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ABSTRACT
The	human	genome	contains	many	more	protein-coding	regions	than	previously	recognized,	with	most	newly	identi�ied	translated	open	
reading	frames	(ORFs)	being	evolutionarily	recent	and	largely	restricted	to	humans	or	primates.	They	also	do	not	�it	the	usual	protein-
coding	annotation	standards.	Several	of	these	genes	are	de	novo,	derived	from	non-genic	ancestral	sequences.	De	novo	genes	are	typically	
characterized	as	those	that	arise	from	ancestrally	non-genic	sequences.	Investigating	de	novo-originated	genes	provides	numerous	
chances	 to	 better	 understand	 their	 origins	 and	 functions,	 regulatory	 mechanisms,	 and	 associated	 evolutionary	 processes.	 Such	
investigations	provide	unique	insights	into	the	genome's	complexity	and	gene	evolution.	The	origins	and	detection	techniques	of	de	novo	
genes	are	highlighted	in	this	study,	which	gives	a	summary	of	the	advancements	in	the	�ield	of	gene	evolution	research.	Their	distinct	roles	
in	brain	function,	stability,	and	evolution	are	shown	by	the	CNS	roles	of	de	novo.	Their	evolutionary	importance	and	�itness	roles	are	
covered	by	the	crucial	question	of	de	novo	evolutionary	roles.	According	to	the	review,	a	number	of	candidate	de	novo	genes	arise	from	
noncoding	sequences	in	a	variety	of	species	through	a	stepwise	mutational	process,	increasing	protein	levels	and	potentially	providing	a	
source	of	phenotypic	novelty	that	aids	in	adaptation,	sex	evolution,	and	tissue-speci�ic	traits.	Human-speci�ic	characteristics	are	mostly	
shaped	 by	 de	 novo	 genes,	 particularly	 in	 the	 brain,	 where	 they	 contribute	 to	 higher	 cognitive	 functions,	 cortical	 expansion,	 and	
complexity.	Lastly,	because	of	their	in�luence	on	the	development	of	distinctive	human	characteristics,	they	may	also	contribute	to	a	
person's	vulnerability	to	speci�ic	illnesses.
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1.0.	Introduction
There are numerous striking instances of functional novelty 
linked to phenotypes that have changed from their ancestral 
states, making it dif�icult to determine the evolutionary origins 
of the derived features. The development of wing patterns in 
Drosophila, the formation of feathers in birds, and the origin of 
the vertebrate inner ear, which was derived from the modi�ied 
jawbones of ancestors, are some of the most well-known 
instances (Weisman et al., 2021). 

In the last decade, methods for generating basic gene 
architecture such as exon shuf�ling, gene duplication, and gene 
fusion have been identi�ied, and our understanding of how new 
genes emerge in a range of animals has greatly expanded [2]. 
These new genes have been found to integrate into and change 
existing gene networks through selection and mutation, 
exposing new patterns and rules with consistent origination 
rates in a range of organisms [3]. An alternative route to 
duplication as the only source of novel genes has emerged over 
the past few decades. Genes may occasionally arise from 
ancestrally non-genic DNA, according to this mechanism known 
as de novo gene evolution. De novo gene birth is the process by 
which new genes arise from previously noncoding areas [4]. 
Previously thought to be highly unusual, de novo gene birth has 
since been reported in a number of diverse taxa [5, 6, 7]. Haldane 
and Muller's cytological observation of chromosomal 
duplication in the 1930s is one example of an early cytogenetics 
experiment, suggesting that repurposed copies of ancient genes 
could yield new gene functions [8]. Additionally, Hugo de Vries 
put forth the mutation theory of evolution, which holds that a 
single gene mutation can give rise to a new species [9]. Novel 
processes and genes have been found more quickly in the 
genomics age, underscoring the possible signi�icance of de novo 
genes in the process of new gene origination. Many studies have 
described how young de novo genes that are particular to a 
single species can play important biological roles through 
species-speci�ic molecular pathways [10][11]. 
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The widely accepted theory that new proteins evolve from pre-
existing genes has been called into question by the discovery 
that new genes can be created de novo from noncoding DNA 
regions in many animals. Consequently, de novo gene birth has 
garnered a lot of attention recently as a major potential source of 
phenotypic, structural, and genomic novelty. New genes play 
important roles in phenotypic and functional evolution across a 
range of biological processes and structures, and sexual con�lict 
genes have demonstrable �itness effects that can impact species 
divergence [12].

