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Abstract 27 

Sperm are among the most variable cells in nature. Some of this variation results from non-adaptive 28 

errors in spermatogenesis, but many species consistently produce multiple sperm morphs, the adaptive 29 

significance of which remains unknown. Here, we investigate the evolution of dimorphic sperm in 30 

Lepidoptera, the butterflies and moths. Males of this order produce both fertilizing sperm and a 31 

secondary, non-fertilizing type that lacks DNA. Previous organismal studies suggested a role for non-32 

fertilizing sperm in sperm competition, but this hypothesis has never been evaluated from a molecular 33 

framework. We combined published datasets with new sequencing in two species, the monandrous 34 

Carolina sphinx moth and the highly polyandrous monarch butterfly. Based on population genetic 35 

analyses, we see evidence for increased adaptive evolution in fertilizing sperm, but only in the 36 

polyandrous species. This signal comes primarily from a decrease in non-synonymous polymorphism in 37 

sperm proteins compared to the rest of the genome, suggesting stronger purifying selection, consistent 38 

with selection via sperm competition. Non-fertilizing sperm proteins, in contrast, do not show an effect 39 

of mating system and do not appear to evolve differently from the background genome in either species, 40 

arguing against the involvement of non-fertilizing sperm in direct sperm competition. Based on our 41 

results and previous work, we suggest that non-fertilizing sperm may be used to delay female remating 42 

in these insects and decrease the risk of sperm competition rather than directly affect its outcome. 43 

 44 
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Sperm cells display remarkable diversity throughout the animal kingdom (Pitnick, Hosken, & Birkhead, 54 

2009), from small and plentiful to gigantic and few (Pizzari, 2006) to super-structure-forming (Higginson, 55 

Miller, Segraves, & Pitnick, 2012). This variation exists at every level, from fixed differences between 56 

species to variability within individual males (John Buckland-Nicks, 1998; Marks, Biermann, Eanes, & 57 

Kryvi, 2008; Sasakawa, 2009; Swallow & Wilkinson, 2002; Tavares-Bastos, Teixeira, Colli, & Báo, 2002). In 58 

many independently evolved cases, males consistently produce two different sperm types, a 59 

phenomenon known as sperm dimorphism. In all cases examined, only one of the two sperm morphs is 60 

capable of fertilization (Bressac et al., 1991; Carcupino, Baldacci, Fausto, Scapigliati, & Mazzini, 1999; 61 

Eckelbarger, Young, & Cameron, 1989; Sasakawa, 2009; Wilms, 1986).  The evolutionary causes and 62 

consequences of variation in sperm morphology, both within and between morphs, are immediately 63 

intriguing. As gametes, these cells are the final step in the long chain of events leading to reproductive 64 

success or failure. Why should such important components of fitness be so variable?  65 

Much of this morphological diversity within morphs can be attributed to deleterious variation, e.g. 66 

genetic defects (Chenoweth, 2005) or age-related decline in sperm quality (Preston, Saint Jalme, Hingrat, 67 

Lacroix, & Sorci, 2015). This deleterious variation has been shown to be inversely correlated with rates 68 

of sperm competition between species; taxa that experience more sperm competition tend to have less 69 

morphologically variable sperm at both population and individual levels (Kleven, Laskemoen, Fossøy, 70 

Robertson, & Lifjeld, 2008). In other words, sperm often vary in spite of constraint imposed by their 71 

reproductive importance. In species with high rates of polyandry, postcopulatory selection through 72 

sperm competition and cryptic female choice weeds out the suboptimal sperm variants, at least for 73 

fertilizing sperm (Birkhead, 1998; Immler, Calhim, & Birkhead, 2008). 74 

 Production of multiple sperm morphs, conversely, is often posited to be adaptive in some way. The very 75 

fact that sperm dimorphism has repeatedly evolved suggests that it has some fitness benefit. Most 76 

commonly, non-fertilizing sperm in dimorphic systems are proposed to be specialized agents of male-77 

male competition, acting as final combatants in the struggle for reproductive success (J Buckland-Nicks, 78 

Bryson, Hart, & Partridge, 2010; John Buckland-Nicks, 1998; Swallow & Wilkinson, 2002). Indeed, some 79 

have suggested that sperm dimorphism allows specialization in the non-fertilizing sperm for a 80 

competitor-inhibiting function, sometimes called “kamikaze sperm” (Baker & Bellis, 1989). Although this 81 

hypothesis has fallen out of favor, it was proposed and mainly evaluated in the context of mammalian 82 

sperm (A. Harcourt, 1991; A. H. Harcourt, 1989; Moore, Martin, & Birkhead, 1999), where non-fertilizing 83 

sperm are not usually differentiated from fertilizing sperm in a sophisticated way. 84 
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One of the most extreme cases of sperm dimorphism occurs in butterflies and moths (Lepidoptera). In 85 

nearly all species of this order, males produce both fertilizing (eupyrene) sperm and a second type 86 

(apyrene) that lacks a nucleus and nuclear DNA (Meves, 1902). The function of apyrene sperm is poorly 87 

understood, but because it lacks DNA, it is clearly incapable of fertilizing eggs. Nevertheless, it does not 88 

appear to be the result of errors in spermatogenesis; apyrene sperm production is hormonally regulated 89 

and occurs in a developmentally predictable way, implying a novel gain of function in these insects 90 

(Friedlander, 1997). Organismal studies have demonstrated that males can control the ratio of the two 91 

sperm types in their ejaculate and typically transfer to females 10 to 20 times as much apyrene sperm as 92 

eupyrene sperm, depending in part on the female’s past mating history (Oberhauser, 1988). These 93 

observations have led some to suggest that apyrene sperm play a specialized role in sperm competition 94 

(Silberglied, Shepherd, & Dickinson, 1984), yet there remain several other competing hypotheses for 95 

apyrene sperm function that have not been resolved through organismal observations and experiments 96 

(Swallow & Wilkinson, 2002).  97 

Recently, characterizations of the proteins found in lepidopteran sperm has opened a new avenue to 98 

assess their evolution and function (Whittington et al., 2017; Whittington, Zhao, Borziak, Walters, & 99 

Dorus, 2015). Proteomic studies have revealed distinct protein profiles for these two cell types 100 

(Whittington, Karr, Mongue, Walters, & Dorus, in press). In both morphs, these proteins are retained 101 

through maturation, and, in the case of apyrene sperm, the discarding of the nucleus. Because distinct 102 

cellular functions are ultimately the product of their expressed protein complement, the class of 103 

proteins uniquely found in apyrene sperm make logical targets for understanding the function of these 104 

cells from a molecular perspective. 105 

At the molecular level, sperm and other reproductive proteins are often observed to evolve rapidly 106 

(Civetta & Singh, 1995; Dorus, Evans, Wyckoff, Sun, & Lahn, 2004; Willie J. Swanson & Vacquier, 2002). 107 

For certain reproductive proteins, like sperm-egg interaction pairs, there is compelling evidence that 108 

adaptive co-evolution drives this accelerated change (Herberg, Gert, Schleiffer, & Pauli, 2018; W J 109 

Swanson & Vacquier, 1998). Yet there are also many instances of reproductive proteins that diverge 110 

quickly because of relaxed purifying selection owing to expression in a single sex instead of the whole 111 

population (Barker, Demuth, & Wade, 2005; Wade, Priest, & Cruickshank, 2008).  Many other factors, 112 

including number of protein-protein interactions or importance of reproductive role, can also act to 113 

shape the intensity of positive or purifying selection on reproductive proteins (Schumacher, Rosenkranz, 114 

& Herlyn, 2014; Schumacher, Zischler, & Herlyn, 2017). Recent theoretical work has formalized the 115 
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prediction that strong purifying selection on sperm proteins should depend on high rates of polyandry to 116 

generate sperm competition (Dapper & Wade, 2016). Thus, with the appropriate datasets, the degree of 117 

each sperm morph’s role in sperm competition can be assessed via molecular tests of evolution.  118 

In this study, we report the first molecular evolutionary analyses of dimorphic sperm. We assessed 119 

patterns of both polymorphism and divergence among sperm proteins from both eupyrene and apyrene 120 

sperm using proteomic datasets of two species: the monarch butterfly, Danaus plexippus, and the 121 

Carolina sphinx moth, Manduca sexta (Whittington et al., in press). North American monarchs spend 122 

time at incredibly high density in overwintering colonies in Mexico and California (Urquhart, 1976) and, 123 

owing to these unique population dynamics, have some of the highest female remating rates observed 124 

in Lepidoptera. Female monarchs mate an average of 2.6 times (and up to 14 times) in overwintering 125 

colonies in the wild (Hill  Jr., Wenner, & Wells, 1976; Smith, 1984), creating ample opportunity for sperm 126 

competition. In contrast, Carolina sphinx moths are typically monandrous (Snow et al., 1974), making 127 

sperm competition rarely relevant as a selective force. Taking advantage of this contrast, we investigate 128 

the differences in patterns of selection between the two sperm morphs in each species to assess the 129 

role of apyrene sperm in sperm competition. If apyrene sperm are involved in sperm competition, their 130 

proteins should show evidence of stronger purifying selection in the monarch butterfly. To complete 131 

these analyses, we have generated the first published set of whole-genome resequencing data for 132 

