
Characters found in different species are 
homologous if they are derived from the 
same character in their most recent common 
ancestor (MRCA), regardless of similarity 
in form or function (FIG. 1). Whenever we 
compare two or more species, or use a model 
organism to learn about the molecular 
basis of human disease, we implicitly need 
to identify corresponding body parts and 
functional systems; that is, we make assess-
ments about homology. Intuitively, one 
would expect that the historical continuity of 
morphological characters is underpinned by 
the continuity of the genes that govern the 
development of these characters. However, 
things are not that simple: one of the most 
important results of the past 15 years of 
molecular developmental genetics is the 
realization that homologous characters can 
have different genetic and developmental 
bases1–3. This seems paradoxical, because 
the historical continuity of morphological 
characters implies continuity of the (genetic) 
information about the characters4. But where 
else should we look for this continuity, other 
than in the genes? Here I review some of 
the conceptual issues, and the experimen-
tal results that suggest a solution to this 
conundrum. I argue that the continuity of 
morphological characters could be under-
written by homologous regulatory networks 
of co-adapted transcription factor genes, 
whereas other aspects of their development 

can be variable. These networks control the 
execution of character-specific developmental 
programmes, which allow for quasi-
independent variation of characters5 with 
respect to other parts of the body.

What does homology mean?

In the eighteenth and nineteenth centuries, it 
became clear that the similarities and differ-
ences among organisms are not random, but 
follow patterns that call for an explanation. 
Most intriguing are the similarities among 
some body parts that cannot be explained by 
shared functional necessity. For example, the 
tetrapod limb shows a highly stereotypical 
pattern of bony elements (FIG. 2), regardless 
of whether it is used for running, flying, 
swimming or grasping. This pattern was 
conceptualized by Richard Owen as homol-
ogy6, paving the way for the theory of 
evolutionary change. Even today, the exist-
ence of homologous body parts in different 
animals and plants is cited as standard 
evidence for this process7.

The easy case: homology of genes. Since 
the time of Owen and Darwin, the idea of 
homology has been extended to other bio-
logical entities, such as genes, nucleotides, 
physiological processes and behavioural 
patterns7,8. What it means to speak of 
homologous genes is well understood9, and 
I recapitulate these ideas here because they 

can guide us in a similar understanding of 
homology among morphological structures. 
Two genes are homologous as long as they 
are derived from the same gene in a com-
mon ancestor, regardless of whether they 
have the same function and regardless of 
the extent of similarity in their nucleotide 
sequences. The gene retains its identity 
despite evolutionary change in its function 
and sequence, as long as all changes result 
from mutations at the same genomic locus. 
The basis of gene identity is the historical 
continuity of the locus undergoing evolu-
tionary change. Of course, things become 
more complicated with gene duplications 
and loss or fusion of parts of genes (for 
example, exon shuffling) to form new genes, 
and when extensive sequence divergence 
erases the evidence of shared ancestry. The 
mode of evolution that preserves the histori-
cal identity of a gene is the replacement of 
alleles at the same genomic locus.

Homology of morphological characters: 
what does ‘sameness’ mean? The homol-
ogy of morphological characters is also a 
case of historical continuity in the face of 
descent with modification. In a population, 
a character exists in different states of size, 
shape or colour. Evolutionary change usu-
ally proceeds by changing the frequency 
of these character states in the population, 
eventually leading to the replacement of 
the ancestral character state by a derived 
character state (FIG. 1). Sameness, then, by 
the definition of homology, does not refer to 
similarity of structure or function as such, 
but to historical continuity through inherit-
ance with modification. In other words, 
the homology concept can be applied to 
anything that forms a lineage10–13. Of 
course, things become more complicated 
when new characters arise (novelties) or 
characters duplicate like genes (for example, 
teeth or fins).

At the formal phenomenological level, 
a morphological character corresponds to a 
genomic locus, and a character state to an 
allele14 (BOX 1). Hence, in a more technical 
sense, a character is a unit of evolutionary 
change at the phenotypic or morphological 
level in the same way that a gene is the unit 
of evolutionary change at the genetic level15.
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Abstract | Homology is an essential idea of biology, referring to the historical 

continuity of characters, but it is also conceptually highly elusive. The main 

difficulty is the apparently loose relationship between morphological 

characters and their genetic basis. Here I propose that it is the historical 

continuity of gene regulatory networks rather than the expression of individual 

homologous genes that underlies the homology of morphological characters. 

