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Abstract

The genome sequencing revolution has revealed that all species possess a large num-

ber of unique genes critical for trait variation, adaptation, and evolutionary innovation.

One widely used approach to identify such genes consists of detecting protein-coding

sequences with no homology in other genomes, termed orphan genes. These genes

have been extensively studied, under the assumption that they represent valid prox-

ies for species-specific genes. Here, we critically evaluate taxonomic, phylogenetic,

and sequence evolution evidence showing that orphan genes belong to a range of

evolutionary ages and thus cannot be assigned to a single lineage. Furthermore, we

show that the processes generating orphan genes are substantially more diverse than

generally thought and include horizontal gene transfer, transposable element domes-

tication, and overprinting. Thus, orphan genes represent a heterogeneous collection

of genes rather than a single biological entity, making them unsuitable as a subject for

meaningful investigation of gene evolution and phenotypic innovation.
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INTRODUCTION

One of the most significant discoveries of the genomic era is that

the gene content varies substantially between individuals and among

closely related species. For example, humans and chimpanzees on aver-

age differ by 270 genes that are present in either species.[1] The notion

that new genes could arise during evolution emerged early in modern

biology. A duplication of the BAR gene in the fruit fly Drosophila was

recognized and characterized before the discovery that DNA is the

molecule responsible for genetic inheritance.[2,3] However, only the
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advent of genomic data allowed for estimating how many genes are

unique to each species.

Theanalysis of the first sequencedeukaryotic genome fromthebud-

ding yeast Saccharomyces cerevisiae led to a surprising finding: about

30% of all genes in this species shared no homology with known DNA

and protein sequences from other organisms. The term orphan genes

was then coined to describe these apparent lineage-specific loci.[4]

Soon after, the alternative but conceptually equivalent term ORFans

was introduced for genes without shared homology in bacteria and

archaea.[5] When genes from a broader taxonomic unit are consid-

ered, the more general terminology of taxonomically restricted genes,
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or TRGs, is currently preferred.[6–8] Hereafter, we will use the term

orphan genes in a broad sense to also encompass TRGs.

After their discovery, it was immediately recognized that the num-

ber of orphan genes should decrease substantially with new genomes

becoming available, because more homologous genes would become

detectable in newly sequenced species. However, dozens to hundreds

of orphan genes are typically found in virtually any newly sequenced

genome. Furthermore, evolutionary and experimental investigations

across the tree of life have progressively reinforced the view that

new genes profoundly affect phenotypic variation and adaptation.[9]

The combination of these findings has propelled a vigorous inter-

est in the study of orphan genes that has led to more than 340

peer-reviewed articles on this subject (PubMed searches for “orphan

genes,” “ORFans,” and “taxonomically restricted genes” after removing

redundant papers and excluding papers containing “orphan receptor”).

The appeal of orphan genes. There are several reasons why orphan

gene analyses are common, particularly in new genomes. First, their

identification relies on bioinformatic approaches that are easy to

implement and deliver “yes or no” results, given that homology is either

found or it is not. Second, orphan genes are often used to inform on

the evolutionary trends of new genes. For instance, younger orphans

tend to be shorter, less complex, and more rapidly evolving than older

orphan genes, a.k.a. TRGs, and ancestral non-orphan genes.[10–15]

Furthermore, orphan genes are often considered equivalent to

species- or lineage-specific genes, and as such, they are expected to

represent genomic innovations involved in recent phenotypic changes.

Although young (species-specific) orphan genes are sometimes con-

sidered annotation errors due to the lack of identifiable folds and

recognizable domains in their proteins,[12,16] striking examples of bio-

logically functional cases have been documented. Recent reports have

shown that the hominoid-specific orphan gene ENSG00000205704

is involved in brain development and neocortex size. Overexpression

of the ENSG00000205704 gene in an organoid model resulted in a

larger organoid size and longer maturation time, whereas the opposite

phenotype was observed in knock-out experiments. In vivo function-

ality of ENSG00000205704 has also been determined in transgenic

mice.[17] InDrosophilamelanogaster, a large proportion of youngorphan

genes showed an embryo-lethal phenotype when knocked-down,[18]

although subsequent work has shown that most of these genes are

non-essential.[19] Among plants, the A. thaliana-specific orphan QQS

regulates carbon and nitrogen allocation.[20]