Manduca sexta from a wild population. To test the general predictions for relaxed selection in sex-133 

limited proteins, we used RNA-seq gene expression datasets from previously published data for Carolina 134 

sphinx moths (Cao & Jiang, 2017) and newly generated data for the monarch butterfly. 135 

Materials and Methods 136 

Sources of data 137 

We used gene sets from the published genomes of each species (Kanost et al., 2016; Zhan & Reppert, 138 

2013) with sperm genes identified from their respective proteomes (Whittington, Karr, Mongue, Walters, 139 

& Dorus, in press) . We inferred selection from patterns of polymorphism and divergence from 140 

congeners using whole genome Illumina resequencing data for both species: a previously published 141 

dataset for North American monarch butterflies  (Zhan et al., 2014) and a new dataset of North 142 

Carolinian sphinx moths. Focal moths were collected with a mercury vapor light trap in July of 2017 in 143 

Rocky Mount, North Carolina (see supplemental table S1 for sequencing summary statistics and 144 

accessions). Divergences were called by comparison to the queen butterfly (Danaus gilippus, previously 145 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


6 
 

published in Zhan et al. (2014)) for monarchs, and the five-spotted hawkmoth (Manduca 146 

quinquemaculata, sequenced for this project) for the Carolina sphinx moth.  147 

In both focal species, we used twelve wild-caught individuals for sampling of polymorphism. In the case 148 

of Carolina sphinx moths, these were twelve males caught over the course of three nights. The sex-149 

biased sampling reflects a sex bias in dispersal and collection at the light trap. In the case of monarchs, 150 

samples were selected based on depth of sequencing coverage in the published dataset and included 8 151 

females and 4 males from the panmictic North American migratory population. This mixed-sex sampling 152 

added the complication of unequal sampling between the autosomes (n = 24) and Z sex chromosome (n 153 

= 16). Despite the male-biased gene accumulation on the Z chromosome, the vast majority of sperm 154 

genes (92% in the Carolina sphinx, 90% in the monarch) are autosomal in both species (Mongue & 155 

Walters, 2017). Due to the sampling complication and limited inference to be gained from Z-linked 156 

genes, we focused on the autosomal genes in both species in subsequent analyses.  157 

SNP-based methods 158 

We aligned sequenced reads with bowtie2 (Langmead & Salzberg, 2012)  for conspecifics to their 159 

reference genome or with stampy (Lunter & Goodson, 2011) with an increased allowance for 160 

substitution for heterospecific alignments. Alignments were taken through GATK’s best practices 161 

pipeline (McKenna et al., 2010), including hard filtering, to yield a set of high quality variants both within 162 

and between species. Effect-class of each variable site (synonymous, non-synonymous, intergenic, etc.) 163 

was determined using custom databases for the two species created with SnpEff (Cingolani et al., 2012). 164 

Annotated SNPs were curated to remove false divergences (ancestral polymorphism) and then 165 

differences in adaptive evolution were calculated using an estimator of the neutrality index to calculate 166 

α, the proportion of substitutions driven by adaptive evolution (Stoletzki & Eyre-Walker, 2011). This 167 

form of α corrects the inherent bias in a ratio of ratios while also allowing summation across multiple 168 

genes to reduce noise associated with small numbers in count data. For any set of i genes with non-zero 169 

counts of synonymous (s) polymorphism (P) and divergence (D): 170 

α �   1 �
∑��	
 � �
�/��	
 � �	
�

∑��
 � �	
�/��	
 � �	
�
 

This statistic was calculated with custom scripts in R (R Core Team, 2017).  171 

Assessment of adaptive evolution and statistical significance  172 
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In each analysis, we calculated α for a biologically meaningful set of genes, e.g. the sperm proteome and 173 

the background genome, and generated a test statistic from the absolute difference of the two point-174 

estimates. To determine significance, we combined the two sets and randomly assigned genes into two 175 

new sets of sizes equal to the originals. The difference of these two datasets was determined and the 176 

process was repeated for 50,000 permutations to build a distribution of differences between the point 177 

estimates of two gene sets of these relative sizes. The p-value was taken as the proportion of times a 178 

greater absolute difference was observed between the two random data sets than between the original 179 

sets.  180 

We used this permutation approach to make within-species comparisons of α for several different 181 

groupings of genes. We first examined differences between the whole sperm proteome and background 182 

genome (i.e. all autosomal non-sperm proteins). Next, we considered differences between sperm 183 

homologs and sperm proteins unique to one species to assess how selection acted on the same genes in 184 

different species. We identified sperm homologs as predicted orthologs that are present in the sperm of 185 

both species, with orthology predicted via the proteinOrtho pipeline, as previously reported in Mongue 186 

& Walters (2017). Unique sperm proteins may or may not have an ortholog in the other species but are 187 

present in the sperm of only one species. Finally, we compared among proteins grouped by their 188 

presence in apyrene versus eupyrene sperm. To do so, we classified sperm proteins into three subsets: 189 

specific to eupyrene sperm, specific to apyrene sperm, or shared in both types. Pairwise comparisons 190 

were made between each subset. For these analyses, we did not consider orthology status owing to the 191 

reduction in power that would accompany multiple layers of subdivision of the dataset. For the whole 192 

proteome and morph subset comparisons, we further assessed the relative contributions of 193 

synonymous and non-synonymous polymorphism and divergence to the α calculation, using a Wilcoxon-194 

Mann-Whitney test to assess significant differences.  195 

Site-frequency-based methods 196 

We also investigated molecular evolution by leveraging site-frequency-spectrum-based approaches as 197 

complimentary evidence. Owing to the redundancy in results, we have included these analyses in the 198 

supplement rather the main text. In brief, we used the population genetics software suite ANGSD 199 

(Korneliussen, Albrechtsen, & Nielsen, 2014) to generate site frequency spectra at putatively neutral 200 

(four-fold degenerate) and selected (zero-fold-degenerate) sites in the genome. We unfolded site 201 

frequency spectra and analyzed these spectra with the software polyDFE (Tataru, Mollion, Glémin, & 202 

Bataillon, 2017) to examine rates of adaptive evolution in the whole sperm proteomes and background 203 
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genomes with a more complex likelihood model that corrects for effects of demography and potential 204 

misattribution of ancestral state.  205 

Investigation of sex-limited and tissue-specific expression 206 

Next, we used RNA-seq data to assess whether or not differences in tissue specificity of expression 207 

impacted our results from the sperm proteomes in these taxa. For Manduca sexta, there already existed 208 

a wealth of tissue-specific data at multiple developmental timepoints (Cao & Jiang, 2017). Because we 209 

were primarily interested in sperm involvement, we focused on data from adult males, specifically RNA 210 

from the testes, head, thorax, and gut. Expression (measured as fragments per kilobase of transcript per 211 

million mapped reads, FPKM) was averaged across biological replicates where available in this species. 212 

Monarchs had no comparable published data, so we generated separate RNA-seq data sets from the 213 

head, thorax, gut, testes, and accessory gland of three adult males (summarized in Table S2 with 214 

accessions).  215 

We quantified tissue-specificity of expression using the specificity metric (SPM) statistic, a ratio ranging 216 

from 0 to 1 indicating the proportion of gene expression occurring in a given focal tissue (Kryuchkova-217 

Mostacci & Robinson-Rechavi, 2017). For instance, a gene with SPM = 0.8 for the testes shows 80% of its 218 

total expression across all sampled tissues in the testes. This same gene would have a much lower SPM 219 

value in head, thorax, or other tissues. We observed a bimodal distribution of tissue specificities, which 220 

allowed us to bin genes into one of two classes: those that displayed low levels of specificity (SPM < 0.5) 221 

and those that displayed high levels (SPM > 0.5). After separating genes by specificity, we calculated α 222 

for three classes of genes in these two specificity bins. 223 

We had two goals with these analyses: (1) to determine if patterns of adaptive evolution between 224 

classes remained the same at both low- and high-specificities and (2) if α increased within a class of 225 

genes at higher specificity compared to low. First, we considered background genome genes (i.e. non-226 

sperm genes) ranked by maximum specificity observed in the head, thorax, or gut for each of these 227 

genes. Next, we considered only genes identified in the sperm proteome and ranked them by SPM in the 228 

testes. Finally, for putatively male-limited non-sperm genes, we excluded sperm proteome genes and 229 

considered again those ranked by specificity in the testes (or testes and accessory glands for monarchs). 230 

