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Abstract 
Clade-specific (a.k.a. lineage-specific) genes are very common and found at all taxonomic levels 
and in all clades examined.  They can arise by duplication of previously existing genes, which 
can involve partial truncations or combinations with other protein domains or regulatory 
sequences.  They can also evolve de novo from non-coding sequences, leading to potentially 
truly novel protein domains.  Finally, since clade-specific genes are generally defined by lack of 
sequence homology with other proteins, they can also arise by sequence evolution that is rapid 
enough that previous sequence homology can no longer be detected.  In such cases, where the 
rapid evolution is followed by constraint, we consider them to be ontologically non-novel but 
likely novel at a functional level.  In general, clade-specific genes have received less attention 
from biologists but there are increasing numbers of fascinating examples of their roles in 
important traits.  Here we review some selected recent examples, and argue that attention to 
clade-specific genes is an important corrective to the focus on the conserved developmental 
regulatory toolkit that has been the habit of evo-devo as a field.  Finally, we discuss questions 
that arise about the evolution of clade-specific genes, and how these might be addressed by 
future studies.  We highlight the hypothesis that clade-specific genes are more likely to be 
involved in synapomorphies that arose in the stem group where they appeared, compared to other 
genes. 
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Introduction 
Before the cloning of Hox genes and other developmental regulatory genes from flies and then 

vertebrates starting in the mid-1980s, it was generally assumed that animals with profoundly 

different body plans and developmental modes would use different genes in development 

(reviewed Gilbert et al. 1996).  One prominent example of this commonly held view was 

articulated by Mayr in 1966: “Much that has been learned about gene physiology makes it 

evident that the search for homologous genes is quite futile except in very close relatives’’ (Mayr 

1966).  From this perspective, it would be assumed that understanding development in different 

animals would involve studying genes and proteins that were restricted to their clade. 

This changed dramatically as one developmental regulator after another was found to be 

conserved between distantly related model organisms (e.g. Carrasco et al. 1984; McGinnis et al. 

1984; reviewed in Gilbert et al. 1996).  These findings led to one of the central conceptual 

foundations of evolutionary developmental biology—that, in general, animal genomes have the 

same basic set of developmental regulatory proteins.  Known as the “shared toolkit” (Wilkins 

2013), this observation has guided many important lines of investigation in the field, where the 

role of orthologous genes are compared in different species to understand how they participate in 

morphological evolution.  More generally, the idea of the shared toolkit has influenced the 

intellectual development of the field, by focusing attention on a set of developmental regulators 

which are tacitly assumed to play central roles in the origin of novelty, either through regulatory 

or structural evolution.  This view has been extremely successful in terms of the breadth and 

depth of mechanistic understanding that it has generated in the last three decades.  Most 

importantly, it clearly focused attention on what was feasible to study, especially in the pre-

genomic era—the genes that were similar enough between species to be cloned and recognized 

based on homology.  It also found broad success because workers in different animals found a 
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shared language in the genes that were being interrogated in their respective systems, allowing 

broader interest in these results.  Similarly, the fact that the human genome also contains the 

shared toolkit genes meant that biomedically focused funding agencies were at least somewhat 

more predisposed to support funding in non-vertebrate systems. 

However, despite all these advantages and successes, the shared-toolkit paradigm leaves 

us blind to some potential sources and causes of evolutionary change.  In this review we will 

describe a special kind of exception to the shared-toolkit–conserved clade-specific genes–and 

their role in the evolution of novelty.  As full genome sequences from diverse organisms have 

accumulated, it has become clear that many genes are not shared across clades, and these novel 

genes are found at all phylogenetic levels, from species to phyla, to super-phyletic groups 

(reviewed in, for instance, Khalturin et al. 2009; Kaessmann 2010; Tautz and Domazet-Loso 

2011).  We refer to such genes as clade-specific genes, which is equivalent to the term lineage-

specific genes.  Novel genes can form in several different ways (described in more detail below, 

and reviewed extensively including (Chen et al. 2013; Klasberg et al. 2016; Rödelsperger et al. 

2019)).  In general, these modes of origin exist on a continuum, from simple gene duplications of 

broadly conserved gene families, where the functionality of the duplicate is similar or identical to 

the original parent locus, all the way to completely novel sequences that have no detectable 

homology to proteins in other clades.  Intermediates between these two include domain 

shuffling, and duplication followed by partial deletion. 

Gene duplication is extremely common in evolution, and has long been recognized to be 

an important source of raw material for evolutionary innovation (Ohno 1970; Lynch and Katju 

2004).  Simple gene duplications do create novel genes that can potentially become clade-

specific, but these will nonetheless be part of the shared toolkit.  Duplications can be more 
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complex, with partial truncations, domain shuffling, and the addition of completely novel protein 

sequence, for instance when a frameshift is introduced into part of a coding sequence.  Genes 

that originate via these processes may have novel functional capacities that are not in the shared 

toolkit. 

At the other end of the continuum are genes that are apparently completely novel—these 

are usually recognized because they do not have detectable homology outside the clade of 

interest.  These too can be found at every phylogenetic level, but we have been especially 

interested in those that are older than species or genera, because their conservation since their 

putative origin implies purifying selection and thus functional importance.  How do such 

completely novel genes arise?  They are often assumed to arise de novo from non-coding 

sequence.  This does happen, but it is important to acknowledge that since novel genes are 

usually defined by the lack of sequence homology to other genes outside of the clade of interest, 

they can also arise by rapid sequence evolution of a gene that is present in outgroups, such that 

the gene has no detectable homology outside the clade in question (see Weisman et al. 2020).  

