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Abstract

Androdioecious Caenorhabditis have a high frequency of self-compatible hermaphrodites and a
low frequency of males. The effects of mutations on male fitness are of interest for two reasons.
First, when males are rare, selection on male-specific mutations is less efficient than in
hermaphrodites. Second, males may present a larger mutational target than hermaphrodites
because of the different ways in which fithess accrues in the two sexes.

We report the first estimates of male-specific mutational effects in an androdioecious
organism. The rate of male-specific inviable or sterile mutations is < 5 x 10*/generation, below
the rate at which males would be lost solely due to those kinds of mutations. The rate of
mutational decay of male competitive fitness is ~0.17%/generation; that of hermaphrodite
competitive fitness is ~0.11%/generation. The point estimate of ~1.5X faster rate of mutational
decay of male fitness is nearly identical to the same ratio in Drosophila. Estimates of mutational
variance (VM) for male mating success and competitive fitness are not significantly different
from zero, whereas VM for hermaphrodite competitive fitness is similar to that of non-
competitive fitness. The discrepancy between the two sexes is probably due to the greater

inherent variability of mating relative to internal self-fertilization.
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Introduction

Several species of nematodes in the genus Caenorhabditis, among them the well-known C.
elegans, have evolved an androdioecious mating system in which self-fertilizing hermaphrodites
are very common and males are very rare. In C. elegans, for example, the frequency of
outcrossing (= male-female mating, because hermaphrodites cannot mate with each other) is
thought to be on the order of 1% or less, perhaps much less [1]. Dioecy is ancestral in the
genus and most species in the genus are dioecious, although androdioecy has evolved
independently at least three times [2]. Moreover, at least in C. elegans, androdioecy appears to
have evolved quite recently [3].

Sex determination in Caenorhabditis is an XO type chromosomal system, with
females/hermaphrodites having two copies of the X chromosome and males having a single X
chromosome [4]. Laboratory populations of C. elegans kept under constant conditions in which
the frequency of males is initially elevated above the background consistently lose males, until
the frequency of males equilibrates at the frequency of non-disjunction of the X [5]. The
frequency of males varies among strains [6] and depends on environmental conditions,
averaging about 0.1% under standard husbandry conditions in the N2 strain. However,
laboratory populations exposed to variable selection can keep males at significantly higher
frequencies [7], consistent with the idea that recombination facilitates adaptive evolution.

In an androdioecioius population, selection on male function is (i) necessarily weaker
than selection on hermaphrodite function and (ii) weaker than selection on male or female
function in a dioecious population, because in the absence of males (or females) a dioecious
population immediately goes extinct whereas an androdioecious population plods on even in the
complete absence of males. Moreover, although selection typically favors an equal sex-ratio in
a randomly mating dioecious population [8], that is not generally true in a partially selfing

population [9].
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Importantly, the rarer males become, the less efficient is selection against genes with
male-specific effects on fitness. For example, if males represent 0.1% of the population, as in a
typical C. elegans lab population, an autosomal gene with effects only on male fithess will find
itself in a male - and thus under selection - 0.1% of the time and in a hermaphrodite - and thus
free from selection - 99.9% of the time. If the selection coefficient on that gene is 10% in males
and 0 in females, the average selection coefficient at the gene will be 0.01%. The effective
population size, Ne, of C. elegans is thought to be on the order of 10,000 [10], so an allele with
those sex-specific selection coefficients will have an average selection coefficient of
approximately 1/Ne, roughly the boundary of effective neutrality [11]. Thus, the rarer males
become, the stronger selection must be on male function to overcome random genetic drift.

These features of selection in androdioecious populations lead to a chicken-and-egg
guestion with respect to the rarity of males in androdioecious Caenorhabditis: are males rare
because the sex-ratio is near an evolutionary optimum, or are males on their way out, doomed
to ultimately succumb to the ravages of deleterious mutation? Or perhaps both. A quantitative
answer to that question requires an estimate of the distribution of effects of mutations affecting
male fitness, both with respect to mutations that render males non-viable or sterile, and the
effects on the ability of males to mate and for male sperm to compete with hermaphrodite
sperm. Several elements of male fithess have been shown to be genetically variable among
wild isolates of C. elegans [12].

Unfortunately, the distribution of fitness effects (DFE) on individual traits is very difficult
to quantify reliably [13]. More tractable measures of the vulnerability of a trait to the cumulative
effects of mutation are (i) the rate of change of the trait mean due to the accumulation of
spontaneous mutations (the "mutational bias", AM) and (ii) the rate of increase in genetic
variance (the "mutational variance", VM). These quantities can be used to quantify the relative

mutability of traits and populations.
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83 Here we report on an experiment designed to estimate the cumulative effects of
84  spontaneous mutations on male-male competitive fitness in a set of C. elegans mutation
85 accumulation (MA) lines which were propagated by single hermaphrodite descent for
86  approximately 250 generations. In this context, male function constitutes a truly neutral trait,
87  since chromosomes were (almost) never passed through males. Cumulative effects of
88  mutations on many hermaphrodite traits have been previously reported for these and other C.
89 elegans MA lines (summarized in [14]), providing a robust baseline against which to compare
90 male mutational properties. In addition, we report new results on the cumulative mutational
91 effects on hermaphrodite-hermaphrodite competitive fitness.
92 The results will shed light on two questions of interest. First, the frequency of MA lines
93  for which fertile males can be obtained provides a rough upper bound on the class of mutations
94  resulting in "zero male fitness"; this class comprises male-specific lethal and male-sterile
95  mutations. There are surprisingly few published estimates of the rate of mutation to alleles of
96 zero male fitness. Mukai et al. [15] reported the frequency of matings of Drosophila
97 melanogaster MA lines resulting in sterility was "below 2%". Willis [16] reported that a large
98 fraction of inbreeding depression in Mimulus gutatus (~30%) could be attributed to male-sterile
99  mutations, but actual rates could not be quantified.
100 Second, male components of fithess may be particularly vulnerable to the effects of
101  deleterious mutations, for two reasons. Male mating success is much closer to a winner-take-all
102  game than other components of fithess such as female fecundity or egg-to-adult viability (unless
103  predation is an important cause of mortality). Small differences in performance may be
104  magnified into a win-lose outcome, with the winner mating and the loser not mating. Also, the
105  "genic capture” hypothesis [17] predicts that sexual selection acts at least indirectly on male
106  condition, in which case the mutational target of male fitness is potentially very large. Given the
107 infrequency of outcrossing in C. elegans, it is arguable whether sexual selection is important to

108 the evolution of the species. However, given that (i) outcrossing is the ancestral state in the
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109 genus, (ii) androdioecy seems to have evolved relatively recently in C. elegans, and (iii) the
110  basic biology of mating and fertilization appears similar throughout the genus, it seems

111  reasonable that the cumulative mutational effects on male fitness in C. elegans would at least
112 approximately reflect those in dioecious species.

