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Abstract:  

The prevalence of de novo coding genes is controversial due to the length and coding constraints. Non-coding genes, 

especially small ones, are freer to evolve de novo by comparison. The best examples are microRNAs (miRNAs), a large 

class of regulatory molecules ~22 nt in length. Here, we study 6 de novo miRNAs in Drosophila which, like most new 

genes, are testis-specific. We ask how and why de novo genes die because gene death must be sufficiently frequent to 

balance the many new births. By knocking out each miRNA gene, we analyzed their contributions to each of the 9 

components of male fitness (sperm production, length, competitiveness etc.). To our surprise, the knockout mutants often 

perform better in some components, and slightly worse in others, than the wildtype. When two of the younger miRNAs 

are assayed in long-term laboratory populations, their total fitness contributions are found to be essentially zero. These 

results collectively suggest that adaptive de novo genes die regularly, not due to the loss of functionality, but due to the 

canceling-out of positive and negative fitness effects, which may be characterized as “quasi-neutrality”. Since de novo 

genes often emerge adaptively and become lost later, they reveal ongoing period-specific adaptations, reminiscent of the 

“Red-Queen” metaphor for long term evolution.   

 

Introduction 

Haldane (1932) may be the first person to suggest that new genetic materials might be continually generated. In the 

modern literature, genes can be of either of two different origins.  The first class is derived from existing genic sequences 

by gene duplication, retroposition, elongation, fusion etc. Since its proposal  (Haldane 1932), the hypothesis has been 

formalized and pursued by Susumu Ohno (Ohno 1970) and others (Li 1982; Lynch and Conery 2003; Zhang 2013). The 

second class is new genes that originated from non-genic sequences, referred to as “de novo” genes (Chen et al. 2013).  

De novo genes that code for new proteins have been considered rare, and even improbable (Ohno 1970). Francois Jacob 

suggested that ‘‘the probability that a functional protein would appear de novo .. is practically zero’’(Jacob 1977).  Given 
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the constraints on proteins’ length and structure, such reservations are at least understandable. 

 

In the last decade, evidence on de novo protein-coding genes has been presented (Tautz and Domazetlošo 2011; Zhao 

et al. 2014; Schlötterer 2015) but controversies remain unresolved (Moyers and Zhang 2015; Mclysaght and Hurst 2016; 

Moyers and Zhang 2016; Domazetlošo et al. 2017; Moyers and Zhang 2017).  As the skepticisms toward de novo genes 

are mainly about forming functional peptides, de novo noncoding genes may be more plausible without the demand for 

coding. The constraints could be further relaxed if the noncoding gene is short. 

 

In this backdrop, de novo microRNAs (miRNAs) that function in post–transcriptional repression of target 

mRNAs(Bartel 2004) would be particularly relevant. First, mature miRNAs (miRs) are short, only 22 nt long, and the 

biogenesis requires only a loosely formed hairpin structure of < 100 nt. It has been estimated that a Drosophila genome 

can easily form more than 10,000 hairpins that could potentially yield mature miRs (Lu et al. 2008). Second, unlike 

putative coding genes whose functions are difficult to assay, functional de novo miRNAs should be able to repress their 

target mRNAs. Third, many de novo miRNAs have been proposed and verified (Meunier et al. 2013; Lyu et al. 2014; 

Mohammed et al. 2014). Therefore, miRNAs could be considered a paradigm for the evolution of de novo genes.  

  

The evolutionary dynamics of de novo genes, coding or noncoding, is of great interest. Since much of the genome 

of higher eukaryotes has no known function, the occurrence of functional genes in these regions would have significant 

impacts on genome organization. Nevertheless, de novo genes, if common, present a dilemma – the constant influx of de 

novo genes would mean steady turnover of the genome, which should be evident between species of the same taxa, say, 

among mammals. Since the rapid turnover does not appear true, a reasonable conjecture would be that de novo genes 

often emerge adaptively but die subsequently(Lyu et al. 2014).  

 Cold Spring Harbor Laboratory Press on June 23, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 4 

 

We select for detailed analyses a subset of de novo miRNAs in Drosophila that have been shown to evolve 

adaptively after emergence (Lyu et al. 2014). Their subsequent evolution would be a test of the Red Queen hypothesis 

(RQH), which posits adaptation as a never-ending process(Van Valen 1973). While RQH has been commonly applied to 

sexual selection and predator-prey interactions(Salathé et al. 2008; Liow et al. 2011), it may broadly depict a shifting 

adaptive landscape (see Discussion). In such a landscape, the adaptive peak is constantly shifting and a genotype of peak 

fitness may have to keep evolving in order to avoid elimination. In this view, an adaptive de novo gene could indeed die 

when it fails to evolve to cope with a shifting adaptive landscape. Whether, how and why new genes die is the central 

question of this study. 