2.Mechanisms	of	origin	of	new	genes
"Exon shuf�ling" refers to the natural process of generating 
novel exon combinations by intronic recombination [13]." 
Based on the splice frame junctions, which distinguish three 
classes of introns and nine classes of exons, researchers have 
developed in vitro formats for exon shuf�ling [14]. The evolution 
of proteins has been guided by these forms. Alternative splicing 
facilitates exon shuf�ling, a process in which introns encourage 
recombination both inside and between genes. Exon shuf�ling is 
governed by splice frame principles, as demonstrated by splice 
frame diagrams of natural genes [15]. Numerous studies have 
shown that the human lineage is the source of unique genes that 
are essential for the development of adaptive evolutionary 
improvements [16][17]. Ten percent of human genes are 
estimated to include tandemly duplicated exons [18]. Although 
they are not yet listed in the genome database, 2438 
unannotated exons take part in exclusive alternative splicing. 
Genomic sequencing analysis revealed duplicated genes in 
every sequenced vertebrate genome [19]. Gene copies with 
signi�icantly redundant functionality are produced when the 
whole regulatory regions and coding sequences are reproduced 
in tandem, a process known as tandem, segmental, or global 
duplication [20]. While one copy of a pair of duplicate genes 
maintains the original function, the other copy may accumulate 
mutations to further evolve new functions, according to [21]. 
Domain shuf�ling comparison examinations of whole 
genomes/proteomes from humans and other eukaryotes 
suggest that complex domain designs encoded by human genes 
may be the primary source of the complexity of the human 
genome [22]. Combinatorial diversity and a thorough analysis of 
protein domains encircled by introns were the outcomes of a 
methodical search for evidence of shuf�ling events in the human 
genome sequence [23]. The majority of human eukaryotic 
genomes contain mobile elements called Alu (SINE) and LINEs, 
which have multiple roles in the evolution of genomes. Forty-
�ive percent of the human genome is made up of retroposed 
fragments, many of which came from the primate lineage [24]. 
The key evolutionary success of non-LTR retrotransposons in 
the human lineage, which has led to ongoing activity over 
extended periods of time, sets them apart [25]. Although the 
causes of this evolutionary success are still unknown, advances 
in bioinformatics pipelines, model genomes, and sequencing 
should help shed new light on this fascinating subject. 
Understanding the general effects of TE on human health, 
genome evolution, and the distinctive characteristics of humans 
depends on this knowledge. It is believed that retrotransposons' 
notable impact on genome evolution is a consequence of their 
evolutionary success rather than a cause [26]. Before vertebrate 
diversi�ication, when the Homo	sapiens branch split off from the 
chimpanzee lineage, and sometimes in between enabled by the 
retroposition [27]. 

Whether a retrocopy-contributing gene survives or is 
abandoned in all or part of the succeeding lineages following a 
"trial period"—which can be incredibly short or persist for tens 
of millions of years [28]—is determined by the interaction of 
neutral variables and natural selection. Since point mutation 
evolution is a rather slow process, it is unlikely to fully explain 
the differences between primates and other mammals. A new, 
fused protein with domains from both original proteins can be 
produced by splicing and translating RNAs [29]. [30] Found 
almost 200 instances of intergenic splicing involving 421 genes 
in the human genome, and experimentally veri�ied that at least 
half of these fusions take place in human tissues. The idea that 
transcription-induced chimerism can aid in the evolution of 
protein complexes is supported by research �indings. Moreover, 
protein-coding genes are frequently transformed into new RNA 
genes by messenger RNAs derived from ancestral genes [31]. 
Furthermore, protein and RNA genes were created from scratch 
using previously nonfunctional sequences, and genomic 
parasites were appropriated as new genes. The majority of 
"new" proteins are created through tinkering, which is the 
modular rearrangement of preexisting domain combinations or 
the recruitment and adaption of smaller DNA segments from 
nearby genes. These rearrangements are primarily caused by 
fusion and terminal loss [32].

3.	Origin,	transcription	and	�ixation	of	de	novo	genes
An interesting evolutionary puzzle has always been where new 
genes come from [33]. De novo genes are sometimes de�ined as 
genes derived from ancestral non-genic sequences. Since a gene 
is a DNA sequence that makes RNA, a de novo gene produces an 
RNA that differs from an ancestral RNA [34]. According to this 
description, de novo genes have two physical properties. They 
may be protein-coding or noncoding, to start. Secondly, they 
may originate from any sequence that did not previously create 
an orthologous RNA. There are several possible methods that 
produce the de novo transcripts [35]. The oldest examples are 
novel antisense RNA that shares sequence space with an 
ancestor gene and novel transcripts generated by ancestral 
intronic or intergenic regions [36]. In certain situations, 
enhancers may also exhibit promoter-like traits and generate a 
de novo transcript [37]. Thirdly, an ancestrally nongenic 
sequence can be converted into a functional de novo long 
noncoding RNA (lncRNA) [38]. Conversely, an ancestral, 
functioning noncoding gene may give birth to a derived protein-
coding function, which would constitute a gain of function [39]. 
Research generally supports the notion that de novo gene 
candidates carry open reading frames (ORFs) by de�inition and 
that the acquisition or retention of ORFs is an important stage in 
de novo gene origination [40].MicroRNAs and other functional 
short RNAs may also evolve from scratch [41]. Unlike conserved 
genes, de novo genes are frequently exclusive to a species or 
lineage, much like orphan genes. De novo genes, in contrast to 
most genes, often show �luctuating expression in populations, 
which makes sense considering how young they are? [42]. Many 
lineage-speci�ic genes in genomes have been bioinformatically 
predicted since the advent of large-scale genome sequencing, 
indicating that there may be a sizable rate of de novo gene 
generation [43]. However, it is still unknown how many 
functioning de novo-originated genes there are? Also a 
signi�icant percentage of these genes are probably incorrectly 
predicted genes. Adaptive innovation and the evolution of 
lineage-speci�ic traits are signi�icantly in�luenced by new genes. 
[44] Reported that 59 of the 60 genes that were de novo derived 
from the human lineage were �ixed in the human population. 
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Compared to earlier suggested estimates, the projected de novo 
creation rate of 9.83–11.8 genes per million years is signi�icantly 
greater. Even with this high rate, it is still less than the rate of 
new gene origin by gene duplication when stated in terms of 
each gene (0.00033–0.00039 per gene per million years).

The following are the currently proposed mechanisms of de 
novo origin

Epigenetic	modi�ications
The fact that many unexpressed orphan genes are decorated 
with repressive histone modi�ications, while the absence of such 
modi�ications enhances transcription of an expressed fraction 
of orphans, lends credence to the theory that open chromatin 
promotes the synthesis of new genes [45].

Open	Reading	Frames/Micropeptides
A more conclusive example of the ORF emerging de novo before 
the promoter region is the antifreeze glycoprotein gene AFGP, 
which appeared de novo in Arctic cod�ishes [46]. Furthermore, 
eukaryotic genomes contain a large number of putatively non-
genic ORFs long enough to encode functional peptides, which 
are predicted to happen frequently by accident [47].