113 To date, the only published estimates of cumulative mutational effects on male fitness in
114  any animal come from Drosophila melanogaster [18-20], in which effects on male fitness are
115  generally somewhat greater than those on female fitness.

116

117 Methods and Materials

118

119  Mutation accumulation (MA) - The details of the construction and maintenance of the MA lines
120  have been reported elsewhere [21]. Briefly, 100 replicate lines were initiated from a highly

121  homozygous population of the N2 strain of C. elegans and maintained by serial transfer of a
122  single immature hermaphrodite every generation for approximately 250 generations, at which
123 point each MA line was cryopreserved. The common ancestor (G0) of each set of MA lines was
124  cryopreserved at the outset of the experiment.

125

126 Recovery of males from MA lines - Beginning in the winter of 2015, cryopreserved 250-

127  generation (G250) MA lines were thawed and replicate populations collected on standard 60
128 mm NGM agar plates. For lines in which males were not present on the thawed plate, we

129  attempted to generate males using a standard heat shock protocol to induce non-disjunction of
130 the X [22]. If males were obtained but pairings with hermaphrodites failed to produce male

131  progeny, after three heat shock attempts the MA line was characterized as producing sterile
132 males. If no males were obtained after three heat shock attempts, the MA line was

133 characterized as incapable of producing males. Once males were obtained, a single male was

134  paired with three young L4-stage hermaphrodites on a 35 mm NGM agar plate seeded with
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135  OPA50 strain E. coli, and the progeny split into two 100 mm NGM agar plates seeded with OP50,
136  grown until food was just exhausted, and cryopreserved. A set of 46 male-segregating GO

137  "pseudolines" was constructed in the same way and cryopreserved at the same time.

138

139  Male competitive fitness assay — Male-male competitive fithess was assayed by pairing a focal
140 male (GO ancestor or MA) with a marked competitor male of the ST-2 strain (homozygous for
141  the dominant ncls2 pH20::GFP reporter allele on an N2 genetic background) and a male-sterile
142  hermaphrodite homozygous for a recessive null allele at the fog-2 locus [fog-2(q71)]. fog-2is a
143  recessive mutation that destroys spermatogenesis in hermaphrodites, thereby rendering

144  hermaphrodites functionally female [23]. To minimize segregating variance in the maternal

145  stock, we backcrossed the fog-2(q71) mutant allele into the ancestral N2 genetic background for
146  ten generations prior to initiating the competitor population from a cross of a ST-2 male with a
147  fog-2 female.

148 The assay was performed in two blocks, in the same conditions as the MA phase of the
149  experiment (plates seeded with 100 pl of an overnight culture of the OP50 strain of E. coli as
150 food, incubated at 20°), with the exception that the assay plates were 40% agarose (NGMA)
151  rather than 100% agar, to prevent worms from burying in the substrate. Each MA line was

152  included in each block. Assay blocks were initiated by thawing MA lines and GO pseudolines,
153  followed by one generation of male recovery in ten replicate 35 mm plates. Each replicate plate
154  contained two or three males and three young hermaphrodites. All lines were thawed and

155  replicated on the same day. Replicate plates were assigned random numbers and were

156  subsequently handled in order by random number. On the third day after the replicate plates
157  were initiated, competition assay plates were initiated by transfer of a single young focal male
158  from each replicate plate and a single similarly-staged competitor male from a stock plate. The
159  two males were allowed to acclimate to the plate for one day, at which time a female was

160 introduced to the plate at a location approximately intermediate between the two males. Two
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161  days after the introduction of the female, the three adult worms were removed from the plate
162  and their progeny allowed to grow for another two days. In Block 1, after the two-day growth
163  period, plates were stored at 4° C for four days prior to counting. In Block 2, worms were

164  counted directly after the two-day growth period without refrigeration.

165 Worms were counted with the aid of a Union Biometrica BioSorter™ large-particle flow
166  cytometer (aka, a "worm sorter") equipped with the LP Sampler™ microtiter plate sampler. The
167  detailed counting protocol is given in Supplementary Appendix A1. Worms were washed from
168  the competition plates in approximately 1.5 ml of M9 buffer into 1.5 ml microcentrifuge tubes.
169  Tubes were centrifuged at ~2K x g for 1 minute, the supernatant decanted, and the pelleted
170  worms resuspended in 100 ul of M9 and pipetted into a well in a 96-well microtiter plate, which
171  was counted with the BioSorter as outlined in Supplementary Appendix Al.

172

173  Hermaphrodite competitive fitness assay - Competitive fithess of hermaphrodites was assayed
174  in two blocks beginning in May, 2005. At the outset of each block, the cryopreserved GO

175  ancestor of the MA lines was thawed and 20 replicate populations initiated from a single L3/L4
176  stage worm placed on a standard 60 mm NGM agar plate seeded with 100 ul of an overnight
177  culture of the OP50 strain of E. coli. These populations are referred to as "pseudolines" and
178  designated the PO generation. Seven L3/L4 stage offspring from each pseudoline were

179  transferred singly to new plates, designated the P1 generation. From this point on, pseudolines
180  were treated identically to the MA lines. G250 MA lines were thawed and seven revived L3/L4
181  stage worms from each line were placed individually on standard 60 mm NGM plates, labeled
182  P1. All P1 plates were assigned a unigue random number and all subsequent experimental
183  manipulations were performed in sequence by random number. All replicate populations were
184  maintained for two more generations (P2-P3) by transfer of a single L3/L4 stage offspring at

185 four-day intervals to control for parental and grandparental effects. At the same time, we
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186 thawed a replicate of the GFP-marked competitor strain ST-2 and made several large replicate
187  populations by transferring a chunk from the initial plate to a new 100 mm plate.