  

Results  

Evolution of de novo miRNA genes in Drosophila  

The hallmark of de novo genes is their presence in a well-defined clade of closely related species and absence outside 

of it. Furthermore, the time frame relative to the level of divergence has to be short such that the absence is not 

confounded by “the failure to find”, a common source of controversy (Moyers and Zhang 2015; Moyers and Zhang 2016). 

A densely populated phylogenetic tree of species with relatively small genomes is best for new gene analysis. The 

phylogeny of Drosophila is thus ideal for studying de novo miRNAs (Fig. 1A). 

 

A more challenging issue is the function of the putative de novo genes (Tautz and Domazetlošo 2011; Wu and Zhang 

2013; Mclysaght and Hurst 2016). Many de novo miRNAs reported may have never been functional (Lu et al. 2008), or to 

use a term borrowed from the study of retroposed genes, “DOA”  (dead-on-arrival); (Petrov et al. 1996; Petrov and Hartl 

1998). Different criteria have been employed to exclude “DOA” miRNAs (Lu et al. 2010). In a previous study of ours 
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(Lyu et al. 2014) , de novo genes are restricted to miRNAs that are not neutrally evolving in their DNA sequences. They 

reported many younger miRNAs (< 30 Myrs old) that show the adaptive signature in sequence evolution.  By such criteria, 

de novo miRNAs are generally X-liked and testis-specific in expression (see the Supplemental text S1 and Supplemental 

Fig.S1 for details), which are also the characteristics of newly formed coding genes. Furthermore, more than half of de 

novo miRNAs are found in clusters. The mir-982 and mir-972 clusters, both X-linked as shown in Fig.1B, stand out. The 

mir-982 cluster contains only members <30 Myrs in age, while mir-972s  have older ones (Fig. 1B).  Here, we choose 6 of 

the more highly expressed (Supplemental Table S1) and rapidly evolving miRNAs from three age groups for detailed 

analysis (different colors in Fig. 1B denoting the age of < 4 Myrs, 4 – 30 Myrs and 60-250 Myrs).   

 

Characterization of miRNA knock-out lines: Sequencing and transcriptome assays   

Using the TALEN technology (Boch 2011), we generate knockout lines for the 6 miRNAs shown in Fig. 1A (see 

Methods, Supplemental Table S2;Supplemental Fig.S2). Among them, mir-973, mir-975 and mir-977 are older, emerging 

60 - 250 Mrys before present. The remaining three are mir-978, mir-983 (4 - 30 Mrys old) and mir-984 (< 4 Myrs old). 

Each deletion has been confirmed by PCR and DNA sequencing (upper panels of Fig.1C -1H). Loss of the mature 

miRNA product is validated by qPCR on RNA extracts from the testis (Bottom- panels of Fig.1C -1H).  We use this 

collection of miRNA deletions for the rest of the study.  

 

The “molecular phenotypes” of a de novo miRNA can be assayed by its immediate impact on the transcriptome via 

the direct targets, an advantage of studying miRNAs over putative coding genes (Zhao et al. 2014; Gubala et al. 2017). 

RNA-seq measurements are done on the testes of flies bearing the miRNA deletion as well as those of the wild type flies. 

The quality of the transcriptome data is high as shown in Methods (Pearson’s r > 0.98 between replicates). Fig. 2A-2C 

presents the repression effects of the three younger miRNAs. Two (mir-978 and mir-983) indeed show significant 
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repressions on their predicted targets (Fig.2A-2B; P < 0.05 by the Kolmogorov-Smirnov test). The youngest miRNA (mir-

984) that is less than 4 Myrs old does not show significant repression effects (Fig. 2C). Given the very young age, target 

prediction might be much less reliable than that for the older miRNAs.  

 

Below, we analyze all repressions, direct or indirect, without requiring target predictions. Given their testis-specific 

expressions, one would expect the indirect targets to be enriched for genes previously characterized as male-biased (Gnad 

and Parsch 2006). The prediction is supported by the result shown in Fig. 2D. While the ratio of male-biased/non-based 

genes is 0.57, this ratio is > 1 for all target genes (direct and indirect) of each de novo miRNA (P < 0.01 in all cases). Thus, 

these de novo miRNA genes all have an impact on a specific subset of genes in the testis transcriptome 

 

Effects of de novo miRNAs on male fitness components  

Given the testis-specific expression, we expect any fitness effect would be associated with male reproduction. 

Because miRNAs may concurrently affect multiple sub-phenotypes (Liufu et al. 2017). We assay the sub-phenotypes of 

male reproduction in the following order: 1) male fertility (progeny production), 2) sperm length and sperm competition, 3) 

males’ ability to repress female remating, 4) meiotic drive, 5) male viability, and 6) mating success of males. Although 

miRNAs (> 30 Myrs) have been expected to exhibit stronger fitness effects, they are found only marginally more so than 

the younger ones.  

