present on 1096 
the spindle) in red. Channels can be split for individual analysis using the channel 1097 
splitter (Image>Colors>Split Channels) or can be hidden using the channels tool 1098 
(Image>Colors>Channels Tool).  1099 
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