The convergent origin of genes encoding antifreeze glycoproteins

(AFGPs) in Arctic codfishes and Antarctic notothenioid fish is a further

example worth mentioning. AFGPs proteins contain several repeats of

the tripeptide unit (Thr-Ala-Ala) implicated in the binding of ice crys-

tals that prevent freezing damage. In Antarctic notothenioids, afgp

genes evolved from the chimeric assembly of a partially duplicated

trypsinogen-like protease (TLP) gene fusedwith nearby expanded Thr-

Ala-Ala repeats into a single locus[21]. In Arctic codfishes, the afgp

gene originated entirely from non-coding DNA.[22,23] These remark-

able findings exemplify the impact of new genes on adaptation and

the type of “evolutionary tinkering”[24] that can independently lead

to similar solutions across different lineages. Several other studies

have shown that young orphan genes as a group tend to be asso-

ciated with adaptation, responses to environmental stressors and

speciation[11,13,23,25–27].

In this perspective, we argue that despite their continuing appeal,

orphan genes represent a problematic category that has led to sev-

eral misconceptions concerning the evolution of both genes and

traits. Some of the flaws discussed here have been previously

recognized.[8,28–32] Notably, Schlotterer proposed to shift the focus

from orphan genes to de novo genes.[29] While de novo genes rep-

resent a distinct evolutionary category of genes,[33] we maintain, as

Schlotterer also suggested, that the variety ofmechanisms responsible

for the formation of new genes should be comprehensively addressed.

As discussed below, a few studies have followed this line of thinking,

whichwe suggest should be applied consistently. Here, the full range of

issues associated with the concept of orphan genes and its (mis-)use in

evolutionary biology is fully addressed for the first time. Altogether, a

large body of evidence suggests that orphan genes represent a hetero-

geneous group of genes, both by age and by evolutionary origin, thus

calling into question their appropriateness as proper biological units.

PITFALLS OF ORPHAN GENES: (I) INHERENT BIASES

Orphan gene inferences are influenced by sampling,
taxonomic diversity, and genome coverage

Orphan genes are typically detected throughout the approach known

as phylostratigraphy, which determines the age of a given gene based

on its distribution along a phylogeny of species.[34] In phylostratig-

raphy, the evolutionary distribution of genes from a focal species

is assessed in other taxa using sequence homology searches imple-

mented with tools like BLAST[35] or DIAMOND.[36] The gene age can

thus be approximated as the age range of the ancestral branch, or phy-

lostratum, of the phylogeny that includes all the species containing that

gene. For example, a primate orphan gene must have evolved after

the separation of primates from their sister lineage of colugos (order

Dermoptera) but before the divergence of primates into multiple lin-

eages (Figure 1A). Primate-specific genes will occur in both lineages

of existing primates, Haplorrhines and Strepsirrhini[37] (Figure 1A).

Further similarity searches are necessary across databases of other

non-primate species to avoid false positives due to gene loss in the

sister group colugos. However, genome data availability, gene annota-

tion quality, species diversity per lineage, rate of gene losses, and other

factors can affect the accuracy of phylostratigraphy.[38]

In the case of primates, the limited genomic resources and lower

gene annotation quality in tarsiers and Strepsirrhines diminish the

power to detect genes that are homologous to Anthropoid genes

(Figure 1B). As a result, putativeAnthropoids-specific genesmay in fact

represent Haplorrhines- or primate-specific genes that are yet unre-

ported in tarsiers and Strepsirrhines (Figure 1B). Similar issues emerge

when outgroup taxa contain a few species, as is the case with colugos,

with only two extant species represented. The sum effect of these lim-

itations is a significant age underestimation for many older genes that
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F IGURE 1 (A) Phylogenetic distribution of a hypothetical gene in primates and their sister groupDermoptera. Although the gene has been lost
in NWMs and Tarsiers (dashed lines), it is maintained in some species within the twomajor lineages Haplorrhines and Strepsirrhines, and should
thus be considered primate-specific. Treemodified fromVanderpool et al.[37]. OWMs: OldWorldMonkeys (Cercopithecidae). NWMs: NewWorld
Monkeys (Platyrrhines). Number of species in each group is shown in parentheses. Mya: million years ago. (B) Gene loss or lack of genomic data
affect the age estimate of a primate-specific gene. The gene is assigned to the Anthropoid lineage but originated in the Primate lineage. P/D:
present and detected. P/U: present and undetected. L: lost. A: absent. Gray lines: lineages where the gene is not present.

will appear as primate-specific despite having evolved long before the

origin of primates.