 

Male fertility (progeny production) 

Progeny production is counted in two batches – in days 1-2 and in days 3-7 after mating (Supplemental Fig.S3). Each 

batch, accounting for about the same number of progeny, may reflect different attributes of male fecundity such as sperm 

transfer and sperm longevity in storage. In Fig. 3A and 3B, the absence of each of these miRNAs does not appear to have 
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any significant effect on male fertility. In contrast, the three older miRNAs (mir-973, mir-975 and mir-977) seem to be 

required in the later stage of progeny production. The three knockout lines have somewhat better performance than the 

control in the first two days but become worse in the subsequent 5 days. For the three younger miRNAs (mir-978, mir-983, 

mir-984), the differences between the two stages are less pronounced.  

 

The detailed daily data for one older miRNA (mir-977) and a younger one (mir-978), which are adjacent in the same 

cluster, are shown in Fig. 3C-3F (For the rest, see Supplemental Fig.S4). For mir-977 knockout males, the number of eggs 

and the number of progeny both show a decline in the Day 3 – 7 data (Fig.3D, Multiple t-tests with the Holm-Sidak 

correction, alpha=5%). For mir-978, Fig. 3E and 3F show a trend in the opposite direction but the difference between the 

knockout and the control is not significant. Apparently, the older mir-977 is needed for some aspects of sperm function 

whereas the younger mir-978 appears dispensable for (or even harmful to) those same aspects. 

 

Sperm length in relation to sperm competition  

Progeny count is a measure of male fertility when a single male inseminates virgin females. It reflects sperm count 

but does not reflect sperm competitiveness. However, since wild-caught Drosophila females usually carry sperm from 

several males, sperm competitiveness may be no less an important measure of male fitness than the simple progeny count 

(Parker 1970; Griffiths et al. 1982; Jones and Clark 2003).  An important indicator of sperm competitiveness is sperm 

length which has been shown to be positively correlated with the competitive edge (Miller and Pitnick 2002; Pattarini et al. 

2006; Lüpold et al. 2016). Fig. 4A shows that, with the exception of the mir-977 mutant, all other miRNA deletions result 

in longer sperm. In four of them, the length difference is statistically significant (Fig.4A, P < 0.05, Mann-Whitney U test).  

It is curious that the absence of these miRNAs appears to increase the sperm length. 
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The sperm of males with the miRNA knockout are not only longer but also more uniform in length. The 

coefficient of variation (standard deviation/mean) is consistently smaller than that in the wild type (Fig.4B). We suspect 

that both the mean and the variation in sperm length may contribute to sperm competition as reported below. It is curious 

that well established miRNAs often contribute to the canalization in development (Wu et al. 2009; Cassidy et al. 2013; 

Posadas and Carthew 2014). One would naturally have predicted that miRNA knockout would increase the cell-to-cell 

variation. The observations to the contrary may be another indication of the peculiarity of de novo miRNAs.   

 

We now present the measurements of sperm competition, which has an offense and defense component. In the 

offense measure, females are mated to the control male and, after a resting period, are mated to a second male. This 

second male can be either the wild type male (control) or a male from the miRNA knockout line (experimental male). The 

proportion of the sperm from the second male is the offense measure. In the defense measure, the sequence of the first and 

second male is reversed and the progeny sired by the first male is the defense measure (See Methods, Supplemental 

Fig.S5). A higher score in either offense or defense indicates superior competitiveness. 

  

Compared with the control, males carrying the knockout mutation in each of the three younger miRNAs have 

higher scores in both the offense and defense assays (Fig.4C-4D, P < 0.05, Mann-Whitney U test). Again, the absence of 

these genes unexpectedly improves the fitness. For the three older miRNAs the pattern is less consistent but the 

expectation of reduced fitness in knockout lines is not fulfilled. In Fig. 4E-4F, we observe the positive correlation 

between sperm competitiveness and sperm length. The correlation for the defense score is significant (P = 0.04). Since the 

offense score depends on many other parameters of male ejaculates (such as the content of the seminal fluid), the lower 

correlation between the offense score and sperm length is expected.  Collectively, our data reveal the fitness improvement 

upon the deletion of the younger miRNAs. One would then expect their elimination by natural selection if other fitness 
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components are equal. Obviously, other components are not equal as shown below. 

 

Males’ ability in repressing female remating 

 An important attribute of male reproduction is males’ ability to repress female remating after they have 

successfully inseminated the female. Previous studies (Manning 1962; Chapman et al. 2003; Ram and Wolfner 2007) have 

revealed that the presence of sperm (known as “sperm” effect) and seminal fluid proteins can indeed elicit female post-

mating responses that include egg laying and reduced receptivity to mating. Wild type females are mated to either wild 

type males or males from the miRNA knockout lines (Supplemental Fig.S6A). After 2.5 days, these mated females are 

presented with reference males and their remating rates are recorded as presented in Fig. 5A.  The observations show that 

mir-973, mir-977and mir-983 knockout males have an advantage over wild type males in repressing female remating.  