As with our other α calculations, we used non-parametric bootstrapping to generate 95% confidence 231 

intervals. For cases in which confidence intervals overlapped, we assessed significance with permutation 232 

testing. These analyses were completed with custom R scripts.  233 
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Demographic estimates 234 

Finally, to contextualize the previous analyses and take full advantage of our newly-generated data, we 235 

characterized present and historical population sizes of our study species from genomic data. Using 236 

folded four-fold degenerate site frequency spectra, we estimated neutral coalescence patterns with 237 

Stairway Plot (Liu & Fu, 2015). For estimated generation time, we used four generations per year for 238 

monarchs and three for the Carolina sphinx moth. For mutation rate, we chose the estimate 2.9*10-9 239 

from the butterfly Heliconius melpomene, the closest relative with a spontaneous mutation rate 240 

estimate (Keightley et al., 2015). 241 

Results 242 

Differences Between Sperm Proteins and the Background Genome 243 

First, we considered the sperm proteome as a whole (i.e. all apyrene, shared, and eupyrene proteins) 244 

and compared adaptive evolution of genes found in sperm to those in the background genome, defined 245 

as all autosomal protein coding genes not present in the sperm proteome. Z-linked genes were excluded 246 

from the analysis. We counted and classified synonymous and non-synonymous single nucleotide 247 

polymorphisms within species and divergences to a congener (Danaus gilippus for the monarch, and 248 

Manduca quinquemaculata for the Carolina sphinx). These quantities were used to generate an estimate 249 

of the proportion of adaptive substitutions (α) per gene-class for both the sperm proteome and the 250 

background genome. We found no difference in α between the sperm proteome and the rest of the 251 

genome in the Carolina sphinx (p = 0.40892 by permutation testing, Figure 1A, left); for monarchs, 252 

however, the sperm proteome showed a significantly greater proportion of adaptive substitutions than 253 

the rest of the genome (p = 0.00006, Figure 1A, right). Note that in the strict sense, negative α values are 254 

not biologically meaningful and likely point to an abundance of weakly deleterious variants within 255 

populations or complex demographic histories (Eyre-Walker & Keightley, 2009); nevertheless, these 256 

confounding variables should not differentially affect genes within species, so our observed differences 257 

point to true differences in selection in gene sets. 258 

To better understand the relative roles of polymorphism and divergence in sperm and background 259 

genes, we investigated the individual components of α: counts of non-synonymous polymorphism (Pn), 260 

synonymous polymorphism (Ps), non-synonymous divergence (Dn), and synonymous divergence (Ds). 261 

We compared the scaled estimates of each (e.g. non-synonymous polymorphisms per non-synonymous 262 

site) to the background genome within each species using a Wilcoxon-Mann-Whitney test (Figure 1B). 263 
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We found no differences between sperm and the background for any class of variants in M. sexta (Pn: W 264 

= 3014100, p = 0.5964; Ps: W = 2879300, p = 0.1830; Dn: W = 3068300, p = 0.2009; Ds: W = 2895700, p = 265 

0.2686). The signal for elevated α in monarch sperm primarily reflects non-synonymous polymorphism, 266 

which was greatly depressed (W = 3062400; p = 3.224 * 10-11), as would be expected under strong 267 

purifying selection, while other classes were comparable between sperm and the background genome 268 

(Ps: W = 2684200, p = 0.2720; Dn: W = 2506400, p = 0.1300; Ds: W = 2544400, p = 0.3437).  269 

Next, we leveraged orthology, as established by Whittington et al. (2017), to test for differences in 270 

mating system while controlling for the effects of sperm proteome content. Substantial numbers of 271 

orthologous proteins are found in the sperm proteomes of both species, which we hereafter referred to 272 

as sperm homologs. Sperm homologs offer the opportunity to directly assess the selective pressures 273 

experienced by the same genes with putatively conserved function but found in species with different 274 

levels of postcopulatory selection. Nearly half of the monarch sperm proteome (~42%, 216 genes, Figure 275 

2A) shares an ortholog in the sperm proteome of M. sexta; reciprocally, there are 236 genes (37%) in the 276 

Carolina sphinx sperm proteome that share an ortholog in the monarch sperm proteome; these 277 

numbers are not equal due to lineage-specific duplications among sperm homologs creating a few cases 278 

of one-to-many orthology. We tested for differences in adaptive evolution between sperm homologs 279 

and sperm proteins unique to one species (orthology outside of sperm or no detectable orthology). In 280 

Carolina sphinx moths, genes of these two classes did not differ in the proportion of adaptive 281 

substitutions with permutation testing (p = 0.6174, Figure 2B). In monarchs, we detected an increased 282 

proportion of adaptive substitution in the sperm homologs compared to unique proteins (p = 0.0372, 283 

Figure 2B). Comparing between species, sperm homologs had much higher α values in monarchs than in 284 

Carolina sphinx moths (p = 0.00008), while genes with unique expression in either species did not show 285 

differences between species (p = 0.5922). Thus, the same sperm proteins appear to be evolving more 286 

adaptively in the polyandrous species. 287 

Site-frequency based methods 288 

We also took a likelihood approach to modeling adaptive evolution using site frequency spectra 289 

generated from the same samples we used for SNP-counting. These results are detailed in the 290 

supplement. In short though, we found a shift in the predicted distribution of fitness effects of new 291 

mutations in monarch sperm proteins compared to the background consistent with stronger purifying 292 

selection (Figure S1) and drastically higher α in sperm genes in monarchs alone (Figure S2). 293 
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Patterns of Adaptive Evolution in Sex-Specific Tissues 294 

Next, we used RNA-seq data to examine the effect of tissue-specificity on selection in these insects.  295 

With these data, we calculated the tissue specificity metric, SPM (Kryuchkova-Mostacci & Robinson-296 

Rechavi, 2017), which ranges from ubiquitous expression (near 0) to single-tissue specific (1). Although 297 

the sperm proteomes of both of our species were enriched for gene products specifically expressed in 298 

testes, they also contained broadly expressed gene products (Figure 3B). To assess the effect of these 299 

broadly expressed genes on our inference of selection, we recalculated the α statistic for two bins of 300 

genes (Figure 3C): those with broad expression (SPM < 0.5) and those with high tissue-specificity (SPM > 301 

0.5).  302 

In Carolina sphinx moths, there were no significant changes in α between low- and high-specificity genes 303 

in any part of the genome (background genes: p = 0.3868, sperm proteome genes: p = 0.3248, male-304 

limited genes: p = 0.5579; Figure 3C, left), nor did any of the gene classes differ from each other within a 305 

specificity bin. In monarchs, however, both sperm proteome genes (p = 0.0242) and testes genes (p = 306 

0.0137) showed higher α in the high-specificity group than the low-specificity group, though somatically 307 

expressed genes did not (p = 0.6831). Additionally, we found that sperm genes showed much greater α 308 

than the background genome or other genes expressed in the testes at both low- and high-specificities 309 

(Figure 3C, right). This result indicates that our initial results (considering the whole sperm proteome) 310 

are not dependent on the underlying specificity of sperm genes.  311 

Molecular evolution in dimorphic sperm 312 

Having verified the patterns of evolution in the whole sperm proteomes with several approaches, we 313 

turned to our primary question, assessing apyrene sperm function through analysis of molecular 314 

evolution. We considered the different subsets of the sperm proteomes based on the two sperm types. 315 

The two datasets consisted of three classes of sperm proteins: unique to eupyrene sperm, unique to 316 

apyrene sperm, or found in both cell types (henceforth “shared”, Figure 4A). We assessed differences in 317 

selective pressures between the sperm morphs with another series of permutation tests, both 318 

comparing parts of the sperm proteome to the background genome and comparing parts of the 319 

proteome to each other.  320 

As expected based on the whole-proteome results from Carolina sphinx moth, neither eupyrene-specific 321 

(p = 0.55912), shared (p = 0.4647), nor apyrene-specific proteins (p = 0.96496) differed from the 322 

background genome (Figure 4B). α did not vary between apyrene-specific and eupyrene-specific 323 
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proteins (p = 0.7271), between apyrene-specific and shared (p = 0.7176) or eupyrene-specific and 324 

shared proteins (p = 0.9979). In monarchs, both eupyrene-specific proteins (p =0.00018) and shared 325 

proteins (p = 0.01038) showed elevated α, but apyrene-specific proteins did not evolve differently from 326 

the background genome (p = 0.55934). Neither apyrene nor eupyrene sperm differed significantly from 327 

the shared set in monarchs (p = 0.6332 & p = 0.6234, respectively), but there was a trend towards 328 

significantly increased α in eupyrene-specific proteins compared to apyrene-specific proteins (p = 329 

0.0986). 330 

As with the whole sperm proteome, we investigated which classes of variants contributed to our 331 

observed differences in α (Figure 4C). Consistent with the results above, none of the variant classes 332 

significantly differed from the genome background in the sphinx moth eupyrene-specific proteins (Pn: W 333 

