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Abstract  23 

We use genomic information to tell us stories of evolutionary origins. But what does it mean 24 

when different genomes report wildly different accounts of lineage history? This “discordance” 25 

can be a consequence of a fascinating suite of natural history and evolutionary phenomena, 26 

from the different inheritance mechanisms of nuclear vs. cytoplasmic genomes to hybridization 27 

and introgression to horizontal transfer. Here, we explore how we can use these distinct 28 

genomic stories to provide new insights into the maintenance of sexual reproduction, one of 29 

the most important unanswered questions in biology. We focus on the strikingly distinct 30 

nuclear vs. mitochondrial versions of the story surrounding the origin and maintenance of 31 

asexual lineages in Potamopyrgus antipodarum, a New Zealand freshwater snail. While key 32 

questions remain unresolved, these data inspire multiple testable hypotheses that can be 33 

powerfully applied to understand the maintenance of sex and origin of new asexual lineages in 34 

this unique natural animal system. 35 

  36 
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Sexuals are from Mars and asexuals are from Venus? Distinct tales from different genomes 37 

Nuclear and cytoplasmic genomes often tell different evolutionary stories. An excellent 38 

example of this phenomenon is provided by the first-ever analysis of the Neanderthal nuclear 39 

genome (Green et al. 2010): while the earlier studies of mitochondrial genomes did not reveal 40 

any evidence for human-Neanderthal hybridization (e.g., Serre et al. 2004), the nuclear data 41 

demonstrated clear and striking evidence to the contrary. Recent sequencing of 13 Neanderthal 42 

samples revealed extensive cytonuclear discordance, with differences between mitochondrial 43 

and Y-chromosome variation providing evidence for patrilocal family structure (Skov et al. 44 

2022). In the human-Neanderthal example, and as is typical for sexually reproducing lineages, 45 

nuclear genomes are inherited biparentally, whereas cytoplasmic (organelle) genomes are 46 

typically inherited uniparentally, often through the macrogamete (Camus et al. 2022). This 47 

separate inheritance can generate differences in nuclear vs. cytoplasmic genealogies (i.e., 48 

cytonuclear discordance).  49 

Two primary evolutionary processes can give rise to cytonuclear discordance: 50 

differential rates of incomplete lineage sorting in nuclear vs. cytoplasmic genomes, with 51 

cytoplasmic genomes tending to sort faster than the nuclear genome (Degnan & Rosenberg 52 

2009; Good et al. 2015), or introgression between lineages/species (reviewed by Sloan et al. 53 

2017). In particular, sex-biased dispersal (Currat et al. 2009), sex-based asymmetry in hybrid 54 

fitness (Turelli and Moyle 2007), interspecific variation in female choosiness (Hendrick 2010), 55 

hybridization-induced loss of strict maternal inheritance (Barnard-Kubow et al. 2017), adaptive 56 

gene flow (Llopart et al. 2014; Melo-Ferreira et al. 2014; Morales et al. 2015), cytoplasmic 57 

capture (Tsitrone et al. 2003; Forsythe et al. 2020), or even horizontal transfer (Stegemann et 58 
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al. 2012) can all lead to biased introgression (e.g., Bonnet et al. 2017) or non-introgression (e.g., 59 

Sharbrough et al. 2017a) of mitochondrial DNA (mtDNA) vs. nuclear DNA (Chan and Levin 60 

2005). Altogether, it is thus not surprising that many sexually reproducing species exhibit 61 

signatures of cytonuclear discordance (Rieseberg and Soltis 1991; Toews and Brelsford 2012). 62 

 It is more difficult to understand why cytonuclear discordance is also found in asexually 63 

reproducing lineages (e.g., Paczesniak et al. 2013; Bourret et al. 2018; Obertegger et al. 2018; 64 

Kueler et al. 2020; Meng et al. 2021), despite nuclear and cytoplasmic genome co-transmission 65 

as a single genetic unit from mother to daughter. Interspecific hybridization is strongly 66 

associated with the origin of asexuality in both parthenogenetic animals and apomictic plants 67 

(“apomixis”) and is an obvious and frequent source of cytonuclear discordance in asexuals 68 