 

Meiotic drive and male viability 

Since these miRNAs are X-linked, it seems plausible that they exert the fitness effect on the X Chromosome at the 

expense of the Y. In other words, we ask whether there is sex-linked meiotic drive associated with these new miRNAs 

(Wu 1983a; Wu 1983b; Jaenike 2001). The assay of male fertility would have missed the action of meiotic drive, which 

affects the ratio but not the total progeny count. To score the meiotic drive, we set up the crosses: M/FM7c females × M/Y 

males where M represents the X Chromosome bearing a miRNA deletion (FM7c is the standard X balancer; see Methods). 

For control, M is the wildtype X Chromosome (designated M+).  

 

To test for meiotic drive, we compare the abundance of FM7c/M and FM7c/Y (female and male progeny with 

FM7c, respectively) as the measure of distortion in sex chromosome transmission. These two genotypes would minimize 

the confounding fitness effect of the homozygous M/M, or the hemizygous M/Y, genotype (Supplemental Fig.S6B). Fig. 
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5B shows a very slight, and statistically insignificant, sex ratio distortion in mir-975 and mir-977. We conclude that these 

new miRNAs do not impact fitness via meiotic drive.  

 

The crosses of M/FM7c females × M/Y males also permit the measurement of these miRs’ effects on male viability. 

We compare the abundance of M/Y and FM7c/Y males as shown in Fig. 5C. The three younger miRs (mir-978, mir-983 

and mir-984) all appear to affect male viability and, again, the absence of these miRs improves male viability.   

 

Mating success in males 

While the younger miRs appear to have some adverse effects on male viability, Fig. 5D reveals the absence of 

effects on male mating success among all these miRNAs.  

  

Assay of total fitness in long-term laboratory populations  

 The measurements of the many fitness components are summarized in Table 1. None of these fitness components 

reveals strong selection against miRNA deletions. In fact, males from the knockout lines of younger miRNAs tend to 

show higher fitness than the wild type males, thus raising the issue of these miRNAs’ existence. A relevant question is 

therefore whether these de novo miRNAs are in the process of dying. In the literature (Lyu et al. 2014), the age structure 

of new miRNAs suggests that younger miRNAs die frequently before reaching an old age.   

 Although the individual fitness components suggest impending gene death, it is nevertheless possible that there 

are other aspects of fitness that may offset the components we measured. It would be more convincing if all fitness 

components are measured in one single experiment. We therefore carry out the total fitness assay for two of the three 

younger miRNAs (< 30 Myrs in age, mir-978 and mir-984). The third one (mir-983) has several novel properties that are 

analyzed in the companion study(Zhao et al. 2018). For the total fitness, the miRNA knockout and wild-type allele are 
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assayed in laboratory populations, following the established protocols (Fig. 6A; Supplemental Fig. S7; see Methods) (Wu 

et al. 1989; Alipaz et al. 2005; Fang et al. 2012). In long-term populations, components of selection in aggregate are 

manifested as gene frequency changes. Each population with a population size of ~1800 lasts 40 generations.  

  

Although many individual selection components favor the elimination of the de novo miRNAs (Table 1), the trend in 

gene frequency stays constant in the long-term assays (Overall P > 0.1, One-sample t-test, Fig.6B-6C). Using the 

maximum likelihood estimation, we obtain the selective coefficient (s) is 0.0025 and -0.005, respectively, for the mir-978 

and mir-984 mutant. Neither is significantly different from 0 (Fig.6 D-6E, P > 0.05, Chi-square test). In contrast, if one 

uses the fitness component estimates shown in Table 1, both mutant alleles are expected to be higher than 90% after 40 

generations. The apparent discrepancy between the results of selection components and total fitness is highly instructive 

as discussed below. 

 

Discussion  

The study of total fitness in long-term laboratory populations reveals little net selection suggesting that many 

components of fitness are not captured in Table 1. One would then ask how a single miRNA could play a role in such a 

diverse array of components and, intriguingly, often in opposite directions. The subject has been addressed recently by 

Liufu et al. who show that a typical miRNA often controls multiple phenotypes and sub-phenotypes redundantly and 

incoherently via many different target genes(Liufu et al. 2017). The reasons for such incoherent regulatory mechanisms 

are further explained in two recent publications (Chen Y 2017; Zhao et al. 2017) in terms of network stability. It is 

therefore plausible that new miRNAs would also impact many selection components weakly, redundantly and 

incoherently.  
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Since new genes, both coding and noncoding, are constantly born (Bai et al. 2007; Wolf et al. 2009; Berezikov et al. 

2010) while the total number of genes remain steady among taxa, death soon after birth is expected. The age structure of 

de novo miRNAs, with far fewer older miRNAs than younger ones, is an indication of death (Lu et al. 2008; Lyu et al. 