188 On the second day after the P3 worm began reproduction, a competition plate for each
189 replicate was set up by transferring a single L1-stage larva from the P3 plate and a single L1-
190 stage ST-2 competitor onto a 60 mm NGM agar plate seeded with 100 pl of the HB101 strain of
191 E. coli and supplemented with nystatin to retard fungal contamination. Competition plates were
192  incubated at 20° C for eight days, at which point food was exhausted. Worms were washed
193  from competition plates in cold M9 buffer, settled on ice and 100 pl of the settled worms

194 transferred into a drop of glycerol on the lid of an empty 60 mm agar dish and the bottom of the
195 empty dish pressed into the lid. The glycerol immobilizes the worms and pressing them

196  between halves of the plate puts them into the same focal plane. We took two pictures of each
197 plate at 40X magnification through a Leica MZ75 dissecting microscope fitted with a 100 W

198  mercury arc lamp and epifluorescence GFP filter cube (470/40 nm excitation filter, 525/50 nm
199  emission filter) using a Leica DFC280 camera connected to a computer running the Leica IM50
200 software (Leica Microsystems Imaging Solutions Ltd). The first picture used the arc lamp and
201  GFP filter cube (called the "green" image) and the second, taken immediately afterwards, used
202  transmitted white light (called the "white" image). All worms are visible in the white image,

203  whereas wild-type (non-GFP) worms appear only very faintly in the green image

204  (Supplementary Figure S1). The difference between the number of worms in a white image and
205 in the matching green image is the number of focal worms in the sample.

206 Images were imported into ImageJ software (http://rsb.info.nih.gov/ij/) and worms were

207  counted as follows. If there appeared to be fewer than 200 worms visible in a white image, we
208 first counted every worm in the white image and then each worm visible in the accompanying
209 greenimage. If there appeared to be > 200 worms in the white image we drew a rectangle

210  around approximately 200 worms and counted them. We then pasted the same rectangle in the

211  greenimage and counted the worms visible within the rectangle.
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212
213 Data Analysis -

214 i) Measures of competitive fithess - Competitive fithess has two components: (1) did the focal

215  individual reproduce at all? If not, relative fitness is zero regardless of the number of offspring of
216  the competitor, and (2) given that the focal individual did reproduce, what fraction of the

217  offspring belong to the focal individual? These considerations apply both to male-male

218  competitive fitness and to hermaphrodite-hermaphrodite competitive fitness. Given that a focal

219 individual did reproduce, the ratio p/(1-p) is related to competitive fithess by the relationship

w t .
220 Pr — Po(Zfoc Equation 1
qat CIO( We¢ ) 4

221 [24, equation 17.2], where t represents the number of generations in the fitness assay (NOT the
222 number of MA generations), po is the frequency of the focal type (GO or control) at the beginning
223 of the assay, p: is the frequency of the focal type (GO control or MA) at the conclusion of the

224 assay, q= 1-p, Wi is the absolute fitness of the focal type, and Wc is the absolute fitness of the

225  competitor. Each trial was started with one focal worm and one competitor, so the ratio Po - 1.

do

226  We refer to the ratio p/(1-p) as the "competitive index", CI [25]. CI provides a measure of fithess
227  of the focal type relative to the competitor, raised to the power t. All analyses of Cl were
228  performed on natural log-transformed data.

229 i) Probability of reproduction, 7 - Probability of reproduction is a binary trait. If a focal worm

230 reproduced the replicate is scored as a success ("event=1"); if the focal worm did not reproduce
231 itis scored as a failure ("event=0"). Data were analyzed by Generalized Linear Mixed Model
232 (GLMM) with estimation by Residual Subject-specific Pseudolikelihood (RSPL) as implemented
233 in the GLIMMIX procedure of SAS v.9.4 with a logit link function and a random residual.

234  Treatment (MA vs. Control) is a fixed effect and Line and Replicate (nested within Line) are

235 random effects. Block is a random effect in principle. However, pseudolikelihoods are not

236  appropriate criteria for model selection (e.g., by AIC; [26]), so rather than include or exclude
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237  variance components including block on the basis of estimates for which there is little power
238  (because n=2), we chose to model block as a fixed effect for this analysis. It is common in the
239  analysis of MA fithess assays to treat block as a fixed effect when the number of blocks is small
240 (e.g., [27, 28)).

241 Each line (MA and GO pseudoline) was assayed for male-male competitive fitness, my,
242  in each of the two assay blocks. The full model is written as:

243 T = Y+ te + by + Cj + Iy + &

244  where min is a binary variate scored as 1 if the focal worm produced at least two offspring and O
245  ifit did not, pis the overall mean, tx is the fixed effect of treatment k (GO or MA), b; is the fixed
246  effect of block |, ci is the fixed effect of the treatment by block interaction, Iy is the random

247  effect of line (or pseudoline) |, conditioned on block and treatment, and & is the random

248  residual, conditioned on block and treatment. Random effects were estimated separately for
249  each block/treatment combination by means of the GROUP option in the RANDOM statement of
250 the GLIMMIX procedure [26]. Significance of fixed effects was determined by F-test of Type Il
251  sums of squares, with degrees of freedom determined by the Kenward-Roger method [29].

252 Hermaphrodite probability of reproduction, 4, was modelled similarly, with the exception
253  that each line (or pseudoline) was represented in only one of the two assay blocks, so line is
254  nested within block. The distribution of 4y was strongly left-skewed, so means and standard
255  errors were calculated by an empirical bootstrap procedure [30, 31]. Resampled datasets were
256  constructed by resampling lines within blocks, followed by estimation of means and variance
257  components from the GLMM described above.

258 Competitive Index (CI) — (i) Males. Given that both male worms — the focal worm and the

259  competitor — sired at least 2% of the offspring on the competition plate, we analyzed false-
260  positive corrected male-male CI (Clv) using a standard general linear model (GLM) as
261  implemented in the MIXED procedure of SAS v. 9.4. The correction for false positives is

262  explained in Supplementary Appendix A1l. Studentized residuals of natural log-transformed
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263  data were scrutinized for outliers by eye against a Q-Q plot. After removal of three outliers (n =
264  671), the data were initially fit to the linear model:

265 Vi = 1+ tk + bjk + Cik + Iy + &k

266  where yju is the log(Cl) of the individual replicate and the independent variables are defined as
267  inthe previous section. Block and Line-by-block interaction were modelled as random effects in
268  this analysis. Variance components of random effects were estimated by restricted maximum
269 likelihood (REML). The among-block component of variance was estimated separately for each
270  treatment and the among-line and among-replicate (nested within line) components were

271  estimated separately for each treatment/block combination by means of the GROUP option in
272 the RANDOM or REPEATED statement of the MIXED procedure [32].