PITFALLS OF ORPHAN GENES: (II)
PHYLOSTRATIGRAPHY LIMITATIONS

Phylostratigraphy has become a widely used approach to estimate

gene age because it relies on sequence homology and sequence sim-

ilarity searches, two fundamental aspects of modern bioinformatics

and genomics. The fundamental assumption of phylostratigraphy is

that homologous genes will always be detected by sequence similar-

ity searches. It has been repeatedly shown that this view is incorrect.

Comparative genomic analyses have confirmed across a wide range

of species that many genes, particularly those expressed in some tis-

sues (reproductive organs, especially testis) or involved in specific

responses (immune-related genes), tend to evolve more rapidly than

others.[39–43] The sequence of these genes may divergence from their

sister species’ orthologous genes—that is, genes that they share a

common ancestry with—beyond what can be recognized via phy-

lostratigraphy. As a result, orphan genes will include a number of false

positives represented by old, fast evolving genes.

Although BLAST and other tools used to detect sequence similar-

ity are somewhat robust to this issue,[44] they inevitably fail to detect

homology when the sequence divergence is elevated, which occurs

over short evolutionary periods in such rapidly evolving genes[45].

This phenomenon has been recently codified as “homology detection

failure,” or HDF[46]. Recent studies have quantified HDF in several

organisms. In a series of sequence simulation analyses, Moyers and

Zhang have shown that phylostratigraphy-based estimates of gene

age bear significant rates of missed homology[32,47–49] (for a rebuttal,

see[50]). Error rates of up to 24% among eukaryotes were estimated

for genes that evolve faster than expected.[32] Using a novel sequence

homology decay model, Weisman et al.[46] recently found that the

probability of HDF is high inmore than half of orphan genes in both the

yeast Saccharomyces and Drosophila. Estimates of HDF have been inte-

grated into novel tools developed to assess the age of gene families[51]

and are likely to become increasingly prominent in gene evolution

studies.

A further approach to remedy HDF consists of integrating

phylostratigraphy with microsynteny analyses, which assess the con-

servation of the genomic location, or collinearity, of DNA sequences

between species. A gene sharing microsynteny between two species

is thought to derive from a gene present in the common ancestors of

those species. However, microsynteny decreases with evolutionary

distance and rates of sequence substitution, thus becoming less

useful for age estimates in older genes[52]. A recent study analyzing

microsynteny in budding yeast, fruit fly, and human genes showed

that, on average, one-third of orphan genes are older than inferred by

phylostratigraphy alone, probably representing rapidly evolving older
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genes[53]. Given that microsynteny analyses or corrections for HDF

have rarely been used, it is likely that most estimates of young orphan

genes are inflated.

A further indication of phylostratigraphy shortcomings emerges

from the significant variation among estimates of these genes between

closely related species. For instance, Light et al.[28] reported that

3.03% of the protein-coding genes inMus musculus are orphans versus

0.75% in Rattus norvegicus. Wissler et al.[54] found high variance of

species-specific orphan genes estimates between 30 arthropod lin-

eages. Among plants, Guo 2013[55] identified 5.3% and 12.3% orphan

genes in the sister species Arabidopsis thaliana and A. lyrata, respec-

tively. While some of this variation can be due to biological processes,

changes in gene annotation accuracy are more likely responsible for

a larger proportion of such variation. This effect can be accounted for

throughout synteny analyses, but it is not addressed by phylostratig-

raphy alone and can thus lead to the observed discrepancies between

species. A review collating estimates from multiple sources also

showed varying estimates of orphan gene numbers in A. thaliana from

three independent investigations (958, 1324, and 1430), probably the

result of different methodological approaches between studies.[13]

PITFALLS OF ORPHAN GENES: (III) ORIGIN VIA
MULTIPLE EVOLUTIONARY PROCESSES

One fundamental yet underappreciated aspect concerning the biol-

ogy of orphan genes is the complexity of evolutionary mechanisms

that contribute to their formation.[29] Historically, the origin of orphan

genes has been attributed to two processes: (1) gene duplication

followed by rapid sequence divergence (the duplication-divergence

model) and (2) de novo gene birth.[50,56,57] The combination of large

genomic datasets, molecular evolution analyses and high-throughput

sequencing technologies have revealed that new genes can orig-

inate throughout several other evolutionary processes aside from

duplication-divergence or de novo birth (Figure 2C–H).