While the latter scenario results in a gene that is not sensu strictu novel, we argue that this level 

of sequence divergence can create a gene with the potential for novel function.  This is especially 

true if the period of rapid evolution is followed by relatively slow sequence evolution, indicating 

purifying selection.  

Finally, although it is conceptually somewhat different, clade-specific genes can also 

arise by lateral gene transfer from a distantly related clade (Chen et al. 2013; Rödelsperger et al. 

2019).  In this case, the domain is not strictly limited to the clade that acquired the gene, but it 

may be found in one group of animals and not others, for instance, and thus potentially involved 

in clade-specific novelties in that clade.  
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Often novel clade-specific genes arise by various combinations of these different 

processes; one result of this is that a clade-specific protein sequence may have some domains 

that are not detectable outside the clade and some that are.  In this review, we are focused on 

putative clade-specific genes that have at least one protein domain that is apparently novel, since 

those are most likely to represent a gene whose function is outside of the toolkit.  Moreover, 

these are also relatively easier to find in a bioinformatic screen using homology-based search 

pipelines.  Below, we highlight some recent cases where clade-specific genes have been 

implicated in novel traits that arose at the same phylogenetic node as the novel gene.  As 

expected if this is a pervasive evolutionary phenomena, they are diverse in terms of taxa, 

evolutionary age, aspects of biology, mechanism of origin, and levels of biological organization.  

Because of this broad diversity and disparity, any organization would be somewhat arbitrary; we 

have organized them roughly by evolutionary age, from genes that are specific to a metazoan 

super-phyletic group that arose in the Cambrian, to genes that are implicated in the evolution of 

modern humans.  The main examples and their modes of origin are summarized in Table 1 and 

Figure 1.  

 

Novel protein domains implicated in clade-specific traits of an animal superphylum 

We became interested in the role of clade-specific genes in the origin of novelty after our recent 

discovery of two novel genes that are expressed in the ciliary bands of diverse spiralian taxa (Wu 

et al. 2020).  The Spiralia is an ancient and diverse clade of invertebrate protostome animals 

including molluscs, annelid worms, nemertean worms, flatworms and rotifers.  One prominent 

trait in most spiralians are ciliary bands.  These bands not only have important functions such as 
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locomotion and feeding but also are key characters in phylogenetic and taxonomic discussions.  

In a bioinformatic screen for sequences that were present in multiple spiralian genomes, but not 

detectable in other animal genomes, we found 37 such genes.  We examined the expression of 20 

in a model mollusc embryo, and discovered two genes with specific expression in the larval 

ciliary bands of this species.  Based on comparative studies from five different spiralian phyla, 

we and our collaborators showed that these two genes are broadly specific to ciliary bands in 

these other taxa as well.  We named these genes Trochin and Lophotrochin.   

Trochin has no detectable sequence similarity to any non-spiralian genes or protein 

domains even using very sensitive search methods (i.e. multiple rounds of PSI-BLAST or using 

HMMER), and thus appears to be the result of de novo gene formation or rapid evolution in the 

spiralian ancestor.  Sensitive search algorithms showed that part of Lophotrochin has similarity 

to an uncharacterized domain found in some non-spiralian genes (DUF4476 domain), but a motif 

in the C-terminal part of the protein is specific to spiralians and strongly conserved.  This 

indicates that Lophotrochin evolved from a DUF4476 domain-containing protein in the spiralian 

common ancestor that underwent rapid evolution to generate the new C-terminal spiralian-

specific motif, or a fusion event with the novel C-terminal motif.  For both genes, the strong 

purifying selection on the sequence over the more than 500 MY since the spiralian common 

ancestor in the Cambrian indicates that these genes have significant functional roles.  The 

conservation of expression pattern in ciliary bands indicates a function in this key spiralian 

structure.  This finding highlighted for us the importance of clade-specific genes or protein 

domains in the evolution of major clade-specific traits.  
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Clade-specific genes in ancient novel cell types of Cnidarians 

An even older animal group than Spiralians are the Cnidarians, a large and diverse phylum that 

predate the origin of bilaterian animals.  Perhaps one of the best characterized instances of clade-

specific genes and novel traits involve the cnidocyte, a novel cell type that is the hallmark of 

cnidarians.  Cnidocytes, or stinging cells, are one of the most specialized cell types in the 

Metazoa, and a classic example of a complex clade-specific trait.  They contain an organelle 

called the nematocyst: when discharged this structure rapidly ejects a harpoon-like filament that 

can pierce prey and inject toxin (David et al. 2008).  The discharge is thought to be one of the 

fastest cellular processes known (Holstein and Tardent 1984).  

