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New genes are a major source of novelties, and a disproportionate amount of them are known to show testis expression in

later phases of male gametogenesis in different groups such as mammals and plants. Here, we propose that this enhanced

expression is a consequence of haploid selection during the latter stages of male gametogenesis. Because emerging adaptive

mutations will be fixed faster if their phenotypes are expressed by haploid rather than diploid genotypes, new genes with

advantageous functions arising during this unique stage of development have a better chance to become fixed. To test this

hypothesis, expression levels of genes of differing evolutionary age were examined at various stages of Drosophila spermato-

genesis. We found, consistent with a model based on haploid selection, that new Drosophila genes are both expressed in later

haploid phases of spermatogenesis and harbor a significant enrichment of adaptive mutations. Additionally, the observed

overexpression of new genes in the latter phases of spermatogenesis was limited to the autosomes. Because all male cells ex-

hibit hemizygous expression for X-linked genes (and therefore effectively haploid), there is no expectation that selection

acting on late spermatogenesis will have a different effect on X-linked genes in comparison to initial diploid phases.

Together, our proposed hypothesis and the analyzed data suggest that natural selection in haploid cells elucidates several

aspects of the origin of new genes by explaining the general prevalence of their testis expression, and a parsimonious sol-

ution for new alleles to avoid being lost by genetic drift or pseudogenization.

[Supplemental material is available for this article.]

Newgene origination is thought to play amajor role in phenotypic
evolution (Kaessmann 2010; Chen et al. 2013). New genes may
originate from several different mechanisms such as DNA-based
duplication, retrotransposition, and de novo origination (for re-
view, see Long et al. 2013). Most emerged genes are lost because
of their low fixation probability in large populations or by accumu-
lation of deleterious mutations during the process of becoming
pseudogenes (Ohno 1970; Lynch and Conery 2000). Pseudogeni-
zation of new genes is especially widespread for duplications, the
most commonmechanismof gene origination,whichoften gener-
ates an exact same copy of a parental gene and performs a redun-
dant function (Ohno 1970; Lynch and Conery 2000). A model
calledneofunctionalizationproposes thatnew structures can arise af-
ter duplication through the accumulation of adaptive mutations
(Ohno 1970). Beneficial effects provided by novel functions in-
crease the chance of a new gene to spread in a population and ulti-
mately to be fixed.

Although neofunctionalization of new genes certainly occurs
in nature (e.g., Zhang et al. 2004, 2009; Des Marais and Rausher
2008; Rosso et al. 2008; Assis and Bachtrog 2013; Long et al.
2013), there are two poorly explained aspects. On the theoretical
side, a new duplicate gene must remain in a population long
enough until rare beneficial mutations accumulate (Ohno 1970;
Thornton and Long 2002). On the empirical side, there is a strong
bias for new gene expression in the male germline in a wide range
of organisms such asDrosophila, mosquitos, plants, andmammals,
including humans (e.g., Betrán et al. 2002; Levine et al. 2006;
Vibranovski et al. 2009; Soumillon et al. 2013; Cui et al. 2015).

Although competition in male reproduction provides a rich envi-
ronment for the spread of beneficial novelmutations (Parker 1970;
Singh et al. 2002; Manier et al. 2010), recent work argues that new
gene testis expression is driven by mechanistic bias (Soumillon
et al. 2013). Spermatogenesis usually occurs in three phases along
the testis: (1) a diploid mitotic phase that increases cell numbers
and size; (2) a meiotic phase characterized by intense transcrip-
tional activity and by the reduction of the DNA amount (2n to
n) in which diploid cells become haploid; (3) a post-meiotic phase
in which differentiation and individualization of sperm cells takes
place as well as changes in DNA packing proteins (Kimmins and
Sassone-Corsi 2005). In mouse, rice, and Arabidopsis, new genes
tend to be expressed in later phases of male gametogenesis, en-
compassing meiosis and post-meiosis (Soumillon et al. 2013; Cui
et al. 2015). The transcriptionally permissive state of the chroma-
tin during late meiosis and post-meiosis can explain why new
genes are more frequently expressed in later phases of spermato-
genesis as soon as they originate (Soumillon et al. 2013) but does
not necessarily explain how those genes become fixed unless sub-
sequent genetic drift or selection are involved. Although positive
selection signature has been found several times for testis-
expressed new genes (e.g., Zhang et al. 2009, 2010; Jiang and Assis
2017), themajor support for themechanistic-drift neutral hypoth-
esis comes from the increased expression of both retrogenes and
retropseudogenes during mouse late sperm development (Soumil-
lon et al. 2013). Because pseudogenes are nonfunctional, the ori-
gin of new genes seems to be a neutral process, shaped by
chromatin open state and genetic drift (Soumillon et al. 2013).
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Drosophila genome composition reflects the milder effects of
genetic drift, typically observed for species with population sizes
much larger than those of mammals (Kreitman 1983; Lozovskaya
et al. 1999). Because natural selection is more relevant to the geno-
mic history of Drosophila than that of mammals, the mechanistic
biased hypothesis coupledwith neutral evolution per se is less like-
ly to completely explain why new genes are expressed in the male
germline in awide range of organisms and therefore other hypoth-
eses should be developed.