Overprinting
The introduction of different ORF one or two frames ahead of an 
existing gene is referred to as overprinting. This leads to the 
translation of a protein that is completely different from the 
standard protein [48]. Moreover, it can arise downstream of the 
original ORF in the 3' UTR [50] or upstream of the ancestral ORF 
in the 5' UTR [49].

Exonization
Mutations within a gene that result in the acquisition of a new 
exon and possibly a new ORF are known as exonization [51]. For 
instance, it can happen when a splicing site is lost, turning an 
original intron into an exon [52].

Antisense	origin
Additionally, de novo genes may arise that overlap preexisting 
genes on the other strand [53]. It has been revealed that 
transcribed antisense de novo emerging ORFs can control 
translation ef�iciency [55] or produce functional proteins [54].

From	scratch	in	intergenic	region
Future gene formation in an intergenic region requires a 
transcription event, an ORF, the ability to translate, some 
stability in the untranslated regions (UTRs), eventually introns, 
etc. [53].

A series of sequential steps is required for a non-genic genomic 
region to evolve into an expressed protein-coding gene. Initially, 
the region must acquire an open reading frame (ORF) capable of 
translation and become transcriptionally active [33]. Successful 
gene expression depends on the ability of the transcriptional 
machinery to recognize and transcribe the region. Many such 
transcripts are initially non-coding and lack sequence similarity 
or characteristic features of conventional protein-coding RNAs, 
leading to their classi�ication as long non-coding RNAs 
(lncRNAs) [56]. Notably, a substantial fraction of lncRNAs can 
associate with ribosomes and localize to the cytoplasm in a 
manner similar to protein-coding mRNAs [57]. 

Comparative analyses of human, chimpanzee, and macaque 
tissues have shown that transcripts corresponding to 24 human 
de novo genes are present in other primates as lncRNAs but are 
not translated, suggesting that translation emerged speci�ically 
in the human lineage [58]. Since the �irst identi�ication of 
human-speci�ic de novo genes, tentative links to disease have 
been proposed. More recently, the de novo gene NYCM, found 
exclusively in human and chimpanzee genomes, has been 
implicated in the development of human neuroblastoma [59]. 
Furthermore, knockdown studies of a transcript containing a 
human-speci�ic de novo ORF originating within an endogenous 
retrovirus demonstrated that the transcript plays an essential 
role in maintaining cellular pluripotency, providing the �irst 
experimental evidence supporting the functional importance of 
de novo genes in the human lineage.
[60]. Recent acquisition of downstream splice sites and 
upstream transcription start sites may be linked to the 
expression of species-speci�ic transcripts [61]. Despite this, 
there are no indications of purifying selection in the sequences 
of the majority of these transcripts. The signi�icance of acquiring 
transcriptional regulatory sequences as a stage in de novo gene 
evolution is supported by several researchers [62]. A 
translatable ORF may develop in non-coding transcripts once 
they are produced in a particular species due to the 
accumulation of mutations. Over time, ORFs continue to appear 
in non-coding transcripts, but only a small percentage of them 
develop the capacity to be translated [50]. Higher ORF 
translatability in mammals has been linked to several factors, 
including the translation initiation environment, codon use, and 
the relative position of the initiation codon [63]. Another change 
is the composition of scanning complexes with varied ability to 
unwind RNA secondary structures, which can selectively 
activate ORFs with worse initiation settings under certain 
conditions. The human putative de novo genes CLLU1 and 
DNAH10OS illustrate the importance of insertion–deletion 
(indel) mutations in facilitating the emergence of novel genes 
from previously non-genic sequences [64]. In addition, some de 
novo genes may arise through mechanisms in which an intact 
open reading frame (ORF) already exists before transcriptional 
activation occurs [65]. Eukaryotic genomes contain numerous 
intergenic and intronic ORFs [66]; although these structures 
occur frequently, they are typically not subject to selective 
pressure and are continuously gained and lost over 
evolutionary time. In Drosophila	melanogaster, several de novo 
ORFs have been identi�ied that existed prior to the acquisition of 
transcriptional activity by the host RNA transcript [67]. In 
closely related Drosophila species, orthologous ORFs may be 
conserved at the genomic level while the corresponding loci 
remain transcriptionally silent [68].
A key question concerns how translated ORFs become 
established as functional protein-coding genes and whether this 
transition is largely stochastic. The prevailing hypothesis 
proposes that occasional expression of random ORFs generates 
a reservoir of proto-genes from which advantageous variants 
are retained through evolutionary selection [69]. Proto-genes 
are RNA transcripts originating from non-genic regions that 
contain translated ORFs. This concept was �irst extensively 
studied in Saccharomyces	 cerevisiae, where approximately 
1,000 proto-genes differ from those found in closely related 
yeast species [71]. Only a small subset of these proto-genes 
appears to have evolved into functional genes under selective 
pressure, while most show no evidence of purifying selection or 
stable translation. Similar evolutionary patterns have been 
observed in humans, mice, and Drosophila species [65].
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Another model, known as the preadaptation or “all-or-nothing” 
model, suggests that de novo genes emerge only when 
sequences already possess properties that minimize cellular 
toxicity, as non-functional intermediates could be detrimental 
to the cell [72,73]. Under this framework, young genes often 
exhibit higher intrinsic structural disorder (ISD) compared to 
older genes over long evolutionary timescales [74]. However, 
correlations between evolutionary age and characteristics such 
as aggregation propensity or ISD are less clear over shorter 
evolutionary periods [75]. Gene and ORF lengths generally 
increase with evolutionary age, whereas newly formed genes 
tend to be shorter and contain fewer exons [76]. Younger genes 
are also typically expressed at lower levels and often show 
tissue-speci�ic expression patterns [77]. In S.	 cerevisiae, ISD 
does not strongly correlate with de novo gene emergence, 
wh e re a s  t hy m i n e - r i c h  s e q u e n c e s  a s s o c i a te d  w i t h 
transmembrane domains appear to contribute to gene 
formation. Notably, about 67.9% of proto-genes in humans and 
apes contain at least one intron [78]. An example is the MYEOV 
protein, which possesses a putative transmembrane domain 
and appears to have originated de novo in the human genome 
[79]. While structured proteins may integrate more effectively 
into cellular pathways, they may also carry increased risks of 
misfolding and cytotoxicity.
Interestingly, many newly evolved genes are preferentially 
expressed in the testes. The testis is considered a hotspot for 
gene innovation in animals due to strong selective pressures 
related to sperm competition, sexual selection, and 
reproductive isolation.  Furthermore,  the chromatin 
environment in spermatocytes and spermatids favors the initial 
transcription of  emerging genes [81] .  Widespread 
demethylation of CpG-rich promoter regions and the presence 
of modi�ied histones increase transcriptional activity, leading to 
permissive or promiscuous transcription of many genomic 
regions, including nonfunctional sequences and newly 
emerging de novo genes [82].
The �ixation of a de novo gene within a population likely differs 
substantially from the �ixation of genes arising through partial 
or complete duplication of pre-existing genes [83]. In gene 
duplication events, the resulting copy is initially redundant and 
typically confers neither an immediate selective advantage nor 
disadvantage; although functional, it generally lacks novelty at 
the time of origin [84]. In contrast, studies have shown that even 
arbitrary sequences may exhibit selectable variation under 
certain conditions [85]. However, if such sequences are not 
expressed, neither advantageous nor deleterious open reading 
frames (ORFs) can be subjected to natural selection, preventing 
their re�inement or elimination [86].
If an arbitrary ORF were suddenly expressed at high levels, it 
would more likely produce deleterious effects rather than 
confer bene�its, particularly when encoding longer proteins 
prone to misfolding or cellular toxicity. Nevertheless, 
considerable interest in de novo genes stems from their 
potential to evolve entirely new biological functions within 
relatively short evolutionary timeframes [87]. Although well-
characterized examples remain limited, some de novo genes 
have already been linked to important biological processes and 
disease. For instance, the human-speci�ic de novo gene 
FLJ33706 shows highest expression in brain tissue, with 
increased expression observed in Alzheimer's disease, and a 
single nucleotide polymorphism within this gene has been 
associated with addiction disorders [88,89]. 