The importance of novel proteins in cnidocyte structure and function has long been 

appreciated (e.g. Kurz et al. 1991; Koch et al. 1998), and this cell type has become a leading 

model for understanding the role of novel proteins in a complex novelty (reviewed in Khalturin 

et al. 2009; Babonis and Martindale 2014).  Several recent studies have systematically looked for 

cnidocyte-specific genes, and found that many are restricted to cnidarians.  For instance Hwang 

et al. 2007 found that 24/51 cnidocyte-specific genes in Hydra were apparently cnidarian specific 

(i.e. found in Hydra and the distantly related Nematostella but not outside cnidarians); this 

includes those with some domains that were detectable outside the phylum and some that were 

not.  Similarly, Milde et al. 2009 found a set of 5 putatively clade-specific and cnidocyte-specific 

genes in the genus Hydra, of which 2 were found in Nematostella, indicating that they are 

possibly cnidarian-specific.  Hwang and colleagues 2008 and 2010 showed that two cnidarian-

specific cnidocyte proteins, nematocilin and nematogalactin are localized to the tubule structure 

of the nematocyst itself.  Having these genes in this key structure of the cnidocytes implicates 

clade-specific genes in the evolution of this novel cnidarian cell type.  
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Another cnidarian-specific trait is striated muscle, which is thought to have evolved 

convergently in bilaterians, cnidarians and ctenophores (Steinmetz et al. 2012).  Within 

cnidarians, the Medusozoa, which consists of groups with medusae, or jellyfish, generally have 

striated muscles, and the main group lacking medusae (Anthozoa) does not, except for two 

species that are reported to have sarcomeres (Leclere and Rottinger 2017).  This pattern suggests 

that striated muscles may have evolved at the base of the Medusozoa, perhaps to drive the strong 

muscle contraction of the swimming medusa.  Khalturin et al. 2019 reported two medusozoan-

specific gene families that are restricted to striated muscles; one is a WD-40 domain protein 

family and the other is a family with novel and myosin tail domain structure, indicating possible 

interactions with actin fibers.  The authors suggest that they may play a structural role in the 

striated muscle, perhaps similar to titin and troponin, two bilaterian striated muscle proteins that 

are not found in cnidarian striated muscle.   

There are other examples of clade specific genes in novel cell types.  The bacteriocytes of 

aphids evolved to host the mutualistic endosymbiotic bacteria Buchnera sp. (Shigenobu and 

Stern 2013).  Deep mRNA sequencing of bacteriocytes revealed an enrichment of aphid-specific 

genes in bacteriocytes: 10/30 of the most strongly expressed genes in bacteriocytes were aphid-

specific.  They concluded that these genes play a role in the bacteriome, and could help mediate 

the endosymbiosis with Buchnera, an important ecological adaptation.  

 

Clade-specific genes in key synapomorphies of vertebrate subgroups 

The vertebrate lineage is well-studied in terms of the mechanisms and genetic bases of important 

innovations, and this clade has been thoroughly sampled by full-genome sequencing efforts.  
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Together, these observations suggest that this clade may be a particularly good place to find 

known examples of clade-specific genes that are involved in traits that arose at the same 

evolutionary node–and this is indeed the case.  The myelinated fiber is a hallmark of 

gnathostome vertebrate nervous systems.  It is an axon that is sheathed in lipid-rich processes 

from glial cells, and this covering acts as electrical insulation that improves the speed and 

efficiency of action potentials in the axon.  Myelinated fibers are absent in all invertebrates, as 

well as the agnathan vertebrates, but found in all jawed vertebrates (Gnathostomes), indicating 

that this trait arose at the base of this clade.  Myelin largely consists of lipids and proteins.  The 

dominant myelin proteins in all gnathostome peripheral nervous system (PNS) fibers are myelin 

basic protein (MBP) and myelin protein zero (MPZ).  In tetrapods, these remain the dominant 

proteins in the PNS myelin, but in the central nervous system (CNS), MPZ was replaced by the 

Proteolipid protein-1 protein (PLP1).  Gould et al. 2008 reported that MBP and MPZ are 

ubiquitous among gnathostomes, but absent in all invertebrates and agnathans examined and 

concluded that these genes likely arose in early gnathostomes coordinately with myelination.  

PLP1 is related to the lipophilin gene family which is widespread across metazoans.  However, a 

novel exon arose in PLP1 at the base of the tetrapods, suggesting that the origin of this protein 

sequence could have allowed PLP1 to replace MPZ in myelin of the central nervous system 

(Gould et al. 2008; Mobius et al. 2008).  Indeed, transgenic experiments indicate the additional 

sequence improves PLP1’s ability to enter myelin and myelin stability (Wang et al. 2008).  

These results are striking to us because they go beyond the relatively common pattern where a 

single clade-specific gene is implicated in a novelty, and instead indicate a more general 

pattern—both of the dominant proteins in myelin that arose at the base of the gnathostomes are 

novel proteins that arose at the same time as myelination itself.  In addition, the later replacement 
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of MPZ with PLP1 in tetrapod CNS was associated with the origin of novel protein sequence 

within an ancestral lipophilin-like gene at the same phylogenetic node, further supporting the 

importance of novel proteins for the origin of complex new traits.  

Bones, including a cranium joined by sutures, are clade-specific traits in the 

Euteleostomi, or bony vertebrates.  Cranial sutures and several other bones of the head are 

formed by a process called intramembranous ossification.  The Mn1 gene was originally cloned 

as a possible cause of meningioma, but it was later shown that its normal biological role is in 

skull formation, especially intramembranous ossification (Meester-Smoor et al. 2005).  Mn1 is a 

bony vertebrate (Euteleostomi)-specific gene, indicating that it arose at roughly the same time as 

the intramembranous ossification (Pallares et al. 2015).  In addition, genetic variation in Mn1 

was found to be important in craniofacial shape variation in an outbred mouse population 

(Pallares et al. 2015).  Mn1 thus has crucial roles in craniofacial development and is an example 

of an clade-specific gene that is implicated in a clade-specific apomorphy.  