These networks, here referred to as ‘character identity networks’, enable the 

execution of a character-specific developmental programme.
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Developmental genetics and homology? 

The semi-conservative mode by which 
DNA replicates ensures that genes directly 
give rise to copies of themselves, and 
is therefore the mechanistic basis for 
their historical continuity. In the case of 
morphological characters, however, the 
situation is more complicated, because 
morphological characters and even cell 
types do not usually directly spawn copies 
of themselves between generations, but 
are recreated in each generation from a 
single cell, the zygote16. The recreation of 
a character is controlled by developmental 
genes, so it is tempting to speculate that 
the continuity of morphological characters 
can be explained by the continuity of 
genetic information. Since the beginning 
of experimental developmental biology in 
the early twentieth century, the emerging 
picture has been disappointing and 
confusing2,17–19. For instance, there is no 
question that body segments in all orders 
of insects are homologous and derived 
from a single common ancestor — there 
is not a single lineage of organisms more 
closely related to an insect group than to 

other animals that is not segmented and, 
furthermore, the insects are nested in an 
even larger clade, the arthropods, which 
consists exclusively of segmented animals. 
Yet some genes that are essential for 
segmentation in Drosophila melanogaster20, 
for example, the pair-rule genes fushi 
tarazu (ftz) and even skipped (eve), do not 
have pair-rule function in the grasshopper 
Schistocerca americana, but are instead 
expressed in the developing CNS21,22. 
Clearly, the way in which segments are 
formed in development has changed since 
the MRCA of crown-group insects.

A solution to this conundrum can be 
found in the fact that developmental 
variation in homologous characters is not 
randomly distributed, but affects some 
aspects of development more than others. 
For example, in D. melanogaster, segmenta-
tion proceeds through three stages that are 
controlled by particular genes: gap genes, 
which determine larger body regions, the 
pair-rule genes, which divide the embryo 
into stripes of alternating half segments, 
and the segment-polarity genes, which 
activate the actual morphogenetic process of 

segment formation2. Surprisingly, the most 
extensive interspecific variation has been 
found in the higher levels of the segment-
ation hierarchy, namely the gap genes and 
the pair-rule genes2,23. Examples are the 
pair-rule genes ftz and eve, mentioned above, 
and the gap gene bicoid (bcd), which exists 
only in the higher Diptera, not even in the 
dipteran mosquito Anopheles. By contrast, 
the segment-polarity gene network, which 
includes the interaction of engrailed (en) 
and wingless (wg), seems to be invariant, at 
least among insects2. This suggests that the 
genetic regulatory network (GRN) that con-
trols the execution of the segment-specific 
morphogenetic processes is less variable 
than the upstream processes that activate it.

If the pattern that is suggested by the data 
on insect segmentation can be generalized, it 
seems that the most conservative parts 
of the developmental process are the 
GRNs that control the developmental 
programme that specifies the identity of 
the character; that is, the character identity 
network (ChIN). For example, individual 
cell types are determined by a characteristic 
set of regulatory genes over vast evolutionary 
distances24–27. Another example is the genetic 
network for the endomesoderm that starfish 
and sea urchins share28. By contrast, other 
aspects of development, from early pattern-
ing to the execution of the developmental 
programme, are more variable2.

Here I review evidence that shows 
that these networks determine character 
identity rather than character state, that 
non-homologous morphological characters 
are determined by non-homologous ChINs, 
and that the genes participating in a ChIN 
are co-adapted for their task; that is, they are 
functionally non-equivalent to orthologues in 
species that do not have the character, and 
to paralogues that do not participate in the 
development of that character.

ChIN genes determine character identity 

The idea that the genes that control character 
identity are distinct from the genes that 
determine the special shape and state of 
a character has been well documented in 
the case of Ultrabithorax (Ubx) function 
in insect wing development. Ancestrally, 
pterygote (or winged) insects have two 
pairs of proper wings associated with T2 
and T3 (the second and third segments in 
the thorax), as seen, for instance, in honey 
bees, grasshoppers and most spectacularly 
in butterflies (FIG. 3a). Dipterans have only 
one pair of wings, which is localized on T2; 
that is, they are forewings. A homologue of 
the hind wing lies on T3 but does not take 