(Avise 1994; Hojsgaard and Hörandl 2019). In such lineages, cytoplasmic and nuclear genomes 69 

are “frozen” in the resulting asexual hybrid, with ~50% of nuclear alleles exhibiting discordance 70 

relative to the captured organellar genome(s). Furthermore, the evolution of cytonuclear 71 

discordance in an asexual lineage is not static, but rather can be influenced by various 72 

phenomena (e.g., ploidy, parent of origin effects, occasional sex/genetic exchange, repeated 73 

derivation, etc.) through time.  74 

Here, we provide a novel synthetic perspective, drawing insights from natural history 75 

and mechanisms of transmission and inheritance, on how patterns of cytonuclear discordance 76 

in asexual lineages, and the mechanisms that drive them, can help illuminate one of the most 77 

important open questions in biology – the nature of the mechanisms driving the maintenance 78 

of sexual reproduction (“sex”). Our particular focus is on how the fundamentally different 79 
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transmission dynamics between the nuclear and cytoplasmic genomes in sexual taxa can 80 

provide insights into transitions to asexuality and fitness in sexual vs. asexual lineages.  81 

We provide an example from a classic animal model system for the evolution and maintenance 82 

of sexual reproduction, using its mitochondrial and nuclear genomic “stories” to glean insight 83 

into the origin(s) of asexuality.  84 

 85 

Understanding genetic diversity in sexuals vs. asexuals: a critical tool for solving a huge 86 

evolutionary “problem”  87 

Potamopyrgus antipodarum, a tiny freshwater snail native to New Zealand, provides a powerful 88 

means to study sex because natural populations of P. antipodarum often harbor both obligately 89 

sexual and obligately asexual individuals (Lively 1987). The frequent coexistence of otherwise 90 

similar organisms that differ in reproductive mode allows the direct comparisons of sexual and 91 

asexual individuals and populations that are needed to understand why sex persists in nature 92 

(Neiman et al. 2018), one of the most pressing open questions in evolutionary biology. Such 93 

systems also enable direct study of mitonuclear interactions and discordance by affording a 94 

unique opportunity to interrogate the interplay between reproductive mode and nuclear vs. 95 

cytoplasmic genome evolution 96 

 Evolutionary theory predicts that sexual populations that are prone to invasion by 97 

asexual lineages should be quickly driven to extinction (Lively 1996). This expectation is based 98 

largely on the substantial "cost of males" imposed on sexual females that devote half of their 99 

reproductive investment to sons relative to asexual females that produce only daughters. This 100 

cost of males - which will be two-fold if sexuals and asexuals are otherwise equal - translates 101 
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into a much higher growth rate of asexual vs. sexual populations that should rapidly result in 102 

the loss of the sexuals (Maynard Smith 1978).  103 

 Whether asexual invasion actually poses a threat to real sexual populations depends on 104 

the extent to which the sexual and asexual individuals and populations are otherwise similar 105 

(Meirmans et al. 2012). Critical steps towards quantifying this threat requires using genetic 106 

markers to establish two key pieces of information that tie directly back to this question of 107 

similarity. First, are the coexisting sexual and asexual populations closely related? This 108 

information is important because relatively closely related sexuals and asexuals are likely to be 109 

phenotypically and ecologically similar and, thus, compete directly (Neiman et al. 2018). 110 

Second, how much genetic diversity does the asexual population harbor? Estimating asexual 111 

genetic diversity is important because many hypothesized mechanisms for the maintenance of 112 

sex (e.g., the Red Queen) can only maintain sex if there is high genetic diversity in the sexual 113 

population relative to asexual population (e.g., Howard and Lively 1994). These two criteria are 114 

also interrelated with respect to a third critical factor for the maintenance of sex, the rate of 115 

origin of new asexual lineages from sexual ancestors (Burt 2000). In particular, a high rate of 116 

origin poses a major threat to sex both in generating relatively high relatedness between 117 

sexuals and asexuals (because many asexual lineages will have very recent sexual ancestors) 118 

and because the repeated origin of these new asexual lineages will tend to maintain high 119 