273 We first analyzed the full model above, then sequentially simplified the model by first

274  pooling the random effects across grouping levels (e.g., estimating a single among-line variance
275  rather than estimating it separately for each block) and then removing the effect entirely. The
276  model with the smallest corrected AIC (AlCc) was chosen as the best model, and significance of
277  the fixed effect of treatment (MA or GO) in that model was determined by F-test of Type Ill sums
278  of squares, with degrees of freedom determined by the Kenward-Roger method [29]. If two

279  models had equal AlCc, the simpler model was chosen as the best model. AlCc's of the models
280 tested are given in Supplementary Table S1. In addition, we calculated empirical bootstrap

281  estimates of the mean and standard error of Clu, resampling over lines within blocks followed by
282  estimation of means and variance components from the GLM described above [30, 31].

283 Hermaphrodite CI, Cly was modelled analogously to Cly, with the exception that each
284  line (or pseudoline) was represented in only one of the two assay blocks, therefore line is

285  nested within block and there is no line-by-block interaction term. Outliers were identified as for

286  males; five outliers (n = 727) were removed prior to further analysis.

287 Mutational Bias — The mutational bias is the per-generation rate of change in the trait mean.

288  The slope of the regression of trait mean on generation of MA is often designated Ru [33]; the
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289  per-generation change scaled as a fraction of the ancestral (G0) trait mean is often referred to

290 asAM, = ZMtAZ—_Z" where z,4, and zyrepresent the MA and ancestral trait means and t is the
0

291  number of generations of MA. For mv and 4, MA and GO means were estimated by least
292  squares, given the general linear mixed model, and AM, calculated directly from the least-
293  squares means. Clis on a logarithmic scale so mean-standardization of the data is not

294  appropriate because ClI can be negative or positive. For Cl, Ry ¢; = ZMAt_Z" and the mutational

295  bias represents the per-generation change in competitive fitness of the focal genotype relative
296  to the competitor strain. Rwuci can be related to the per-generation mutational change in relative
297  fitness per se, AMy, from Equation 1, as explained below in the Results.

298

299  Mutational Variance (VM) — The per-generation increase in genetic variance resulting from new

300 mutations, VM, is equal to the product of the per-genome, per-generation mutation rate (U) and
301 the square of the average effect of a mutation on the trait of interest, a, i.e., VM=Ua? [34]. In
302 this experiment, MA lines are assumed to be homozygous, in which case VM is equal to half the
303 increase in the among-line component of phenotypic variance, divided by the number of

304 generations of MA, i.e, VM = AV, = W where V, 4 is the variance among MA lines,

305 Vo is the variance among the GO pseudolines, and t is the number of generations of MA ([35],
306 p. 330). For all traits (rr and ClI), VL is the among-line component of variance of the treatment
307  group (MA or GO) extracted from the relevant GLM or GLMM.

308 VM is typically scaled either relative to the residual (environmental) variance, VE or to

309 the square of the trait mean, z. The ratio VM/VE is the mutational heritability (hZ,), and the ratio
310 Z—I‘Z/’ is sometimes called the mutational evolvability (Im) and is equivalent to the squared

311  mutational coefficient of variation [36]. Usually, VM is scaled relative to the ancestral (GO)

312  mean, but if the mean changes substantially over the course of MA (i.e., AM # 0), it is more
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313  meaningful to scale each group (GO and MA) by its own mean [21]. Scaling by the group
314  means is nearly equivalent to calculating AV, from log-transformed data [37]. Clis on a
315 logarithmic scale and cannot be mean-standardized. AV, for Cly and for my and my is not
316  significantly different from O (see Results), so scaling is irrelevant.

317

318 Results

319 Rate of mutations with Zero Male Fitness - Of the 60 of the original 100 MA lines remaining in

320 2014, we were able to obtain fertile males from 53. We assume that the seven lines for which
321  we were unable to obtain fertile males carry at least one mutation that leads to Zero Male

322 Fitness (ZMF, i.e. inviable or sterile), and that these mutations follow a Poisson distribution -
323  analogous to lethal equivalents [38]. With those assumptions, the expected proportion of lines
324  with no mutations (po, i.e., the number of lines that produced fertile males) is: po = €™, where m
325 is the expected number of mutations carried by a line [39]. The expected number of mutations
326 m = ut, where L is the per-generation rate of ZMF mutations and t is the number of generations
327 of MA. Thus, (53/60) = €% so uzur = 5%10%/generation, about half the lower-bound estimate
328 on the frequency of males. If the ZMF mutation rate is greater than the frequency of males, the
329 average chromosome will take a male-sterilizing hit before the next time it winds up in a male,
330 leading to the loss of males by "error catastrophe" [40]. The same calculation from data

331 reported in [41] gives an estimate of pzve = 3x10*/generation.

332 Male-Male Competitive Fithess — (i) Probability of mating (1mm). After 250 generations of

333  completely relaxed selection, MA males are significantly less likely to successfully mate under
334  competitive conditions than are their unmutated GO ancestors (F1131.8= 12.51, P<0.0001).

335  Averaged over the two blocks, the probability that a GO male mated successfully (defined as an
336  estimated frequency of offspring sired > 2%) was ~90% (7, = 0.912 + 0.019) whereas the

337  probability that a MA male mated significantly declined to ~75% (it,, = 0.757 £+ 0.023). Scaled

338 relative to the GO mean, the probability of a male successfully mating under the assay
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339  conditions decreased by about 0.06% per generation (AM, = -0.622 + 0.159 x 10/generation;
340 Table 1; distributions of line means are shown in Supplementary Figure S2).