Despite many of these processes being known for decades, they

have been investigated only in a handful of studies. For example,

primate orphan genes have been found to also evolve via transpos-

able element (TE) recruitment.[10] One important finding of this work

is that many orphan genes represent “evolutionary chimeras” (simi-

larly to the notothenioid afgp genes discussed above), wherein pieces

that originated from different mechanisms were assembled into novel

genetic units. In a thorough evolutionary examination of A. thaliana,

species-specific geneswere arranged intomultiple categories based on

their evolutionary origins.[58] The comparative analysis of seven ant

genomes showed a high number of orphan genes, but given the age of

these genes, it could not always discriminate between de novo genes

and gene losses. In the model nematode Pristionchus pacificus, the evo-

lutionary history of 29 orphan genes has been characterized, although

these genes represent a fraction of all the identified orphans.[59] A

recent survey of 4,644 species in the human gut microbiome has

determined the mechanisms of origin of more than 631,000 orphan

genes.[60] In the following paragraphs, we describe the nature of all

possible mechanisms generating orphan genes and indicate existing

estimates of their frequency based on these five studies, whichwe also

summarize in Table 1.

Gene duplication-divergence. Following duplication, parent and

daughter gene sequences increasingly diverge by accumulating DNA

changes (Figure 2A). When extensive, this process can lead to the loss

of identifiable sequence similarity between the daughter gene and its

homologs in other species.[56,61] The duplication-divergence model

posits that new copies can rapidly gain substitutions in their early

evolutionary stages when relaxed (neutral) and adaptive sequence

evolution is more likely to occur. Interestingly, a close association

between the rate of gene duplication and the rate of sequence evo-

lution has been shown in humans and Drosophila melanogaster,[62,63]

suggesting that gene families with rapid copy number turnover may be

especially prone to generate orphan genes via duplication-divergence.

As described above, such families typically include genes involved in

the immune defense and reproduction; this result from evolutionary

conflicts between hosts and pathogens and between sexes that fuel

rapid gene turnover and high sequence divergence. The contribution

of this mechanism to orphan gene varies from ∼ 10% in ants to 44%

in the nematode P. pacificus, with intermediate estimates in A. thaliana

and primates (Table 1). In the human gut microbiome, the contribu-

tion of gene duplication-divergence to orphan genes has not been

estimated,[60] although it is possible that a large proportion of orphan

genes derive from this process (pers. comm.).

Denovo gene birth. Denovogenes evolve via enabler substitutions that

lead to the transcription and translation of a previously non-genicDNA

sequence (Figure 2B). Aswell put by Schlotterer,[29] de novo genes rep-

resent protein-coding loci that truly evolve from scratch! First discov-

ered less than two decades ago in Drosophila,[64,65] de novo gene birth

is increasingly recognized as a common process in eukaryotic, bacte-

rial, and viral genomes,[33,60,66–69] with some studies suggesting that it

may occur as often as gene duplication.[12,70,71] However, current esti-

mates of de novo gene birth vary by 2–3 orders of magnitude within

species. For instance, between 3 and 82 protein-coding de novo genes

have been described in human.[72–76] Similarly, de novo genes ranged

between ∼ 6%–44% in orphan gene analyses in eukaryotes (Table 1).

Among the numerous orphan genes reported in the human gut micro-

biome, only less than 0.2% originated de novo, possibly due to the

scarcity of intergenicDNA in bacteria and archaea.[60] The lack of stan-

dardized methods to identify de novo genes and the challenges associ-

atedwith the discovery of enabler substitutions using synteny data are

likely major factors responsible for the discrepancies in de novo gene

birth estimates among eukaryotes. Computational pipelines have been

recently developedwith the goal of addressing these issues.[77]

Rapid gene evolution. As precisely estimated by recent works on

homology-detection failure, a high proportion of genes evolve at a pace

that erodes their homology with existing orthologs. Importantly, these

are mostly formed by old non-duplicated genes (Figure 2C), rather

than highly diverging gene duplicates. In other words, many if not

most orphan genes may represent false positives! In a recent account,

one of us[31] has shown that at least 13% of putative rodent-specific

de novo genes were ancestral genes that showed conserved synteny
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F IGURE 2 Types of new genes and orphan genes and their genomic signatures. A phylogeny of the focal species (top clade) and two outgroups
is shown next to each case. Not all orphans represent lineage-specific genes. Dotted line: genomic DNA. TE: transposable element.