Likewise, knockdown studies have demonstrated that the 
human-speci�ic gene ESRG plays a critical role in maintaining 
pluripotency in human naıv̈e stem cells, providing further 
evidence that de novo genes can rapidly acquire essential 
cellular functions [90].

4.	 De	 novo	 Genes	 in	 Brain	 Development,	 Function,	 and	
Disease
Human de novo genes can be derived from evolutionarily 
neutral long non-coding RNA (lncRNA) locations, which have 
evolutionary signi�icance [91]. However, it is unknown how and 
why this all-or-nothing �lip to protein-coding activity takes 
place. RNA-seq expression data suggest possible functions for 
some of the de novo protein-coding genes [92]. Newly generated 
de novo genes and enhancers are much more common in the 
human brain, particularly in the fetal cortex, where they 
contribute to evolutionary novelties including increasing brain 
size and cognitive complexity [93]. These genes are commonly 
produced from non-coding DNA (e.g., lncRNAs) and exhibit 
distinct expression patterns that contribute to the development 
of human-speci�ic brain structures such as folded cortex 
(gyri�ication). The cerebral cortex expresses more de novo 
genes than other examined organs [94]. The cerebral cortex, the 
wrinkled gray matter that covers the cerebral hemispheres, is 
responsible for the majority of cognitive abilities. The cerebral 
cortex plays a vital role in cognition, awareness, and 
consciousness [95]. Research has concentrated on the origins 
and evolution of human cognitive capacities, as well as the 
effects of positive natural selection on brain growth, genes, and 
expression changes. Studies have linked new genes created by 
gene duplication, new microRNAs, and novel regulatory 
mechanisms for old genes to various human brain development 
features [96].
Human-speci�ic de novo genes, such as SP0535, are highly 
expressed in the ventricular zone of the developing fetal brain 
and have been shown to contribute to neuronal proliferation 
and cortical expansion, highlighting their potential importance 
in human brain development [97]. Another important aspect of 
brain biology involves alternative splicing of genes expressed in 
neural tissues. Alternative splicing of precursor mRNA is a key 
regulatory mechanism that increases transcriptomic and 
proteomic diversity while also controlling mRNA levels post-
transcriptionally [98]. This process is particularly frequent in 
brain tissues and is essential during multiple stages of nervous 
system development, including cell fate speci�ication, neuronal 
migration, axon guidance, and synapse formation [99].
Increasing evidence indicates that some de novo genes 
participate in these developmental processes. Studies have 
demonstrated that many human- or hominoid-speci�ic de novo 
genes show enriched expression in brain tissue, suggesting 
their contribution to brain evolution and functional complexity 
[100]. In addition to de novo gene formation, genomic 
innovations such as gene fusion, �ission, or recombination also 
p rov i d e  ra p i d  e vo l u t i o n a r y  n ove l t y  [ 1 0 1 ] .  T h e s e 
rearrangements often preserve functional protein domains 
while placing them in new genomic contexts, sometimes 
conferring immediate selective advantages or disadvantages. 
Examples include genes such as FOXP1, NOVA1, and NOVA2, 
which encode neuron-speci�ic RNA-binding proteins involved in 
alternative splicing and play critical roles in neurodevelopment 
[102].
Regulatory changes occurring before and after the onset of 
neurogenesis have also been proposed to explain the expansion 
of the primate brain. 
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Enlargement of the neocortex may result from increased 
numbers of neuroepithelial cells, while cortical layer thickening 
is associated with expansion of radial glial cells (RGCs) [103]. 
Given that many de novo genes display brain-enriched 
expression, especially in the human fetal brain, it is plausible 
that they contribute adaptively to brain development [95]. 
Comparative studies using human and chimpanzee cortical 
organoids to model early brain development revealed species-
speci�ic differences, including prolonged prometaphase 
metaphase duration in human neural progenitors, a reduced 
proportion of neurogenic basal progenitors, and delayed 
maturation of human neural tissues [104].
Further investigations into the functional implications of newly 
evolved genes have examined conservation patterns and gene-
expression relationships across species. Transcriptome 
analyses of macaque brains identi�ied genes whose expression 
correlates with macaque orthologues of human de novo genes, 
enabling the construction of gene co-expression networks 
relevant to brain development [105]. Experimental systems 
using human embryonic stem cells and cortical organoids have 
also provided insight into genes regulating cortical 