341 In neither block did VM of v differ significantly from 0. In the first block, the RSPL

342  estimate of VL among GO pseudolines was greater than VL among MA lines; in the second

343  block VL was greater in the MA lines but the difference was not significant (Table 2). (ii)

344  Competitive Index (Clv). When the estimated frequency of offspring sired by the focal male was
345 atleast 2%, MA males sired a smaller fraction of offspring than did their unmutated GO

346  ancestors [log(Clm.co) = -0.145 + 0.074; log(Cluma) = -0.461 + 0.095; standard errors

347  represented by the standard deviation of the empirical bootstrap distribution]. The best-fit linear
348 model includes a separate among-block component of variance for each treatment

349  (Supplementary Table S1), and under that model the change in the trait mean is not significantly
350 different from zero (F11.38 =1.67, P > 0.37). However, when the among-block variance is pooled
351  over the two treatments, the change in the mean Cly becomes significant (F1603=5.57, P <

352  0.02). The lack of significance in the best-fit model potentially represents Type Il error resulting
353  from having to estimate a variance component with n=2. To test that possibility, we estimated
354  the change in the trait mean from the mean of 1000 bootstrap replicates, resulting in an

355 empirical P < 0.007. Averaged over the two blocks, log(Clv) declined by slightly more than

356  0.1% per generation (Ru.cim = -1.26 + 0.48 x 103 /generation; Table 1; distributions of line

357 means are shown in Supplementary Figure S3).

358 As noted, CI cannot be directly mean-standardized. However, Cl is related to relative

t
359  fitness by equation [1] above. AMw can be calculated from 2t = pi(m) , where Cl = (&), po=
ac  qo \ W¢ qat

360 (o=0.5,andt=1, thusCl= (%) The ratio of the fitnesses relative to the competitor
c

-1
361 (designated by a capital W), (V;’/”A) (%) gives the fitness of the MA lines relative to that of the
C Cc

362 GO ancestor (designated by a lower-case w), (M) The ratio (@) = exp(-0.145) = 0.865 and

Wgo Wc
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363 (M) = exp(-0.461) = 0.631, so (M) = 0.73. Thus, male competitive fitness relative to the

We Wgo

364  ST-2 competitor declined by about 27% over the course of 250 generations of MA, or by about -
365 1.04 x 10°/generation when scaled as a fraction of the GO mean.

366 The REML estimate of VL for log(Clwv) for both GO pseudolines and MA lines is zero in
367 each block (Table 2), and the distributions of line means are similar in the two groups

368  (Supplementary Figure S3). Taken at face value, a change in the mean coupled with no change
369 in the among-line variance implies that each line changed at the same rate, or at least at rates
370 that were indistinguishable. A more plausible explanation is that the true genetic variance is
371  small relative to the environmental variance (which includes experimental error) and the sample
372  sizes employed here were not large enough to provide power to detect small differences. In the
373  male fithess assay, each line was initially replicated tenfold, five replicates per block. In the

374  hermaphrodite competitive fitness assay, in which AVL for log(Clw) is highly significant

375  (P<0.0001; see next section), each line was replicated sevenfold, but in only one of the two

376  blocks.

377  Hermaphrodite-Hermaphrodite competitive fitness - (i) Probability of reproducing (mm4). The

378  probability of a hermaphrodite reproducing was high (>98% for both GO and MA), and changed
379 little over 250 generations of MA (AM = -1.9 x 10°°/generation; Table 1; distributions of line

380 means are shown in Supplementary Figure S2). The mutational heritability is large (hy,= 0.02;
381  Table 2), but the distribution of 4 among lines is highly left-skewed (median my = 1;

382  Supplementary Figure S2) so the point estimate of h%, is probably not very meaningful.

383 It is likely that some GFP-marked competitors were misidentified as focal types (non-
384  GFP) in our image analysis, which could potentially inflate the apparent probability of

385  reproduction. However, these values of 4 are nearly identical to the probability of reproduction
386  of hermaphrodites in a different experiment in which hermaphrodites of the same set of MA lines

387  were allowed to reproduce in non-competitive conditions (m4 > 97% for both GO and MA; AM = -
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388 3.3 x 10%/generation; reanalysis of data in [30]). Thus, the very high rate of reproduction does
389  not appear to be an experimental artifact.

390 (i) Competitive Index (Cly) — Mean Cly declined significantly over the course of 250 generations
391  of MA [log(Cln,co) = 0.862 + 0.331, log(Clnma) = 0.228 + 0.338; F1,160 = 26.97, P<0.0001; Table
392 1, distributions of line means are shown in Supplementary Figure S3]. Rw,cin calculated from

393 the slope of the regression of log(Cls) on generation of MA is -2.54 + 0.49 x 1073 per-generation.

- pe _ Do (Wroc\ _ (Pt o -
394  From equation [1], o q—(W—) , Where Cl = (q—), pPo = go = 0.5 and here t is equal to the
t 0 Cc t

395 number of generations of reproduction the population underwent over the course of the eight-

396 day assay. Therefore, log(Cl) =t x Iog(%), so [exp(log(CI)J¥ = (%) and the ratio of the

MA

397 fitnesses relative to the competitor, (WW—) (M
C

-1
) gives the fitness of the MA lines relative to
Cc

398 that of the GO ancestor, (‘:’VM*‘).

GO

399 We cannot be certain about the exact number of generations of reproduction, except that
400 three is the upper bound (based on the worm's life cycle), and the true number is probably close
401 totwo. The basis for that judgment is this: if the average worm produces 200 offspring in its

402 lifetime, after one generation there will be 2x200=400 worms on the plate and after two

403  generations there will be 400x200=80,000 worms on the plate (density-dependence

404  notwithstanding); after three generations there will be 80,000x200=16 million. There were many
405  more than 400 and certainly fewer than 80,000, so we assume two generations is probably

406  close to the true number of generations.

407 Assuming that t = 2, we find (%) =0.728, or in other words, relative competitive fitness
GO

408  declined by about 27% over 250 generations of MA. Scaled relative to the GO ancestor, AMy, =

409  1.09 x 10%/generation. Iftis closer to 3, (WMA) ~(0.81 and AM,, = 0.76 x 10*/generation.

Wao
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410 Averaged over the two blocks, the REML estimate of the among-line variance in log(Clw)
411  increased from zero in the GO ancestor to 0.534 in the MA lines, giving VM = 1.09 x 10

412  3/generation (Table 2; Likelihood Ratio Chi-square = 23.7, df=2, P<0.0001). Scaled as a

413  fraction of VE, the mutational heritability hZ,= 0.83 x 10°/generation. By way of comparison, the
414  point-estimate of h2, for non-competitive fitness in these lines under the same conditions is ~
415  1.29 x 10%/generation [30].