2014).   

  

How and why do new genes die? For example, how does natural selection reverse its course when a previously 

adaptive gene becomes fitness-neutral? The newly evolved state may be more appropriately referred to as “quasi-

neutrality”. While neutrality is usually equated with the loss of functionality (i.e., non-functionalization; (Li et al. 1981), 

genes of quasi-neutrality remain functional. Such a gene is quasi-neutral because selection for some components (e.g. 

male fertility) and against others (e.g. sperm competition) results in nearly zero net gain/loss in fitness. The evolution of 

de novo miRNA genes thus broadens the definition of neutral evolution. When a gene loses its selective advantages and 

becomes neutral or quasi-neutral, the time it takes for the gene to die would be roughly 1/u + 4Ne generations, where u is 

the rate of gene non-functionalization(Crow and Kimura 1970). In the case of quasi-neutrality, the selective pressure is 

present but averages to be zero through time and space. Theoretical study shows that the evolutionary dynamics would be 

quite complicated (Cvijovic et al. 2015). In particular, the duration of dying could be substantially shorter or longer than 

the true neutral genes. This broader range of dynamics makes it more likely to observe the process of gene dying.  

 

This study of de novo genes has general implications. It shows that the evolution of a new function, in the form of 

either a gene or a phenotype, may often be “transiently adaptive”. Environmental pressures, either biotic or abiotic, may 

not stay constant and the responses should not be expected to be permanent either. This ever-shifting pressure to adapt is 

reminiscent of the metaphor of the “Red Queen” effect (Van Valen 1973; Salathé et al. 2008; Liow et al. 2011). In the Red 

Queen landscape, adaptive evolution does not always resemble the large-scale and stable adaptive changes; for example, 
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when terrestrial woody plants invade the intertidal habitats (Xu et al. 2017a; Xu et al. 2017b) or mammals migrate to the 

high-altitude terrains (Yi et al. 2010). Instead, adaptations may often be transient, small-scale and local.  

 

The Red Queen hypothesis has been extensively applied to phenotypic evolution (Dercole et al. 2006; Decaestecker et 

al. 2007; Morran et al. 2011). Its application to molecular evolution is more difficult because of the abundance of non-

adaptive changes at the molecular level. In this study, we show that a manifestation of the Red Queen effect in molecular 

evolution may be the loss of previously adaptive new genes.    

 

Methods 

Fly stocks and miRNA mutant generation 

miRNA mutants are generated using the TALEN-based gene KO system (Boch 2011). mir-973, mir-975,mir-978 and 

mir-984 knockout lines are made in this study and mir-977, mir-983 knockout lines are made earlier by us(Lu et al. 2018; 

Zhao et al. 2018). TALEN binding sites are designed by TAL Nucleotide Targeter 2.0 (http://tale-nt.cac.cornell.edu). The 

TALEN plasmids are constructed by ViewSolid Biotech. Plasmids are transcribed in vitro to mRNAs using mMESSAGE 

mMACHINE T7 Ultra. A detailed cross scheme and related fly stocks are shown in Supplemental Fig.S2. TALEN binding 

sites are listed in Supplemental Table S2. All flies are raised at 25°C on a standard sugar-yeast-agar medium under a 12:12 

hr light/dark cycle. 

 

 miRNA mutants are detected by PCR and verified by qRT-PCR (Fig.1C to H). Three batches of 50 testes are used 

independently as biological replicates for qRT-PCR assays. For each replicate, total RNA is extracted using the Ambion 

TRIzol® Reagent (code No. 15596018). qRT-PCR of miRNAs is conducted using stem-loop reverse transcription  (Chen 

et al. 2005) followed by TaqMan PCR analysis using the miRNA UPL (Roche Diagnostics) probe assay protocol 
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(Varkonyigasic et al. 2007). For mir-978 expression analysis, TaqMan probes are used to get higher specificity for 

detecting its two iso-miRNAs. Relative expression levels of miRNAs are obtained by the 2−ΔΔCTmethod (Livak and 

Schmittgen 2001) . 2S RNA (for mir-973, mir-975, mir-977, mir-983, and mir- 984) and u14 (for miR-978-3p.1 and miR-

978-3p.2) are used as endogenous controls (Relevant primers are listed in Supplemental Table S3). 

 

miRNA expression estimates 

Small RNA-seq data are obtained from the  NCBI Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/), 

described in  previous studies(Czech et al. 2008; Rozhkov et al. 2010; Czech et al. 2012) .Sequences of precursors and 

mature miRNAs of D. melanogaster are obtained from miRBase(Kozomara and Griffiths-Jones 2014), mature 

miRNAs expression levels(Supplemental Table S1) are calculated using all reads mappable to the mature 

sequences and scaling as Reads Per Million (RPM),using miRDeep2 (version 2.0.0.7)(Friedländer et al. 2012). 