Prod1 is a salamander-specific gene that was derived by a duplication of a three-finger 

family protein, and salamander Prod1 proteins share a distinctive 12-amino acid motif, 

indicating that the protein evolved after duplication and before radiation of salamanders (Geng et 

al. 2015).  Salamanders are unique among tetrapods in their ability to regenerate their limbs as 

adults (Brockes and Gates 2014); since some fish also regenerate their limbs, it is not clear 

whether salamanders retain an ancestral regeneration ability that was lost in other tetrapod 

lineages, or whether it arose again in the salamander common ancestor.  Prod1 forms a gradient 

in the regenerating limb, suggesting that it may be involved in pattern formation (da Silva et al. 

2002; Kumar et al. 2007a).  Focal Prod1 overexpression in the regenerating limb disrupts the 

spatial organization of the developing tissue and the process of regeneration (Echeverri and 
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Tanaka 2005).  The Ag2 protein was identified as a ligand for Prod1, and local expression of Ag2 

in a regenerating limb that has been denervated can rescue the innervation requirement for limb 

regeneration (Kumar et al. 2007b).  Together, these results indicate that Prod1 is a salamander-

specific gene that is functionally important for adult limb regeneration, a possible salamander 

novelty. 

Salamander limbs share an evolutionary novelty called preaxial dominance.  In other 

amphibians and amniotes, the posterior digits develop before the anterior ones, but in 

salamanders, the two most anterior digits develop first (Frobisch and Shubin 2011).  Disruption 

of Prod1 with TALEN gene editing blocks the outgrowth of the anterior digits, showing that this 

gene is required for preaxial dominance, as well as limb regeneration—an unexpected 

mechanistic link mediated by a clade-specific gene (Kumar et al. 2015).  

A defining synapomorphy of mammals is lactation.  Milk provides vital proteins, 

carbohydrates, vitamins, salts and lipids to the mammalian neonate. Caseins are the most 

abundant proteins in milk, where they facilitate calcium transport for bone and tooth growth, and 

provide protein.  There are two kinds of caseins in mammals, calcium sensitive (i.e. CSN1S1, 

CSN1S2, and CSN2) and calcium insensitive (i.e.,CSN3).  These proteins are highly disordered 

and fast-evolving at the amino acid level, however Kawasaki et al. 2011 have used intron-exon 

structure to trace the ancestry and origin of these proteins.  They are all members of the secretory 

calcium-binding phosphoprotein (SCPP) gene family, and in particular, both kinds of casein 

protein derived ultimately from the odontogenic ameloblast–associated (ODAM) gene, which is 

involved in the control of calcium deposition in tooth development.  In particular, calcium 

sensitive caseins appear to have evolved from a duplication of the SCPP-Pro-Gln-rich 1 

(SCPPPQ1) gene, which in turn evolved from a duplication of ODAM.  The calcium insensitive 
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caseins seem to have evolved from a duplication of the follicular dendritic cell secreted peptide 

(FDCSP) gene, which also seems to be derived from a duplication of an ancestral ODAM gene.  

Notably for our argument, both types of casein genes appeared at the base of the mammals, when 

lactation evolved.  Caseins were identified biochemically, without regard for their conservation 

across animals, and turn out to be excellent examples of clade-specific genes that are crucial for 

a clade-specific trait.  We note that given the high sequence divergence among these genes, and 

between them and their ancestral genes, this appears to be an example of a “novel” protein 

family that has evolved by evolution from an identifiable ancestral gene.  Such cases, given 

additional divergence, could evolve so far as to lose detectable homology. 

 

Butterflies and beets: clade-specific genes with roles in pigmentation at intermediate 

taxonomic levels 

Pigmentation is a conspicuous trait that can have obvious ecological significance.  In addition, 

the regulatory and biochemical pathways that control pigmentation are often well-understood, 

making such traits a potentially fruitful area to look for clade-specific genes.  Butterfly wing 

patterning is a classic model for developmental evolution.  There is a tremendous diversity of 

lepidopteran wing patterning, but many of the elements seem to be part of an ancestral patterning 

ground plan, because they are found in divergent taxa and lost and gained repeatedly in evolution 

(reviewed in Martin and Reed 2010).  The aristaless (al) homeobox gene is a conserved 

component of wing patterning in insects, but Martin and Reed discovered a lepidopteran-specific 

duplication of aristaless (al2; Martin and Reed 2010).  The expression pattern of the new paralog 

diverged dramatically from al, and came to be expressed in the location of one of the conserved 
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elements of the wing patterning ground plan, called DII.  This patterning element functions via 

wingless signaling, and Martin and Reed were able to show that the expression of al2 in the DII 

element preceded the co-option of wingless expression into the element.  This indicates that the 

novel al2 gene created a pre-pattern that facilitated the evolution of localized expression of 

wingless in the pattern element in some clades.  This is a remarkably clear case for a novel 

duplicated gene potentiating a novelty in the clade where it arose.  

