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Abstract 
Every gene has a birthplace and an age, i.e., a cis-regulatory environment and an 

evolution lifespan since its origination, yet how the two shape the evolution trajectories 

of genes remains unclear. Here we address this basic question by comparing 

phylogenetically dated new genes in the context of both their ages and origination 

mechanisms. In both Drosophila and vertebrates, we confirm a clear ‘out of the testis’ 

transition from the specifically expressed young genes to the broadly expressed old 

housekeeping genes, observed only in testis but not in other tissues. Many new genes 

have gained important functions during embryogenesis, manifested as either specific 

activation at maternal-zygotic transition, or different spatiotemporal expressions from 

their parental genes. These expression patterns are largely driven by an age-dependent 

evolution of cis-regulatory environment. We discover that retrogenes are more 

frequently born in a pre-existing repressive regulatory domain, and are more diverged in 

their enhancer repertoire than the DNA-based gene duplications. During evolution, new 

gene duplications gradually gain active histone modifications and undergo more 

enhancer turnovers when becoming older, but exhibit complex trends of gaining or 

losing repressive histone modifications in Drosophila or vertebrates respectively. 

Interestingly, vertebrate new genes exhibit an ‘into the testis’ epigenetic transition that 

older genes become more likely to be co-occupied by both active and repressive 

(‘bivalent’) histone modifications specifically in testis. Our results uncover the regulatory 

mechanisms underpinning the stepwise acquisition of novel and complex functions by 

new genes, and illuminate the general evolution trajectory of genes throughout their life 

history. 
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Introduction 
The great disparity of gene numbers between species indicates that gain and loss of 

genes is a fundamental evolutionary process. Since the report of the first new gene 

jingwei over two decades ago (Long and Langley 1993), numerous genome-wide and 

case studies have now demonstrated that origination of functional new genes is one of 

the main drivers underlying phenotypic innovation(Kaessmann 2010; Chen, et al. 2013). 

The emergence of jingwei represents a paradigm rather than an anecdote of new gene 

evolution: both DNA- and RNA-mediated (retroposition) gene duplications from different 

parental genes have contributed to the formation of the new chimeric structure of 

jingwei, which acquired a new expression pattern specifically in testis compared to its 

Adh ancestor. Later inspection of multiple Drosophila genomes showed that gene 

duplication accounts for about 80% of species or lineage specific new genes(Zhou, et 

al. 2008). This conforms to Ohno’s hypothesis that gene duplication is the primary 

source of new genes(Ohno 1970). In addition, at least 30% of Drosophila new genes 

(Zhou, et al. 2008), or 50% of Caenorhabditis elegans new genes (Katju and Lynch 

2006) have been found to incorporate various genomic resources (e.g., partial coding 

sequences of another gene, or transposable elements) to form a chimeric structure by 

exon shuffling, potentially facilitating functional innovation. An unexpected finding from 

genome scans of a broad range of species including yeast(Carvunis, et al. 2012), 

Drosophila (Zhao, et al. 2014) and human(Knowles and McLysaght 2009; Wu, et al. 

2011; Ruiz-Orera, et al. 2015) is that de novo origination from non-coding sequences 

has a substantial contribution to new gene origination. Many nascent de novo genes, as 

well as species-specific gene duplicates are more likely to be still segregating within 

populations and subjected to random loss than those ‘older’ new genes that have 

become fixed in populations at an earlier time point and are shared by multiple species 

(Zhou, et al. 2008; Palmieri, et al. 2014; Zhao, et al. 2014). Similar to jingwei, many de 

novo genes and new gene duplicates have been found to become predominantly or 

exclusively expressed in testis (Betran and Long 2003; Carelli, et al. 2016; Guschanski, 

et al. 2017; Luis Villanueva-Canas, et al. 2017). Functional disruption showed some 

Drosophila new genes acquired novel function that is either involved in 
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spermatogenesis (Kondo, et al. 2017)(e.g., nsr (Ding, et al. 2010) gene that originated 

about 6 million years ago, MYA), or associated with male mating behaviour (e.g., sphinx 

(Dai, et al. 2008) that originated 3 MYA). A striking case is Umbrea, an older (15 MYA) 

new gene that gradually evolved essential centromeric function in comparison to its 

heterochromatin-binding parental gene HP1B (Ross, et al. 2013). These case studies 

suggested that new genes frequently undergo neo-functionalization, and their 

population dynamics and novel functions are characterized by their age. 

 Understanding functional evolution of new genes in the context of their ages is 

critical for illuminating genes’ dynamic life history in general (Betran 2015; Carelli, et al. 

2016). Although it is difficult to reconstruct gene’s evolution trajectory, valuable insights 

have been gained by comparing genes of different ages (Carelli, et al. 2016; 

Guschanski, et al. 2017). This is on one hand facilitated by the ongoing effort of 

functional disruption of identified Drosophila new genes using RNAi or CRISPR/Cas-9 

technique(Chen, et al. 2010; Kondo, et al. 2017), and also by the recent development of 

next-generation sequencing. Transcriptome comparison of multiple Drosophila and 

mammalian adult tissues suggested that younger new gene duplicates, particularly 

retrogenes are more prone to have a testis-specific expression; while the older ones are 

more often ubiquitously expressed or specifically expressed in other somatic tissues 

(Assis and Bachtrog 2013; Carelli, et al. 2016; Guschanski, et al. 2017). This has led to 

the ‘out of the testis’ hypothesis on the emergence of new genes: it postulates that the 

permissive chromatin environment of testis provides a haven for nascent genes from 

natural selection against deleterious effects of the redundant gene dosage when they 

were born (Dai, et al. 2006; Vinckenbosch, et al. 2006; Kaessmann, et al. 2009; 

Kaessmann 2010). Other contributing factors to the large number of testis-biased new 

genes include meiotic sex chromosome inactivation or sexual antagonistic selection, 

which select against testis-biased genes on the X chromosome. They produce an ‘out of 

the X’ pattern in both Drosophila (Betran, et al. 2002; Betran and Long 2003; 

Vibranovski, et al. 2009) and human(Emerson, et al. 2004), that X-linked parental genes 

tend to produce excessive testis-biased new genes located on the autosomes. Such 

young genes maybe later driven to fixation by intensive sexual selection in testis, or 
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acquisition of novel function beyond the testis by forming new gene structures and/or 

recruiting new regulatory elements. Such a dynamic life history of new genes is also 

reflected by the gradually increased connectivity of gene interactions from young genes 

usually located at the periphery of the network to old genes as an essential hub (Zhang, 

et al. 2015). Overall, most contemporary genome-wide characterizations of new genes 

take advantage of transcriptome data, which is the output of complex coordinated 

regulation involving cis-regulatory elements (CREs: promoter, enhancer etc.) and local 

epigenomic configuration. 