 

RNA-seq analyses 

Sample preparation and differential gene expression estimates. For RNA-seq samples, two batches of testes are 

dissected independently as biological replicates for each pair of wild type and miRNA deletion mutants. Total RNA is 

extracted from 30-50 pairs of testes from three- to five-day-old males using TRIzol. RNA libraries are prepared and 

sequenced on Illumina HiSeq 2000 at BGI (http://www.genomics.cn/index). Reference Drosophila genome is download 

from FlyBase (D. melanogaster genome r6.04). Gene expression levels are calculated using Reads Per Kilobase per 

Million mapped reads (RPKM), using TopHat (Trapnell et al. 2009) and SeqMonk; genes with log2 (RPKM) <1 are 

filtered out as sequencing error. Differentially expressed genes between two samples with replicates are identified using 

DESeq2 with P < 0.05 (Love et al. 2014). To survey the Impact of miRNAs on target gene expression, non-targets set in 

Fig 2 is the gene pool containing all expressed genes without focused miRNA targets. Confirmatory analyses with refining 
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background control (with similar expression and 3’UTR length) and additional control (target pool of a neighboring de 

novo miRNA not affected by the deletions) are shown in Supplemental Fig. S8 and Supplemental Fig. S9, respectively. 

 

miRNA target prediction. 3’UTR sequences are retrieved from FlyBase (Attrill et al. 2016).  Longest UTR of each 

gene is chosen for target prediction. Target genes of miR-975-5p, miR-983-5p, miR-984-5p and miR-978-3p are predicted 

using the TargetScan algorithm with default settings (Ruby et al. 2007). All predicted targets with 8mer, 7mer-m8 and 

7mer-1A sites are used to examine the repression effect. Since these miRNA are recently evolved, target site conservation 

would not be a useful criterion. Here we use ‘seed matches’ for target prediction without conservation considerations. 

 

Male fertility assays 

To survey male fertility (Fig.3 and Supplemental Fig.S4), we count the number of eggs (denoted x), and progeny (1st 

instar larvae, denoted y) produced by wild type females mate to experimental (miRNA mutant or control) males for 7 days 

(Supplemental Fig.S3). Male fertility in days 1-2 is y1+y2; male fertility in days 3-7 is y3+y5+y7. We score ~12 single pair 

replicates per assay. Each female in a pair is exposed to a male for 2 hours.  

 

Sperm assays 

Sperm length. We measured Drosophila sperm length as described in the Fiona M. Hunter and T.R. Birkhead (Hunter 

and Birkhead 2002). Briefly, we remove seminal vesicles from five- to six-day-old males and place them in drops of 

phosphate-buffered saline (PBS) on glass slides. Sperm is liberated from tissues by poking with a needle. We measure 

sperm length using supporting software LAS V3.8 on a Leica DMI4000 microscope. We measure 9 to11 individuals per 

genotype and 9 to 13 sperm cells per individual.   
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 Sperm competition. Sperm competition assays are conducted as described in the Shu-Dan Yeh et al (Yeh et al. 2013). 

Briefly, double-mating experiments (Supplemental Fig.S5) are set up for each miRNA mutant and control line. Virgin 

w1118 females are mated to reference males for 2h and then mated to experimental males (miRNA KO or control) for 12h 

after 56h to measure offensive ability. Conversely, w1118 females are mated to experimental males for 2h and then to the 

reference males for 12h after 56h for the defense assay. Each assay had 40 replicates. Eye color of progeny is used as a 

marker for evaluations of mating success and paternity identification. Females who have both red-eyed and white-eyed 

progeny have successfully mated with both experimental and reference male. The red-eyed progeny (y) are from reference 

males, while white-eye progeny (x) are from experimental fathers. Sperm competitive ability is estimated using the score 

P = x /(x + y).  Angular transformation is applied to the defense and offense score for linear regression. 

 

Compared to the original protocol, the only change in our assay is that we use w1118/Y; miniwhite-

UASeGFP/miniwhite-UASeGFP, a red-eyed strain with the insertion of mini white at the 51D position on chromosome 2 

via the PhiC31 site-specific chromosomal integration system. 

  

Mating success and males' ability to repress female re-mating. 