The Caryophyllales is a diverse order of flowering plants that includes cacti, carnations 

and beets.  Nearly all Caryophyllales use a class of tyrosine-derived yellow and red pigments 

called the betalains, which are distinct from the anthocyanin pigments in other land plants 

(Brockington et al. 2015).  Betalains are thought to have evolved at the base of the 

Caryophyllales.  Brockington et al. 2015 reported that two key enzymes in the betalain synthesis 

pathway, DODA and CYP76AD1 originated through Caryophyllales-specific gene duplication, 

in the stem clade for this group, at the same phylogenetic node as the origin of betalain 

pigmentation.  They conclude that clade-specific duplication and the subsequent 

neofunctionalization of these enzymes were important evolutionary steps in the origin of betalain 

pigmentation.  

 

Novel genes in genera-specific organs  

Genera-level synapomorphies are often striking, and the often relatively close evolutionary 

distance to outgroups can make them compelling models of evolutionary developmental change.  

The propelling fan is a clade-specific trait in water strider genus Rhagovelia, which facilitates the 

rhagovelia species’ locomotion on the surface of running water.  This is a novel ecological niche 
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which other related organisms are unable to exploit.  Using gene expression, functional and 

behavioral studies, Santos et al. 2017 reported that two clade-specific genes—geisha and mother-

of-geisha—have a significant roles in the development of propelling fans.  Mother-of-geisha is a 

novel gene that is likely specific to Hemiptera (the true bugs), an order-level clade that includes 

Rhagovelia (it was also detected in a termite, an isopteran, but the significance of this is unclear).  

Geisha arose as a duplicate of this ancestral copy at the base of Rhagovelia, when the fan 

evolved.  Both genes are expressed at the site of the developing fan, and knockdown of both 

together prevents fan formation.  They showed that geisha and mother-of-geisha gene 

knockdown individuals have poorer locomotion performance in fast-running water.  They 

concluded that these newly duplicated genes could have a central role in the evolution of this 

novel trait, and thus the adaptation to new environmental niches.  One interesting question about 

the role of clade-specific gene in the origin of novelty is whether they are, once fixed, more 

likely to be co-opted for evolution later in evolution.  This case is interesting on this point since 

mother-of-geisha arose and was fixed much earlier than the origin of the propelling fan.  It would 

be interesting to know the function of mother-of-geisha in the outgroups to Rhagovelia, before it 

was co-opted to participate in the development of the propelling fan. 

Nematosomes are a novel trait and the defining character of the sea anemone genus 

Nematostella.  Nematosomes are a circulating and free-floating tissue type consisting of 

multicellular masses of cells within the gastrovascular cavity.  Babonis et al. 2016 reported 

evidence that nematosomes have a role in the immune system.  They also found that 

Nematostella genus-specific genes are overrepresented in the set of  genes that are upregulated in 

nematosomes compared to two other tissues, mesentery and tentacle.  Cnidarian-specific genes 

were also over-represented in the nematosomes.  Interestingly, the same pattern—over 
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representation of Nematostella-genus and cnidarian-specific genes—was found in the other two 

tissues, which are not Nematostella-specific.  In fact, the tentacles had a higher fraction of 

Nematostella-specific genes than nematosomes.  Thus, these results suggest that clade-specific 

genes may be important for nematostomes, but that they are also important in other cell types 

whose origin is not thought to correlate with the origin of the genes. 

 

Clade-specific genes in the origin of species-level adaptations: evolution of the human brain 

Perhaps the most significant human-specific adaptation is our unique cognitive ability, which is 

linked to changes in brain size and structure in the human clade.  In recent years there have been 

a number of human-specific gene duplications that have been implicated in the development of 

human-specific aspects of brain development (reviewed in Heide and Huttner 2021).  Here we 

focus on three families, SRGAP2, ARHGAP11, and NOTCH2NL. 

The SRGAP2 proteins (Slit-Robo Rho GTPase activating protein 2) encode regulators of 

neuronal development, with roles in neuron migration and neurite outgrowth (Guerrier et al. 

2009).  The SRGAP2 protein is strongly conserved across mammals, and there are no extant 

duplicates in any mammalian clade, but there has been a complex sequence of duplications in our 

own ancestral clade (Dennis et al. 2012).  After the split from the chimpanzee clade, there was an 

initial duplication of the ancestral SRGAP2A gene around 3.4 MYA, to create SRGAP2B.  

Importantly, this duplication included the promoter and 5’ end of the coding sequence of the 

ancestral gene but was truncated at the 3’ end—it contained most of the F-BAR domain, which is 

involved with homodimerization, but lacked some 3’ sequence, including several important 

functional domains.  SRGAP2B was then duplicated twice, creating SRGAP2C and SRGAP2D.  
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The authors estimated that the duplication of SRGAP2C, which is now thought to be the most 

important duplicate for human brain evolution, occurred around 2.4 MYA based on molecular 

clock data.  This is significant, because this is around the time that Homo erectus diverged from 

Australopithcines, a milestone in human evolution because the origin of Homo erectus was 

associated with increased brain size and advances in tool fabrication.   

 The ancestral gene (SRGAP2A) has a role in dendritic spine maturation in the cortex and 

the regulation of neuronal migration (Guerrier et al. 2009; Charrier et al. 2012).  The SRGAP2C 

duplicate is strongly expressed in the developing cortex, in a pattern that largely overlaps 

SRGAP2A.  SRGAP2C dimerizes with SRGAP2A, and blocks all of its known functions, at least 

in part by reducing the stability of SRGAP2A (Schmidt et al. 2019).  The expression of 

SRGAP2C inhibits the ability of SRGAP2A to cause neurite branching, and this is associated 

with increased migration of neural precursors in the developing cortex (Charrier et al. 2012).  