asexual diversity relative to a situation where this rate is relatively low. 120 

 121 

Asexual origin stories as told by two different genomes  122 

The nuclear point of view 123 
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Dybdahl and Lively (1995) used allozyme electrophoresis of six nuclear markers to demonstrate 124 

that for each of four different lake populations, asexual P. antipodarum were more closely 125 

related to sympatric sexual P. antipodarum than to allopatric asexual counterparts. The allelic 126 

diversity of the asexual subpopulations was high, often close to that of coexisting sexual 127 

subpopulations, but was nevertheless a subset of the sexual allele pool. Heterozygosity of the 128 

asexual individuals was also not appreciably higher than that of the sexuals, despite higher 129 

ploidy levels in the former (Neiman et al. 2011). Together, these data indicated that asexual P. 130 

antipodarum are the product of many recent and separate transitions to asexuality from local 131 

sexual P. antipodarum. Fox et al. (1996) used the same nuclear-encoded markers to genotype a 132 

relatively large sample of snails collected from one of the four lakes featured in Dybdahl and 133 

Lively (1996). This study revealed virtually the same results: asexual P. antipodarum appeared 134 

to be recently and repeatedly derived from coexisting sexuals, translating into substantial 135 

genotypic diversity in the asexuals.  136 

 The first genomics era survey of nuclear variation in sexual vs. asexual P. antipodarum is 137 

reported in Paczesniak et al. (2013), who used 23 single-nucleotide polymorphism (SNP) 138 

markers to genotype over 500 P. antipodarum from 16 distinct New Zealand lake populations. 139 

Similar to the earlier allozyme-based studies, the results of Paczesniak et al. (2013) again 140 

pointed to recent and repeated derivation of most asexual P. antipodarum lineages from 141 

sympatric sexuals along with marked population genetic structure. However, this newer, more 142 

extensive survey did depart markedly from those earlier studies in revealing that asexuals in 143 

some populations harbored nuclear genotypes not found in coexisting sexuals and even sharing 144 

some of these non-local genotypes across lakes. 145 
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 We can use these surveys of population-level variation in the P. antipodarum nuclear 146 

genome to provide an answer to the central questions about the origins and diversity of 147 

asexuals: most - but not all - new asexual P. antipodarum lineages are repeatedly and 148 

frequently derived from still-extant sexual lineages, maintaining high asexual diversity, and 149 

posing a fundamental challenge to the maintenance of sex. 150 

 151 

The mitochondrial perspective 152 

Neiman and Lively (2004) were the first to compare sequence variation and population 153 

structure in sexual and asexual P. antipodarum from the perspective of the mitochondrial 154 

genome. This study revealed high mitochondrial haplotypic and nucleotide diversity in which 155 

both population and biogeographic region were associated with genetic structure. The analyses 156 

also provided a distinct line of evidence for polyphyletic and often local origins of asexual 157 

lineages from coexisting sexual P. antipodarum. Perhaps the most striking outcome was the 158 

discovery of an overwhelmingly common haplotype, "1A", that defied the otherwise 159 

predominant pattern of strong population structure. This mitochondrial haplotype was found in 160 

nearly 1/3 of all of the P. antipodarum included in the study and in 15 of the 20 lakes surveyed. 161 

Neiman et al. (2005) used this same dataset to estimate the time since derivation of a 162 

representative sample of asexual P. antipodarum from sexual conspecifics. While most asexual 163 

lineages harbored mitochondrial haplotypes shared with sexual snails, indicating divergence 164 

from sexual P. antipodarum within the last 150,000 years (and likely much more recently), a 165 

handful of asexual lineages had mitochondrial haplotypes that were as much as 2% diverged 166 
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from the closest sexual relative. These data suggest that these asexual lineages, termed "old 167 

asexual" clades, could be as much as a few million years old.  168 

 Neiman et al. (2011) used a similar New Zealand-wide sample, this time combined with 169 

flow cytometric determination of sexual vs. asexual status, to again report evidence for the 170 

polyphyletic origin of mostly recently derived but some older asexual lineages. This study also 171 

replicated Neiman and Lively (2004) in finding that haplotype 1A was markedly more common 172 

than any other haplotype and took these results a step further by showing that sexual snails, 173 

and even those sympatric with haplotype 1A-bearing snails, almost never harbored haplotype 174 