Results

Drosophila new genes: spermatogenic expression and positive

selection signature

To elucidate the contributions of selection and neutral evolution
on the origin of new genes, we analyzed how new D. melanogaster
genes are expressed along spermatogenesis. In agreement with the
data observed in plants and mammals (Fig. 1A), new genes in

Drosophila are more frequently and highly expressed in later phas-
es of male gamete development, whereas old genes show signifi-
cantly higher expression and enrichment in mitosis (Fig. 1B).
The pattern is consistent for genes originated by the three major
mechanisms: DNA-based and RNA-based duplications and de
novo origination.

Although natural selection is important in Drosophila evolu-
tion in general, late-stage expression of new genes of D. mela-
nogaster is also compatible with neutral evolution and permissive
transcriptional environment (Soumillon et al. 2013). New genes
in general, including those testis-biased expressed, display higher
rates of nonsynonymous per synonymous substitutions on their
sequences (dN/dS) (Supplemental Fig. S1) and significant enrich-
ment with positive selection signature when compared to old
genes, together indicating adaptive evolution (Supplemental Table
S1; Zhang et al. 2010). By grouping autosomal genes with higher
expression in meiosis and post-meiosis as our haploid set, we
found an increased ratio of nonsynonymous to synonymous sub-
stitutions which at first is consistent with the hypothesis of lack of
constraint/transcriptional permissiveness. However, the haploid
set of genes is as well enriched with positive selection signature
in comparison to genes expressed in diploid cells, the mitotic
phase (Fig. 2A; Table 1). Hence, the enrichment of nonsynony-
mous to synonymous substitutions does not solely result from
lack of constraint. Moreover, new haploid genes present a higher
proportion of nonsynonymous substitutions over nonsynony-
mous polymorphisms in comparison to diploid-expressed new
genes (α: 0.23 vs. 0.16, P=0.002, n= 248, χ2 test). Together this in-
dicates that natural selection is involved in the fixation of new
genes. If mechanistic bias created by an open chromatin state in
later phases of spermatogenesis, followed by genetic drift, has driv-
en the fixation of new genes (Soumillon et al. 2013), wewould not
observe such elevated rates of positive selection on the sequences
of haploid-expressed new genes.

Haploid selection for the evolution of new genes

Alternatively, we propose here that haploid selection, rather than
mechanistic bias/genetic drift, taking place in later phases of male
gametogenesis would lead to higher rates of fixation of new genes.
It is well known that the haploid state will rapidly expose a low fre-
quency adaptivemutation, conferring immediate advantage to the
organisms carrying it (Joseph and Kirkpatrick 2004), whereas re-
cessive adaptive mutations would be hidden from natural selec-
tion in a heterozygous genotype, preventing or delaying their
increase in frequency and their fixation (Fig. 2B; Otto et al.
2015). In otherwords, adaptivemutations have their frequency in-
creased faster if their phenotypes are produced by a haploid rather
than a diploid genotype.