The downregulation of SRGAP2A by SRGAP2C also causes an increase in synapse density in 

cortical pyramidal neurons, and lengthens the maturation period of these neurons, two human-

specific neural traits.  The functional effects of SRGAP2C are in part due to the C-terminal 

truncation, but there are also several non-synonomous mutations in this paralog that make it a 

stronger negative regulator of SRGAP2A.  Thus, the story that has emerged is that the truncated 

SRGAP2C paralog arose around the time that the Homo genus was diverging from other 

hominins, and because of the truncation, and the shared regulatory sequence, it was immediately 

able to inhibit the ancestral protein, which contributed to to some human-specific changes in the 

cortex.  Subsequently, this inhibition was strengthened by the accumulation of amino acid 

substitutions in the new paralog.  This is a dramatic example of how a protein with a novel 

molecular function can arise and potentially have an immediate phenotypic effect. 
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The ARHGAP11B gene was also derived by partial gene duplication, and the human-

specific form has been shown to increase rates of basal progenitor cell proliferation in the 

developing cortex (Florio et al. 2016).  The ancestral gene, ARHGAP11A was recently identified 

as a key component of cytokinesis in animal cells (Zanin et al. 2013).  The mitotic spindle 

positions the contractile ring by limiting the spatial activity of RhoA on the cortex.  There are 

many genes in animal cells with G-protein activating activity that could, in principle, limit RhoA 

to its proper, narrow band of activity, but Zanin and colleagues identified ARHGAP11A as the 

RhoGAP that performs this essential function.  The duplication of ARHGAP11A to create the 

ARHGAP11B gene has been dated to around 5 MYA in our clade, after the split with the clade 

leading to chimpanzees.  The original duplication was truncated, but still contained the full 

RhoGAP domain; this original duplicate protein sequence does not promote basal progenitor 

proliferation (Florio et al. 2015).  A subsequent C->G nucleotide substitution created a novel 

splice acceptor site, which results in a frameshift and a human-specific 47 amino acid C’ 

terminal protein sequence.  This novel protein does not encode RhoGAP activity, and it does 

increase basal cell progenitor proliferation (Florio 2016).  Gain of function studies in several 

different mammals have shown that human ARHGAP11B has widespread effects in the 

developing cortex that generally increase proliferation in the cortex and make it more human-like 

(Florio et al. 2015; Kalebic et al. 2018).  In one especially remarkable recent study, Heide et al. 

2020 expressed human ARHGAP11B under the control of the human promoter in fetal marmoset 

brains.  This resulted in an increase of neocortex size, and induced human-like folding of the 

neocortex which is normally smooth at the stages examined.  They also observed other effects 

that reflect human-specific aspects of neocortical development, including thickening of the 
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cortical plate, and increase in basal progenitor cells in the subventricular zone that is thought to 

be particularly important for human neocortical expansion. 

Importantly for the topic of this review, the molecular function of ARHGAP11B seems to 

be totally different from the function of its parent gene, ARHGAP11A (Namba et al. 2020).  The 

human-specific gene is localized to the mitochondria rather than the nucleus, and it interacts with 

the mitochondrial adenine nucleotide translocase (ANT) and inhibits the opening of the 

permeability transition pore (mPTP).  The inhibitory interaction with the mPTP is mediated by 

the novel human-specific sequence that was generated by the novel splice site, and results in 

elevated Ca++ levels.  This in turn promotes glutominolysis, which is an alternate metabolic 

pathway where glutamine is used for the tricarbocylic acid (TCA, a.k.a. Krebs or CAC) cycle.  

Inducing glutaminolysis increases  basal progenitor cell proliferation, indicating that 

ARHGAP11B’s effects on cortical proliferation are mediated by mPTP inhibition and increases 

in glutominolysis (Namba et al. 2020).  

The human-specific family NOTCH2NL also has a complex origin story that occured 

largely in the clade leading to modern humans (Suzuki et al. 2018; Fiddes et al. 2018; reviewed 

in Heide and Huttner 2021).  In this case, the original event was a duplication of the NOTCH2 

gene to create the NOTCH2NLR gene, which exists as a pseudogene in the chimpanzee and 

gorilla genomes.  Sometime after the chimpanzee-human common ancestor, in the human clade, 

there was a gene conversion with NOTCH2 that restored the functional sequence of 

NOTCH2NLR.  This includes the sequence derived from the NOTCH2 promoter, and most of the 

extracellular domain, but not the transmembrane domain or intracellular domain of NOTCH2.  In 

addition there are 20 amino acids that are specific to the human-specific genes.  This was 
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followed by three duplications, to generate the NOTCH2NLB, NOTCH2NLA and NOTCH2NLC, 

in that order.   

All of these three genes are expressed in developing human neocortex, but NOTCH2NLB 

is the only one with a signal peptide sequence and shows the highest expression levels.  They are 

broadly expressed in the ventricular zone, in apical progenitor cells and also in some basal 

progenitor cells in the subventricular zone.  The effects of perturbing these genes during cortical 

development in mouse or mouse cortical organoids have been examined (Florio et al. 2018; 

Suzuki et al. 2018; Fiddes et al. 2018).  In general, loss of function and gain of function 

experiments together indicate that the role of these genes is to promote more proliferation by 

progenitor cells in the developing cortex.  Molecularly, they have been shown to bind to 

canonical Notch receptors, and upregulate Notch signaling (Suzuki et al. 2018; Fiddes et al. 