 However, little is known about the regulatory mechanisms underlying how a new 

gene evolves a divergent expression pattern from its ancestor at the genome-wide level. 

This is because components and principles of transcriptional regulation have not been 

systematically dissected only until very recently through many consortium projects (e.g., 

ENCODE and modENCODE) (Consortium, et al. 2010; Consortium 2012; Consortium, 

et al. 2017). This question is key to understanding how a new gene can avoid becoming 

a pseudogene as presumed by the classic model (Ohno 1970). A new gene can either 

evolve new expression, i.e., undergo neo-functionalization by recruiting novel cis-

regulatory elements, and/or translocating to a new epigenomic environment as more 

often occurred with retrogenes(Chen, et al. 2013; Arthur, et al. 2014; Carelli, et al. 

2016). Alternatively, a new gene can partition the ancestral expression pattern with its 

parental gene through complementary degenerative mutations in the regulatory region 

(sub-functionalization)(Lynch and Force 2000). It is now well established that the 

epigenomic landscape is shaped by dynamic DNA methylation and various histone 

modifications. Active and repressive chromatin marks, such as histone H3 lysine 4 

trimethylation (H3K4me3), H3K36me3, and H3K27me3, H3K9me3 etc. synergistically or 

antagonistically bind together to genic or CRE regions to impact the transcription level. 

In this work, we seek to address the regulatory mechanisms of new gene evolution by 

analysing a total of 83 transcriptomic and 281 epigenomic datasets across a broad 

range of tissues and developmental stages of D. melanogaster and human 

(supplementary fig. S1). We used an updated dataset of new genes of Drosophila and 

vertebrates, and paid special attention to bulk and single-cell RNA-seq (scRNA-seq) 
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data during early development, when little is known about new genes’ functional roles. 

By cross investigation of massive epigenomic and CRE profiles of new genes in the 

context of their origination mechanisms and ages, we unveiled a non-biased landscape 

of dynamic regulatory changes throughout new genes’ life history.  

 

Results 

New genes are becoming out of the testis by age 

We acquired a high-confidence dataset of new genes following the published 

pipeline(Chen, et al. 2010; Zhang, et al. 2010) with the updated genomes and 

annotations of 12 Drosophila species (metazoa release 25) and 14 vertebrate species 

(Ensembl v73) (fig. 1). Changes to the numbers of new genes comparing to previous 

studies (Zhang, et al. 2012) were mainly caused by the re-annotation of many protein-

coding genes as non-coding RNAs or pseudogenes, or their direct removal from the 

updated version of annotation. In brief, we used whole-genome syntenic alignments to 

inspect the phylogenetic distribution of orthologous genes. We identified species or 

lineage specific new genes and inferred their age by parsimony based on their 

presence/absence of orthologs in multiple outgroups. Using multiple outgroups reduces 

the chance of mis-identification of new genes due to sequencing gaps or independent 

loss of genes from one certain outgroup, which however does not apply to old age 

groups (e.g., age group A in fig.1) in this study. We also inferred the origination 

mechanisms of new genes as DNA-based gene duplication (referred as ‘gene 

duplication’ hereafter), retroposition and de novo origination based on each category of 

a gene’s specific feature (e.g., absence of introns in retrogenes, absence of syntenic 

orthologous genes for de novo genes, see Materials and Methods). In total, we 

annotated 585 Drosophila and 3056 vertebrate new genes. A major technical challenge 

for any new gene analyses is that except for de novo genes, a large part of the 

sequences is shared between the new and parental gene pair, which confounds the 

quantitative comparison of their levels of gene expression or histone modification. To 

overcome this, we harnessed the sequence divergence sites between the pair, and only 

counted the reads that can be unambiguously assigned to either new gene or parental 
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gene based on their spanned diagnostic SNPs, for any pairwise comparisons between 

gene duplications or retrogenes vs. their parental genes throughout this work. 

Normalized gene expression or histone modification level is then measured by the ratios 

between the informative read counts of RNA-seq/ChIP-seq vs. DNA-seq for each gene 

to correct for any sequencing or mapping bias. Three lines of evidence convinced us 

that this subset of sequences per gene is able to give us robust and specific estimation 

of the level of transcription and histone modification: first, the SNP density, as a 

reflection of divergence level between the gene pair expectedly increases by new 

genes’ age (supplementary fig. S2). We found a substantial number of informative 

sites (median value 10-30 per 100 bp) even between the youngest group of new genes 

and their parental genes, given a read length of over 100 bp in most of the analysed 

datasets. Second, we observed a significant (P < 0.05, pearson’s correlation test) 

positive/negative correlation between the normalized expression level vs. respective 

active/repressive histone modification level (supplementary fig. S3) across most of the 

inspected stages and tissues, based only on informative sites. Third, the proportions of 

genes showing pronounced histone modifications (‘bound’ genes), defined by 

informative sites, increased gradually with the developmental progress of D. 

melanogaster (supplementary fig. S4). This pattern is consistent with that reported by 

modENCODE consortium which used the entire gene or promoter regions (Kharchenko, 

et al. 2011). 