Note that adaptive recessive alleles in any gene would benefit
from any haploid selection taking place in the gametogenesis
(Joseph andKirkpatrick 2004). In the case of duplicate genes, adap-
tive mutations, frequently recessive (Thornton and Long 2002),
are known to accumulate during the neofunctionalization process
of a duplicated gene (Ohno 1970; Long et al. 2013). We rationalize
that haploid selection boosts new gene evolution by further in-
creasing their fixation probability avoiding their loss or pseudoge-
nization. Indeed, if new genes are being driven to fixation
primarily owing to selection when expressed in haploid cells, a
likely correlate of this is that they are expressed in meiosis and
post-meiosis at a high rate. Another correlate is that they present
an excess of adaptive sequence signature as observed in

B

A

Figure 1. Spermatogenic expression profiles of new and old genes.
(A) Old genes (red) are expected to be mainly expressed in the diploid
phases of spermatogenesis, wheremitosis occurs; new genes (blue) are ex-
pected to be more highly expressed in later phases of spermatogenesis,
meiosis, and post-meiosis. (B) Relative proportion calculated separately
for old and new D. melanogaster genes overexpressed in mitosis, meiosis,
or post-meiosis (Methods). Total sample sizes for old and new genes
were 5170 and 260, respectively. (∗∗∗) P<0.001, Fisher’s exact test.
X-linked genes were excluded from these analyses to avoid effects from
X-Chromosome inactivation taking place during Drosophila male meiosis
(Vibranovski et al. 2009).
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Drosophila data. Old genes, in contrast, have accumulated other
functions along evolution, and hence, present a varied expression
profile (Zhang et al. 2012) that erases their previous pattern of hap-
loid expression enrichment and signature of positive selection.

Although the haploid selection is presented as a parsimoni-
ous explanation for the observed data, there are empirical and the-
oretical aspects that must be addressed before assuming this
hypothesis. On the developmental aspect, later stages of gameto-
genesis represent the only haploid cells in an extensive list of dip-
loid organisms. However, selection in female haploid stage is not a
prominent candidate to boost new gene evolution. Inmammalian
egg development, the haploid phase is reduced in space and time
because meiosis II is only triggered by sperm fertilization (Otto
et al. 2015), mostly hampering any role for haploid selection in
the evolution of new genes. Likewise, inD.melanogaster oogenesis,
haploid selection is mostly out of consideration. Only one of the

16 cells from each cyst becomes a viable ovule, whereas the other
cells will nourish it by exporting/pumping their entire cytoplasm
with organelles, nutrients, and mRNAs to the oocyte (Cáceres
andNilson 2005; He et al. 2011). Through ring canals, the 15 nurse
cells supply essential components to the oocyte, which has a nu-
cleus that ismostly transcriptionally quiescent and arrested inmei-
otic prophase (King and Burnett 1959; Spradling 1993).

In males, all spermatids become individual spermatozoa with
independent function and fitness (e.g., Alavioon et al. 2017) and
therefore are, in theory, excellent candidates to boost new gene
evolution by haploid selection. However, in spermatogenesis of
Drosophila and of other organisms, RNA products can be shared/
leaked among cells across cytoplasmic bridges because cytokinesis
within cysts is not complete (Dadoune et al. 2004; Joseph and
Kirkpatrick 2004). Therefore, genetically haploid spermatids were
for a long time thought to be phenotypically diploid (Braun
et al. 1989). However, recent evidence has given support to hap-
loid selection in male gametogenesis bearing cytoplasmic bridges.
First, zebrafish harbor differential fitness in a single ejaculation ow-
ing to genetic differences among individual sperms from the same
individual. Second, compartmentalization of the mouse Sperm
Adhesion Molecule I mRNA proved, for at least some transcripts,
the lack of, or at least the incomplete sharing of mRNAs through
cytoplasmic bridges (Martin-DeLeon et al. 2005).

In agreement with this developmental aspect, new genes are
usually not found to be expressed in ovaries in different taxa (e.g.,
Zhang et al. 2010) reinforcing the higher chances of fixation for
new genes bearing expression in meiotic and post-meiotic phases
of male gametogenesis (Soumillon et al. 2013; Cui et al. 2015) and
not in the female one. Haploid selection inmales is not an unlikely
phenomenon as in oogenesis where mRNA and oocyte nutrients
come from the mixed cytoplasm of neighboring diploid cells,
which therefore contribute in the same way to a single ovule fit-
ness and function.