2018).  NOTCH2LB has specifically been shown to bind to Delta-like 1 ligands on NOTCH2LB 

expressing cells, and increase the expansion of progenitor cells (Suzuki et al. 2018).  

Interestingly, each of the NOTCH2NL genes has evolved with a nearby partner gene that 

is part of the the human-specific HNBF family, indicating that the initial duplication included an 

HNBF gene, and each successive duplication also duplicated that loci (Fiddes et al. 2019).  These 

HNBF genes contain repeated protein domains, called Olduvai domains, that are the most 

amplified protein domains in the human lineage.  These proteins also have been implicated in 

cortical growth, and also neuronal disease in humans.  Together these four gene families provide 

further examples of novel gene duplicates, with novel protein sequence and domain structure, 

that have been implicated in a dramatic clade-specific synapomorphy—the morphological 

expansion and elaboration of the human brain. 
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Discussion 

Our goal has been to highlight compelling cases of clade-specific genes that seem to be 

important for characters that arose around the same time as the genes were fixed in the ancestral 

clade.  Our motivation is to broaden appreciation of the functional roles that such genes often 

have, for two reasons.  First, we hope that this will inform choices that biologists make when 

they are looking for genes that control interesting traits.  For instance, QTL studies often identify 

large chromosomal intervals containing multiple genes, and so choices sometimes need to be 

made about which candidate loci to pursue.  In these cases, known gene families are perhaps 

more compelling, but knowing that a novel gene arose around the same time as the trait might be 

an equally or more compelling reason to prioritize it.  This could also be true when evaluating 

lists of genes from RNA-seq experiments or other similar exploratory approaches.   

Second, we hope that these examples might motivate others to directly screen for clade-

specific genes in clades that they are interested in, and screen those genes for roles in clade-

specific traits—an approach that could be called a clade-specific gene screen.  It is relatively 

straightforward to screen for novel protein sequences that are conserved within a clade but not 

detectable outside of it.  For example, in our recent screen for spiralian-specific sequences (Wu 

et al. 2020), we used high quality genomes from three spiralian phyla, and looked for sequences 

that were in all the three spiralian phyla with strong conservation but not detectable in any of the 

ten outgroup animal genomes we used nor the NCBI nr database.  As indicated above, this 

recovered 37 sequences, which is not an unreasonable number for follow-up screens and 

validation of clade-specificity with more sensitive homology searching.  In our case, the 
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subsequent in situ hybridization screen identified two (of 20 screened) genes with similar 

expression in ciliary bands; these were analyzed in depth with more sensitive search strategies.  

These results indicate that for many ancient clades, stringent homology screens for clade-specific 

protein sequences are feasible and fruitful.  Nevertheless, most clade-specific genes for any clade 

are gene duplications, and these are more challenging to reliably detect using whole genome 

scale analyses, though some methods are available (Li et al. 2003; reviewed in Lallemand et al. 

2020).  We note that, depending on the downstream screening strategy, a bioinformatic screen 

with a somewhat high false positive rate for clade-specific duplications would also be workable 

if the subsequent screen reduced the number of candidate duplicates involved in a novel trait 

down to a reasonable number for in depth sequence analysis. 

Although we still have only a limited number of examples of clade-specific genes 

participating in clade specific traits, there are a number of general questions that arise given the 

examples we do have.  Among the most compelling issues is the relationship between clade-

specific genes and clade-specific traits.  We propose that, in clades that are sufficiently old that 

the sequence conservation of clade-specific genes can be observed after their origin, such 

conserved clade-specific genes are in fact more likely than other genes to be involved in clade-

specific traits.  On one level, this is self-evidently true, even if it might be sometimes trivially so: 

if a gene duplicates and diverges at the base of a clade, and the duplicate takes one part of the 

parent gene’s function or a new function,  then the molecular basis of that function is novel by 

virtue of being carried out by a slightly different protein in that clade.  However, we are 

proposing that, when complex new traits evolve, a gene that arose and was fixed at the same 

evolutionary node is more likely than other genes to be involved, simply because the trait and the 

fixation event occurred at roughly the same evolutionary interval.  Perhaps this is more true of 
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new genes that arise apparently de novo, compared to clade-specific duplications: when an 

existing gene duplicates, there are likely many processes that it could be co-opted into, because it 

is a functional protein with existing molecular interactions, while the fixation of a completely 

novel protein sequence may be more likely to occur in the context of the origin of a complex trait 

that might require new molecular functions.  

As recently proposed by Jockusch and Fischer 2021, there are ways that this question 

(and related hypotheses) can be tested systematically.  In general, this would involve comparing 

the expression (and/or function) of clade-specific genes with a set of genes that arose at an earlier 

node in the phylogeny, and a set that arose at a later node.  By comparing the involvement of 

these sets of genes in one or more clade-specific traits, and in control traits that arose later and 

earlier in evolution, we could test questions like: 1) whether clade-specific genes are more or less 

likely to be involved in a clade-specific trait, compared to older genes, as we predict above; 2) 

whether new genes that arise after the origin of a trait might also be more likely to be involved in 

that trait; 3) whether de novo clade-specific genes are more likely to be involved in clade specific 

traits compared to duplications.  This approach should be facilitated by the improvement in 

single-cell RNA seq methods in diverse organisms, which could allow the roles of clade-specific 

genes and control groups to be measured in many cell types and organs simultaneously.   