= 995190, p = 0.0857; Ps: W = 943550, p = 0.6782; Dn: W = 966630, p = 0.3183; Ds: W = 963410, p = 334 

0.3596). Shared proteins also showed the same level of variation as the background across all variants 335 

(Pn: W = 1470300, p = 0.3277; Ps: W = 1444400, p = 0.1369; Dn: W = 1540700, p = 0.6883; Ds: W = 336 

1437100, p = 0.1030). And finally, apyrene-specific proteins were not significantly different either (Pn: W 337 

= 548570, p = 0.4974; Ps: W = 491410, p = 0.2149; Dn: W = 560910, p = 0.2741; Ds: W = 495180, p = 338 

0.2653). In summary, there was no evidence for stronger selection on either sperm morph in Carolina 339 

sphinx moths. 340 

For monarchs, we found that the elevated α in the eupyrene-specific and shared subsets was driven 341 

primarily by a decrease in non-synonymous polymorphism compared to the background genome (W = 342 

1291700, p = 0.0003 for eupyrene; W = 1486100, p = 1.167*10-8 for shared). Apyrene-specific proteins 343 

did not show a reduction in non-synonymous polymorphism (W = 284620, p = 0.1684). Synonymous 344 

polymorphism did not significantly differ from the background in any subset of the sperm proteome 345 

(eupyrene: W = 1164200, p = 0.4492; shared: W = 1249900, p = 0.5570, apyrene: W = 270160, p = 346 

0.4927). Nor did synonymous divergence (eupyrene: W = 1056000, p = 0.0928; shared: W = 1209000, p = 347 

0.7665, apyrene: W = 279420, p = 0.2594). Intriguingly, non-synonymous divergence was elevated 348 

compared to the background in eupyrene-specific proteins (W = 1021800, p = 0.0151), but not the 349 

shared (W = 121800, p = 0.9185) or apyrene-specific portions of the proteome (W = 266580, p = 0.6042). 350 

This suggests periodic sweeps of positively selected variants in fertilizing sperm proteins.  351 

We did not examine orthology within dimorphic sperm owing to small gene counts giving reduced 352 

statistical power. Nor could we could examine tissue specificity here because apyrene and eupyrene 353 

sperm are produced at different developmental timepoints and we did not have suitable expression 354 
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data in both species. Nonetheless, the consistency of results in the whole proteome datasets gives us no 355 

reason to expect that within-proteome results would be idiosyncratic to our methodology. 356 

Demographic estimates 357 

Finally, to contextualize our results with population dynamics, we estimated population size history 358 

using site frequency from 4-fold degenerate sites in the two species’ genomes (Figure S3). Both have 359 

effective population sizes near 2,000,000, as expected of herbivorous invertebrates with high dispersal 360 

potential, numerous host plants, and a large range over North America. We also recovered a population 361 

size increase in monarch butterflies in the recent past, which has been previously reported with genomic 362 

data (Zhan et al., 2014). We note that our inferred timing of this event differs from that of the previous 363 

authors, who used mutation rate estimates from Drosophila melanogaster. Such input parameter 364 

differences affect the estimated time of events, but not the trajectories. 365 

Discussion 366 

We investigated the molecular evolution of eupyrene (fertilizing) and apyrene (non-fertilizing) sperm, 367 

the ubiquitous lepidopteran cell-type of unknown functional significance.  These sperm have long been 368 

posited to interfere with competitors’ sperm, in part because their quantity varies with levels of male-369 

male competition (Silberglied et al., 1984; Solensky & Oberhauser, 2009; Swallow & Wilkinson, 2002). In 370 

contrast to these organismal observations, the results of our molecular analyses cast doubt on this 371 

hypothesis. If apyrene sperm played an active role in sperm competition, we would expect evidence for 372 

stronger selection in apyrene sperm compared to the background genome in monarchs. We found a 373 

signal for elevated adaptive evolution (α) in the sperm proteome compared to the background genome 374 

in these polyandrous butterflies, but this signal did not include apyrene-sperm-specific proteins. Instead, 375 

genes encoding apyrene sperm proteins evolve similarly to the background genome in both monarchs 376 

and Carolina sphinx moths. This result is unlikely to have arisen from a lack of power in our 377 

methodologies, as eupyrene-specific and shared sperm proteins showed patterns in line with 378 

expectations for a role of sperm competition in molecular evolution in monarchs. 379 

Selection consistent with sperm competition, but only in fertilizing sperm 380 

The source of the apparently elevated α in the monarch sperm proteome came mainly from a dearth of 381 

non-synonymous polymorphisms in sperm proteins compared to the background genome, indicating the 382 

action of purifying selection to remove many variants before fixation in monarchs. Strong purifying 383 
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selection has been similarly observed in genes expressed in pollen, the main male-male competitors in 384 

flowering plants (Arunkumar, Josephs, Williamson, & Wright, 2013). A similar pattern can also be 385 

observed in passerine birds, in which species with higher rates of sperm competition show less 386 

intraspecific and intra-male variation in sperm length compared to sperm of less polyandrous species 387 

(Immler et al., 2008; Kleven et al., 2008). 388 

 Moreover, the elevated α in sperm homologs in monarchs suggests that genes that have had conserved 389 

sperm function since the divergence of the two species some 100 million years ago (Heikkila, Kaila, 390 

Mutanen, Pena, & Wahlberg, 2012) are under stronger purifying selection in the polyandrous species. 391 

According to recent gene ontology analyses, such genes are enriched for core traits in sperm, such as 392 

mitochondrial function, respiration, and flagellar structure. Similarly, proteins shared between the two 393 

sperm types and those unique to eupyrene sperm show an elevated α compared to the background 394 

genome in monarchs. Sperm proteins shared between morphs are enriched for structural proteins that 395 

give rise to the sperm tail and thus impact motility (Whittington et al., in press), while those expressed 396 

only in eupyrene sperm doubtless include important mediators of fertilization. At the cellular level, 397 

variation in sperm traits like swimming ability, longevity, and overall viability affects sperm competition 398 

outcomes (Burness, Casselman, Schulte-Hostedde, Moyes, & Montgomerie, 2004; Kim et al., 2017) and 399 

has a polygenic basis in other taxa (Hering, Olenski, & Kaminski, 2014). For traits like longevity and 400 

motility there is a threshold below which fertilization becomes significantly impaired, but in the absence 401 

of competitor alleles, there is a larger range of effectively-neutral trait-values, allowing for more 402 

variation to be maintained in the population. In the presence of competitor alleles, however, marginal 403 

differences in fertilization success come under selection, leading to the removal of deleterious variants 404 

through sperm competition.  405 

Stronger selection from competition may include even the event of fertilization itself. Lepidopteran eggs 406 

are known to possess multiple micropyle openings for sperm (Kumar, Kariappa, Babu, & Dandin, 2007) 407 

and eupyrene sperm possess structures resembling an acrosome (while their apyrene counterparts do 408 

not) (Friedlander, 1997). This rare combination of male and female gamete structures is also found in 409 

sturgeon, in which the multiple micropyles give several sperm potential access to the egg nucleus and 410 

there is competition among sperm to initiate karyogamy via the acrosome reaction (Psenicka, Rodina, & 411 

Linhart, 2010). Consistent with micropyle-mediated competition, it has been shown that more 412 

polyandrous species of Lepidoptera tend to have more micropyles on their egg surfaces than 413 

monandrous species (Iossa, Gage, & Eady, 2016). If this truly does extend the opportunity for male-male 414 
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competition and cryptic choice, then acrosomal proteins in eupyrene sperm would be likely targets for 415 

selection in polyandrous systems.  416 

Whatever the mechanics of fertilization are, paternity outcomes in polyandrous species are often 417 

bimodally distributed (Simmons & Siva-Jothy, 1998; Wedell & Cook, 1998), including in monarch 418 

butterflies (Mongue, Ahmed, Tsai, & De Roode, 2015). For females that mate twice, one of the two 419 

males typically fathers most, if not all, of the observed offspring produced by the female, but there is 420 

little consistency in whether it is the first or second male. With these dynamics, fitness differences 421 

between winning and losing sperm phenotypes are large and selection can reliably remove less 422 

successful genotypes. 423 

Evidence of this can be seen in the estimated distribution of fitness effects of new mutations in monarch 424 

sperm proteins. Compared to the background genome, we see a decrease in the proportion of 425 

effectively neutral and weakly deleterious mutations and an increase in both strongly deleterious and 426 

beneficial mutations. In the absence of competition, not only are mildly suboptimal variants effectively 427 

neutral, but novel, more efficient competitors should have no selective advantage in monandrous 428 

species unless they also markedly increase fitness in a single mating. This reasoning is supported by the 429 

estimated distribution of fitness effect for the complimentary gene sets in the Carolina sphinx moth; in 430 