 To reveal the global transcriptome change of new genes by age, we focused on 

two of their features: gene expression specificity, calculated as the ratio of gene 

expression level in the focal tissue vs. that of the whole D. melanogaster body or the 

sum of expression levels of all human adult tissues; and expression breadth, measured 

by the percentage of tissues/stages with active expression of the focal gene detected 

among all examined samples, as an indication for housekeeping genes. We found 

strong evidence supporting the ‘out of the testis’ hypothesis that new genes decrease 

their testis-specificity by age, and vertebrate but not Drosophila new genes increase 

their expression breadth, i.e., are more likely to be housekeeping genes (fig. 1A-B). 

The different pattern of expression breadth in vertebrate and Drosophila species can 
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result from the different numbers of identified new genes and sampled tissues between 

the two clades, or suggest there is stronger selection on the gene-gene interaction 

network structure against integrating a new housekeeping gene in Drosophila. A similar 

pattern of expression specificity has not been found among other tissues of D. 

melanogaster and human (supplementary fig. S5), suggesting the unique gene 

regulation program and evolution forces acting in the testis make it prone for the birth of 

new genes. If we look into new genes divided by their origination mechanisms, we are 

still able to find the ‘out of the testis’ pattern in each category of human new genes, but 

only in new gene duplicates of Drosophila, probably due to its much lower number of 

retrogenes and de novo genes (supplementary fig. S6). These patterns still hold if we 

only focus on a shorter evolution time-scale, for example, within the melanogaster group 

species or the mammalian species (up to branch C in both clades, fig. 1, 

supplementary fig. S6), where confounding factors like independent gain/loss of genes 

or mis-identifying ancient duplicates as de novo genes are much less likely. Parental 

genes of human and Drosophila new gene duplications also show a similar ‘out of the 

testis’ trend, suggesting that the pattern is largely contributed by the duplication of testis 

CREs along with the gene duplications. As the expression breadth per se does not 

reflect the degree of expression level variations between tissues/stages, we further 

calculated the coefficients of variation (CV)(Perez-Lluch, et al. 2015) across all the 

analysed samples. A gene that shows a highly variable spatial/temporal gene 

expression pattern, i.e., a high CV value, is defined as a ‘regulated’ gene based on the 

distribution of genome-wide CV values (supplementary fig. S7), otherwise as a ‘stable’ 

gene. We consistently found new genes, particularly retrogenes and de novo genes 

(except for human de novo genes), have a significantly larger proportion of regulated 

genes than the parental genes (fig. 1C-D, P < 0.05, Fisher’s exact test) or the genome-

wide level. This can be explained by retrogenes and de novo genes being more likely to 

recruit novel regulatory elements (see below) than are new genes generated by gene 

duplication. 

 

Dynamic expression of new genes during early development 
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Much effort has been invested in examining new genes’ expression in adult tissues, yet 

little is known about their functional contribution during the embryonic developmental 

process. The only work that has been done, at a much broader evolutionary time scale 

than this work, found that in zebrafish and Drosophila, younger genes are enriched in 

early and late embryonic stages, while the old genes are enriched at mid-embryonic 

(‘phylotypic’) stage (Domazet-Loso and Tautz 2010). This supports a developmental 

‘hourglass’ model, where strong constraints on developmental regulation act at the 

phylotypic stage (Kalinka, et al. 2010). Here we scrutinized both the expression level 

and spatiotemporal information of new genes in early embryos, by analysing their 

scRNA-seq and RNA fluorescence in situ hybridization (RNA-FISH) data. We found in 

both human and D. melanogaster embryos, new genes except for Drosophila de novo 

genes show a similarly robust expression level as parental genes throughout embryonic 

stages, suggesting some of them have evolved important developmental functions (fig. 

2A, ‘expression level’ panel). Human retrogenes and de novo genes are expressed at a 

significantly higher level (P < 0.05, t-test and Wilcoxon test) respectively than their 

parental copies and genome-wide average since the 4 weeks until the 19 weeks of 

embryonic development, in both germline and somatic cells, in both sexes 

(supplementary fig. S8). We found a burst of expressed retrogenes (supplementary 

table S4), but not in new gene duplicates, from the human 4-cell embryonic stage to the 

8-cell stage, in contrast to a decrease of numbers and expression levels of active de 

novo genes from the 2-cell stage until the 8-cell stage. This is particularly interesting as 

the major maternal-zygotic transition (MZT) occurs during this time window (Braude, et 

al. 1988). It implies that many retrogenes are involved in MZT, and although there is a 

significant (P < 0.01, Fisher’s test) excess of de novo genes originally deposited as 

maternal transcripts in both human and Drosophila (supplementary table S4-5), they 

become degraded during later embryonic development. Indeed, we found that the 

zygotically activated retrogenes were enriched (Bonferroni corrected P < 0.05) for 

functional categories of ‘RNA recognition’ and ‘mRNA surveillance pathway’ 

(supplementary fig. S9), which might participate in the post-transcriptional control as 

shown by many genes at Drosophila MZT(Sysoev, et al. 2016). 
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 Besides the expression level, we also compared the spatiotemporal embryonic 

expression between new vs. parental genes of Drosophila, whose different patterns 

directly indicate their divergent function. Among the 144 parental genes and 87 new 

genes with controlled vocabularies of RNA-FISH annotation available from either 

BDGP(Tomancak, et al. 2002) or Fly-FISH(Lécuyer, et al. 2007) database, we found 

that there are significantly more parental genes show ‘ubiquitous expression’ (fig. 2B, 

34.25% vs. 25.95% of new genes, P = 0.0239, Fisher’s exact test); while more new 

genes, although not significantly are expressed at specific tissues (e.g., ‘pole cells’ or 

‘nervous system’; 29.20% vs. 27.09% of parental genes, P = 0.5412 Fisher’s exact test) 

in embryos. All the 11 de novo genes with annotated patterns are ‘maternal’ transcripts 

that become degraded during later development. This is consistent with what was found 

for human de novo genes (fig. 2A). Among the 40 gene pairs with RNA-FISH data 

available for both parental and new genes, none of the pairs show exactly the same 

subcellular localization and expressed time windows between the two, providing strong 

evidence for functional divergence between the parental and new genes in early 

embryos. Specifically, 9 gene pairs (e.g., FBgn0034173-FBgn0001091, fig. 2B, 

supplementary fig. S10) show ubiquitous expression throughout all the investigated 

stages for the parental gene, but a specific expression pattern for the new gene. 4 pairs 

show the opposite pattern. These cases are strong candidates for neo-functionalization 

of new genes (supplementary fig. S11). There are 27 gene pairs with parental and 

new genes expressed in different tissues (e.g., FBgn0038901-FBgn0053099, fig. 2B, 

supplementary fig. S12), which might be candidates for sub-functionalization, 

depending on the parental gene’s expression in the outgroup species.  