Regarding our haploid selection hypothesis, any RNA leak-
age occurring between spermatids impacts only the degree of
dominance between alleles. Incomplete level of dominance is a
proxy of the fitness effects on recessive alleles transcribed in hap-
loid cells with mRNA partially shared through the cytoplasmic
bridges. Moreover, one can argue about the recessive nature of
adaptive mutations on new genes. It is difficult to imagine
gene duplication per se as recessive because one haplotype carries
an extra copy. However, the subsequent evolution of a new gene
may very likely involve recessive mutations as shown by positive
selection signature enriched in X-linked new genes in Drosophila
(Thornton and Long 2002). Therefore, by varying the degrees of
dominance, as done in the population genetic model described
in the following section, it is possible to measure how much fast-
er new beneficial alleles could be fixed in the haploid population
in general.

Table 1. Positive selection on diploid- and haploid-expressed genes
(D. melanogaster)

Positive Darwinian
selectiona

Diploid-expressed
genes (%)

Haploid-expressed
genes (%)

Detected 35 (1.4) 72 (3.5)
Nondetected 2425 2006

aBased on flyDIVaS database (Stanley and Kulathinal 2016); Fisher’s
exact test, P<0.001.

B

A

Figure 2. Evolutionary analyses ofD. melanogaster autosomal genes and
systems of selection. (A) The ratios of nonsynonymous substitution rate to
synonymous substitution rate (dN/dS) across different gene expression
groups. Diploid (purple) and haploid (green) groups were considered
those genes overexpressed in mitosis, and meiosis or post-meiosis, respec-
tively (Methods). Total sample sizes of diploid and haploid genes were
2348 and 2212, respectively, for dN/dS. Mann-Whitney-Wilcoxon test
was used as the statistical test: (∗∗∗) P<0.001. (B) Haploid selection advan-
tage over diploid selection is shown as haploid cells (green) carrying new
allele a immediately present a new phenotype (dark green). However, for
diploid cells (purple), heterozygote cells do not present a different pheno-
type (all light purple). The new allele a effect is hidden by the dominant
allele A (dashed red arrow).
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Population genetic model for haploid selection in the evolution of

new genes

The population genetic model that follows aims to compare the
effects of positive selection in new alleles acting in the haploid
phase (gamete) with the corresponding one taking place during
the diploid phase.We intend to understand the effect of twomajor
aspects which, as mentioned previously, are crucial for the evolu-
tion of new genes: (1) degree of dominance of the adaptive muta-
tion/allele; and (2) genetic drift. Our population genetics model
first considers an autosomal locus with alleles A and a that are ex-
pressed in diploid phase as well as in haploid phase. In a determin-
isticmodel, inwhich theDrosophilapopulation size is considerably
large,mating occurs randomlyafterHardy-Weinberg ratios and the
effects of genetic drift are considered as negligible. The model as-
sumes (1) that s1 (0≤ s1≤1) and hs1 (0≤h≤1) are the respective co-
efficients of selectionof genotypesAAandAa,while 1 is the relative
fitness value of genotype aa; that q= q1 and 1−q=1−q1 are the fre-
quencies of alleles a andA; thath is a dominancemeasure; and that
q′1 is the frequency value of the a allele in the next generation; and
(2) that s2 (0≤ s2≤1) is the coefficient of selection ofA gametes and
1 the relative fitness of gametes carrying the a allele; q= q2 and 1−q
=1−q2 are the population frequencies of a and A gametes; and
that q′2 is the frequency value of the a allele resulting from gametes
that compete among themselves to form the next generation
genotypes.

Our model is based on the analytical and numerical analyses
of the expression

Dq2
Dq1

= {1− (1− q)sx[1− q(1− 2h)]}
{x[1− (1− q)s][1− h− q(1− 2h)]}

,

where Dq2 = q′2 − q; Dq1 = q′1 − q; s2 = s; and s1 = sx, so that s1/
s2 = x.

The expression Δq2/Δq1 is the incremental rate, a pertinent
variable for comparing the evolutionary gain of frequency (fixa-
tion rate) of the allele a under the alternative hypotheses of posi-
tive selection acting during the haploid and diploid phases,
respectively.