development. These organoids exhibit brain-like organization, 
with PAX6-positive radial glial cells and CTIP2-positive neurons 
forming structures analogous to the ventricular zone and 
cortical plate of the developing neocortex. One hominoid-
speci�ic de novo gene, ENSG00000205704, contains functional 
splice and U1 recognition sites and encodes a 107-amino-acid 
protein localized to both the cytoplasm and nucleus. The gene is 
broadly expressed in human brain tissues, with expression 
increasing during brain and cortical organoid development 
[106], comparative transcriptome sequencing across multiple 
mammalian species—including humans, chimpanzees, 
macaques, and mice—combined with genomic comparisons 
has revealed signatures of natural selection in a subset of de 
novo genes with con�irmed evidence of protein translation, 
further supporting the functional relevance of newly evolved 
genes in mammalian evolution [107].
The majority of these young genes, some of which generated de 
novo, are expressed in the neocortex, which is assumed to be 
responsible for many aspects of human cognition. Many of these 
young genes exhibit positive selection signatures, and 
functional annotations demonstrate that they are engaged in a 
wide range of molecular activities, with transcriptional 
regulatory genes being particularly enriched relative to other 
functional classes [108]. One such example is FLJ33706, a de 
novo gene discovered in GWAS and linkage analysis for nicotine 
addiction that is overexpressed in the brains of Alzheimer's 
patients [109]. In general, the fetal human brain expresses more 
immature, primate-speci�ic genes than the mouse brain [110]. 
De novo acquired enhancers, activated by single-nucleotide 
mutations, are selected for cognitive qualities and remain active 
throughout neocortical development. [92] developed a novel 
sequence-speci�ic deep learning model of embryonic 
neocortical enhancers using H3K27ac signatures from 
developing human and macaque brains .  The study 
demonstrates that single nucleotide mutations result in a 
widespread de novo increase in enhancers in the progenitors 
and interneurons of the developing human neocortex. Human 
de novo genes can be produced from neutral long non-coding 
RNA (lncRNA) locations, which have evolutionary signi�icance.	
SP0535 is a protein-coding gene unique to humans that was 
created from scratch [95].

From an evolutionary perspective, these genes act as a "hopeful 
monster" mechanism, allowing for rapid functional adaptation 
and, in certain cases, contributing to the development of 
cognitive abilities and neurodevelopmental disorders [111]. 
This strategy entails rapid recon�iguration of brain circuitry to 
generate cognitive abilities de novo (new) [112]. According to a 
recent study, the embryonic neocortex contains roughly 4000 de 
novo enhancers that are speci�ic to humans and not seen in 
macaques. These enhancers help to develop human cognitive 
abilities [113]. Several single-nucleotide mutations (a sort of 
macromutation) can create a new enhancer that activates a key 
transcription factor (e.g., POU3F2, SOX TFs), causing a dramatic 
shift in brain development [114]. These newly acquired 
enhancers mostly act on progenitor cells and interneurons, 
which may enlarge the cortical surface and increase the 
complexity of brain connections in a short evolutionary 
timeframe [115].
Beyond their evolutionary signi�icance, de novo gene formation 
also has important implications for human health [116]. Newly 
evolved genes, particularly those unique to speci�ic lineages, 
may contribute to species-speci�ic biological traits, although 
many of these genes still lack detailed functional annotation. 
Nevertheless, growing evidence indicates that certain human-
speci�ic de novo genes are involved in disease processes, 
including cancer [117]. For example, NYCM, a de novo gene 
found only in humans and chimpanzees, has been shown to 
in�luence neuroblastoma development in experimental models, 
while the primate-speci�ic long non-coding RNA PART1 has 
been reported to function either as a tumor suppressor or as an 
oncogene depending on cellular context [105].
Furthermore, due to their roles in early brain development, de 
n ovo  g e n e s  h ave  a l s o  b e e n  i m p l i c a t e d  i n  s eve ra l 
neuropsychiatric disorders, including autism spectrum 
disorder (ASD), intellectual disability (ID), and schizophrenia. 
De novo mutations (DNMs) in genes such as SCN2A are 
frequently observed across these disorders [118], while 
mutations in SLC6A1 have been associated with schizophrenia 
[119]. Additionally, pathogenic DNMs in genes including 
HNRNPU, WAC, and RYR2 have been linked to intellectual 
disability [120]. These �indings highlight the growing 
recognition that recently evolved genes and de novo mutations 
contribute to both human-speci�ic traits and susceptibility to 
neurological and developmental disorders.