  

Age-dependent evolution of chromatin state 

As many more genes become regulated by histone modifications beyond embryonic 

stages (supplementary fig. S4), we further examined the expression patterns of new 

genes among all the tissues, divided by different age groups. We found human but not 

Drosophila genes show an age-dependent change of expression: not only new genes 

but also parental genes become more likely to be expressed in older age groups across 
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all the examined human tissues (supplementary figs. S13C, 14C). The pattern of de 

novo genes is not as clear, which could be influenced by their much smaller numbers at 

each age group. Correspondingly, there are gradually less putative pseudogenes, 

defined as those without robust gene expression throughout all the examined tissues or 

stages, among older age groups of new genes (supplementary table S1). This 

suggests that the tendency to become more active and functionally important is a 

general age-related feature of genes, not just species or lineage-specific new genes.  

To test whether the gene expression pattern is driven by age-dependent 

epigenomic changes, we inspected 14 D. melanogaster and 7 human histone 

modification markers and first compared their binding patterns between new and 

parental genes. We focused on four active markers H3K4me3, H3K4me1, H3K27ac, 

H3K36me3, which are strongly associated with active transcription, and promoter, 

enhancer or exonic regions; and two repressive markers H3K27me3, H3K9me3 which 

are associated with gene silencing (supplementary fig. S3). They were chosen 

because they are among the best-known for their functional association and most 

broadly studied across almost all tissues and developmental stages in both human and 

D. melanogaster (supplementary fig. S1)(Andersson, et al. 2014). We found that in 

both species, and throughout most stages/tissues, new genes exhibit significantly 

(Wilcoxon test, P<0.05) lower levels of all active histone modifications and RNA 

Polymerase II binding at promoter (for H3K4me1/3, H3K27ac) or entire gene regions 

(for H3K36me3), but a higher level of facultative heterochromatin modification 

H3K27me3 than their parental genes (fig. 3, supplementary figs. S15-16). No 

significant difference has been observed between new and parental genes for the 

constitutive heterochromatin modification H3K9me3, which is usually associated with 

transposable elements. A key distinction between the two repressive markers is that 

H3K27me3 is strongly associated with spatiotemporal regulation of gene expression, 

thus more dynamic in its silencing function. In particular, H3K27me3 may form a 

‘bivalent’ domain together with H3K4me3 to maintain the influenced gene in a poised 

chromatin state for later activation of lineage-specific expression. These patterns overall 

account for a generally lower percentage of expressed genes (supplementary fig. S13) 
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or housekeeping genes, but a higher percentage of regulated genes among new genes 

(fig. 1), comparing to the parental genes. Specifically, gene duplications and retrogenes 

have diverged from their parental genes for their active histone modifications to a similar 

degree, but retrogenes show a more dramatic change of H3K27me3 modifications than 

gene duplications. We found that there is a larger increase of the percentage of 

H3K27me3-bound retrogenes compared to their parental genes, than those found 

between new gene duplications vs. their parental genes (supplementary table S2). 

Retrogenes also more frequently show a significantly (P < 0.05, Wilcoxon test) higher 

level of H3K27me3 modification than their parental genes, compared to gene 

duplications (supplementary fig. S15). This is probably because that survived 

retrogenes are often translocated into a pre-existing H3K27me3 domain as indicated by 

their surrounding genes: we found that up- and down-stream genes of new retrogenes 

show a significantly (P < 0.05, Wilcoxon test) higher level of H3K27me3 modification 

than those surrounding the parental genes, but the pattern of DNA-based duplicated 

genes is less pronounced or not as consistent as retrogenes across different tissues or 

stages (fig. 3, supplementary fig. S17). This does not indicate retrogenes are more 

likely to be silenced pseudogenes, as we found that retrogenes exhibit a significantly 

higher proportion of ‘bivalent’ genes, defined as those bound by both repressive 

H3K27me3 and active H3K4me3 markers, than their parental genes during larvae 

stages of D. melanogaster, and in some specific tissues of human (e.g., kidney, 

supplementary figs. S18-19).  

We further uncovered that both new and parental genes exhibit an age-

dependent change of chromatin states, with different trajectories between somatic and 

germline tissues, and also between human and D. melanogaster, the latter of which 

accounts for their presence or absence of age-dependent gene expression pattern 

(supplementary fig. S13). For D. melanogaster, there is a gradual increase of the 

percentage of new genes bound by both active and repressive histone marks by age, 

thus also a higher percentage of bivalent genes in older age groups. In contrast, their 

parental genes show an opposite trend (fig. 4). These patterns have been observed 

from the late stage embryos until the second instar larvae, and for gene duplications but 
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not for retrogenes or de novo genes (supplementary figs. S20, 21A). For human, 

parental and new genes show a similar pattern to each other: there are generally a 

higher percentage of genes bound by active marks, but fewer genes bound by 

repressive marks by age, which together result in more active genes in older age 

groups (supplementary fig. S13). A similar pattern of active or repressive marks has 

also been observed for human new and parental genes when we compared the levels 

of histone modifications among different age groups. The patterns are generally 

consistent among the investigated somatic tissues or stages, but more pronounced in 

adult tissues (supplementary figs. S21-22), and again only observed in gene 

duplications but not in retrogenes and de novo genes (supplementary fig. S20). This 

suggests that new gene duplicates have a different evolution trajectory of regulatory 

changes compared to de novo genes or retrogenes, as the latter two are not likely to 

inherit the promoters or epigenetic profiles of the parental genes.  

