
Box 1 | Mechanisms of new-gene origination

Nature Reviews | Genetics

Regulator

Transfer

Diverge

Organism A

Organism B

Organism B

Duplication

Divergence

a  Exon or domain shuffling 

Fusion Fission

b  Gene duplication 

Transcription

Reverse transcription
and insertion

c  Retrotransposition 

d  TE domestication h  Reading-frame shift

New splice sites
evolve within TE

Other TE sequences
degenerate

g  De novo origination k  Pseudogene as RNA regulator

f  Gene fission or fusion j  Non-coding RNA

e  Lateral gene transfer i  Alternative splicing 

Eleven known molecular processes that can generate new gene structures 
are shown (see the figure), most of which are mentioned in this Review in the 
cases of new genes that have been analysed for their phenotypic or 
functional effects. For more detailed discussions of these mechanisms, see 
REFS 2–4. Here we provide concise explanations of the relevant molecular 
routes. In exon or domain shuffling, the exons or domains from different 
genes can be recombined to form many chimeric protein-coding genes (see 
the figure, part a). Gene duplication is a widely known process that can form 
new gene structures through DNA-based mechanisms, such as unequal 
crossover or genome replication in the absence of cell division (see the 
figure, part b). Duplications can occur on a wide range of scales, from parts 
of genes to whole genomes. Retrotransposition is an RNA-based duplication 
in which a transcribed RNA is reverse transcribed and inserted into a new 
position in the genome (see the figure, part c). This mechanism, although 
often assumed to produce functionless genetic elements, was found to be 
important in generating new genes. Transposable element (TE) 
domestication occurs in several forms (see the figure, part d). In humans and 
other mammals, hundreds of nuclear genes were found to encode 
TE-derived peptides and to have evolved new cellular functions. Owing to 
the multicopy nature of TEs, they can also facilitate unequal-crossover-
mediated gene duplication (through recombination involving non-allelic TE 
copies). Lateral gene transfer was frequently found to play an important part 
in transferring genes between bacterial species and has recently been found 
to occur in eukaryotes (see the figure, part e). Gene fission or fusion splits 
one gene into different genes or fuses neighbouring genes (see the figure, 
part f). De novo origination of genes has been reported in a number of 
organisms (see the figure, part g). The mechanism involves generating 

completely novel proteins by evolving new coding DNA sequences through 
accumulating mutations in previously non-coding genomic environments. 
Reading-frame shifts in a protein-coding gene, as seen in human genomes, 
can generate novel proteins (see the figure, part h). Alternative spicing 
increases the protein diversity encoded by exons in eukaryotes, and 
mammals have evolved new exons that result in novel splice variants  
of proteins (see the figure, part i). Non-coding RNA genes do not encode 
proteins but can have various important functions (see the figure, part j). 
Many newly discovered RNAs were found to have originated recently, such 
as microRNAs in Drosophila spp.123 and the male-functional non-coding 
RNAs in mice9. Pseudogenes, including some in mammals, were found to be 
transcribed and to have a role as ‘sponges’ for microRNAs, thus in turn 
regulating the expression of the functional parental genes (see the figure, 
part k).

Several mechanisms frequently cooperate in generating a new gene. 
Furthermore, genes arising from several of these mechanisms — such as 
retrotransposition and de novo gene origination — must acquire new 
regulatory systems in order to be expressed and regulated. This can occur by 
various mutational routes driven by selection. For example, a Drosophila 
melanogaster retrogene was found to have acquired a regulatory system for 
testis expression in a mutation selection process124, and new genes that have 
rapidly evolved insulator sequences and protein-binding sites to set up new 
regulatory boundaries125 have been identified. Additionally, new vertebrate 
genes were found to have gradually accumulated U1-binding sites and 
poly(A) signals to define a productive transcription unit, revealing the 
evolution of structural elements that control transcriptional directionality 
after the origination of genes126.
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