5.	Tools	and	Techniques	in	the	Detection	of	De	Novo	Genes
The initial step in identifying de novo genes or proto-genes 
involves selecting candidate genes from a particular species, 
population, or individual genome. Identi�ication typically 
begins with annotated genomes, where researchers evaluate 
whether annotated genes lack homologs in related taxa and may 
therefore have originated de novo within a speci�ic evolutionary 
lineage [121]. Another widely used strategy involves analyzing 
transcriptomic datasets, in which transcripts expressed in one 
or more tissues or developmental stages are examined to 
identify potential novel genes. However, transcriptome-based 
approaches usually depend on the availability of a well-
annotated reference genome for accurate mapping and 
interpretation [122].
De novo genes may arise from various genomic regions, 
including intergenic spaces, intronic sequences, untranslated 
regions (UTRs), or through overlapping arrangements with 
existing genes in alternative reading frames or antisense 
orientations. 
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Depending on the hypothesized mechanism of gene emergence, 
certain transcripts or ORFs may be excluded during candidate 
selection. Tools such as BEDtools facilitate the determination of 
genomic overlaps between transcripts and annotated features, 
enabling researchers to �ilter and retain candidate transcripts 
for downstream analysis [123]. Appropriate application of such 
tools depends on the characteristics of the RNA-seq library used, 
including strand speci�icity.
Following genomic �iltering, selected spliced transcripts are 
screened to identify open reading frames.  Multiple 
computational tools are available for ORF extraction, including 
EMBOSS getorf, which provides information on ORF position 
and orientation within transcripts [124]. Additional software 
approaches help determine which ORFs are likely to represent 
true coding sequences, often using protein-based prediction 
methods and comparative analyses [125,126]. Homology 
searches are then conducted to verify novelty, typically using 
BLAST due to its balance of speed and accuracy, although faster 
alternatives such as DIAMOND are often preferred when 
searching large databases like NCBI nr or RefSeq [127].
A major challenge in de novo gene identi�ication is variation in 
genome and transcriptome data quality among species, which 
can in�luence detection accuracy. Many candidate de novo genes 
are short, lineage-speci�ic, and may lack clear evidence of 
protein-coding capacity. Moreover, statistical methods used to 
detect evolutionary conservation often require substantial 
sequence divergence to achieve signi�icance, limiting their 
effectiveness for short sequences [128]. Currently, two principal 
strategies dominate systematic searches for new genes: 
genomic phylostratigraphy, which traces gene age based on 
evolutionary conservation patterns, and synteny-based 
methods ,  which examine conservat ion of  genomic 
neighborhood to determine gene origin [129].

Genomic	phylostratigraphy
Genomic phylostratigraphy evaluates each gene within a focal 
species to determine whether homologous sequences exist in 
ancestral lineages, typically using BLAST-based sequence 
alignment or related computational approaches [130]. By 
mapping the evolutionary origin of genes across phylogenetic 
levels, this method estimates the relative age of genes and 
identi�ies those potentially unique to speci�ic taxonomic groups. 
However, an important limitation of phylostratigraphy arises 
from its reliance on sequence similarity, which makes it dif�icult 
to distinguish whether a gene truly originated de novo or 
represents an ancient gene that has diverged so extensively that 
homologous relationships are no longer detectable. To address 
this limitation, more sensitive similarity-search techniques can 
be employed. Methods such as context-speci�ic BLAST (CS-
BLAST) and Hidden Markov Model (HMM)-based searches can 
be used either independently or in combination to improve 
detection of distant homologues and reduce false identi�ication 
of genes as lineage-speci�ic [131].

Synteny-based	approaches
Synteny-based approaches, although historically limited in 
throughput, are increasingly being applied in genome-wide 
surveys to identify de novo genes and represent a promising 
direction for improving gene age estimation methods [132]. 
These approaches detect potential non-genic ancestral regions 
of candidate de novo genes by examining conserved syntenic 
blocks in outgroup species, where the relative order and 
arrangement of genomic features remain preserved over 
evolutionary time [133]. 

Syntenic alignments typically rely on conserved sequence 
“anchors” to identify corresponding genomic regions across 
species. Protein-coding genes commonly serve as such markers, 
although shorter conserved elements such as k-mers or exonic 
sequences may also be used [134,135]. Early primate genomic 
studies identi�ied approximately 270 orphan genes unique to 
humans, chimpanzees, and macaques, among which 15 were 
proposed to have originated de novo [136]. Subsequent 
investigations reported around 60 human-speci�ic de novo 
genes supported by both transcriptional and proteomic 
evidence, strengthening the case for their functional expression 
[137]. To ensure robust identi�ication, conservative �iltering 
strategies are often applied, excluding candidate genes lacking 
syntenic sequence information in related species or those 
showing evidence of paralogs, distant homologues, or 
conserved genomic regions, which could indicate alternative 
evolutionary origins.

Comparative	Approaches
To distinguish between de novo and ancient gene selection 
signatures, evolutionary traits of de novo genes should be 
compared to comparison sets of ancient genes with similar 
characteristics, such as short length and low expression [98].

Population	Genetic	Approaches
The identi�ication and investigation of genetic variations 
responsible for de novo gene expression may enable more 
insightful population genetic assessments of segregating or 
newly �ixed genes [138]. An alternative approach to studying the 
role of selection on de novo genes found in only one species is 
based on the idea that for a protein-coding de novo gene, the 
p r e s e n c e  o f  f u n c t i o n a l  c o n s t ra i n t s  p r e d i c t s  t h a t 
nonsynonymous site heterozygosity (pN) should be lower than 
synonymous site heterozygosity (pS) [139].