TABLE 1 Available estimates of different evolutionary mechanisms’ percentage contribution to orphan genes.

Mechanism Primates[10] Ants[54]
Arabidopsis

thaliana[58]a
Pristionchus

pacificus[59]a
Human gut

microbiome[60]

Duplicated-divergent 24.4 9.9 22.2 44.4 NA

De novo 5.6 43.5 25.1 22.2 0.17

TE-derived 52.6 12.4 9.7 NA NA

HGT NA 0.1 NA NA 3.7b

Overprinting NA 11.1 8.84c 25.9 1.34c

ARFU NA 2.2 14.8

Unknown 17.4 20.8 36.7 22.2 94.8

Abbreviations: ARFU, alternative reading frame usage; HGT, horizontal gene transfer; TE, transposable element.
aThe sum here is> 100% because some genes originated via multiple evolutionary processes.
bThese genes represent only HGT from bacteriophages.
cOverprinting and ARFUwere not separated in the A. thaliana and the human gutmicrobiome studies.

with their primate orthologs.[78] For example, the lymphocyte antigen-

coding gene CD52,[79] reported as a mouse-specific de novo gene,[78]

is in fact shared across mammals.[31] Thus, the diminished conserva-

tion of specific gene sequences can affect orphan and de novo gene

estimates. Beyond the handful of species examined in recent HDF and

synteny studies, the impact of rapid evolution of ancestral genes to

estimates of orphan genes is essentially unknown.

Transposable element domestication. Transposable elements (TEs)

contain one to a few protein-coding sequences that can be ‘domes-

ticated’ and become host genes with cellular function (Figure 2D).

Host genes are recognized as TE-derived when they encode for a pro-

tein with high sequence homology with proteins encoded primarily or

exclusively by other transposable elements. Genes that evolved from

TEs can be identified as orphans within a lineage if the domestica-

tion event occurred only in that lineage and the proteins they encode

share no homology with other host proteins. Because there are many

TE types and their genes evolve fast, the homology of TE-derived genes

withotherhost genes tend tobe loworabsent.Overall, TEgenedomes-

tication represents an important source of new genes and protein

domains across prokaryotes[80] and eukaryotes.[81–85] A secondmajor

route for TEs to contribute to orphan genes is via the recruitment of TE

sequence into a novel chimeric gene locus. For example, TE sequences

occur in more than half of orphan genes in primates[10] and rice[86],

and ∼ 30% in silkworm.[87] Conversely, only ∼ 10% of orphan genes
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contain TE-derived DNA in ants and A. thaliana[54,58] (Table 1). In most

cases, only part of a transposable element or a noncoding TE region

is included in the new gene, therefore gaining the ability to encode

for a novel protein sequence with no similarity with known TE or host

proteins. Although identifying TE-derivedDNA in coding regions is rel-

atively straightforward, the total contribution of transposable element

genes and other sequences to orphan genes is rarely verified and prob-

ably vastly underestimated. In prokaryotes, TEs tend to be uncommon

and are unlikely to generate a substantial number of orphan genes.

Horizontal gene transfer. Horizontal gene transfer, or HGT, is a

potential source of novel genes, particularly in bacteria and archaea,

although a growing number of HGT cases have been documented

across eukaryotes (Figure 2E). HGT is more likely to produce orphans

when the event is ancient, donor and acceptor species are distantly

related, and the transferred gene evolves rapidly.[29] It is also possible

that many horizontally transferred genes are removed from genome

assemblies and thus go unidentified, because software that recog-

nizes possible contaminant DNA could label and remove sequenced

reads from these genes. Despite these limitations, extensive homol-

ogy searches and genome analyses could reveal more HGT-related

orphans, as reported in ants.[54] Notably, the HGT contribution to

orphan genes correlates with the availability of genome sequences

between donor and acceptor species. In prokaryotes, HGT mostly

involve closely related strains andwill thereforeproducemoreorphans

in less well-sequenced taxa.[88] However, a substantial number or

prokaryotic orphan genes might derive from overlooked sources, par-

ticularly viruses. For instance, at least 3.7% of orphan genes detected

in the human gut microbiome showed a likely viral origin.[60]