To survey mating success and males' ability to repress female re-mating, wild type females are mated to either wild 

type or miRNA knockout males. After 2.5 days, these mated females are presented with reference males (Supplemental 

Fig. S6A). Mating rates of F0 females are inferred from progeny types. We classify F0 female mating success, number of 

females (x) with white-eye progeny only (successful fertilization by experimental male only), number of female (y) with 

both white-eyed and red-eyed progeny (successful fertilization by experimental and reference males, Supplemental 

Fig.S6A). Male mating success is then (x + y)/Nreplicates, while female receptivity is  y/(x + y). 
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 Male viability and meiotic drive 

 We cross balanced mutant or control females (FM7c/M) to hemizygous mutant or control males (M/Y, Supplemental 

Fig. S6B). In the F1 progeny for each cross, the ratio of M/Y to FM7c/Y males reflects male viability of wild type or 

miRNA knockouts compared to balancer males. The ratio of M/M to FM7c/M females reflects female viability of wild 

type or miRNA knockouts compared to balancer females, which can be used as an additional control to rule out the 

possibility of off-target effects (Supplemental Table S4; Supplemental text S2). Although the balancers can affect 

viability, this indirect comparison controls for the balancer influence. The abundance of FM7c/M vs FM7c/Y (female 

and male progeny with FM7c) reflects distortion in sex chromosome transmission. 

 

Estimates of relative fitness 

To estimate relative fitness statistics shown in Table1, we denote wild type values as w and those of deletion males 

as m. We set the fitness of non-mutant genotypes as 1. Fitness of miRNA deficient males is then m/w for most measures. 

The exception is female re-mating suppression. In this case, the suppression intensity is 1-w or 1-m for wild type and 

mutant respectively. To reflect the relative fitness in suppression of female re-mating, we use (w – m)/w + 1, where (w – 

m)/w is the relative fitness gain of miRNA knockout over wild type. 

 

Allele frequency estimation in population cage assays 

Population cage assays are performed as described in a previous study of ours (Wu et al. 1989). Each competition 

assay includes two replicates. Each cage is started with 1000 miRNA deletion and 1000 wild type flies with the sex ratio 

1:1. The populations are maintained at 25°C with overlapping generations. Population size is maintained at about 

1600~2000 flies for every generation. Sampling is done every two generations by collecting flies that emerged from 

several food bottles. At specific generations, 96 males and 96 females are sampled randomly to extract DNA and perform 
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single fly PCR. From the PCR results, we define each fly’s genotype (Supplemental Fig. S7) and estimate the miRNA 

mutant frequency for that generation.  

 

Maximum likelihood estimates of selection coefficients 

The selection coefficient estimates are done according to a previous study of ours (Fang et al. 2012). 

Simulation of populations under the Wright-Fisher model. Each simulation involves 10,000 iterations with fixed 

selection coefficient (s) values. Each iteration is ran for 40 generations with population sizes fixed at 800 males and 800 

females each generation. Each generation is divided into selection (male only) and reproduction, fitness is 1 for wild type 

and 1+s for deletion males. Female fitness is 1 for both genotypes. During random mating, male and female haplotypes 

are randomly selected from the population to make 800 males and 800 females for the next generation. 

 

Sampling and likelihood estimates. Simulation of sampling involves 10,000 iterations .Sampling is done in the 

generations as shown in Fig. 6B and C, each sample contains 90 males and 90 females; sampling time is after selection 

stage and before reproduction stage. Allele frequencies of the miRNA mutant are recorded from these sampled flies. These 

recorded allele frequencies are assign to 40 bins (0–.025, .025–.05, …, .975–1) to  create distributions for the sampling 

generations. For each fixed s, likelihood ratio is ln (No. of bins containing observed frequencies/ No. of iterations).  

Simulations are ran for 80 sets of s values (-0.1~0.1), and the maximum likelihood estimate for each miRNA deletion’s 

selection coefficient is the s value that yielded the maximum likelihood ratio. 

 

Data access 

RNA-seq data for wild type, mir-978 KO and mir-984 KO testis have been submitted to the BIG Data Center in Beijing 

Institute of Genomics (http://bigd.big.ac.cn/) with accession number CRA000857. RNA-seq data for wild type and mir-
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983 KO testis are submitted to GEO under accession GSM2977392, GSM2977393, GSM2977394 and GSM2977395. 
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Figure legends 

Figure 1. Emergence of de novo miRNAs and the creation of knockout (KO) lines. (A) The emergence of new 

miRNAs in Drosophila. The numbers in red indicate miRNA emergence in each time interval of Drosophila phylogeny. 

Note the “pyramid” age structure with many very young miRNAs suggesting many deaths before aging. The age 

distribution is sourced from our previous study(Lyu et al. 2014). D. mel: D. melanogaster; D. sim: D. simulans; D. pse: D. 

pseudoobscura; D. vir: D. virilis. (B) miRNA mutants in this study fall into two de novo miRNA clusters. De novo 

miRNAs tend to be in clusters and are X-linked (Lyu et al. 2014). The two clusters of our focus are shown here with * 

indicating the 6 knockout creations. Colors denote miRNAs’ age as indicated.  (C) To (H) Verification of miRNA knock 

out efficiency. Upper panels: DNA sequences of miRNA KO strains with the mature sequences highlighted in yellow. 