Bivalent genes, which are bound by both active and repressive histone marks, 

show a more complex pattern along the age groups, and between somatic and germline 

tissues. There is a burst of bivalent new genes at the ancestor of apes (age group J in 

figs.1, 4) produced by both gene duplications or retroposition (supplementary fig. 

S20), after which its proportion reduces by age in somatic tissues. While in germline, 

there is an intriguing ‘into the testis’ pattern where the proportion of bivalent genes 

(Lesch, et al. 2016) increases by the age of genes, regardless of their origination 

mechanisms. The opposite trajectory of bivalent genes between somatic and germline 

tissues makes sense in the light of segregation of novel cell-differentiation related 

functions of new genes in either type of tissues. This ‘into the testis’ pattern found at the 

epigenomic level is also consistent with the ‘out of the testis’ pattern shown at the 

transcriptomic level: as old bivalent genes in germ cells usually are expressed in 

somatic tissues beyond testis and important developmental regulators of 

embryogenesis (Lesch, et al. 2016).  These results collectively indicated that it takes 

young genes some time to gradually evolve active histone modifications, while in human 

but not in D. melanogaster, repressive histone modifications have further contributed to 

the silencing of young genes. They also suggested that strong selection against 
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redundant gene dosage, especially for robustly expressed genes, when a nascent gene 

copy is born: in human, parental genes of younger new genes tend to be lowly 

expressed genes with few active marks and many repressive marks; and in D. 

melanogaster, while actively expressed parental genes do give birth to new genes of 

young age, the new genes generally tend to lack active histone modifications to drive 

robust expression (supplementary figs. S13A, C, 21A).  

 

New genes and parental genes have become divergent for their CREs 

Gene expression is coordinately regulated by epigenomic configuration and CREs. The 

differential bindings of histone modifications account for the expression level divergence 

(fig. 3) between parental and new genes. While their spatiotemporal expression 

differences (fig. 2B) are more likely to be caused by a different composition of CREs. 

To test this, we further compared the enhancer repertoire between new and parental 

genes, which is annotated by STARR-seq (self-transcribing active regulatory region 

sequencing) in five Drosophila species(Arnold, et al. 2014) or by CAGE (cap analysis of 

gene expression) in human (Andersson, et al. 2014). As expected, these enhancers 

show a characteristic enrichment of active (H3K4me1, H3K27ac) histone modifications 

and depletion of repressive histone modification (H3K27me3) (supplementary fig. 

S23). Drosophila retrogenes but not gene duplications show a significant (P < 0.05, 

Wilcoxon test) decrease of active histone modification (H3K27ac), and an increase of 

repressive H3K27me3 modification compared to their parental genes (supplementary 
fig. S24), which together with other gene body histone modifications have contributed to 

a lower expression level of retrogenes. New genes exhibit gains, losses, or sequence 

mutations of their enhancers compared to those of their parental genes. And a higher 

percentage of new genes in older age groups has undergone such turnovers, but rarely 

show complete retentions of parental genes’ enhancers (‘enhancer duplication’, fig. 5A-
B) in both Drosophila and human. This indicates a much more diverged cis-regulatory 

circuit between parental and new genes over evolution. In particular, when searching for 

the orthologous sequences of specific enhancers (‘enhancer gain’) that were gained by 

Drosophila new genes in their outgroup species, we found that they are also 
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predominantly enhancers, suggesting new genes have frequently recruited pre-existing 

enhancers as their new CREs (fig. 5C). In fact, 37 out of 173 analysed Drosophila new 

gene specific enhancers that do not have an ortholog in outgroup species (‘de novo 

enhancers’, fig. 5C, supplementary table S6) all belong to de novo genes. This raises 

the interesting question about the role of de novo enhancers during the emergence of 

de novo genes. 

 Besides the numbers of enhancers, new genes and parental genes have also 

diverged for their types of enhancers. It has been recently shown that D. melanogaster 

enhancers can be divided into two classes, according to their specificity to core 

promoters of either housekeeping genes or developmentally regulated genes, with each 

enriched for separate classes of sequence motifs(Zabidi, et al. 2015). In parallel, human 

enhancers have also been annotated to have ubiquitous or cell-type/tissue specific 

expression(Andersson, et al. 2014). We compared these two types of enhancers’ 

distributions between new and parental genes in both human and Drosophila. Indeed, 

for new genes produced by DNA-based gene duplication, there are significantly (P < 

0.05, t-test) fewer housekeeping/ubiquitous enhancers in new genes than parental 

genes. While retrogenes possess more, although not significantly (P > 0.05, t-test), 

developmental/tissue-specific enhancers than their parental genes (fig. 5D). 

Correspondingly, there are also fewer housekeeping gene related sequence motifs 

(e.g., Ohler motif 7) in new gene duplicates, while there are more tissue-specific gene 

related sequence elements (e.g., TATA box and Initiator element) among new 

retrogenes, comparing to their parental genes (supplementary fig. S25). These results 

together demonstrated that the CREs have become diverged for their numbers and 

types between new and parental genes, which underlies their observed different 

expression patterns. 

  

Discussion 

Genome-wide and experimental case studies have demonstrated that functional new 

genes have frequently emerged during evolution and constitute a main driving force 

underlying the evolution of organismal complexity(Kaessmann 2010; Chen, et al. 2013). 
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Similar to any other types of mutations, a nascent gene does not usually confer an 

immediate selective advantage that will drive its rapid fixation throughout the population. 

Many of them seem to be initially segregating within the population, and to start out as 

testis-specific genes. This has been observed for new genes of Drosophila (Betran and 

Long 2003; Chen, et al. 2012; Assis and Bachtrog 2013), gene duplicates (Guschanski, 

et al. 2017) or retrogenes (Carelli, et al. 2016) of mammals, and parallelly in pollen of 

rice and Arabidopsis thaliana (Cui, et al. 2015), suggesting male reproductive tissues 

are a universal cradle for the birth of new genes. These previous analyses sometimes 

involved two age groups without knowing the relative contributions of different types of 

new genes, or only focused on certain type of new genes using a subset of tissue 

expression data. Here we dramatically expand the analysed transcriptome dataset and 

employ a finer division of new genes regarding both their ages and origination 

mechanisms. We clarified that the ‘out of the testis’ pattern is only observed in testis, 

but not in other tissues; and in Drosophila it is only observed for DNA-based gene 

duplications but not in retrogenes and de novo genes (fig. 1, supplementary fig. S6). 