1A. Paczesniak et al. (2013) employed a similar approach to generating and evaluating 175 

mitochondrial sequence variation in sexual and asexual P. antipodarum as Neiman et al. (2011), 176 

reporting virtually identical results regarding population structure, polyphyletic asexual lineage 177 

derivation, including the existence of mostly young but a few distinctly old-appearing asexual 178 

lineages, and the predominance of the previously reported "common" haplotype 1A. Like 179 

Neiman et al. (2011), Paczesniak et al. (2013) also demonstrated that haplotype 1A was much 180 

more likely to be found in asexual vs. sexual snails.  181 

 With respect to our focal questions about asexual lineage origins and similarities 182 

between sexual and asexual snails, these mitochondrial data do indicate that there have been 183 

multiple separate transitions to asexuality in P. antipodarum and that most - but perhaps not all 184 

- of these transitions have been recent. This picture is complicated by the fact that a large 185 

fraction, and perhaps a majority, of asexual snails harbor a single mitochondrial haplotype that 186 

is extremely rare in sexual counterparts. This last point hints at a more complex reality for 187 

asexual P. antipodarum. 188 
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 189 

Reconciling distinct genomic stories to reveal the origins of asexuality  190 

The outcome of the comparisons of mitochondrial and nuclear genomic variation in sexual vs. 191 

asexual P. antipodarum defy the expectations laid out above: while the mitochondrial and 192 

nuclear data from sexual P. antipodarum are largely concordant, painting a picture of extensive 193 

population structure that is shaped in large part by biogeography, the asexual story is quite 194 

different (Paczesniak et al. 2013). Here, the nuclear data generally indicate a simple origin story 195 

of recent asexual lineage capture of a high diversity of nuclear genotypes from still-extant 196 

sexual lineages and, like the sexuals, reflect marked (though distinctly less) population structure 197 

and an important role of biogeography in defining this structure.  198 

 By contrast, the mitochondrial data hint at many fewer and perhaps geographically 199 

restricted origins of asexual P. antipodarum, especially with respect to the near-omnipresent 200 

haplotype 1A.  By combining analysis of both nuclear and mitochondrial markers in the same 201 

snails, Paczesniak et al. (2013) was also able to definitively demonstrate a clear pattern of 202 

mitonuclear discordance in the asexual snails. The best example of this discordance comes from 203 

the discovery that haplotype 1A exists across many different endemic nuclear genotypes in 204 

many different lake populations of asexual P. antipodarum. The critical question that remains is 205 

how this haplotype, in the absence of departures from canonical sexual reproduction, can 206 

spread to such high frequency across so many nuclear genotypes in so many lakes, while 207 

simultaneously being extremely rare in coexisting sexual snails.  208 

We address this question by laying out a series of hypotheses and predictions, each with 209 

in the text below and as illustrated in Figure 1, that delineate the various possible scenarios that 210 
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could give rise to such patterns of mitonuclear discordance in asexuals. We also discuss the fit 211 

of each hypothesis in the context of currently available data and suggest avenues for future 212 

study. 213 

 214 

Explaining patterns of asexual mitonuclear discordance:  215 

Both stochastic and selection-based mechanisms provide potential explanations for the 216 

existence of mitonuclear discordance in asexual P. antipodarum (and other asexual taxa, Figure 217 

1). There are two selective dynamics that are most likely to produce differences in mitonuclear 218 

discordance across reproductive modes: (1) direct selection on mitochondrial function, and (2), 219 

selfish evolution of mitochondrial haplotypes. By contrast, stochastic processes that might 220 

explain these observations are diverse and varied in their mechanisms. Determining the nature 221 

of the processes contributing to mitonuclear discordance in asexual taxa is important because it 222 

may point towards – or away from – a role for mitochondria in the evolutionary maintenance of 223 

sex.  224 
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Figure 1. Mechanisms capable of generating mitonuclear discordance in asexual lineages. A) 226 