416

417  Discussion

418 A simple but important finding is the close quantitative agreement between our estimate of the
419  Zero Male Fitness mutation rate and that gleaned from the results of a previous MA experiment
420 onthe N2 strain [41]. Those estimates are subject to several sources of uncertainty, both

421  experimental (e.g., perhaps if we had tried harder, we could have gotten fertile males from the
422 lines that did not produce them) and biological (the distribution of mutational effects). The

423  experimental uncertainty in this case leads to an overestimate of the ZMF rate. By way of

424  comparison, the lethal recessive mutation rate in N2 has been estimated, from very limited data,
425  to be on the order of ~0.01/generation [42, 43]. If we assume that each genetic death (lethal
426  mutation) or male dysfunction (ZMF) is due to one and only one mutation, and that the estimate
427  of 80 mutations per MA genome is not far off, then the fraction of ZMF mutations is 7/(80*60),
428 about 0.15%. In every 100 genomes there will be ~32 new mutations, of which about one will
429  be lethal, so the fraction of mutations that are lethal is 1/32, or about 3%. Thus, we infer that
430 the fraction of ZMF mutations is around 5% of the lethal fraction.

431 What of the idea that male fithess is more susceptible to the cumulative effects of

432  mutation than hermaphrodite fithess? Generally speaking, fithess is a function of survival,

433  fecundity, and timing of reproduction. In the hermaphrodite assay, there was no discernible
434  effect of mutation accumulation on the probability of reproducing (a finding which recapitulates

435  the result from a previous non-competitive assay), so the decline in relative fitness with MA is
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436  encompassed by the ~0.11% per generation decline in relative competitive fithess. In males,
437  both the probability of siring offspring and the fraction of offspring sired given that the male did
438  mate successfully declined. A calculation based on the point estimates of the AMs (Table 1)
439  shows that, after one generation of MA, hermaphrodite relative fithness will have declined by 1 —
440  [(1-1.95x10%)(1 — 1.09x103%)] = 0.11%. By the same reasoning, male relative fitness will have
441  declined by 1 —[(1 - 6.82x10%)(1 — 1.04x103) = 0.17%. Thus, male fitness is certainly no less
442  sensitive, and perhaps slightly more sensitive to the cumulative deleterious effects of mutation
443  than is hermaphrodite fitness. This result is quantitatively nearly identical to the finding that
444  male Drosophila melanogaster decline in fithess ~1.5X faster from mutation accumulation than
445  do females [20].

446 The cumulative effects of selection depend on both the effects of an allele on fitness (the
447  selection coefficient, s) and the effective population size, Ne. Based on whole-genome

448  sequencing of a subset of the MA lines in this experiment [44], the per-genome mutation rate is
449  not less than 0.2 (one mutation every five generations) and unlikely to be more than about one
450  mutation per generation, so the average MA line carries somewhere between 50 and 250

451  mutations; we think the true average is likely to be about 80 (AS and CFB, unpublished results).
452 The cumulative decline in hermaphrodite relative fithess is about 27%. Thus, we can bracket the
453  (arithmetic) mean homozygous effect on relative competitive fithess of new mutations, s, as

454  lying somewhere between tAM/50 and tAM/250, where t is the number of generations of MA.
455  For hermaphrodite competitive fitness, tAMy = 0.27, so the average selective effect 5 is

456  bracketed between about 0.27/250 = 0.1% and 0.27/50 = 0.6%; if our estimate of 80 new

457  mutations is correct, s = 0.33%. For male relative fitness, tAM = 0.35, so 5 is bracketed

458  between about 0.14% and 0.7%, with a best-estimate value 5= 0.44%.

459 Ne of C. elegans has been estimated from the standing nucleotide diversity as being on
460 the order of 10* [10]. If a mutant allele is under selection in males but is neutral in

461  hermaphrodites and males represent 1% of the population, the average selection coefficient on


https://doi.org/10.1101/115568

bioRxiv preprint doi: https://doi.org/10.1101/115568; this version posted March 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

462  a mutant autosomal allele would be (0.99)(0) + (0.01)(0.0044) = 4.4x10*, on the cusp of

463  effective neutrality. Deleterious alleles with selection coefficients s = 1/Ne are the most

464  pernicious with respect to population mean fitness [45]. On the face of it, it would appear that
465 males in C. elegans are in peril of mutating their way out of existence. However, that conclusion
466 is based on the strong assumption that mutations that affect male fithess have no pleiotropic
467  effects on hermaphrodite fitness.

468 This study has two limitations. First, we would like to have an estimate of the mutational
469  correlation between male fitness and hermaphrodite fithess, because those data would

470 illuminate the extent to which intersex pleiotropy (“intralocus conflict" if effects are antagonistic
471  between the sexes, [46]) is an inherent feature of genomic architecture, without the confounding
472  influence of natural selection. However, the lack of significant mutational variance in either of
473  the male fitness traits (rmv and Clwv) obviously means the estimate of any covariance with those
474  traits is zero. The male-fitness assay included fewer MA lines (53) than did the full

475  hermaphrodite assay (80), although each block of the hermaphrodite competitive fitness assay
476  included fewer lines (~40 vs ~50) and the estimates of VM were highly significant in each block
477  (LRT, P<0.001). We have assayed many hermaphrodite traits with ~50 250-generation MA
478 lines and detected significant VM (e.g., [14, 47]). Mating is inherently subject to many more
479  sources of variation than is internal self-fertilization, and the results reflect that greater

480  variability.