The analysis of the incremental rate shows that, if 0 < x≤1,
Δq2/Δq1 is always larger than 1, irrespective of the value h (the dom-
inance factor) can take. For small values of q (which is usually the
case for new mutations in large populations), the gain in gene fre-
quency Δq2/Δq1 (fixation rate) of the allele a in the haploid phase is
much larger when h= 1 (aa completely recessive) than when h=0
(dominant case). Extensive computer-assisted numerical analysis
showed that this is also true when h<1/2 for all possible combina-
tions of q, x, and s values and that for small or very small (<0.01 or
0.001) frequency values of q the gain in gene frequency Δq2/Δq1
when h =1 is about (1−q)/q times larger thanwhen h=0. For exam-
ple, when q=0.001, the gain in gene frequency of the allele a is
about 999 times larger in the case h =1 than in the case h=0.

When x>1, the fixation rate of the a allele depends on some
specific combinations of q, s, x, and h values that can be expressed
through specific mathematical formulas, fully detailed in Supple-
mental Methods. Example of one of the results obtained from
the analysis of the model is shown in Figure 3A. Therefore, new
beneficial alleles could be fixed faster in the haploid population
than in the diploid, even when there is incomplete dominance
of the alleles. Such a result expands the conditions in which our
model works. The numerical analysis of the model shows clearly
that what is important to the fixation rate of the a allele is the ratio
x between the selective values s1 = sx and s2 = s (of homozygous AA

and gametesA, respectively) and not the value of the coefficient of
selection s considered separately. Hence, the patterns observed
(Fig. 3A–E) should be robust for other values of s as well.

The analysis of a large number of cases (of the order of 106),
generated by computer-assisted random combinations of q, s1 =
sx, s2 = s, and h, showed that, even in the nonadvantageous situa-
tion when x> 1, in about 38.5% of cases the rate of frequency gain
(fixation rate) of the a allele is larger under the system of positive
selection during the haploid phase than during the diploid phase
(Δq2/Δq1 > 1). Considering that this is exactly what always takes
place when x≤1, we have just evidenced the importance of the
mechanism of positive selection acting during the haploid phase
of male gametogenesis in the process of fixation of new genes.

To consider the effects of random genetic drift, millions of
diploid populations with distinct sizes were computer-simulated
(SupplementalMethods). From each one out of 50 genotypic com-
positions obtained for each population of size N with a particular
combination of the four parameters {q, s, h, x}, the frequency
q′1 = [2N(aa) + N(Aa)]/2N was directly estimated and used to
calculate the value of Dq1 = q′1 − q, which was then compared to
Δq2 = q(1-q)s/[1−(1−q)s] to compute the number of times in which
Δq1 >Δq2. The value of Δq2, unlike what happened to the value of
Δq1, was directly estimated from the formula derived in the deter-
ministic model, because the selection in the haploid model obvi-
ously results from a practically infinite number of gametes that
compete among themselves to form the genotypes of the next
Drosophila generation. Example results obtained from analyses of
the model and simulations are shown in Figure 3B–E.

The percentage figures obtained in the case x≤1 correspond
to the function y= e3.84/N0.30 [F(1,10) = 1404.30, P=0.00001, r

2 =
0.993], a formula that can be directly used to obtain the percentage
of cases in which the gain (entirely because of random genetic
drift) in the diploid phase is larger than in the haploid phase
(Fig. 3F). Even with very large population numbers, however, on
average in ∼5% of cases x≤1 the selective gain (fixation rate of
the a allele) will be larger in the diploid than in the haploid phase.
In any case, and for any population number, the number of cases
in which the haploid gain predominates is overwhelming despite
drift, whose effects can be assumed to be negligible in the case x≤1
for population sizes of the order of 400 or more. The percentage
figures obtained for the case x>1, on the other hand, indicate
that they do not differ significantly (and independently from the
population size N) from the overall value obtained in the deter-
ministic model (around 61.5%) (Fig. 3F). We conclude therefore
that random genetic drift does not interfere significantly with
the dynamics of the deterministic model we described for this spe-
cific case. The complete description of allmethods and procedures,
the detailed derivation of all formulas we used, and extensive
mathematical analyses (analytical and numerical) of the model
are contained in Supplemental Methods.