Overprinting and alternative reading frame usage. Most eukaryotic

genes are characterized by a coding region broken down into exons

separated by introns. Different combinations of exons can be assem-

bled into mRNAs via alternative splicing, thus coding for multiple

similar isoforms of the same protein. This 20th century view of the

eukaryotic gene organization has received a considerable “upgrade”

owing to findings fromhigh-throughput sequencing experiments. First,

transcriptomic data have shown that many genes generate antisense

transcripts encoded by the DNA strand opposite to the one used as a

template to synthesize mRNA.[89,90] Second, the sequencing of RNAs

bound to ribosomes, or Ribo-seq, has shown that multiple frames on

the samemRNAmolecule can be translated into entirely different pro-

teins. This additional layer of gene expression is known as overprinting

(Figure 2F) or alternative reading frame usage (ARFU, Figure 2G),

depending on whether transcription occur on a fully or partially over-

lapping coding region of the main coding sequence. Sequences orig-

inating from these processes represent orphan proteins, rather than

orphan genes, because they are encoded from the same DNA regions

of existing genes.[91] Originally described in viral genomes,[66,92] over-

printing andARFUarenowassociatedwith theemergenceof hundreds

to thousands of novel proteins in bacteria[93] and eukaryotes.[94,95]

Overprinting and alternative reading frame usage have also been

identified as sources of orphan proteins in ants,[54] nematodes[59]

prokaryotes[60,93] and A. thaliana-specific genes,[58] but despite the

rapidly increasing Ribo-seq datasets they are mostly uncharacterized

in orphan gene analyses (Table 1).

Orphan genes of unknown origin. The specific evolutionary mecha-

nisms involved in the formationof someorphangenes cannot alwaysbe

ascertained due to the lack of both homology to any known sequence

(genes, TEs) and microsynteny (Figure 2H). The well-studied and func-

tionally important QQS gene is an example of an orphan gene that

appears to have literally evolved out of nowhere in A. thaliana.[20]

Quite surprisingly, genes from DNA with no explainable origins form

37%, 17%, 21%, and 95% of orphans in Brassicaceae,[58] primates,[10]

ants,[54] and the human gut microbiome[60] respectively (Table 1).

Functionally, these orphans could be regarded as de novo genes,

because theyencodeproteinswithnoapparent homology toother pro-

teins. Indeed, in the literature, QQS is often referred to as a de novo

gene. It is possible, and should be investigated, if genes of unknown ori-

gin represent a functionally distinct category from genes that emerged

de novo.

Functional differences between orphan genes with distinct evolutionary

origins. Evidence suggests that new genes originated through distinct

evolutionary processes are likely going to affect different organismal

processes. Orphan gene that originate from rapidly evolving ancestral

genes are likely to maintain the same function over evolutionary time.

Conversely, de novo genes and chimeric genes with both de novo and

TE-derived sequences encode for proteins with entirely novel struc-

ture and may play a role in various cellular pathways and adaptive

traits.[17,22,23,96] Genes that contain TE coding sequences will likely

be involved in gene expression regulation, DNA excision, DNA inte-

gration, reverse transcription and cell fusion.[84,85,97] Although several

cases of functional genes evolved through overprinting and alternative

reading frames usage have been documented in bacteria, eukaryotes,

and especially viruses,[91,98,99] the biological role of most such genes

remains obscure. Horizontally transferred genes in prokaryotes are

commonbut appear biased in favor of specific groups of genes.[100–102]

In eukaryotes, HGT is less common and often involves bacteria or fungi

donors that provide genes encoding enzymes with metabolic or bac-

tericidal functions.[103] Thus, functional analyses of orphan genes as a

single unit cannot accurately reflect the complex functional diversity of

new genes.

DIFFERENCES BETWEEN ORPHAN AND
NON-ORPHAN GENES CAN BE EXPLAINED BY
ORPHAN GENE ORIGINATION MECHANISMS

The distinction between orphan and non-orphan genes has often

been examined through features such as expression level, evolutionary

rate, and biological function. While these comparisons offer valu-

able insights, they can be misleading without considering the specific

mechanisms responsible for the origin of orphan genes. This section

addresses how the mechanisms of orphan gene origination impact

some of these features and explains the observed differences between

orphan and non-orphan genes.
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Expression levels. Overall, orphan genes tend to be expressed at

lower levels than other genes.[13,56,87] In prokaryotes, HGT is ram-

pant and is known to largely involve genes with diminished expression

compared to endogenous genes.[104] Thus, HGT might explain the

lower expression levels of orphan genes in bacteria and archaea.