Biased sampling and/or biased transitions to asexuality from a diverse sexual population could 227 

result in observations of different mitochondrial haplotype frequencies across reproductive 228 

modes. B) During rare sex events, asexual lineages may capture new mitochondrial haplotypes 229 

via paternal leakage, resulting in diverse mitochondrial haplotypes on the same nuclear 230 

backgrounds. C) Rare males produced by asexual females may be capable of spreading 231 

asexuality, resulting in cytoplasmic capture of new mitochondrial haplotypes. D) Reduced 232 

efficacy of natural selection in asexuals may allow for persistence of multiple mitochondrial 233 

haplotypes within populations. E) Mitochondrial haplotypes that perform better in an asexual 234 

and/or polyploid context may result in distinct patterns of mitochondrial haplotype frequencies 235 

in asexual lineages compared to sympatric sexual populations. F) Male-harming mitochondrial 236 

mutations are expected to result in inter-sexual conflict. Potential outcomes that would be 237 

expected to resolve this conflict include antagonistic mito-nuclear coevolution, biparental 238 

inheritance of mitochondria in males (e.g., doubly uniparental inheritance), or uniparental 239 

inheritance of the nuclear genome (i.e., asexuality).  240 

 241 

 242 

Stochastic mechanisms: 243 

Hypothesis 1: Apparent mitonuclear discordance in asexuals reflects sampling bias. 244 

If genetic diversity is partitioned differently in sexual vs. asexual lineages (e.g., for some heavily 245 

parasitized populations of P. antipodarum; Fox et al. 1996), it is possible that previous sampling 246 

of asexual P. antipodarum is incomplete and not accurately capturing mitochondrial haplotypic 247 
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frequencies (Figure 1A). An apparent “sampling bias” may instead reflect an artifact of the 248 

population bottlenecks associated with transitions to asexuality from some subset of diverse 249 

sexual lineages. Regardless, under this hypothesis, we expect standing mitochondrial genetic 250 

variation in asexual lineages to approach that of sympatric sexual populations, and intra-251 

population structure for mitochondrial haplotype frequencies. 252 

 253 

Do the predictions hold?  254 

A rigorous test of this hypothesis requires truly comprehensive sampling. While a part of the 255 

mitochondrial cytochrome b gene has been sequenced in thousands of P. antipodarum (e.g., 256 

Neiman and Lively 2004; Neiman et al. 2011; Paczesniak et al. 2013; Verhaegen et al. 2018), 257 

whether this sampling is “comprehensive enough” is not clear. What we do know is that to 258 

date, the documented empirical pattern of mitonuclear discordance in P. antipodarum does not 259 

match the prediction of similar standing genetic variation in sympatric sexuals and asexuals, 260 

particularly with respect to the overwhelming dominance (and corresponding lack of variation 261 

with respect to other haplotypes) of haplotype 1A across asexual P. antipodarum on the South 262 

Island of New Zealand (Neiman and Lively 2004; Neiman et al. 2011; Paczesniak et al. 2013). 263 

Within-population sampling with respect to mitochondrial DNA sequencing is also almost 264 

completely nonexistent in this system (but see Neiman et al. 2011 for one exception, shallow 265 

and deep regions of lake Alexandrina, that nevertheless does not demonstrate obvious 266 

structure).   267 

 268 
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Hypothesis 2: Paternal leakage during rare sex facilitates the spread of mitochondrial 269 

haplotypes. 270 

Following the loss of sex, the machinery responsible for cellular processes related to sexual 271 

reproduction are expected to degrade (e.g., Jalinsky et al. 2020), which would include the 272 

molecular machinery responsible for elimination of the paternally derived mitochondrial 273 

genome. As a result, asexual lineages may be especially ineffective at enforcing uniparental 274 

inheritance of the mitochondrial genome, perhaps to an even greater extent than the nuclear 275 

genome. Thus, barriers to gene flow between sexual and asexual lineages may be more “leaky” 276 

for mitochondrial genomes than for nuclear genomes (Figure 1B). Under this hypothesis, 277 

asexual lineages coexisting with sexuals (and, thus, a relatively high frequency of males) should 278 

exhibit greater mitonuclear discordance than asexual lineages that do not coexist with sexual 279 