Several factors probably account for such preference of male reproductive tissues for 

the new gene birth: first, testes of Drosophila and mammals have a distinct epigenomic 

regulation program from other somatic tissues which may license more promiscuous 

transcription. This has been recently proposed to act as a ‘scanning’ mechanism for 

exposing more genes for transcription-coupled DNA repair to reduce germline mutations 

(Xia, et al. 2018), as well as more often exposing the nascent genes to natural 

selection. Particularly in mammals, RNA polymerase II is enriched in testis(Schmidt and 

Schibler 1995). And recently a testis-specific histone H3 variant H3t that is essential for 

spermatogenesis has been identified to form a flexible open chromatin structure for 

allowing more transcription(Ueda, et al. 2017). While the Drosophila testis does not 

show a canonical bivalent (H3K27me3/H3K4me3) chromatin domain on differentiation 

genes as regularly observed in somatic tissues(Gan, et al. 2010), many testis-specific 

genes instead reside in ‘BLACK’ chromatin(Filion, et al. 2010) associated with 

lamin(Shevelyov, et al. 2009), which suppresses their somatic expression. These 

regulation programs ensure a more robust expression of nascent genes in testis, and 
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also restrict their potentially harmful expression in other tissues. Indeed, the second 

factor contributing to the ‘out of the testis’ pattern is probably due to the selection 

against the redundant gene dosage in somatic tissues. As a response to such selection, 

it has been shown in yeast and mammals, that the expression level of duplication gene 

is reduced to maintain the gene dosage(Qian, et al. 2010). And the selection against a 

new pleiotropic or broadly expressed gene is expected to be much stronger than that of 

a tissue-specific gene. This probably accounts for the pattern that many new genes, 

particularly retrogenes tend to emerge from a pre-existing silencing/regulatory 

H3K27me3 domain (fig. 3). For new gene duplications, which seem to have a larger 

contribution to the out-of-the-testis pattern (supplementary fig. S6), they are much 

more likely than retrogenes or de novo genes to inherit their parental genes’ regulatory 

elements with few changes (fig. 5), and thus also the expression pattern.  

 Such a transition beyond the testis can result from rapid turnover of tissue-

specific genes or/and acquisition of broader expression patterns during evolution 

(Betran 2015). A recent study on mammalian duplicated genes suggested that the 

former is more important for liver-specific genes, while the latter is more important for 

testis-specific genes (Guschanski, et al. 2017). The following important question is that 

how new genes acquired novel and important functions beyond the testis? We 

addressed the underlying regulatory mechanisms by uncovering an age-dependent 

acquisition of active histone marks and more turnovers of CREs among both Drosophila 

and human new genes, consistently across somatic tissues and developmental stages 

(fig. 4-5). This suggested that the general evolution trajectory of genes involves 

becoming more active in chromatin configuration, and more complex in cis-regulatory 

circuits. The change of repressive histone marks, however show variations between 

species and between somatic and germline tissues. The interspecific difference may be 

attributed to the presence and absence of DNA methylation in human and Drosophila 

respectively. It has been reported that the level of promoter DNA methylation, which is 

negatively associated with gene expression level, also becomes lower in older human 

gene duplicate pairs(Keller and Soojin 2014). This indicated that in human, DNA 

methylation synergistically acts with an age-dependent loss of repressive histone marks 
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and results in more active genes in older age groups observed in this study. However, 

Drosophila lacks DNA methylation except for a very low level of methylation at early 

embryonic stages(Takayama, et al. 2014). Another study recently showed that 

Drosophila and mouse employ different histone modifications for balancing the gene 

dosage after gene duplication(Chang and Liao 2017). These factors, as well as a mixed 

cell types (late embryos and larvae) used for Drosophila ChIP-seq data in this work 

probably together account for the different trajectories of repressive histone marks along 

the age groups between Drosophila and human, for both new and parental genes. It is 

important to note that the major differences between previous studies(Arthur, et al. 

2014; Keller and Soojin 2014; Chang and Liao 2017) of epigenetic modifications on 

gene duplications and this work are that the former focused on the comparison between 

duplicated genes vs. single-copy genes, and but not on that between parental and new 

gene copies. However, as shown here, because parental genes are by definition older 

than new genes, they can have very different trajectories of epigenetic changes (fig. 

4).   

 Finally, we uncovered that parental and new genes have clearly diverged for their 

CRE repertoire and become enriched for different types of enhancers or sequence 

motifs. Despite the much progress that has been made in identifying the enhancers in a 

high-throughput manner(Andersson, et al. 2014; Arnold, et al. 2014), assigning them to 

their downstream genes still remains a great challenge. We conservatively restricted our 

analyses to enhancers and their nearby genes in this study, which is an underestimate 

of the CREs. Comparing to promoters, enhancers seem to have a faster evolution 

rate(Villar, et al. 2015). And a pre-existing enhancer might switch its downstream target 

to the new gene upon its birth, and facilitate its functional innovation (fig. 5). It is 

therefore of great interest in the future to investigate how the numbers and combination 

of enhancers evolved across different ages of new genes, when more data (e.g., Hi-C) 

becomes available. As studying new genes’ evolution throughout their life history 

provides an entry point into understanding the evolution trajectory of genes in general. 

 

Materials and Methods 
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Inferring age and origination mechanisms of new genes 

We adopted a published whole genome alignment based pipeline to identify the new 

genes and infer their origination time and mechanisms, as described in(Zhang, et al. 