Lower panels: relative expression of miRNAs in the testis. No miRNAs are detectable in the KO lines whereas the 

expressions of the neighboring miRNAs are normal (positive controls). Note that mir-978 has two 5’iso-miRNAs (miR-

978-3p1 and miR-978-3p2), which are processed from one precursor in the D. melanogaster testis. 

 

Figure 2. Impact of de novo miRNAs on target gene expression. (A) mir-978 target repression. Target pools of the two 

mir-978 iso-miRs overlap. Targets in this overlapped pool are significantly up-regulated in the mir-978 KO line (P=0.035, 

Kolmogorov-Smirnov test). (B) mir-983 target repression. Targets of mir-983 (miR-983-5p) are significantly up-regulated 

compared to non-targets in the mir-983 KO line (P<0.001, Kolmogorov-Smirnov test).(C) mir-984 target repression. mir-

984 (miR-984-5p), the youngest of the miRNAs, do not significantly down-regulate their targets (P > 0.05, Kolmogorov-

Smirnov test). (D) Impact of de novo miRNAs on the testis transcriptome. Genes mis-regulated in miRNA KO lines are 

enriched for male biased genes (Chi-square test, P<0.01 and P<0.001 marked ** and ***, respectively). 

 

Figure 3. Relative fertility in miRNA KO lines. After mating with either wildtype or miR KO males, females are 
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permitted to lay eggs for 7 days. (A) Number of progeny in the first two days. (B) Number of progeny in days 3-7. Overall, 

the fertility differences between wildtype and KO males are small. The three older miRs seem to have a larger impact on 

days 3-7 while the younger miRs do not show a consistent pattern. Except for mir-977 (Student's t-test: **, P<0.01), none 

of the differences is significant. (C–D) Day-to-day fertility analyses of mir-977 for egg laying and progeny count, 

respectively. Mean±SEM is shown. Fertility differences between wildtype and KO males are significant in later days 

(Multiple t-tests with the Holm-Sidak correction, P=0.0009 on day five and P= 0.011 on day seven). (E-F) Day-to-day 

fertility analyses of mir-978. There is a slight but insignificant decrease during the first two days and a slight increase in 

subsequent days for the KO line.  

 

Figure 4. Sperm length and sperm competition.(A) Sperm length of miRNA KO and control males. Sperm length is 

recorded for 9 - 11 individuals with 9 - 13 sperm measured per individual. Except mir-977, all miRNA KO lines have 

significantly longer sperm compared to the control (Mann-Whitney U test: *, P<0.05, **, P<0.01, ***, P<0.001).  (B) 

Coefficient of variation (standard deviation / mean) of sperm length. All miRNA KO males tend to have sperm of more 

homogeneous length, especially mir-983 KO (Mann-Whitney U test, ***, P<0.001).  (C-D) Sperm competition assay. 

Defense score represents the ability of the interested males in siring progeny when they mate with females that 

subsequently remated. Offense score is the reverse (see text). Curiously, in all cases where the control and KO males are 

significantly different (Mann-Whitney U test, *, P<0.05), KO males have a higher fitness. (E-F) Linear regression of the 

median value from the sperm competition assay on the median sperm length. Angular transformation is applied to the 

defense and offense scores. Sperm length indeed has an impact of sperm competitiveness and the trend is stronger for 

defense than for offense.  

 

Figure 5. Effects on other male fitness components.  (A) Female receptivity after mating with wild type or miRNA KO 
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males as a measure of males’ ability to repress female remating. Lower bars here indicate higher fitness of males. In three 

lines, there is a significant decrease in female remating after females are mated to KO males (Chi-square test: *, P<0.05). 

(B) Distortion in sex chromosome transmission, a measure of miRNAs’ ability to gain a transmission advantage through 

the transmission of X. No difference shown is significant (Student's t-test, overall P >0.1).(C) Male viability. Compared to 

the control, three miRNA-KO (mir-978, mir-983, and mir-984) males are significantly more viable (Student's t- test: *, 

P<0.05).(D) Male mating success. Differences between miRNA mutants and controls are very small and statistically 

insignificant (Chi-square test, overall P>0.1). 

 

Figure 6. Assay for total fitness of miRNA deletions in laboratory population. (A) Set-up of laboratory populations. 

Throughout the experiment, the population size never drop below 1600. A sample of about ~ 200 flies is collected from 

each cage every 2 generations. Genotype identification by single fly PCR and sequencing is done on samples of various 

time points. (B-C) Allele frequency changes of miRNA KO mutants in laboratory populations over ~ 40 generations. 

Allele frequencies do not appear to deviate from the initial frequency of 0.5 (see D-E for details).(D-E) Likelihood 

distributions of the selective coefficient of miRNA KO mutants. The fitness of miRNA KO alleles is 1+s whereby s is 

expected to be negative. The maximal likelihood estimate of s is 0.0025 and -0.0005, respectively, for mir-978 and mir-

984. Neither is significantly different from 0 (P=0.638 and 0.355 by the Chi-square test).  
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