counterparts. In addition, because ploidy elevation in asexual P. antipodarum is thought to arise 280 

from rare sex events between asexual females and males (Neiman et al. 2011, 2012), all else 281 

being equal, there should exist greater degrees of mitonuclear discordance in tetraploid than 282 

triploid asexual P. antipodarum. Another expectation for which absence of evidence is not 283 

necessarily meaningful but for which concrete evidence is quite suggestive would be the 284 

existence within a single asexual lineage (defined via nuclear markers) of multiple distinct 285 

mtDNA haplotypes from different clades.  286 

 287 

Do the predictions hold?  288 

Datasets featuring the necessary extensive sampling across New Zealand that includes both 289 

wholly asexual populations as well as sympatric sexual and asexual P. antipodarum are fairly 290 
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rare, with a handful of examples to be found in Neiman et al. (2011) and Paczesniak et al. 291 

(2013). The same limitation applies to the triploid vs. tetraploid comparisons, which are also 292 

only available in these two studies. Figure 4 in Paczesniak et al. (2013) permits a preliminary 293 

visual comparison, with no obvious patterns emerging. Extensive sampling in the appropriate 294 

populations will be needed to provide a rigorous assessment of whether these predictions are 295 

met.   296 

The data that underlie Paczesniak et al. (2013; DOI:10.5061/dryad.j18pv) do 297 

demonstrate that individual asexual lineages (represented by particular multilocus nuclear SNP 298 

genotypes) can harbor multiple mtDNA haplotypes. It is difficult to explain this pattern without 299 

resorting to paternal leakage as described above, although nuclear-encoded mitochondrial 300 

sequences (numts) could contribute to confusing intra-individual patterns (Hazkani-Cova et al. 301 

2010). Experimental studies that pair sexual males with asexual females (which readily mate; 302 

Neiman and Lively 2005; Stork et al. 2022) and then track mitochondrial inheritance will provide 303 

an important means of detecting direct evidence for presence and frequency of paternal 304 

leakage. 305 

 306 

Hypothesis 3: Production of rare males by asexual females and contagious asexuality results 307 

in cytoplasmic capture by asexual lineages. 308 

Asexual P. antipodarum occasionally produce males (Neiman et al. 2012) that produce sperm 309 

(Soper et al. 2013) and copulate (Soper et al. 2015). If these males are able to successfully 310 

fertilize sexual females, and if asexuality can be “contagiously” transmitted by males (e.g., 311 

Maccari et al. 2014) such that some of these offspring are asexual females, new mitochondrial 312 
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haplotypes from sexual populations can be captured in asexual lineages (Figure 1C). Under this 313 

hypothesis, we would expect haplotype sharing across sexual and asexual lineages in these 314 

sympatric populations. Additionally, mitochondrial haplotype networks would be expected to 315 

provide a higher estimate of the number of separate transitions to asexuality compared to 316 

nuclear genealogies, reflecting the more recent coalescence with sexual lineages of the newly 317 

acquired mitochondrial genomes. 318 

 319 

Do the predictions hold? 320 

The data presented in Neiman and Lively (2004), Neiman et al. (2011), and in Paczesniak et al. 321 

(2013) do demonstrate some haplotype sharing across sympatric sexual and asexual individuals.  322 

Analogous to described above, experiments that pair asexual males with sexual females 323 

(copulation does occur in this setting; Soper et al. 2015) and then track offspring production 324 

and reproductive mode will be needed to directly demonstrate asexual contagion.   325 

 326 

Selective mechanisms: 327 

Hypothesis 4: Inefficient positive selection in asexual lineages may prevent fixation of locally 328 

adapted mitochondrial haplotypes. 329 

Mitochondrial haplotypes can experience strong selection to match local environmental 330 

conditions (e.g., Xu et al. 2017). The efficacy of natural selection is expected to be reduced for 331 

asexual lineages (Hill and Robertson 1966), which should affect both the nuclear and 332 

mitochondrial genomes (Neiman and Taylor 2009). The implications are that if transitions to 333 

asexuality occur during mitochondrial selective sweeps, and if positive selection on 334 
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mitochondrial haplotypes is an important local selective force, then mitochondrial diversity and 335 

mitonuclear discordance would be expected to persist much longer in asexual lineages than in 336 

coexisting sexuals (Sharbrough et al. 2018) (Figure 1D). Under this hypothesis, mitochondrial 337 

substitution rates within lakes are expected to be higher in sexual vs. asexual lineages and 338 

sexual populations might exhibit starkly different (and less diverse) mitochondrial haplotype 339 

distributions compared to asexual lineages derived from those very same populations. 340 