2010). For Drosophila (Ensembl metazoa release 26) and human (Ensembl release 

v73), we took advantage of UCSC whole genome syntenic alignment 

(https://genome.ucsc.edu/cgi-bin/hgGateway) and inferred the phylogenetic distribution 

of orthologs of D. melanogaster or human genes among the other Drosophila or 

vertebrate genomes. Species or lineage-specific genes were identified as new genes 

and then assigned into respective age groups, based on their presence/absence in 

outgroup species and parsimony. We classified new genes’ origination mechanisms as 

DNA-based duplication (gene duplication), RNA-based duplication (retroposition) and 

de novo origination. We characterized retrogenes as those intronless genes whose 

parental genes have at least one intron. Otherwise, it will be classified as gene 

duplication. A gene will be defined as de novo gene if no alignment hit can be found in 

multiple outgroup protein repertories with a BLAST(Camacho, et al. 2009) e-value cut-

off as 10-6 , an alignment length cut-off as 70%, and a sequence identity cut-off as 50%, 

also without any annotated paralogs by Ensembl.  

Transcriptomic and epigenomic analyses 

Transcriptomic and epigenomic data of D. melanogaster and human were retrieved 

from databases of NCBI (https://www.ncbi.nlm.nih.gov/sra), ENCODE 

(https://www.encodeproject.org/), and Roadmap Epigenomics project 

(http://www.roadmapepigenomics.org/), and published single-cell sequencing data(Xue, 

et al. 2013; Yan, et al. 2013) (for all data resources: supplementary table S3). After 

removing the potential adaptor contaminations, and base pairs of low-quality, we 

mapped the RNA-seq reads with HISAT2(v2.0.5)(Kim, et al. 2015), and ChIP-seq reads 

with Bowtie2(v2.2.9)(Langmead and Salzberg 2012) to the reference genomes of D. 

melanogaster (r6.02) and human (hg19), using a mapping quality cut-off of 20 and 

taking paired-end relationship into account. To differentiate between the parental and 

new gene sequences, we used MUSCLE (v.3.8.31)(Zhang, et al. 2010) and produced 
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pairwise alignments for 452 Drosophila and 1351 human parental-new gene pairs. 

Using parental genes as a reference, we recorded the nucleotide and genomic position 

information of all diagnostic SNPs between new and parental genes, with customized 

perl codes. For each diagnostic SNP, we counted the number of sequencing reads (at 

least three as a cutoff) that match the nucleotide of either the parental or the new genes 

to measure their respective levels of gene expression (from RNA-seq reads) or histone 

modification (from ChIP-seq reads). After calibrating the difference of total sequenced 

reads between different samples, the RNA-seq read number of each gene was then 

divided by the corresponding genomic DNA-seq read number to correct for the mapping 

bias, and also allow for comparison between genes. Similarly, we calculated the log2 

ratio of ChIP (IP) vs. input (IN) reads that span the diagnostic SNPs, for the entire gene 

region for the markers H3K36me1, H3K36me3, H3K9me2, H3K9me3, H3K27me3, 

H3K79me1, H3K79me2, H4K16ac; or specifically for the putative promoter region (+/- 

2kb around the transcriptional start sites) for the markers H3K4me1, H3K4me2, 

H3K4me3, H3K18ac, H3K27ac, H3K9ac and RNA polymerase II. For de novo genes 

without any parental genes, we used BEDTools (v2.25.0)(Quinlan and Hall 2010) to 

count the total read number within the gene regions. To test for the validity of 

normalization, we performed correlation analyses between the gene expression level 

vs. the histone modification level with R, which showed consistent results with those 

derived from ENCODE or modENCODE project. We defined a gene as being 

transcriptionally active or bound by certain histone modifications, based on the 

distribution of expression level of normalized histone modification level of all genes or 

promoters in the respective tissue or stage with a cut-off of log2(IP/IN) ratio higher than 

0. Bivalent genes were defined as those bound by both H3K27me3 and H3K4me3. 

We used two Drosophila RNA-FISH databases, Fly-FISH(Lécuyer, et al. 2007) 

and Berkeley Drosophila Genome Project (BDGP)(Tomancak, et al. 2002) for 

comparing the localization patterns between new and parental genes during 

embryogenesis. We combined the two databases and when there were overlapping 

genes between the two, we selected genes with their parental or new gene’s data 
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available in the same database. Then we compared the annotated anatomical terms 

and embryonic stages with detected expression between new and parental genes. 

 

CRE data analysis 

We used a non-redundant enhancer dataset annotated for D. melanogaster, D. yakuba, 

D. ananassae, D. pseudoobscura and D. willistoni by STARR-seq(Arnold, et al. 2014), 

and a human enhancer dataset annotated by FANTOM5 consortium by 

CAGE(Andersson, et al. 2014). For the Drosophila housekeeping or developmental 

gene enhancers, we used the data from(Zabidi, et al. 2015), and for human ubiquitous 

or tissue/cell-specific enhancer, we used the data from FANTOM5 

consortium(Andersson, et al. 2014). We assigned the enhancer-gene relationship 

following the same rules as the published work: for STARR-seq enhancers, they are 

assigned to either parental or new genes when they fall within 2kb up- or down-stream 

of the TSS; for the FANTOM5 enhancers, they are assigned to either parental or new 

genes when they fall within 5kb up- or down-stream of the TSS. For the Drosophila 

housekeeping/developmental gene enhancers, we additionally include those that 

located within the 5 kb upstream from the TSS, within the gene body itself, 2 kb 

downstream of the gene, as well as the ‘closest enhancer’ which is assigned to the 

closest TSS of an annotated gene. To verify the enhancer activities, we calculated the 

log2 transformed IP/IN ratios at the enhancer regions, after aligning the ChIP-seq reads 

of H3K27me3, H3K4me1 and H3K27ac derived from Drosophila S2 cells and human 

K562 cells to the respective reference genomes using bowtie2. We defined an 

‘enhancer gain’ event when the new gene has a specific enhancer that is absent in the 

parental gene and also outgroup species (see below), and vice versa for ‘enhancer 

loss’; while ‘enhancer duplication’ is defined as the case that new and parental genes 

share the identical enhancer sequence; and ‘enhancer mutation’ refers to the case that 

new and parental genes have sequence divergences between a pair of homologous 

enhancers. We examined the candidate cases of enhancer gain/loss using genome 

alignments between the focal and outgroup species. Once the coordinates of the focal 

enhancer were translated into those in the outgroup by the UCSC liftOver tool, we 
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further used BEDTools to check the presence/absence of orthologous sequence. For 

Drosophila, we investigated branches E to B, where STARR-seq annotated enhancers 

are available for the included species. When examining the source of enhancer gain, if 

the orthologous sequence of the focal enhancer in the outgroup has also been 

annotated as an enhancer, we defined the gained enhancer as a pre-existing enhancer. 