There are other compelling questions about the role of clade-specific genes in novelties 

that will likely have to wait until there are more examples that have been functionally 

characterized.  For instance, are clade-specific genes more likely to be involved in some kinds of 

clade-specific phenotypes, e.g. morphological vs. metabolic vs. neural?  It is tempting to predict 

that clade-specific genes are particularly likely to become involved with novel biochemical or 

structural traits, since these may fall outside of the repertoire of existing proteins.  The clade-
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specific genes involved with myelination, and the caseins seem to be examples of this, but we 

also have good examples of clade-specific genes that are clearly regulatory, like aristaless2, 

NOTCH2NLB and SRGAP2C.  Similarly, are there some molecular functions that are more likely 

to be carried out by particular kinds of clade-specific genes?  For instance, are de novo clade-

specific genes more likely to be structural, and clade specific duplications more likely to be 

regulatory?  This could be a particularly difficult question given the challenges of determining 

the molecular function of de novo clade-specific genes, which by definition have no homology to 

other proteins. 

 

Conclusion 

We have tried to make the case that clade-specific genes are broadly involved in evolutionary 

novelties that are of interest to evolutionary developmental biologists.  We think such genes 

clearly deserve attention when they are implicated in traits of interest, and we also encourage 

others to directly screen for them and examine their functions in particular clades.  The 

techniques developed to examine conserved tool-kit genes in non-genetic systems, like RNAi 

and morpholinos, are equally suited to perturbing clade-specific genes.  At the same time, some 

new techniques like single-cell RNA-seq promise to be particularly useful for efficiently 

implicating clade-specific genes in clade-specific cell types and organs.  We hope that the next 

few years see a rapid accumulation of new insights into the functions of clade-specific genes.  

We will end with an acknowledgement that there is a biologically interesting limitation to 

the kinds of approaches we are describing here: for most clades, there are certainly many clade-

specific novelties that we are unaware of, so that even if a clade-specific gene does not appear to 
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function in one of the known clade-specific traits, it might be involved in another, unknown 

synapomorphy.  This does not limit the utility of comparing the clade-specific genes to older 

genes in one known novelty, but it does mean that the number of clade-specific genes that are 

involved in any clade-specific trait will be underestimated.  This bias is conservative for our 

proposal above.  It also suggests, if clade-specific genes are disproportionately likely to function 

in clade specific traits, then unbiased surveys of conserved clade-specific genes will not only 

find those that are involved with known synapomorphies of the group, but will also find those 

that turn out to be involved with previously unknown traits that arose at the same phylogenetic 

node.   
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Gene name Clade  Character Mode of origin Reference 

Trochin Spiralia Primary ciliated band Putative de novo Wu et al. 2020 

Lophotrochin Spiralia Primary ciliated band Putative de novo origin of domain, 
combined with older conserved 

domain 

Wu et al. 2020 

MBP Gnathostomes myelin Putative de novo Gould et al. 2008 

MPZ Gnathostomes myelin Duplication and divergence Gould et al. 2008 

PLP1 Tetrapods Myelin (CNS) Duplication and divergence 
including a novel exon 

Gould et al. 2008 

Mn1 Euteleostoma Bony skull Putative de novo Meester-Smoor et al. 
2005 

Prod1 Salamanders Limb development and 
regeneration 

Duplication and divergence, 
including a novel 12 AA motif 

Geng et al. 2015 

Aristaless2 Lepidopterans Wing pattern element 
DII 

Duplication and divergence Martin and Reed 2010 

DODA and 
CYP76AD1 

Caryophyllales Betalain pigments Duplication and divergence Brockington et al. 
2015 

geisha Rhagovelia 
 

Propelling fan Duplication from a gene (mother-
of-geisha) that previously arose at 
the base of a clade that includes 

Rhagovelia 

Santos et al. 2017 

SRGAP2C Homo sapiens Cortical expansion Duplication with truncation, 
divergence 

Schmidt et al. 2019 

ARHGAP11B Homo sapiens Cortical expansion Duplication, frameshift causing 
loss of RhoGAP domain and new 

sequence 

Florio et al. 2016 

NOTCH2NLB Homo sapiens Cortical expansion Duplication to form pseudogene, 
gene conversion resulting in  

truncation with a novel 20 AA 
sequence.  

 

Fiddes et al. 2018 
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Table 1: Examples of clade-specific genes, their characters and origins.   
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Figure 1. 

 

 

Figure 1: Modes of origin of novel genes described in this review.  A) Duplication and 
divergence.  The most common mode of origin for a gene with novel properties is duplication, 
followed by amino acid divergence in the duplicate of interest.  The top panel shows a relatively 
simple case of this, that applies to some of our examples, and the bottom panels show more 
complex examples associated with novel human proteins involved in brain development.  B) 
Putative de novo genes.  These are defined by having no detectable homology outside of the 
clade, at least in one protein domain.  This can arise by, either, de novo origin of transcription 
from a non-coding region (top panel), or by rapid sequence evolution so the homology is not 
detectable at the sequence level (bottom panel). 