6.	Evolutionary	implications	of	de	novo	genes
Evolution is de�ined as the change in inherited traits of 
biological populations over repeated generations [140]. 
Available molecular tools and rapidly developing genome data 
from different creatures reveal signi�icant variance in the 
number of genes among them. The evolution of living beings is 
the result of two processes. First, evolution is dependent on the 
genetic variety caused by mutations, which occur on a constant 
basis within populations. Second, it depends on variations in the 
frequency of alleles within populations throughout time [141]. 
Natural selection in�luences the fate of mutations that have an 
impact on the carrier's �itness. Charles Darwin's early 
investigations provided a scienti�ic justi�ication for the 
hypothesis of evolution by natural selection. Natural selection 
provides ample evidence for evolutionary change from a variety 
of sources [142]. The mechanism of change over time produces 
changes in the qualities (traits) of organisms within lineages 
from generation to generation, and its components include 
variation, inheritance, increased population growth, and 
differential survival and reproduction. Furthermore, Haldane 
and Fisher argued that in the presence of recurrent mutation, 
one member of a duplicate pair eventually becomes 
nonfunctional; that is, most duplicates should eventually die out 
a s  p s e u d o g e n e s ,  wh i l e  t h e  o t h e r  g e n e  u n d e r g o e s 
neofunctionalization, acquiring new function [143]. Kimura's 
Neutral Theory of Evolution has been fundamental to molecular 
evolution research, in part because it allows for robust 
predictions that can be evaluated against actual data [144]. 
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According to the neutral theory, most molecular variation has no 
effect on �itness, and so the evolution of genetic variation is best 
described by stochastic processes.
De novo genes, which arise from previously noncoding DNA, are 
critical for evolutionary innovation because they allow for rapid 
adaptation to new environments, promote phenotypic novelty, 
and contribute to species-speci�ic traits such as human proto-
oncogenes, male-speci�icity in Drosophila, and antifreeze 
protein in Antarctic �ish.
They usually start off as brief, chaotic sequences that quickly 
transform into organized, functional patterns that in�luence 
adaptation. However, many of these sequences have been lost, 
emphasizing the importance of natural selection in developing 
these new genes from the ground up.
De novo genes are responsible for evolutionary innovation and 
adaptation. Evidence supports the notion that de novo 
genes—genes derived from previously noncoding, intergenic 
DNA—provide a rapid way to gain novel protein functions and 
have a distinct advantage over the slower, more gradual process 
of gene modi�ication. Rice studies have revealed signi�icant 
patterns of rapid structural change in de novo genes over a 
relatively brief evolutionary span of one to two million years. 
[145] discusses the amazing qualities of de novo genes and 
encoded proteins, including high binding af�inities, low 
molecular weights, positive net charges, diffusion, and 
interactions with other proteins. Similarly, [146] describes the 
independent emergence of antifreeze glycoprotein genes 
(afgps) in Arctic cod�ish and Antarctic notothenioids to prevent 
freezing. Furthermore, de novo genes evolve signi�icantly 
quicker than older genes, exhibiting higher rates of adaptive 
modi�ications, accelerated sequence evolution, and frequently 
acquiring specialized tissue or gender-biased expression, as 
demonstrated in Drosophila. These immature genes typically 
arise from intergenic areas, particularly in the testis, and can 
evolve critical functions in a short evolutionary timeframe 
[147][148]. These genes' expression is dramatically increased 
and temporally enlarged in malignancies, which is related with 
extrachromosomal DNA ampli�ication [149]. Novel proteins can 
result in unique biological properties, such as functions in 
development, disease, and complex characters, with examples 
discovered in a wide range of animals. De novo genes in plants 
have been linked to stress tolerance, reproductive success, and 
developmental regulation [150]. Many de novo genes are just 
ephemeral, but a tiny percentage become important, indicating 
how natural selection modi�ies these novel genetic components 
for speci�ic biological tasks, many of which are [98]. In 
evolutionary biology, de novo genes act as selective �ilters by 
providing a continuously created, highly variable raw source of 
genetic material (usually in the form of short ORFs, or "proto-
genes") that is subject to natural selection.
These genes have a high turnover rate (rapid gain and loss) and 
serve as a reservoir for adaptation and innovation, especially in 
harsh environmental situations. Few examples include the BSC4 
and MDF1 genes, which are two of the most well-characterized, 
canonical examples of de novo evolved protein-coding genes 
[151]. The	QQS orphan gene in plants modulates carbon and 
nitrogen allocation [152] and the NCYM, a Cis-antisense gene of 
MYCN, a proto-oncogene [153]. Identifying de novo gene 
functions and �itness effects is challenging, partly due to their 
overall smaller �itness effects compared to conserved genes. The 
birth and subsequent spread of young de novo genes may be 
affected by many processes that are directly or indirectly related 
to population genetics. 

For example, organisms with a smaller effective population size 
or less recombination may have more noncoding DNA and more 
deleterious variants associated with spurious transcription, 
resulting in higher de novo gene birth rates than species with 
larger populations and more recombination [154] [155]. De 
novo transcripts have a high turnover rate at the population 
level. While there are a few examples when conserved gene loss 
may be adaptive, it appears that the turnover of young de novo 
genes represents drift loss as the selection environment 
changes over time [156]. An essential goal is to investigate the 
processes and mechanisms that underpin the rapid birth and 
death of functional de novo genes. The most strongly deleterious 
novel ORFs and transcripts are likely to be rapidly eliminated by 
purifying selection, making it dif�icult to identify such 
deleterious de novo ORFs in natural populations, even for model 
species with relatively abundant population genome and 
phenotypic data [157]. How these elements, as well as the 
distinct biological or ecological characteristics of various 
species, organs, and cell types, in�luence de novo gene 
origination and spread is an essential �ield of future research. 
There are indications that local adaptation may play a role in the 
evolution of young de novo genes [158].