Figure 1 | Homology of morphological characters. The hand of a human (part a) differs greatly in 

terms of detailed structure and function from the wing of a bird (part b), but both are considered 

homologous because they arose from a corresponding character in the tetrapod common 

ancestor(part c) through descent with modification. This figure illustrates that morphological 

characters form lineages of descent in the same way that genes form unique lineages of descent, 

as long as they are not duplicated. Homology is the historical continuity of characters in multiple 

lineages despite variations in their character state.
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the shape of a wing blade. Instead, it is a 
small, club-like appendage called the haltere 
(FIG. 3b). Beetles also have only one pair of 
wing blades, but as they are associated with 
T3 they are hind wings. The forewings in 
beetles have been transformed into a pair of 
highly scleratized structures, called elytra, 
that function as protective covers (FIG. 3c). So, 
butterflies, flies and beetles all have two pairs 
of dorsal appendages that are homologous, 
because they are nested within a larger 
clade of winged insects, almost all of which 
have two pairs of wings on their T2 and T3: 
the forewings, which are flying organs in 
flies and butterflies but protective organs 
in beetles, and the hind wings, which form 
functional wing blades in butterflies and 
beetles but are sensory organs (halteres) in 
dipteran insects.

Hence, morphologically, we can distin-
guish between two kinds of entities. On the 
one hand, there are two character identities: 
forewings and hind wings. On the other 
hand, there are various character states 
that insect wings can assume: the forewing 
can be a wing blade or an elytra, and the 
hind wing can be a wing blade or a haltere. 
Distinguishing between character identi-
ties and character states also removes the 
confusion that is inherent in the character 
concept29 between parts, such as wings and 
legs (character identities), and attributes 
of parts, such as size, shape and colour 
(character states).

Experimental evidence shows that this 
distinction between character identities 
and character states is the result of different 
genetic underpinnings. ChIN genes, like 
Ubx and abdominal-A (abdA), determine 
character identity (forewing versus hind 
wing) across species, regardless of their 
character state30. In D. melanogaster, a 
loss-of-function mutation of Ubx leads to 
the development of a second set of wing 
blades (FIG. 4a). This does not mean that Ubx 
function is to suppress wing development; 
Warren and collaborators demonstrated 
that the four-winged butterfly also expresses 
Ubx in its T3 (REF. 31). So, in general Ubx 
determines hind wing identity, regardless of 
whether the hind wing is shaped as a wing 
blade or a haltere, as in dipterans32. This 
was confirmed in the flour beetle Tribolium 
castaneum33. As in the butterfly, the beetle 
expresses Ubx in T3, and suppression of 
Ubx function by RNAi leads to a second 
set of elytra on T3 (FIG 4b). Clearly, Ubx 
does not determine the shape of a wing but 
determines hind-wing identity “…regardless 
of form and function”6,30. The character 
state can change in evolution, but it remains 
under the control of Ubx.

The experimental evidence that is cited 
here pertains to only one gene, Ubx, but 
it is unlikely that Ubx is acting alone. One 
would expect that Ubx is part of a small 
network that also includes abdA and other 
transcription factor genes.

ChINs of non-homologous characters

The GRN underlying eye development 
is a celebrated example of evolutionary 
conservation, as it suggests that there is 
homology between vertebrate and insect 
eyes34. This assertion largely comes from the 
common role of paired-box gene 6 (Pax6) in 
the two systems, but detailed studies show 
that the rest of the network is strikingly 
different (see below). The most parsimoni-
ous interpretation is that Pax6 is part of 
the ancestral cell-differentiation pathway 
for photoreceptors and was then separately 
incorporated into the ChINs for both types 
of image-forming eyes28.

Figure 2 | Homologous characters can have different shapes and func-
tions. Forelimbs of seven tetrapod species exemplify the fact that 

corresponding body parts have a similar design but can serve different 

functions, from swimming to flying. Hence, functional necessity cannot 

explain the similarity of the basic construction of homologous characters. 

This remains one of the standard arguments in favour of evolution; that 

is, that species derive from common ancestors by a process of descent 

with modification.

Glossary

Orthologue
Two genes are orthologues if their lineages are connected 

through a speciation event and without a duplication event.

Paralogue 
Two genes are paralogues if their lineages are connected 

through a gene duplication event.

Pro-orthologue
For example, when one species has two copies of a gene, 

say Ga and Gb, and another species has a single copy G, 

and the speciation event that separated the species 

lineages occurred earlier than the gene duplication event, 

G is the pro-orthologue of Ga and Gb.