Autosomes versus X Chromosomes

For organisms with male as the heterogametic sex, the X Chromo-
some is always hemizygous and therefore X-linked genes have
only one type of allele expressed in all male cells, including the en-
tire spermatogenesis (Fig. 4A). The Faster-X effect proposes that
X-linked genes will evolve more rapidly than autosomal loci as
adaptive alleles are sheltered from positive selection on autosomes
but are fully expressed inmales whenX-linked (Charlesworth et al.
1987), an analogous effect of the haploid selection (Joseph and
Kirkpatrick 2004). Therefore, X-linked mutations are expected to

Raices et al.

1118 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on July 24, 2019 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.238824.118/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.238824.118/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.238824.118/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.238824.118/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


have high fixation probabilities, especial-
ly if beneficial to males (Charlesworth
et al. 1987). In support to the Faster-X
hypothesis, the observation of rapid
divergence of gene duplicates on the
D. melanogaster X Chromosome (Thorn-
ton and Long 2002) indicates that adap-
tations at duplicate loci are recessive on
average.

The haploid selection hypothesis
predicts that higher expression in later
phases of male germline is a frequent fea-
ture of new autosomal genes rather than
of X-linked new genes. A correlate of
this prediction is that newX-linked genes
are expected to show elevated signature
of positive selection as well as high ex-
pression in all male germline (including
mitosis) and not only on later phases.
Therefore, if our haploid hypothesis is
correct, we then expect the relative pro-
portion of autosomal and X-linked ex-
pressed new genes to be different among
Drosophila spermatogenic phases (Fig.
4B). Because haploid phases are com-
parativelymore advantageous for autoso-
mal genes than mitotic ones and there is
no differential fitness effect for X-linked
genes along spermatogenesis, we ob-
served a significantly higher proportion
of autosomal new genes expressed in
post-meiosis opposed to lower propor-
tion of those expressed in mitosis (Fig.
4C). This result supports the idea that
haploid expression in later phases of
male germline is beneficial only for those
genes located inautosomal andnot in the
X Chromosome.

Note that such pattern is absent for
the analyzed old genes (Fig. 4B). Instead,
there is a meiotic depletion of old
X-linked genes,whichhas beenprevious-
ly pointed out as an effect of meiotic sex
chromosome inactivation (MSCI) in
Drosophila (Vibranovski et al. 2009).
Curiously, meiotic depletion is not ob-
served for new genes suggesting that
they are not immediately susceptible to
the inactivation process as they emerge.

In terms of positive selection se-
quence signature, we also observed a dif-
ference between genes located on the X
Chromosome and autosomes. On one
hand, overall new X-linked genes are en-
riched with positive selection signature
when compared with old ones (13% vs.
3%, P<0.02, Fisher’s exact test), a pattern
not observed for autosomal new genes in
general (P=0.33, Fisher’s exact test). On
the other hand, X-linked genes do not
show significantlymore signature of pos-
itive selection on genes expressed in the

CB

ED

F
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Figure 3. Simulations from the developedmathematical model. (A) Comparison between the values of
Δq2 and Δq1 obtained in the deterministicmodel for the cases {h=0, x=1.1, s =0.8} and {h=1, x=1.1, s=
0.8}. Results (case x>1) obtained from drift/selection simulations for cases h=1 (B,D) and h=0 (C,E) for
population sizes (N) 200 (B,C) and 1000 (D,E), keeping the parameters as prescribed in A (case x=1.1).
(F) The Δq1 simulated populations are shown as black dots (around the curves representing Δq1 in A). The
black dots represent the percentage of cases in which the selective gain in the fixation process is larger
in the diploid than in the haploid phase, because of random genetic drift depending on selection
and population size N. The upper set and the line y2 correspond to the case x>1, and the lower set
and the function y1 correspond to the alternative case x≤1. The percentage figures obtained in
the case x≤1 correspond with negligible statistical error to the function y= e3.84/N0.30 [F(1,10) =
1404.30, P=0.00001, r2 = 0.993].
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later phases of spermatogenesis in comparison to the mitotic ones
(P=0.40, Fisher’s exact test), as observed for genes located on auto-
somes (Fig. 2A).