 341 

Do the predictions hold? 342 

The data that we would need to perform a rigorous within-lake comparison of substitution 343 

rates do not exist. The second prediction, regarding different mtDNA haplotype distributions 344 

across sexual and asexual lineages, is reflected in the many New Zealand lakes where nearly all 345 

asexual individuals harbor haplotype 1A while sympatric sexual counterparts instead have 346 

different haplotypes, and more unique haplotypes per snail sampled (Neiman et al. 2011, 347 

Paczesniak et al. 2013).  348 

 349 

Hypothesis 5: Elevated fitness of particular mitochondrial haplotypes in asexual and/or 350 

polyploid context. 351 

Energetic demand could differ between asexuals and sexual counterparts for a variety of 352 

reasons, ranging from hybrid origin (reviewed in Hill et al. 2018, but no evidence for such to 353 

date in asexual P. antipodarum) to different life histories (e.g., more rapid maturation in 354 

asexual vs. sexual P. antipodarum, Larkin et al. 2016) or markedly different traits (e.g., resting 355 

egg production in some sexually vs. asexually reproducing monogonont rotifers (Pourroit and 356 
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Snell 1983). These phenomena could result in different mitochondrial haplotype frequencies in 357 

asexuals compared to sexuals (Figure 1E). 358 

From this perspective, the most relevant way in which sexual and asexual P. 359 

antipodarum are known to differ is in ploidy; sexual P. antipodarum are diploid, and asexuals 360 

are typically triploid or tetraploid (Wallace 1992, Neiman et al. 2011). There is growing evidence 361 

that cytonuclear interactions are perturbed by polyploidy (Sharbrough et al., 2017b), such that 362 

polyploids exhibit elevated cytoplasmic genome copy numbers compared to diploid relatives 363 

(Fernandes-Gyorfy et al. 2021). As a consequence, polyploids may experience substantially 364 

different selection dynamics than sexuals, particularly with respect to cytoplasmic genome 365 

replication rate. Under this hypothesis, we might expect that haplotype 1A has a replication 366 

advantage over population-specific mitochondrial haplotypes, resulting in distinct mitonuclear 367 

combinations in sexual vs. asexual lineages. 368 

 369 

Do the predictions hold?  370 

We currently have no data on mitochondrial genome copy numbers per cell in sexual vs. 371 

asexual P. antipodarum lineages. Whole-genome sequencing data from sympatric sexual and 372 

asexual snails can be used to evaluate whether this prediction holds by comparing 373 

mitochondrial (relative to nuclear) read depth across reproductive modes. Evaluating 374 

replication rate advantages is particularly difficult to assess, but if heteroplasmy can be 375 

introduced into sexual lineages (see next hypothesis), relative comparisons of intra-individual 376 

mitochondrial genome proportions may be possible. 377 

 378 
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Hypothesis 6: Frequent inter-sexual conflict arising from male-harming mitochondrial 379 

mutations. 380 

Because mitochondria are predominantly maternally transmitted, selfish mitochondria can bias 381 

their own transmission if they harbor mutations that have sex-specific fitness effects (e.g., 382 

male-harming mutations, Hurst 1991). The evolution of sex-specific fitness effects in 383 

mitochondria (i.e., inter-sexual conflict) is in turn expected to result in inter-genomic conflict 384 

between the nuclear and mitochondrial genomes (Camus et al. 2022). Resolution of inter-385 

genomic conflict can occur through three potential pathways: 1) antagonistic co-evolution in 386 

which “restorers of fertility” mutations that arise in the nuclear genome restore male function 387 