Semi-orthologue
For example, if G is the pro-orthologue of Ga and Gb, then 

both Ga and Gb are the semi-orthologues of G.
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In D. melanogaster, the gene eyeless 
(ey; with homology to the Pax gene 
family in vertebrates) is necessary for eye 
development and is sufficient to induce 
eyes35. In fact, ey is part of a small 
network that includes another transcrip-
tion factor, sine oculis (so; with homology 
to the Six gene family in vertebrates) and 
two transcriptional cofactors, eyes absent 
(eya) and dachshund (dac), and is activated 
by a paralogue of ey called twin of eyeless 
(toy) (FIG. 5a). Surprisingly, it was found 
that homologous genes, most notably 
Pax6, which is the pro-orthologue36 of ey, 
are involved in eye development in all 
animals that have been examined34,37–39, 
and can induce ectopic eyes in 
D. melanogaster35 as well as in Xenopus 
laevis40.

All the genes in the D. melanogaster eye 
ChIN are members of larger gene families 
(TABLE 1). In vertebrates, genes from these 
four gene families (Pax, Six, Eya and Dach) 
are also involved in the development of 
several other organs and tissues, such as 
muscle and ear41,42.

However, the GRN of eye morphogen-
esis in vertebrates is not the same as that in 
D. melanogaster37,41,43 (FIG. 5). For instance, 
Pax6/ey is upregulated by non-homologous 
genes in the two systems43: in insects, ey is 
regulated by toy, whereas in vertebrates, 
the transcription factor gene retinal home-
obox (Rx; also known as Rax) is upstream 
of Pax6. Although a D. melanogaster 
homologue of Rx does exist, it is not 
involved in eye development. Similarly, in 
vertebrates, Eya1,2,3 (homologues of eya) 

do not regulate Dach1, the homologue of 
D. melanogaster dac.

There are two possible reasons for the 
dissimilarity between the GRNs of eye develop-
ment in D. melanogaster and vertebrates. It 
could be that the MRCA of flies and mam-
mals had a GRN that involved members from 
all four gene families, but this network later 
changed. Alternatively, it could be that, just 
as the image-forming eye structures are inde-
pendently derived, the regulatory interactions 
among these genes in eye development also 
evolved independently, and the GRN was not 
present in the MRCA of flies and mammals.

The gene lineages of the Six gene family 
suggest that the latter is the case. Although 
Six and Pax genes tend to be expressed 
together in various organs and cell types41,42, 
the different Six genes that are involved in 
D. melanogaster and vertebrate eye develop-
ment are not orthologues. According to 
a phylogenetic analysis of Six genes from 
animals and unicellular flagellates, so of 
D. melanogaster and optix from vertebrates 
are ancient paralogues predating the origin 
of multicellular animals44,45. Hence, it is most 
parsimonious to assume that so and the 
optix genes were independently recruited 
into eye development in the vertebrate and 
insect lineages just as their morphological 
eye structures are independently derived. 
This shows that ChINs differentiate as they 
assume control of the development of a new 
character, so that different characters are 
controlled by non-orthologous sets of genes. 
Furthermore, the ciliary, vertebrate-type 
photoreceptor and the rhabdomeric, insect-
type photoreceptor coexist in a polychaete 
worm, Platynereis dumerilii, showing that 
vertebrate and insect eyes derive from ‘paral-
ogous’ cell populations25,46 and are therefore 
likely to be non-homologous.

Box 1 | Equivalent terms for genes and morphological characters

Morphological characters are equivalent to a genetic locus that undergoes evolutionary 
modification. Different instantiations of a gene are called alleles and different instantiations of a 
character are called character states. Genes that were inherited from a common ancestor without 
duplication are orthologues, whereas body parts in two species that were inherited from a common 
ancestor are homologues. Different instances of a gene caused by gene duplication are called 
paralogues, and repeated instances of a morphological character in the same organisms are 
called serial homologues. New genes can arise through gene duplication and divergence or from the 
fusion of parts of genes. For morphological characters, a new character that creates a new lineage of 
descent with modifications is called an evolutionary novelty67. These can arise in various ways, for 
instance, by duplication and differentiation, much like for new genes, or by de novo origination.