this species, we see little variation in the DFE between the background genome and the sperm 431 

proteome. Moreover, there is no decrease (and indeed) an increase in non-synonymous divergence of 432 

eupyrene sperm proteins in monarchs compared to the rest of the genome. This pattern suggests that in 433 

addition to strong purifying selection there must be periodic sweeps of beneficial alleles. Without a 434 

broader, phylogenetically controlled study, these results between a single pair of species are not 435 

conclusive, but they fit well with the prediction that sperm protein evolution depends on the rates of 436 

polyandry in a species (Dapper & Wade, 2016). 437 

Evolution of tissue-specific and male-limited genes 438 

Other studies have demonstrated that tissue specificity of expression can strongly influence the 439 

molecular evolution of reproductive proteins (Schumacher & Herlyn, 2018), in some cases more than 440 

mating system (Carnahan-Craig & Jensen-Seaman, 2014). Because our proteomic data did not contain 441 

information on tissue specificity on their own, we examined this dynamic with RNA-seq data. We found 442 

increased adaptive evolution in monarch sperm genes with higher specificity compared to low-443 

specificity sperm genes. Furthermore, while not significantly different from background genome, α for 444 
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non-sperm genes expressed in the testes increased with greater specificity in monarchs, suggesting that 445 

they too may be subject to stronger sexual selection in this polyandrous species. Neither of these 446 

patterns held for Carolina sphinx moths, which showed no differences based on tissue specificity. This 447 

consistency further suggests the difference in mating system as an explanation for differences in 448 

intensity of selection. 449 

Finally, we did not observe relaxed constraint in reproductive proteins predicted due to the smaller 450 

effective population size of males or females compared to the population as a whole, as predicted by 451 

theory (Dapper & Wade, 2016; Wade et al., 2008). Specifically, we did not observe a difference in the 452 

adaptive evolution of genes with testes-specific expression, our proxy for sex-limited expression, 453 

compared to the background genome. To explain this discrepancy between theory and observation, we 454 

turn to Nearly Neutral Theory. Large populations have more efficient selection than small populations 455 

and a smaller range of slightly deleterious mutations that behave neutrally (Ohta, 1992). Mutations with 456 

a selective effect less than 1/Ne are expected to behave neutrally. For instance, one commonly cited 457 

estimate for human population size is Ne ≈ 10,000 over evolutionary history (Zhao et al., 2000). Based 458 

on this, mutations with selective effects less than 0.0001 should behave neutrally for alleles expressed in 459 

both sexes, while those with effects of 0.0002 are effectively neutral for alleles only expressed in one 460 

sex. And indeed, there is evidence that genes expressed only in men have a higher mutational load than 461 

those expressed in both sexes (Gershoni & Pietrokovski, 2014). Chimpanzees, another species with a 462 

similar effective population size (Won & Hey, 2005), also show increased non-synonymous divergence in 463 

reproductive proteins (Wong, 2010). Broadly, male reproductive protein evolution appears to depend 464 

more on effective population sizes than intensity of sperm competition in the great apes in general 465 

(Good et al., 2013), as one would expect for species with relatively small effective population sizes.  466 

In contrast to mammals, the effective population sizes of most insect species are orders of magnitude 467 

higher. Using neutral site frequency spectra, we estimated effective populations near 2,000,000 for both 468 

North American monarchs and Carolina sphinx moths. Selection is much more effective in these massive 469 

populations; mutations with effects above 5*10-7 should be subject to selection in both sexes and those 470 

above 1*10-6 should be subject to selection if expression is sex-limited. Thus, even selection on alleles 471 

with sex-limited expression in these insects should be 100 times stronger than selection on the entire 472 

human population. Even if there is a relative two-fold difference in selection, the absolute magnitude of 473 

the difference should be miniscule, and the effects of mating system more apparent. 474 

Advancing understanding of apyrene sperm 475 
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Previous morphological work found that eupyrene sperm traits (like sperm length) but not apyrene 476 

sperm traits, varied with risk of sperm competition in other butterflies (Gage, 1994). Similarly, from a 477 

molecular perspective, none of the patterns of increased purifying and positive selection that we 478 

observed for monarch sperm proteins applied to the apyrene-specific proteins. That we also do not see 479 

evidence for the action of sperm competition on apyrene-specific protein evolution is itself informative, 480 

however. Research to-date has proposed four main hypotheses for apyrene sperm (Swallow & 481 

Wilkinson, 2002): active sperm competition agents, passive competition agents, nutrient nuptial gifts, or 482 

necessary facilitators of fertilization. Our molecular analyses argue against apyrene sperm as active 483 

agents of sperm competition, but it is worth considering predictions for molecular evolution of apyrene 484 

sperm under the other hypotheses. 485 

Indeed, apyrene sperm may still have adaptive significance without specialized molecular function, 486 

especially under the filler hypothesis. This proposed function also relates to sperm competition, but 487 

posits that apyrene sperm are employed proactively, to fill the female’s sperm storage organ and delay 488 

remating, thus decreasing the risk of sperm competition, rather than impacting its outcome (Swallow & 489 

Wilkinson, 2002). Both in monarchs and the butterfly Pieris napi, female time to remating increases with 490 

the number of apyrene sperm received from males (Cook & Wedell, 1999; Oberhauser, 1988). Such 491 

observations are somewhat confounded by the size of the spermatophore nuptial gift that males 492 

provide during mating, but apyrene sperm themselves have been proposed as a form of nutritional 493 

nuptial gift (He, Tanaka, & Miyata, 1995; Lamunyon, 2000). Under both the nutrient and filler 494 

hypotheses, the actual sequence of apyrene sperm proteins should be less important than their physical 495 

presence and abundance, so factors affecting the rate of apyrene sperm production would be more 496 

likely targets for selection in polyandrous species than the proteins sequences themselves.  497 

Finally, apyrene sperm appear to capacitate fertilization in Bombyx mori (Takemura, Sahara, Mochida, & 498 

Ohnuma, 2006); the mechanism here is unclear and the phenomenon is untested in other taxa, but it 499 

could conceivably involve proteins that modulate female reproductive physiology to make conditions 500 

more favorable for eupyrene sperm or induce oviposition. In such a case, these proteins would behave 501 

more akin to the broader class of reproductive proteins and evolve independently of rates of polyandry 502 

in a species.  If there is an evolutionarily conserved capacitation effector in our study taxa, it is possible 503 

that this function is governed by a small subset of apyrene-specific proteins. Because our methods 504 

aggregate signal for selection across multiple genes or sites to counteract high variance in variant counts 505 
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within genes (Stoletzki & Eyre-Walker, 2011), the importance of one or a few genes could be lost in the 506 

heterogeneous selection on different proteins.  507 

Conclusions 508 

Variation in reproductive traits has long been studied at the morphological and molecular level, 509 

generally. Yet sperm dimorphism, one of the most striking and enigmatic reproductive traits, has not 510 

previously been assessed using population genetic analyses. Our investigation of the sperm proteome in 511 

two Lepidoptera demonstrates a pattern of stronger purifying selection on fertilizing-sperm genes in a 512 

species with higher rates of sperm competition. In this polyandrous species, these genes experience a 513 

strikingly different selective environment than the rest of the genome, with strong purifying selection 514 

reducing variation in sperm genes. In contrast, fertilizing-sperm genes in the monandrous species hold 515 

as much deleterious variation as other parts of their genome. Our new molecular findings fit well with 516 

established studies on sperm morphology which show that sperm competition results in decreased 517 

variation in sperm traits.  518 

The evolution of non-fertilizing sperm, however, does not show a strong influence of sperm competition. 519 

This lack of pattern itself argues against apyrene sperm as active agents of sperm competition, one of 520 

the long-held hypotheses for non-fertilizing sperm function. Instead, apyrene sperm may play a passive 521 

role in reducing the risk of competition by delaying female remating. The method by which apyrene 522 

sperm capacitate fertilization in some species remains unclear based solely on genomic approaches and 523 

will likely require functional experiments to completely understand.  524 

Acknowledgments  525 

This project was funded by the NSF DDIG (DEB-1701931) and Kansas Idea Network of Biomedical 526 

research (NIH P20 GM103418). The authors wish to acknowledge Wesley Mason and Michael Hulet and 527 

the rest of the Information and Telecommunication Technology Center (ITTC) staff at the University of 528 

Kansas for their support with our high-performance computing. Thank you to Jacobus de Roode for use 529 

of the monarch image, Elizabeth Moore for facilitating collaboration between Kansas and North Carolina, 530 

Tawny Scanlan for comments on sperm biology, and Amanda Pierce and Tom de Man for housing during 531 

field collection.  532 

 533 

References 534 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


19 
 

Arunkumar, R., Josephs, E. B., Williamson, R. J., & Wright, S. I. (2013). Pollen-specific, but not sperm-535 

specific, genes show stronger purifying selection and higher rates of positive selection than 536 

sporophytic genes in Capsella grandiflora. Molecular Biology and Evolution, 30(11), 2475–2486. 537 

doi:10.1093/molbev/mst149 538 

Baker, R. R., & Bellis, M. A. (1989). Elaboration of the kamikaze sperm hypothesis: a reply to Harcourt. 539 