7.Discussion
Although the majority of identi�ied new genes in the human 
genome appear to have resulted from duplication-related 
mechanisms, current research suggests that genes can also 
develop de novo from ancestrally non-genic sequences. Thus, 
studying de novo-originated genes provides several chances to 
learn about the origin and functioning of novel genes, as well as 
their regulatory mechanisms and the evolutionary processes 
that drive them. These studies provide insight into the 
complexity of the human genome and gene evolution in the 
post-human sequencing age. With the completion of the human 
genome project, one of the key areas of genomics investigated is 
the origin of genes and their functions in Homo sapiens 
evolution [159]. Parallel efforts in primates and other model 
genomes make this process easier, and big data storage and 
enhanced sensitivity bioinformatics technologies help as well. 
Several unique problems arise in this particular section of the 
human genome, including when and how de novo genes 
develop, as well as under what conditions. The second question 
concerns the protein structure, location, functions, and 
interactions of de novo coded proteins, while the third concerns 
the genes' developmental and evolutionary roles. Several lines 
of research have revealed that the human genome has more 
protein-coding regions than previously thought. However, a 
distinctive fact is that the majority of newly discovered 
translated open reading frames (ORFs) are evolutionary young 
and limited to humans or primates, implying that the genome 
has evolved slowly but steadily. It is also worth noting that 
several of the proteins encoded by these genes do not conform to 
the standard de�inition of a protein. Several of these genes arose 
spontaneously from non-genic ancestral sequences. 
Investigating de novo-originated genes provides numerous 
chances to better understand their origins and functions, 
regulatory mechanisms, and associated evolutionary processes. 
These �indings provide new insights into the intricacy of the 
human genome and gene evolution. Several mechanisms for the 
de novo genesis of genes have been validated experimentally 
and through bioinformatic pipelines. Enhancers mediated de 
novo transcript synthesis under speci�ied conditions, de novo 
long noncoding RNA (lncRNA) origins from ancestral nongenic 
sequence, and the acquisition of a new exon and ORF are some 
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examples. Thus, researchers have suf�icient opportunity to 
interrogate the genome data about the origins and trajectory of 
eukaryotes. The assumption that de novo gene candidates have 
ORFs, and that their acquisition or retention is critical to de novo 
gene origination, is now largely accepted in research. In the 
domain of functional short RNAs led from the De novo genes and 
evolution has provided unequivocal evidence for the likely roles 
of microRNAs in the human genome and evolution, particularly 
about their activities in the CNS. Small proteins or 
micropeptides, which are typically less than 50 or 100 amino 
acids, can be found throughout the enormous genomic 
landscape [160]. The association between micropeptides and 
de novo genes is only beginning to be studied, leaving many 
unsolved concerns. Because of their shorter length, 
micropeptides may play a role in de novo gene origination. Many 
found micropeptides are classi�ied as noncoding regions, 
implying a possible transition from nonprotein-coding 
sequences to functional coding regions via the development of 
tiny genes (de novo). Micropeptides are involved in the 
regulation of cellular homeostasis,  metabolism, and 
development, and they frequently function as �ine-tuners for 
complex biological processes. Dysregulation of micropeptides 
has been linked to a variety of diseases, including cancer, 
cardiovascular disease, and neurodegeneration.
The acquisition of (rudimentary) protein domains through 
elongation of a de novo protein is a mechanism for a de novo 
gene to integrate into existing molecular machinery, which 
explains why neutrally developing peptides survive despite 
purifying selection. These alterations are chosen for a new 
product in order to generate unique phenotypes useful to the 
organism, several of which are covered in the review, de novo 
genes have fewer particular origins and are more lineage 
speci�ic. Furthermore, de novo genes demonstrate varied 
expression in populations, which is understandable given their 
young age. These �indings suggest the evolution of novelty, 
tissue-speci�icity, or improved evolution.
They also facilitate adaptation to new environments. Another 
part of the human genome that is being studied more vigorously 
around the world is the role of RNA transcripts from non-coding

Tables

sequences with a translated ORF. Given the similar mechanisms 
of proto-genes in humans, mice, and Drosophila, proto-genes 
appear to have evolved from the proto-gene pool into genes, 
shifting from a neutral proto-gene state to a translated gene 
under selection, which �its the "all-or-nothing" transition origin 
of denovo genes. Neuroscience research has focused on the 
origins and evolution of human cognitive skills. These studies 
have related new genes created by gene duplication, new 
microRNAs, and novel regulatory mechanisms for old genes to 
speci�ic human brain development features.
De novo genes are now linked to the formation of the human and 
ape brains. They are strongly expressed in the fetal neocortex, 
particularly in progenitor and interneuron cells, which 
promotes cortical growth and folding, allowing for the 
development of distinct human cognitive processes. Several 
genes have been annotated to support this �inding. De novo 
genes are the source of evolutionary innovation and 
adaptability, as proven by the proteins found in many model 
organisms and their roles. Thus, the study of de novo genes and 
related corollary issues provides researchers with an exciting 
avenue for investigation in the eukaryotic genome, with 
implications for basic, evolutionary, and medicinal research. 
Cumulatively, de novo genes have been identi�ied in diverse 
species, with many candidate de novo genes emerging from 
noncoding sequences through a stepwise mutational process, 
contributing to increased protein, with signi�icant possible 
sources of phenotypic novelty contributing to adaptation, 
evolution of sex and tissue-speci�ic traits. The De novo genes 
play signi�icant roles in shaping human-speci�ic traits, 
especially in the brain, contributing to higher cognitive 
functions and susceptibility to certain diseases.
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