481 The second limitation is that males compete for fithess not only with other males, but
482  also with the hermaphrodite itself. Measuring male-hermaphrodite competitive fitness in our
483  context requires a recessive marker in the hermaphrodite competitor, so that the offspring of a
484  cross can be distinguished from the hermaphrodite's self-progeny. Unfortunately, we were

485 unable to find a recessive marker that had reasonably high fithess and could also be reliably
486  scored at sufficiently high throughput to enable a full assay, either with the worm sorter, by

487  image analysis, or by eye.
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488 Male-male competitive index includes both a behavioral component and a sperm-

489  competition component, which cannot be discriminated with our assay. Both features could
490 potentially affect male-hermaphrodite competitive fitness. A hermaphrodite paired with a male
491 thatis a poor mater may sire a larger fraction of offspring prior to exhaustion of its sperm than
492  will a hermaphrodite paired with a good mater. Similarly, a hermaphrodite mated to a male with
493  poor sperm will presumably sire a larger fraction of offspring than a hermaphrodite mated to a
494  male with good sperm. Male sperm generally outcompete hermaphrodite sperm [48], so if it is
495  assumed that the entire difference in male-male competitive fitness is due to reduction in sperm-
496  competitive ability and that wild-type hermaphrodite sperm would be no better competitors than
497  wild-type male sperm (which seems reasonable), then the strength of selection against male-
498  male competitive fitness provides an upper bound on the strength of selection acting on the

499  competitive ability of male sperm relative to hermaphrodite sperm. Alas, no such simple

500 approximation is possible with respect to male mating behavior, because the fithess

501 conseguences of even the simplest aspect of male behavior, time to mating, depend on the

502  distribution of timing of hermaphrodite self-fertilization.

503 To conclude, the results of this study indicate that selection acting on mutations affecting
504  male function is similar to, or perhaps slightly stronger than, selection on mutations affecting
505 hermaphrodite function. However, a full accounting of mutations affecting the full spectrum of
506 components of male fithess remains incomplete.

507
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My M log(Clm) log(Clw)
GO 0.912 (0.016) 0.987 (0.008) -0.145 (0.074) | 0.862 (0.331)
MA 0.757 (0.023) 0.982 (0.005) -0.461 (0.095) 0.228 (0.338)
Rw (x 10%gen) -0.622 (0.159) | -0.0192 (0.050) | -1.26 (0.48) -2.54 (0.49)
AM (x 10%gen) | -0.682 -0.0195 -1.04° -1.00%1

Table 1. Evolution of trait means, averaged across blocks; standard errors in parentheses.

Sample sizes are given in Table 2. Values of Ry significantly different from zero (P<0.05)

shown in bold type. See Methods for abbreviations and details of calculations. AM of Cl is

calculated for back-transformed data.

* - Assumes t = 2 generations of reproduction

T - AM calculated for ClI, not log(Cl)
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Variance Block | mmm m log(Clw) log(Clwy
Component Nuwagiki = 46/51 | Nuagike = 41 Nuagiki = 46/53 | NuagikL = 41
Nwagikz = 53/53 | Nuasik2 = 39 Nwagsikz = 53/53 | Nwagikz = 39

VL (GO) 1 2.662 (0.953) |0 0

2 0.705 (0.319) 0 0

Ave 0.574 (0.288) 0 0 0
VL (MA) 1 0.256 (0.406) | 3.547 (1.213) 0.743(0.212)

2 0.412 (0.304) | 2.546 (0.952) 0.343 (0.147)

Ave 0.266 (0.187) 3.052% (0, 4.299) |0 0.571 (0.128)
VM (x10%) |[Ave |O 6.104' (0, 8.598) | 0 1.142 (0.256)
VE (GO0) 1 0.328 (0.037) 1.008 (0.130)

2 0.823 (0.093) 1.007 (0.120)

Ave |0.644(0.052) | 1.008 (0.088) 2.2117(0.173) | 0.8222(0.068)
VE (MA) 1 0.900 (0.105) 0.261 (0.025)

2 0.903 (0.099) | 0.341 (0.030)

Ave 0.902 (0.072) 0.301 (0.020) 3.408% (0.298) | 1.796%(0.136)
hZ (x 10°) Ave 0 20.0 0 0.841

Table 2. Variances. Standard errors in parentheses. See Methods for abbreviations and

details of calculations. For male traits, nuagi is the fraction of the 53 MA lines that were

included in that block. For hermaphrodite traits, each block had a different set of MA lines, out

of 80 total lines. VM significantly greater than 0 (P<0.05) shown in bold type.

1. 95% bootstrap confidence interval in parentheses

2 - Best-fit model includes residual variances for each treatment (GO, MA) pooled over blocks.
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Model Difference from preceding model AlCc

Vi = 1+t + by + Cik + ljk + Sk - 2524.3
Yiiki = M+t + Djj +&ijik No treatment by block interaction, no line term 2524.3
Vi = K+t + by + ik Among-block variance pooled over treatments 2527.6
Vik = M+ T + & No among-block variance 2527.5
Vik = K+ tk + ik Residual variance estimated for each treatment, pooled over blocks 2537.1
Yik = K+ tk + &y Residual variance estimated for each block, pooled over treatments 2540.2

Supplementary Table Sla. AICc scores of linear models tested for male CI (Clu). [ is the overall mean, tx is the fixed effect of
treatment k (GO or MA), b is the fixed effect of block j, ci is the fixed effect of the treatment by block interaction, | is the random
effect of line (or pseudoline) |, conditioned on block and treatment, and & is the random residual, conditioned on block and
treatment. Terms with a REML estimate of zero were removed from the full model prior to testing simpler models. The best-fit model

is shown in bold type.
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Model Difference from preceding model AlCc
Vi = 1+ tic + by + lijie + Eijc Full model 2353.5
Vil = M+t + by + Iy + & Among-block variance pooled over treatments 2352.6
Yik = 1+ te + Iy + &k No among-block variance 2374.6
Vil = M+t + by + lik + ik Among-block variance pooled over treatments, among-line variance pooled over 2352.9
blocks
Vil = ML+t + by + lij + ik Among-line variance pooled over treatments 2376.7
Vi = M+t + by + | + i Among-line variance pooled over blocks and treatments 2378.0
Vil = M+t + by + lyjc + &k Among-line variance estimated separately for each block/treatment combination; 2394.3
residual variance pooled across blocks within each treatment
Yijk = L+t + by + L + &) Residual variance pooled across treatments within each block 2349.4
Vi = M+ te + by + Dy + &i Residual variance pooled across treatments and blocks 2393.3