Animal Behaviour, 37(5), 865–867. 540 

Barker, M. S., Demuth, J. P., & Wade, M. J. (2005). Maternal expression relaxes constraint on innovation 541 

of the anterior determinant, bicoid. PLoS Genetics, 1(5), e57. 542 

Birkhead, T. R. (1998). Cryptic female choice: criteria for establishing female sperm choice. Evolution, 543 

1212–1218. 544 

Bressac, C., Joly, D., Devaux, J., Serres, C., Feneux, D., & Lachaise, D. (1991). Comparative kinetics of 545 

short and long sperm in sperm dimorphic Drosophila species. Cell Motility and the Cytoskeleton, 546 

19(4), 269–274. doi:10.1002/cm.970190405 547 

Buckland-Nicks, J, Bryson, I., Hart, L., & Partridge, V. (2010). Sex and a snail’s sperm: on the transport, 548 

storage and fate of dimorphic sperm in Littorinidae. Invertebrate Reproduction and 549 

Development, 36, 145–152. 550 

Buckland-Nicks, John. (1998). Prosobranch parasperm: Sterile germ cells that promote paternity? In 551 

Micron (Vol. 29, pp. 267–280). doi:10.1016/S0968-4328(97)00064-4 552 

Burness, G., Casselman, S. J., Schulte-Hostedde, A. I., Moyes, C. D., & Montgomerie, R. (2004). Sperm 553 

swimming speed and energetics vary with sperm competition risk in bluegill (Lepomis 554 

macrochirus). Behavioral Ecology and Sociobiology, 56(1), 65–70. doi:10.1007/s00265-003-0752-555 

7 556 

Cao, X., & Jiang, H. (2017). An analysis of 67 RNA-seq datasets from various tissues at different stages of 557 

a model insect, Manduca sexta. BMC Genomics, 18(1). doi:10.1186/s12864-017-4147-y 558 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


20 
 

Carcupino, M., Baldacci, A., Fausto, A. M., Scapigliati, G., & Mazzini, M. (1999). Sperm dimorphism in 559 

Chilopoda: comparison of Scolopendromorpha and Geophilomorpha. Invertebrate Reproduction 560 

& Development, 35(1), 45–53. 561 

Carnahan-Craig, S., & Jensen-Seaman, M. (2014). Rates of evolution of hominoid seminal proteins are 562 

correlated with function and expression, rather than mating system. Journal of Molecular 563 

Evolution, 78(1), 87–99. 564 

Chenoweth, P. J. (2005). Genetic sperm defects. In Theriogenology (Vol. 64, pp. 457–468). 565 

doi:10.1016/j.theriogenology.2005.05.005 566 

Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang, L., … Ruden, D. M. (2012). A program 567 

for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in 568 

the genome of Drosophila melanogaster strain w 1118; iso-2; iso-3. Fly, 6(2), 80–92. 569 

doi:10.4161/fly.19695 570 

Civetta, A., & Singh, R. S. (1995). High divergence of reproductive tract proteins and their association 571 

with postzygotic reproductive isolation in Drosophila melanogaster and Drosophila virilis group 572 

species. Journal of Molecular Evolution, 41(6), 1085–1095. doi:10.1007/BF00173190 573 

Cook, P. A., & Wedell, N. (1999). Non-fertile sperm delay female remating. Nature, 397(6719), 486. 574 

doi:10.1038/17257 575 

Dapper, A. L., & Wade, M. J. (2016a). The evolution of sperm competition genes: The effect of mating 576 

system on levels of genetic variation within and between species. Evolution, 70(2), 502–511. 577 

doi:10.1111/evo.12848 578 

Dorus, S., Evans, P. D., Wyckoff, G. J., Sun, S. C., & Lahn, B. T. (2004). Rate of molecular evolution of the 579 

seminal protein gene SEMG2 correlates with levels of female promiscuity. Nature Genetics, 580 

36(12), 1326–1329. doi:10.1038/ng1471 581 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


21 
 

Eckelbarger, K. J., Young, C. M., & Cameron, J. L. (1989). Ultrastructure and development of dimorphic 582 

sperm in the abyssal echinoid Phrissocystis multispina (Echinodermata: Echinoidea): implications 583 

for deep sea reproductive biology. The Biological Bulletin, 176(3), 257–271. 584 

Eyre-Walker, A., & Keightley, P. D. (2009). Estimating the rate of adaptive molecular evolution in the 585 

presence of slightly deleterious mutations and population size change. Molecular Biology and 586 

Evolution, 26(9), 2097–2108. doi:10.1093/molbev/msp119 587 

Friedlander, M. (1997). Control of the eupyrene-apyrene sperm dimorphism in Lepidoptera. J Insect 588 

Physiol, 43(12), 1085–1092. doi:10.1016/s0022-1910(97)00044-9 589 

Gage, M. J. (1994). Associations between body size, mating pattern, testis size and sperm lengths across 590 

butterflies. Proceedings of the Royal Society of London. Series B: Biological Sciences, 258(1353), 591 

247–254. 592 

Gershoni, M., & Pietrokovski, S. (2014). Reduced selection and accumulation of deleterious mutations in 593 

genes exclusively expressed in men. Nature Communications, 5. doi:10.1038/ncomms5438 594 

Good, J. M., Wiebe, V., Albert, F. W., Burbano, H. A., Kircher, M., Green, R. E., … Pääbo, S. (2013). 595 

Comparative population genomics of the ejaculate in humans and the great apes. Molecular 596 

Biology and Evolution, 30(4), 964–976. doi:10.1093/molbev/mst005 597 

Harcourt, A. (1991). Sperm competition and the evolution of nonfertilizing sperm in mammals. Evolution, 598 

45(2), 314–328. 599 

Harcourt, A. H. (1989). Deformed sperm are probably not adaptive. Animal Behaviour, 37(5), 863–864. 600 

He, Y. B., Tanaka, T., & Miyata, T. (1995). Eupyrene and apyrene sperm and their numerical fluctuations 601 

inside the female reproductive tract of the armyworm, Pseudaletia separata. Journal of Insect 602 

Physiology, 41(8), 689–694. doi:10.1016/0022-1910(95)00020-U 603 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


22 
 

Heikkila, M., Kaila, L., Mutanen, M., Pena, C., & Wahlberg, N. (2012). Cretaceous origin and repeated 604 

tertiary diversification of the redefined butterflies. Proceedings of the Royal Society B: Biological 605 

Sciences, 279(1731), 1093–1099. doi:10.1098/rspb.2011.1430 606 

Herberg, S., Gert, K. R., Schleiffer, A., & Pauli, A. (2018). The Ly6/uPAR protein Bouncer is necessary and 607 

sufficient for species-specific fertilization. Science, 361(6406), 1029–1033. 608 

Hering, D. M., Olenski, K., & Kaminski, S. (2014). Genome-wide association study for poor sperm motility 609 

in Holstein-Friesian bulls. Animal Reproduction Science, 146(3–4), 89–97. 610 

doi:10.1016/j.anireprosci.2014.01.012 611 

Higginson, D. M., Miller, K. B., Segraves, K. A., & Pitnick, S. (2012). Convergence, recurrence and 612 

diversification of complex sperm traits in diving beetles (Dytiscidae). Evolution, 66(5), 1650–613 

1661. doi:10.1111/j.1558-5646.2011.01532.x 614 

Hill  Jr., H. F., Wenner, A. M., & Wells, P. H. (1976). Reproductive Behavior in an Overwintering 615 

Aggregation of Monarch Butterflies. American Midland Naturalist, 95(1), 10–19. 616 

doi:10.2307/2424229 617 

Immler, S., Calhim, S., & Birkhead, T. R. (2008). Increased postcopulatory sexual selection reduces the 618 

intramale variation in sperm design. Evolution, 62(6), 1538–1543. 619 

Iossa, G., Gage, M. J., & Eady, P. E. (2016). Micropyle number is associated with elevated female 620 

promiscuity in Lepidoptera. Biology Letters, 12(12), 20160782. 621 

Kanost, M. R., Arrese, E. L., Cao, X., Chen, Y.-R., Chellapilla, S., Goldsmith, M., … Jiang, H. (2016). 622 

Multifaceted biological insights from a draft genome sequence of the tobacco hornworm moth, 623 

Manduca sexta. Insect Biochemistry and Molecular Biology, 76, 118–147. 624 

Keightley, P. D., Pinharanda, A., Ness, R. W., Simpson, F., Dasmahapatra, K. K., Mallet, J., … Jiggins, C. D. 625 