Otherwise, it is defined as a de novo enhancer. We used MEME suite (Bailey, et al. 

2009) to search for the motif occurrences in the new and parental genes, with the 

published motif matrixes(Zabidi, et al. 2015) as queries. 
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Figure Legend 

Fig.1 Drosophila and vertebrate new genes and their expression patterns 

(A-B) Different numbers of new genes divided by their age and origination mechanisms. 

Each age group is designated by an ordered letter from A to F/M shown on each 

phylogenetic branch. And each group of genes is further divided as total number of new 

genes, number of DNA-based duplicated genes, retrogenes, and de novo genes, 

separated by slash. We also showed along the age groups the change of testis-

specificity, measured by the log2 based ratio of expression level of testis vs. whole male 

body of Drosophila or the sum of all human male adult tissues; and housekeeping gene 

index, measured by the percentage of tissues/stages which show robust expression. 

Median values of testis-specificity and housekeeping gene index of each age group are 

shown by heatmap. The Drosophila pictures are from Nicolas Gompel. (C-D) Regulated 

genes of human and Drosophila, divided by different origination mechanisms. We 

defined the regulated genes based on the coefficient of expression (CV) level variation 

across different tissues. CVs of Drosophila were derived from(Perez-Lluch, et al. 2015) 

and those of human were calculated from GTEx dataset 

(https://www.gtexportal.org/)(Consortium, et al. 2017). We also compared the proportion 

of regulated genes between each category of new genes vs. their parental genes, or de 

novo genes vs. the whole genome-wide average, and show the significance levels of 

Fisher’s exact test by asterisks: *: P < 0.05; **: P < 0.01; ***: P <0.001 

 

Fig.2 Dynamic expression of new genes in early embryos 

(A) We showed the percentage of expressed genes (left columns), and the median 

values of normalized gene expression levels (right columns) across different embryonic 

stages of D. melanogaster (with bulk RNA-seq) and human (with single RNA-seq), 

ordered by their developmental course. We also compared the new genes vs. parental 

genes, and de novo genes vs. the genome-wide average for their expression levels and 

show the levels of significance of each pairwise t-test (*: P < 0.05; **: P < 0.01; ***: P 

<0.001). If the entire column is significant, we show the asterisks above the column 
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(e.g., human retrogenes). Abbreviations: M-PGC-4W: male primordial germ cell of the 4 

weeks’ stage. M-Soma-7W: male embryonic somatic cell of the 7 weeks’ age (B) 

Divergent subcellular localizations between new and parental genes in D. melanogaster 

embryos. Pie charts showed the proportion of different expressed locations of new 

genes and parent genes, with three examples of divergent expression patterns between 

new and parental genes. Examples were selected to represent different cases as 

parental gene being ubiquitously expressed and new gene specifically expressed, or the 

opposite, or both being specifically expressed at different locations. Expression patterns 

are extracted from the controlled vocabularies of expression annotation from BDGP or 

Fly-FISH databases.  

 

Fig.3 New genes and parental genes have diverged for their chromatin state 

We showed the distributions of normalized histone modification levels measured by log2 

ChIP vs. input ratio, spanning the gene body or promoter regions of new gene (different 

colors of lines) vs. parental gene (blue area), and their surrounding genes (‘nearby’ 

profiles). We also showed the P-values of t-tests comparing the new genes vs. parental 

genes. For active markers (H3K36me3, H3K4me1, H3K4me3, H3K27ac), both gene 

duplications and retrogenes show a significantly lower binding level than the parental 

genes, to a similar degree. For the H3K27me3 repressive marker, retrogenes show a 

more dramatic increase of binding levels relative to the parental genes, compared to 

gene duplications. 

 

Fig.4 Age-dependent change of histone modifications 

We show here the percentage of bound genes by respective histone modifications 

across the ordered age groups (x-axis, from left to right, each letter represents one age 

group shown in Fig. 1). Each colour of line represents a different histone modification, 

with warm colours for active markers, and cold colours for repressive markers. The data 

of human testis bivalent genes are derived from(Lesch, et al. 2016) shown as dotted 

line. For the solid lines, we used the ChIP-seq data of second instar larvae for D. 
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melanogaster, and adrenal gland adult male tissue for human. The patterns of other D. 

melanogaster or human tissues are consistent and shown in supplementary fig. S21-22. 

 

Fig.5 New genes and parental genes have diverged for their CREs 

(A-B) We compared the enhancers between new and parental genes in Drosophila and 

human, based on the latest STARR-seq or CAGE annotations. The bar plot here shows 

the proportion of new genes at each age group that have undergone turnovers of 

enhancers. (C) The pie chart shows the source of enhancer gains in Drosophila new 

genes, either from a pre-existing enhancer, as defined by the presence of an 

orthologous enhancer in the outgroup species, or a de novo enhancer if absent. (D) We 

compared the numbers of different types of enhancers between new and parental 

genes, and showed here the average numbers (enhancers per gene) for each category. 

Each row represents one type of Drosophila developmental or housekeeping gene 

enhancers identified from(Zabidi, et al. 2015), and human ubiquitous or specific 

enhancers are derived from(Andersson, et al. 2014). We show the significance level of 

Fisher’s test by different numbers of asterisks (*: P < 0.05; **: P < 0.01; ***: P <0.001). 
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Figure.1 Drosophila and vertebrate new genes and their expression patterns 
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Figure.2 Dynamic expression of new genes in early embryos 
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Figure.3 New genes and parental genes have diverged for their chromatin state 
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Figure.4 Age-dependent change of histone modifications 
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Figure.5 New genes and parental genes have diverged for their CREs 
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