Supplementary Table S1b. AlCc scores of linear models tested for hermaphrodite CI (Cly). Definitions of variables are the same
as in Table Sla. Note that since each MA line was present in only one block, there is no treatment by block interaction in these

models. The best-fit model is shown in bold type.
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Supplementary Figure S1. Example of a side-by-side comparison of the same sample of worms taken under transmitted white light
(left) and under 470 nm fluorescent light (right) in the hermaphrodite competitive fithess assay. Worms that appear green under
fluorescent light are the GFP-marked competitor (ST-2); worms that do not fluoresce are the focal type, either MA or GO. The yellow
oval and arrow highlight the same individual worms in the two images and are shown to emphasize that the images are an exact

overlay of each other. The difference between the number of worms in the left image and the right image is the fraction p of the focal

type.
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Supplementary Figure S2. Distributions of line means of reproductive success (= mating
success in males); X-axis values are probabilities of reproducing. Upper panels, male

reproductive success (mmv); lower panels, hermaphrodite reproductive success (1mw).
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Supplementary Figure S3. Distributions of line means of log(Cl). See Methods for description
of calculation of Cl. Upper panels, male reproductive success (Cly); lower panels,

hermaphrodite reproductive success (Cly).
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Supplementary Appendix Al. Counting worms with the BioSorter™
The Union Biometrica BioSorter™ is a flow cytometer equipped with a flow cell of diameter large
enough (250 um) to permit worm-sized particles to be detected; the specifications are included

in the manufacturer's documentation at http://www.unionbio.com/biosorter/. The Biosorter

registers an event (a worm, piece of debris, etc.) when a laser detector detects a reduction in
optical density ("extinction") relative to the background optical density. The extinction profile
(the time of flight and area under the curve) is correlated with the length and shape of the object
passing the detector, enabling worms to be distinguished from debris and other non-worm
objects. The Biosorter is equipped with a 488 nm excitation laser and can detect GFP
fluorescence. Events can be "gated" according to time of flight, extinction, and intensity of
fluorescence. Worms at the L2 stage of development or larger can be distinguished from non-
worm events such as debris with reasonably high confidence (details follow). Eggs and L1
stage worms have a much lower signal to noise ratio, so we exclude those developmental
stages from the analysis.

Worms were washed from the competition plates (see Methods in the main text) in
approximately 1.5 ml of M9 buffer into 1.5 ml microcentrifuge tubes. Tubes were centrifuged at
~2K x g for one minute, the supernatant decanted, and the pelleted worms resuspended in 100
pl of M9 and pipetted into a well in a 96-well microtiter plate to be counted with the Biosorter.
The contents of each well of the 96-well plate was counted using the LP Sampler™ microtiter
plate sampler.

The sample may contain bacterial clumps, shed worm cuticles, and other non-worm
debris that can register as false positive events in a "worm" gate. Because these false positives
are not fluorescent (beyond a certain background level), and we count both fluorescent and
non-fluorescent worms, false positives inflate the apparent fraction of non-fluorescent worms in
a sample. Overestimation of the fraction of non-fluorescent worms, p, leads to an overestimate
of the competitive index p/(1-p). To quantify and correct for false positives, we set up 125 35
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mm NGMA test plates with five different population sizes (50, 100, 150, 200, 250) at five
fluorescent-to-non-fluorescent-worm ratios (1:4, 2:3, 1:1, 3:2, 4:1), each replicated five-fold.
Worms were sorted from a mixed-stage mass culture onto the test plates using the BioSorter in
"sort" mode using the same gates as in the fithess assay. Worms were washed from the plates
into a well of a 96-well microtiter plate and counted as described above.

The sorting efficiency and rate of detection of fluorescent worms are both > 99%. Some
worms are lost in the wash step, and not all worms present in a microtiter plate will be recorded
as events based on extinction (as opposed to fluorescence). However, there is no reason to
think that loss or failure to record are genotype-specific. The false-positive rate is calculated as
follows. Terms in bold text are depicted in Supplementary Figure S4 below.

Nt = Total events recorded in the test sample

Nw = Total events recorded in the worm gate, gating on extinction.

Nes = Number of fluorescent worms sorted onto the test plate

Ner = Total fluorescent events recorded in the worm gate, gating on fluorescence.

Nw-Nrr = [number of wild-type worms + non-worms in the worm gate]

L = [Nes - Ner]/Nes , Loss Rate, i.e., fraction of worms lost in washing and counting in LP

Sampler

R = 1-L, Recovery rate

FP = [(Nw-Nrr)-NesxR]/(NT-Ngr) is the estimated false-positive rate.

These calculations were applied to 96 of the test plates, leading to an overall estimated false-
positive rate of 9% (FP=0.09). The number of non-fluorescent worms is estimated as number of
non-fluorescent events in the worm gate,(Nw-Nerr)(1-FP).

In assay block 1, worms were stored at 4° C for four days prior to counting. To account
for the potential effect of refrigeration and storage, 29 of the 125 test plates were stored at 4° C
for four days prior to counting. On average, the number of fluorescent events recorded after four
days of cold storage (Nrr.c) declined, leading to an increase in the loss rate after cold storage
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(Lc). We assume the difference between L and Lc (and thus R and Rc¢) is due to dead worms

that no longer express GFP but that still register as events when gated on extinction. In block 1,

the number of fluorescent worms in a sample was estimated as Ner c+Ner cX[(R-Rc)/Rc].
Gt: Fog2 Gt: All Events
- [7] Dispensed only @ ~ [] Dispensed only @
10 g 3 :
102l
=
2
o
= .0
572 %10
L
109
0 2043
L TOF
TOF
: : Region Events S Tatal
Region Events “Total Al 30984 100,000
Al 16063 51.862 Fog? 16069 51 862
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~5T2 6405 20672

Supplementary Figure S4. The plot on the right displays a density plot of all the events recorded in
one well of a 96-well plate, with log(extinction) on the y-axis plotted against time of flight on the
x-axis (TOF is a proxy for object length). The density of events increases from red to green to
blue. The polygon enclosed by the black lines is the "worm gate", designated "Fog2" in this
figure. Events characterized by extinction/TOF ratios within the gate are classified as worms;
events falling outside the gate are classified as not worms. In this example, the total number of
events recorded in this plate is 30,984, 51.86% of which fell in our worm gate. The plot on the
left is a subset of the worm gate (designated "ST2" in this example) and shows a plot of
log(intensity of green fluorescence) against TOF. In this example, 9664/16069 events are
classified as fluorescent (and thus as worms of the ST-2 strain).
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