(2015). Estimation of the Spontaneous Mutation Rate in Heliconius melpomene. Molecular 626 

Biology and Evolution, 32(1), 239–243. doi:10.1093/molbev/msu302 627 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


23 
 

Kim, K. W., Bennison, C., Hemmings, N., Brookes, L., Hurley, L. L., Griffith, S. C., … Slate, J. (2017). A sex-628 

linked supergene controls sperm morphology and swimming speed in a songbird. Nature 629 

Ecology and Evolution, 1(8), 1168–1176. doi:10.1038/s41559-017-0235-2 630 

Kleven, O., Laskemoen, T., Fossøy, F., Robertson, R. J., & Lifjeld, J. T. (2008). Intraspecific variation in 631 

sperm length is negatively related to sperm competition in passerine birds. Evolution, 62(2), 632 

494–499. doi:10.1111/j.1558-5646.2007.00287.x 633 

Korneliussen, T. S., Albrechtsen, A., & Nielsen, R. (2014). ANGSD: Analysis of Next Generation 634 

Sequencing Data. BMC Bioinformatics, 15(1). doi:10.1186/s12859-014-0356-4 635 

Kryuchkova-Mostacci, N., & Robinson-Rechavi, M. (2017). A benchmark of gene expression tissue-636 

specificity metrics. Briefings in Bioinformatics, 18(2), 205–214. doi:10.1093/bib/bbw008 637 

Kumar, V., Kariappa, B. K., Babu, A. M., & Dandin, S. B. (2007). Surface ultrastructure of the egg chorion 638 

of eri silkworm, Samia ricini (Donovan) (Lepidoptera: Saturniidae). Journal of Entomology, 4(2), 639 

68–81. doi:10.3923/je.2007.68.81 640 

Lamunyon, C. (2000). Sperm storage by females of the polyandrous noctuid moth Heliothis virescens. 641 

Animal Behaviour, 59(2), 395–402. doi:10.1006/anbe.1999.1294 642 

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat Methods, 9(4), 643 

357–359. doi:10.1038/nmeth.1923 644 

Liu, X., & Fu, Y.-X. (2015). Exploring population size changes using SNP frequency spectra. Nature 645 

Genetics, 47(5), 555–559. doi:10.1038/ng.3254 646 

Lunter, G., & Goodson, M. (2011). Stampy: A statistical algorithm for sensitive and fast mapping of 647 

Illumina sequence reads. Genome Research, 21(6), 936–939. doi:10.1101/gr.111120.110 648 

Marks, J. A., Biermann, C. H., Eanes, W. F., & Kryvi, H. (2008). Sperm polymorphism within the sea urchin 649 

Strongylocentrotus droebachiensis: Divergence between pacific and atlantic oceans. Biological 650 

Bulletin, 215(2), 115–125. 651 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


24 
 

McKenna, A. H., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., … Depristo, M. (2010). 652 

The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA 653 

sequencing data. Genome Research, 20(9), 1297–1303. doi:10.1101/gr.107524.110 654 

Meves, F. (1902). Über oligopyrene und apyrene Spermien und über ihre Entstehung, nach 655 

Beobachtungen an Paludina und Pygaera. Archiv Für Mikroskopische Anatomie, 61(1), 1–84. 656 

Mongue, A. J., Ahmed, M. Z., Tsai, M. V., & De Roode, J. C. (2015). Testing for cryptic female choice in 657 

monarch butterflies. Behavioral Ecology, 26(2), 386–395. doi:10.1093/beheco/aru196 658 

Mongue, A. J., & Walters, J. (2017). The Z chromosome is enriched for sperm proteins in two divergent 659 

species of Lepidoptera. Genome, 61(4), 248–253. 660 

Moore, H. D. M., Martin, M., & Birkhead, T. R. (1999). No evidence for killer sperm or other selective 661 

interactions between human spermatozoa in ejaculates of different males in vitro. Proceedings 662 

of the Royal Society of London. Series B: Biological Sciences, 266(1436), 2343–2350. 663 

Oberhauser, K. S. (1988). Male monarch butterfly spermatophore mass and mating strategies. Animal 664 

Behaviour, 36, 1384–1388. doi:10.1016/s0003-3472(88)80208-2 665 

Ohta, T. (1992). The Nearly Neutral Theory of Molecular Evolution. Annual Review of Ecology and 666 

Systematics, 23(1), 263–286. doi:10.1146/annurev.es.23.110192.001403 667 

Pitnick, S., Hosken, D. J., & Birkhead, T. R. (2009). Sperm morphological diversity. In Sperm Biology (pp. 668 

69–149). doi:10.1016/B978-0-12-372568-4.00003-3 669 

Pizzari, T. (2006). Evolution: The Paradox of Sperm Leviathans. Current Biology. 670 

doi:10.1016/j.cub.2006.05.031 671 

Preston, B. T., Saint Jalme, M., Hingrat, Y., Lacroix, F., & Sorci, G. (2015). The sperm of aging male 672 

bustards retards their offspring’s development. Nature Communications, 6, 6146. 673 

doi:10.1038/ncomms7146 674 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


25 
 

Psenicka, M., Rodina, M., & Linhart, O. (2010). Ultrastructural study on the fertilisation process in 675 

sturgeon (Acipenser), function of acrosome and prevention of polyspermy. Animal Reproduction 676 

Science, 117(1–2), 147–154. doi:10.1016/j.anireprosci.2009.03.013 677 

R Core Team. (2017). R Core Team (2017). R: A language and environment for statistical computing. R 678 

Foundation for Statistical Computing, Vienna, Austria. URL Http://Www.R-Project.Org/., R 679 

Foundation for Statistical Computing. 680 

Sasakawa, K. (2009). Marked sperm dimorphism in the ground beetle Scarites terricola: A novel type of 681 

insect sperm polymorphism. Physiological Entomology, 34(4), 387–390. doi:10.1111/j.1365-682 

3032.2009.00694.x 683 

Schumacher, J., & Herlyn, H. (2018). Correlates of evolutionary rates in the murine sperm proteome. 684 

BMC Evolutionary Biology, 18(1), 35. 685 

Schumacher, J., Rosenkranz, D., & Herlyn, H. (2014). Mating systems and protein–protein interactions 686 

determine evolutionary rates of primate sperm proteins. Proceedings of the Royal Society of 687 

London B: Biological Sciences, 281(1775), 20132607. 688 

Schumacher, J., Zischler, H., & Herlyn, H. (2017). Effects of different kinds of essentiality on sequence 689 

evolution of human testis proteins. Scientific Reports, 7, 43534. 690 

Silberglied, R. E., Shepherd, J. G., & Dickinson, J. L. (1984). Eunuchs - the role of apyrene sperm in 691 

Lepidoptera. American Naturalist, 123(2), 255–265. doi:10.1086/284200 692 

Simmons, L. W., & Siva-Jothy, M. T. (1998). Sperm competition in insects: mechanisms and the potential 693 

for selection. Sperm Competition and Sexual Selection, 341–434. 694 

Smith, R. L. (1984). Sperm competition and the evolution of animal mating systems. Elsevier. 695 

Snow, J. W., Copeland, W. W., Goodenough, J. L., Baumhover, A. H., Lingren, P. D., & Haile, D. G. (1974). 696 

tobacco hornworm: notes on morphoology and mating habits. Journal of the Georgia 697 

Entomological Society. 698 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


26 
 

Solensky, M. J., & Oberhauser, K. S. (2009). Male monarch butterflies, Danaus plexippus, adjust 699 

ejaculates in response to intensity of sperm competition. Animal Behaviour, 77(2), 465–472. 700 

doi:10.1016/j.anbehav.2008.10.026 701 

Stoletzki, N., & Eyre-Walker, A. (2011). Estimation of the neutrality index. Molecular Biology and 702 

Evolution, 28(1), 63–70. doi:10.1093/molbev/msq249 703 

Swallow, J. G., & Wilkinson, G. S. (2002). The long and short of sperm polymorphisms in insects. 704 

Biological Reviews of the Cambridge Philosophical Society, 77, 153–182. 705 

doi:10.1017/S146479310100585 706 

Swanson, W J, & Vacquier, V. D. (1998). Concerted evolution in an egg receptor for a rapidly evolving 707 

abalone sperm protein. Science, 281(5377), 710–712. doi:10.1126/science.281.5377.710 708 

Swanson, Willie J., & Vacquier, V. D. (2002). Reproductive Protein Evolution. Annual Review of Ecology 709 

and Systematics, 33(1), 161–179. doi:10.1146/annurev.ecolsys.33.010802.150439 710 

Takemura, Y., Sahara, K., Mochida, Y., & Ohnuma, A. (2006). Apyrene sperm from the triploid donors 711 

restore fecundity of cryopreserved semen in Bombyx mori. Journal of Insect Physiology, 52(10), 712 