In eukaryotes, where HGT is rare, low expression levels might be

associated with de novo genes, which are known for their limited

transcription rates.[11,29,105,106] Moreover, rapidly-evolving genes are

often associatedwith lower expression levels,[107] possibly due to their

involvement in species-specific adaptations that do not require high

constitutive expression. Conversely, orphan genes evolved via over-

printing and alternative reading frameusagemight be highly expressed

due to their proximity to established regulatory sequences. Therefore,

orphan genes expression levels reflect the complex interplay between

mechanisms of origin and their varying frequency across major taxa.

Evolutionary rates. It has been repeatedly shown that all orphan

genes combined evolve at a faster pace compared to non-orphan

genes.[10,14,61] This finding aligns with the expectation for both the

duplication-divergence and the rapid evolution origination mecha-

nisms. Similarly, horizontally transferred genes exhibit higher substi-

tution rates than core (conserved) genes in E. coli,[108] and de novo

genes overall have been found to evolvemore rapidly than non-orphan

genes.[15,109,110] However, strong sequence conservation has been

reported in genes encoding TE-derived domains,[84,111] and substan-

tial sequence changes in orphan genes evolved via overprinting and

ARFU should be selected against, because of the overlap between

these genes and conserved non-orphan genes.

Functional impact. A central question in the study of orphan genes

pertains to their possible biological function. Sequence homology

remains a key predictor of the function of a gene that has not been

experimentally characterized,[112] but by definition, orphan genes

share no homology with other genes. However, the expectations con-

cerning the functionality of orphan genes vary depending on their

mechanism of origin. De novo genes, overprinting-derived genes and

genes evolved via alternative reading frame usage encode for pro-

teins with unknown function. On the other hand, orphan genes that

originated via duplication-divergence, rapid sequence evolution and

HGT are expected to share a similar function with that of their “par-

ent” genes. Additionally, gene duplication events are more frequent in

genes that are less essential to core biological processes.[113] Orphan

genes that evolved via duplication-divergence might thus appear less

functionally important than non-orphan genes. Finally, orphan genes

encoding complete protein domains derived from transposable ele-

ments also share partial or full functional overlapwith their parent TEs,

as documented for several transcription factors in vertebrates.[84]

Overall, fundamental gene features vary substantially between

orphangenes thatoriginatedviadifferentmechanisms, obfuscating the

biological meaning of comparisons between orphan and non-orphan

genes. Therefore, taking into account the different types of orphan

genes is essential to understanding the unique properties of lineage-

specific genes and their role in species adaptation and evolutionary

innovation.

CONCLUSIONS AND FUTURE DIRECTIONS

In this perspective, we propose that the practical benefits of consider-

ing orphan genes equivalent to lineage-specific genes are greatly out-

weighed by the limitations of this theoretical category of genes. While

previous studies have highlighted individual flaws in sequence homol-

ogy searches,[8,28–30,32,46,53] here we summarized for the first time

the numerous issues associated with orphan genes, from uncertain-

ties due to taxonomic under-sampling and low diversity to homology

search error rates and finally to the evolutionary and functional het-

erogeneity of young genes that originated via multiple processes. In

our view, these flaws provide cause to reject the widespread assump-

tion that orphan genes represent a biologically meaningful entity (see

also ref. [28]). A fundamental goal of our perspective is to point out the

importance of ascertaining specific evolutionary processes that lead to

lineage-specific genes. This step is indispensable to our understand-

ing of both how new genes emerge and, even more critically, how they

contribute to phenotypic change and species adaptation. Comparisons

of fundamental gene features between orphan and non-orphan genes,

which are broadly investigated to determine new genes’ evolution and

function, also show great variation depending on the origin mecha-

nism of orphan genes. We have highlighted recently developed tools

to assess and correct HDF errors[32,46,51,114] and to identify specific

type of genes, such as de novo genes,[77] in the hope that they will

be increasingly essential in future analyses of new genomes and will

help build accurate catalogs of lineage-specific genes. The accelerat-

ing pace of sequencing and assembly of high-quality genomes[115] will

generate in a short time vast resources to address some of the inher-

ent biases associated with correctly detecting lineage-specific genes.

Similarly, improved tools for genome alignments will enable advanced

assessments of synteny conservation across genomes to verify orthol-

ogy and identify de novo genes.[116] While orphan genes have been

valuable in sustaining the interest around the evolution and function

of new genes, the large body of evidence presented here shows that

time is ripe to replace this conceptual category with evolutionary and

functional gene types reflecting actual biological entities.
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