The chromosomal discrepancy on both the proportions of
genes expressed in different phases and on the enrichment of pos-
itive selection corroborates that both faster evolution for the
X Chromosome and haploid selection for autosomes are occurring
in males and contributing to the evolution of new genes.

Discussion

We showed that Drosophila new genes, as it happens in mammals
and plants, are more expressed in later phases of male gametogen-
esis. Contrary to expectations under fixation by genetic drift, new
genes expressed in male meiosis and post-meiosis are enriched
with positive selection signature. Additionally, only new genes lo-
cated in the autosomes are found to be preferentially expressed in
later phases of spermatogenesis. All three lines of evidence could
be explained by competing hypotheses. On one hand, the expres-
sion bias of new genes in late stages (Fig. 1) is compatible with the
neutral hypothesis (permissive transcriptional environment). On
the other hand, excessive adaptive signature (Fig. 2; Table 1) on
genes expressed in the late stages could be explained by sexual
selection (e.g., sperm competition). Finally, the observation that
autosomal new genes are underrepresented inmitosis but overrep-
resented in post-meiosis (Fig. 4) could be somehow a partial conse-
quence of the gene movement out the X Chromosome because of
MSCI acting on the X Chromosome in meiosis and in post-
meiosis.

Here, we proposed only one model to explain all presented
observations rather than recruiting three different hypotheses.
Although all other models likely coexist and by acting in the sper-
matogenesis may also contribute to the evolution of new genes,
the haploid selection model states that natural selection taking
place in haploid cells elucidates several aspects of their origin.
The model explains the prevalence of new gene testis expression

and gives a parsimonious solution for
new alleles, particularly recessive ones,
to avoid being lost by genetic drifts or
pseudogenization.

In addition, by comparing popula-
tion genetics equations under haploid
and diploid selection systems, we estab-
lished the robustness of our model in
the presence of genetic drift andwith dif-
ferent degrees of dominance. Those pa-
rameters are important to consider
during the evolution of new genes for
the following reasons. First, newgene tes-
tis expression is a widespread phenome-
non occurring in species with a large
range of population size and therefore is
subject to different levels of genetic drift.
Second, in different spermatogenesis,
RNA products can be shared among cells
across cytoplasmic bridges. Therefore, if
leak of expression from the dominant al-
lele follows, newadaptive recessivemuta-
tions might be sheltered, or at least
partially hidden, from positive selection
regardless of the system. Third, we do

not know whether the nature of new genes is likely to be recessive
or whether subsequent evolution always involves recessive muta-
tions. Varying those parameters in our simulations revealed that
even if the selection coefficient is higher in the diploid cell popula-
tion, the fixation can still be faster in thehaploidpopulation in cas-
es in which dominance is not complete and in the presence of
genetic drift, therefore further strengthening the theoretical side
of our hypothesis.

To sum it up, our study shed light on the importance of hap-
loid phase, which has been neglected for many years as a potential
contributor to the causes of male fertility, because it can now be
directly related to novelties inmorphogenesis, motility, and sperm
fertility.Moreover, haploid selection as amain player on the origin
of newgenes places themas prominent candidates to provide valu-
able information on new biological pathways and functions that
may affect the sperm.

Nevertheless, it is important to acknowledge that a quarter of
new genes are also overexpressed in male mitosis and therefore
might have been fixed by positive selection in diploid phases.
Further studies might help to understand other processes respon-
sible for the fixation of newgenes that are expressed in diploid cells
and involve completely dominant alleles.