1021–1026. doi:10.1016/j.jinsphys.2006.06.010 713 

Tataru, P., Mollion, M., Glémin, S., & Bataillon, T. (2017). Inference of distribution of fitness effects and 714 

proportion of adaptive substitutions from polymorphism data. Genetics, 207(3), 1103–1119. 715 

doi:10.1534/genetics.117.300323 716 

Tavares-Bastos, L., Teixeira, R. D., Colli, G. R., & Báo, S. N. (2002). Polymorphism in the sperm 717 

ultrastructure among four species of lizards in the genus Tupinambis (Squamata: Teiidae). Acta 718 

Zoologica, 83(4), 297–307. doi:10.1046/j.1463-6395.2002.00119.x 719 

Urquhart, F. A. (1976). Found at Last - Monarchs Winter Home. National Geographic, 150(2), 161–173. 720 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


27 
 

Wade, M., Priest, N., & Cruickshank, T. (2008). A theoretical overview of maternal genetic effects: 721 

evolutionary predictions and empirical tests using sequence data within and across mammalian 722 

taxa. Maternal Effects in Mammals, University of Chicago Press, Chicago. 723 

Wedell, N., & Cook, P. A. (1998). Determinants of paternity in a butterfly. Proceedings of the Royal 724 

Society of London. Series B: Biological Sciences, 265(1396), 625–630. 725 

doi:10.1098/rspb.1998.0340 726 

Whittington, E., Forsythe, D., Borziak, K., Karr, T. L., Walters, J. R., & Dorus, S. (2017). Contrasting 727 

patterns of evolutionary constraint and novelty revealed by comparative sperm proteomic 728 

analysis in Lepidoptera. BMC Genomics, 18(1). doi:10.1186/s12864-017-4293-2 729 

Whittington, E., Karr, T. L., Mongue, A. J., Walters, J. R., & Dorus, S. (in press). Evolutionary proteomics 730 

reveals distinct patterns of complexity and divergence between Lepidopteran sperm morphs. 731 

Genome Biology and Evolution. 732 

Whittington, E., Zhao, Q., Borziak, K., Walters, J. R., & Dorus, S. (2015). Characterisation of the Manduca 733 

sexta sperm proteome: Genetic novelty underlying sperm composition in Lepidoptera. Insect 734 

Biochemistry and Molecular Biology, 62, 183–193. doi:10.1016/j.ibmb.2015.02.011 735 

Wilms, H. J. (1986). Dimorphic sperm cells in the pollen grain of Spinacia. 736 

Won, Y. J., & Hey, J. (2005). Divergence population genetics of chimpanzees. Molecular Biology and 737 

Evolution, 22(2), 297–307. doi:10.1093/molbev/msi017 738 

Wong, A. (2010). Testing the effects of mating system variation on rates of molecular evolution in 739 

primates. Evolution, 64(9), 2779–2785. doi:10.1111/j.1558-5646.2010.01038.x 740 

Zhan, S., & Reppert, S. M. (2013). MonarchBase: The monarch butterfly genome database. Nucleic Acids 741 

Research, 41(D1), D758–D763. doi:10.1093/nar/gks1057 742 

Zhan, S., Zhang, W., Niitepõld, K., Hsu, J., Haeger, J. F., Zalucki, M. P., … Kronforst, M. R. (2014). The 743 

genetics of monarch butterfly migration and warning colouration. Nature, 514(7522), 317–321. 744 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


28 
 

Zhao, Z., Jin, L., Fu, Y. X., Ramsay, M., Jenkins, T., Leskinen, E., … Li, W. H. (2000). Worldwide DNA 745 

sequence variation in a 10-kilobase noncoding region on human chromosome 22. Proceedings of 746 

the National Academy of Sciences of the United States of America, 97(21), 11354–8. 747 

doi:10.1073/pnas.200348197 748 

 749 

Author Contributions: AJM designed the experiments, collected samples, performed analyses, and 750 

wrote the manuscript. MEH collected samples and conducted analyses. LG provided data and performed 751 

analyses. CES planned and facilitated sample collection and edited the manuscript. JRW assisted in 752 

experiment design and manuscript editing.  753 

Data accessibility: Manduca sexta whole genome resequencing data can be found on NCBI’s Sequence 754 

Read Archive with the following accession: SRP144217. Danaus plexippus RNA sequencing data 755 

can be retrieved with accessions: SRR8580831 - SRR8580842. Analysis scripts can be found at 756 

https://github.com/WaltersLab/DimorphicSpermMolEvo. 757 

 758 

 759 

 760 

 761 

 762 

-0.2

-0.1

0.0

0.1

0.2

Molecular evolution of the sperm proteome

α

p = 0.409 p < 0.00001

****

Sperm proteome
Background genome

Manduca sexta Danaus plexippus

A

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 27, 2019. ; https://doi.org/10.1101/404236doi: bioRxiv preprint 

https://doi.org/10.1101/404236


29 

 

 763 

Figure 1. A. In the Carolina sphinx moth (M. sexta), there is no difference between the sperm proteome 764 

and the rest of the genome (left); conversely, genes in the sperm proteome of monarch butterflies (D. 765 

plexippus) show a significantly higher proportion of adaptive substitutions (α) than the rest of the 766 

genome (right). P-values come from permutation tests. Error bars represent 95% bootstrapped 767 

confidence intervals from the point estimates. B. Decomposing α into its components: Pn, Ps, Pn, and Ds768 

and comparing the sperm proteome (filled boxes) to the background genome (open boxes). There were 769 

no strong differences between sperm genes and the background genome in Carolina sphinx moths. In 770 

monarch butterflies, the signal for increased adaptive substitution comes from a marginal increase in 771 

non-synonymous divergence (bottom left) combined with a great reduction in non-synonymous 772 

polymorphism in sperm genes compared to the rest of the genome (top left). P-values reflect Wilcoxon-773 

Mann-Whitney tests, with * < 0.05, ** < 0.005, *** < 0.0005, etc. 774 

s 
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 775 

Figure 2. A. Composition of the portion of the sperm proteomes analyzed in this study. Numbers 776 
indicate counts of proteins unique to one species’ sperm or with an ortholog in the other species’ sperm 777 
(sperm homologs). Note that the overlap number varies between species due to the presence of a few 778 
one-to-many-orthologs. B. Sperm homologs show evidence for a greater proportion of adaptive 779 
substitutions (α) in monarch butterflies, but not in Carolina sphinx moths. P-values are based on 780 
permutation tests comparing the difference between two sets of genes randomly assigned from the 781 
sperm proteome in each species; error bars are 95% bootstrap confidence intervals.  782 

 783 

 784 
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 785 

786 

Figure 3. Investigating how tissue specificity of gene expression impacts adaptive evolution in both 787 

Carolina sphinx moths (left column) and monarchs (right column). A. Maximum specificity of all genes 788 

across all studied tissues using the RNA-seq data considered in these analyses. B. Observed distribution 789 

of specificity of sperm proteome genes expressed in the testes. Based on these distributions, we 790 

separated genes into one of two categories, low-specificity (SPM < 0.5) or high-specificity (SPM > 0.5), 791 

divided by the dashed line. C. Inferred proportion of adaptive substitutions (α) in background genes 792 

(squares), sperm proteome genes (circles), and male-limited genes (as defined by testes expression). 793 

Bars represent 95% confidence intervals from non-parametric bootstrapping. Non-overlapping 794 

confidence intervals imply significant differences generally, but we have also highlighted two significant 795 

differences that are less visibly apparent. Monarchs show evidence for increasing α with increasing 796 

tissue specificity in sperm and testes genes, but sphinx moths do not. Moreover, sperm proteome genes 797 

evolve more adaptively than background or testes-specific genes in both specificity groups for monarchs798 

but not sphinx moths. 799 
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 800 

Figure 4. A. Composition of the sperm proteome with respect to dimorphic sperm. The majority of 801 
identified proteins were shared between the two cell types, followed by the set unique to eupyrene 802 
sperm, and finally the smallest set was the proteins found only in apyrene sperm. B. None of the sets of 803 
sperm proteins evolved either differently from each other or distinctly from the background genome 804 
(shaded regions represent 95% confidence intervals of the background) in the Carolina sphinx (left). In 805 
the monarch however (right), the signal for elevated α was localized to the eupyrene-specific and shared 806 
proteins. There was also a trend for increased α in eupyrene-specific proteins as compared to apyrene-807 
specific. Error bars represent 95% confidence intervals from bootstrapping. C. Decomposing α into Pn, 808 
Ps, Dn, and Ds for dimorphic sperm. Plotting of variation follows the coloring and order in parts A and B; 809 
from left to right in each panel: background genome, eupyrene, shared, and apyrene sperm. Asterisks 810 
denote significant differences from the background genome based on a Wilcoxon-Mann-Whitney test, 811 
with * < 0.05, ** < 0.005, *** < 0.0005, etc.  812 
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