(e.g., cytoplasmic male sterility, Hornett et al. 2006), 2) loss of strict maternal mitochondrial 388 

inheritance (e.g., Doubly Uniparental Inheritance, “DUI”; Zouros 2013), or acquisition of 389 

uniparental nuclear inheritance via transitions to asexuality (Figure 1F). If mitochondrial 390 

mutations with sex-specific effects are common, then the occurrence of the above mechanisms 391 

of resolution should also be common. Notably, DUI has only been documented in mollusks 392 

(Ghiselli et al. 2021), and cytoplasmic male sterility has recently been demonstrated in a 393 

gastropod (David et al. 2022), raising the intriguing possibility that male-harming mutations in 394 

molluscan mitochondrial genomes are relatively common (Breton et al. 2022).  395 

 396 

Do these predictions hold?  397 

The data do not yet exist to evaluate the extent to which this prediction is met. We do know 398 

that Potamopyrgus mitochondrial genomes exhibit signs of inter-haplotype recombination and 399 

apparent heteroplasmy (Sharbrough et al. 2022) and signatures of sex-specific optima of 400 
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mitochondrial function (Greimann et al. 2020), indicating that this type of sexual conflict is at 401 

least biologically possible in P. antipodarum. Additional tests of inheritance patterns in sexual 402 

lineages will provide a critical test of whether “leaky” mitochondrial inheritance exists in this 403 

species. Comparing mitochondrial function of mitochondrial haplotypes in male versus female 404 

contexts will be invaluable in testing for the presence of sex-specific effects of mutations, with 405 

the specific prediction that male mitochondrial function is expected to be reduced compared to 406 

female mitochondrial function. 407 

  408 

Summary & open questions 409 

The presence of mitonuclear discordance in naturally occurring asexual lineages is surprising, 410 

but can be generated by multiple stochastic and selective mechanisms. Determining which of 411 

these mechanisms, if any, contribute to asexual mitonuclear discordance, will both provide 412 

important information about the evolutionary history of the system as well as illuminate the 413 

broader question of whether mitonuclear discordance reveals a role for mitochondrial function 414 

in the evolutionary maintenance of sex.  415 

Regarding stochastic hypotheses, mitochondrial genomes are most likely to suffer the 416 

harmful effects of Muller’s Ratchet (Gabriel et al. 1993), but diverse mitochondrial haplotypes 417 

(hypothesis 1) will delay the onset of mutational meltdown and reduce the effects of clonal 418 

interference. Novel acquisition of new mitochondrial haplotypes by rare sex and leaky 419 

inheritance (hypothesis 2) or by cytoplasmic capture via contagious asexuality (hypothesis 3) 420 

can effectively reset the ratchet altogether. With respect to the selective mechanisms, reduced 421 

efficacy of selection in mitochondrial genomes of asexual lineages compared to sexual lineages 422 
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(hypothesis 4) could lead to reduced capacity for local adaptation of mitochondrial function in 423 

asexual vs. sexual lineages. The transition to higher ploidy levels in asexuals could also 424 

dramatically alter the energetic performance of asexual lineages (hypothesis 5), which may 425 

have both advantages (e.g., increased ATP production capacity) and disadvantages (e.g., 426 

increased energy demand) compared to diploids. Finally, if, as is posed in our sixth hypothesis, 427 

sex-specific mutations provide a scenario in which transitions to asexuality are common, then 428 

selection on mitochondria directly influences competition between sexuals and asexuals within 429 

populations, with direct implications for hypotheses such as the Red Queen, which is not 430 

expected to favor sexual reproduction when asexuals harbor similar diversity to competing 431 

sexuals (Howard and Lively 1994). Together, these possibilities raise a series of important and 432 

unanswered questions both for P. antipodarum and for other similar sexual/asexual systems, 433 

with direct relevance to understanding the maintenance of sex: 434 

 435 

• What is the cause of mitonuclear discordance in asexual P. antipodarum? 436 

• Does mitochondrial performance vary across sympatric sexual and asexual lineages? 437 

Across sexes? 438 

• How “leaky” is mitochondrial inheritance in sexual Potamopyrgus? 439 

• Does polyploidy alter the parameters of energy production? 440 

• What is the mechanism underlying transitions to asexuality in P. antipodarum? 441 

 442 
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