Methods

Spermatogenesis stage-specific expression analyses

For expression analyses, we used microarray data for each sperma-
togenesis phase (Vibranovski et al. 2009) from dissected parts of
D. melanogaster testis enriched with cells from mitosis, meiosis,
andpost-meiosis. Eachgenehad the expression compared between
a pair of phases (mitotic and meiotic phase, meiotic and post-
meiotic, mitotic and post-meiotic) and categorized as underex-
pressed, overexpressed, aswell as equallyexpressed in eachpairwise
comparison, according to a Bayesian statisticalmodel (Vibranovski
et al. 2009).Using these gene categories, itwas possible to create ex-
pressionclasses representingall the genes andhowtheir expression
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Figure 4. Expression profiles of autosomal and X-linked genes according to the haploid selection hy-
pothesis. (A) Diploid and haploid states of autosomal (black) and X-linked (orange) genes along the three
phases of spermatogenesis. (B) Relative expressionpredictionof autosomal andX-linkedgenes alongmale
mitosis (Mit), meiosis (Mei), and post-meiosis (Post). (C) Relative proportion of autosomal and X-linked
D.melanogastergenes calculated for each spermatogenic phase showed separately for old and newgenes
(Methods). Dashed white lines represent the average autosomal proportion among ages. Total sample
sizes for autosomal and X-linked genes, respectively: 5170, 956 (old); 260, 57 (new). (∗∗∗) P<0.001;
(∗∗) P<0.01; (∗) P<0.05; Fisher’s exact test: one phase versus other phases grouped.
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occurs throughout the three spermatogenic phases (Supplemental
Fig. S2). To evaluate the haploid fitness, it is important to investi-
gate genes that have been transcribed by haploid cells rather than
analyze mRNAs transcribed in previous diploid phases and stored
in the cytoplasm (Schäfer et al. 1995). Because spermatogenesis is
a developmental and temporal biological process, using genes
more expressed in later phases than early ones guarantees haploid
transcription and therefore association with haploid selection
(Vibranovski et al. 2009, 2010). Because crossing over does not oc-
cur inDrosophilamales,weconsideredmeiosis tobe inhaploid state
as homologous chromosomes are separated in its first cell division
(Meiosis I), so a recessive allele is no longer masked by a dominant
one for the sake of fitness.

Gene age classification

To analyze the gene ages, we used data from Zhang et al. (2010) in
which they dated the origination of D. melanogaster genes by ac-
cessing ortholog genes presence and absence in close Drosophila
species. Accordingly, genes that originated more than 63 million
years ago were considered old genes, like the genes that are present
in both representatives of the subgenus Sophophora and the subge-
nus Drosophila (Russo et al. 1995). Genes younger than 63 million
years were considered new genes.

Evolutionary analyses

Data of genes dN (nonsynonymous substitutions), dS (synonymous
substitutions), pN (nonsynonymous polymorphisms), and pS (syn-
onymous polymorphisms) were obtained from Zhang et al (2010)
by inferring those parameters from sequence comparisons be-
tween D. melanogaster and Drosophila simulans. Ratio distributions
of dN/dS were compared using the Mann-Whitney-Wilcoxon test.

We estimated α, the proportion of substitutions fixed by
adaptive mutation, in new genes by implementing a multilocus
McDonald–Kreitman test using Distribution of Fitness Effects
(DoFE) (Bierne and Eyre-Walker 2004). As in Zhang et al. (2010),
we used the LikeLihood-Ratio test (LLR) to measure whether hap-
loid genes have different α compared to diploid ones. We per-
formed a χ2 test in which the null hypothesis was that α was the
same in the two group of genes as described in Zhang et al. (2010).

We used a comparative genomics resource for Drosophila
divergence and selection, the flyDIVaS database (Stanley and
Kulathinal 2016) to retrieve codon-based tests of positive
Darwinian selection for our group of genes. Using orthologous
comparisons between sequence from the D. melanogaster sub-
group, the database test positive selection for each gene using three
different selection models and correcting for multiple tests with
False Discovery Rates (FDR). We considered a gene as evolving un-
der positive selection if significant difference from the neutral hy-
pothesis was found for at least one model tested. Most of our
results maintained the same applying only flyDIVaS’s first model
(Stanley and Kulathinal 2016). New genes originated in D. mela-
nogaster or in D. melanogaster subgroup (n=126; branches 5 and
6 fromZhang et al. 2010) were not included for flyDIVaS’s analyses
because they have no orthologous counterparts. However, they
correspond to <15% of the total number of new genes analyzed
in the rest of the study.

Chromosomal location analyses

Autosomal and X Chromosome gene location was obtained from
tables available in Vibranovski et al. (2009) and confirmed in
Zhang et al. (2010). Relative proportions were compared using
Fisher’s exact test.
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