Genetic terms and their equivalents for morphological characters:

Genetic term Morphological equivalent

Locus Character

Allele Character state

Orthology Special homology

Paralogy Serial homology

Origin of new genes Evolutionary novelty

Figure 3 | Characters and character states. The insects shown all have two 

pairs of dorsal appendages, forewings and hind wings. They can both be wing 

blades that function in producing lift, as in the case of butterflies (panel a), 

or only one might form a proper wing blade, as in Diptera (panel b) or beetles 

(panel c). In the Diptera (flies, mosquitos and so on), the proper wing blade 

is the forewing, whereas the hind wing is transformed into a club-shaped 

appendage, termed the haltere (indicated by a black arrow). In beetles, the 

proper wing blade is the hind wing, whereas the forewing is transformed 

into a protective cover called the elytra (indicated by a white arrow). Images 

in panels b,c courtesy  of J. Tanis and A. Andrasi, respectively.
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Unfortunately, little is known about the 
genetics of cephalopod eyes47,48, the third 
type of independently derived complex 
light-sensory organs. If the ChIN concept 
is correct, one would predict that the GRN 
of cephalopod eye development includes 
Pax6 but is otherwise independently 
derived, and different from both the insect 
and the vertebrate eye GRN.

Co-adapted transcription factors

What mechanism keeps the GRNs that 
determine character identity more con-
served than other aspects of development? 
A possible answer to this question derives 
from the fact that transcription factor 
proteins do not remain equivalent, but 
undergo functionally important changes 
during evolution, particularly with respect 
to protein–protein interactions. This is 
a well documented but often overlooked 
fact of the evolution of gene regulation. It 
is now well established that the functional 
specificity of transcription factors is not 
solely related to DNA binding specificity, 
which is low, but also involves interactions 
with other transcription factor proteins49, 
and differences in the functional activity of 
a transcription factor depend on parts 
of the protein that are not engaged in DNA 
binding. These functionally important 
differences in transcription factor proteins 
might lead to co-adaptation among the 
transcription factor genes that partake in 
the same GRNs. Although several lines 
of evidence have created the misleading 
impression that transcription factors are 
functionally invariant50, there is a growing 
amount of compelling evidence51 that fly 
transcription factor genes like Ubx52–55, 
tinman (tin)56, and ftz57, as well as vertebrate 
Hox genes58,59, do not remain functionally 

equivalent in evolution, and that these 
differences are not due to changes in DNA 
binding, but rather to changes in protein–
protein interactions among transcription 
factors.

A particularly well investigated 
case of functional non-equivalence is 
that of Ubx in D. melanogaster compared 
with its homologues in the velvet worm 
Acanthokara kaputensis52,53 and the brine 
shrimp Artemia franciscana55. Grenier 
and Carroll52 compared the in vivo activ-
ity of A. kaputensis Ubx (Onychophora: 
O-Ubx) with that of D. melanogaster 
Ubx1a (D-Ubx1a) in a misexpression 
approach. O-Ubx and D-UBX1A have 
similar homeodomains (97% identical 
amino-acid sequence), but their overall 
similarity is low. O-UBX is only 214 amino 
acids long, compared with 380 amino acids 
in D-UBX1A. Like D-UBX1A, O-Ubx 
expressed in flies can transform antenna 
towards a leg phenotype and forewings 
into halteres. More specifically, O-Ubx can 
repress Surf wings (Srf) in the wing disc 
and drive the expression of decapentaplegic 
(dpp) in the visceral mesoderm, both of 
which are specific targets of D-UBX1A. 
But other typical effects of D-Ubx cannot 
be reproduced by O-Ubx, such as 
repression of Distal-less (Dll) in the leg 
rudiments. These D-UBX1A-specific activ-
ities are caused by differences outside the 
homeodomain. The authors suggest that 
D-UBX1A can engage in protein–protein 
interactions specific for these characters 
that O-Ubx cannot, although the specific 
interaction partners have not been identi-
fied. In a later paper, the sequence that 
is responsible for the D-UBX1A-specific 
activity was identified as a repressor 
domain on the carboxy (C)-terminal side 

of the protein, with a QAQAQK(A)n motif 
(QA motif)53. Similar results were obtained 
in a comparison of D-UBX1A and 
A. franciscana Ubx (Af-Ubx) by McGinnis 
and collaborators55. In another study in 
D. melanogaster, in which the wild-type 
Ubx allele was replaced with an allele in 
which the QA motif was deleted (UbxΔQA)54, 
it was shown that QA has an additive effect 
together with other peptide motifs60 and 
ABDA protein activity. This series of stud-
ies shows that functional non-equivalence 
of UBX evolved not through changes in the 
DNA binding activity of the transcription 
factor, but most likely through changes 
in protein–protein or protein–RNA 
interactions.

Two important studies show that there 
are also specific functional differences 
between the homeodomains of Hox genes 
within the same organism (the mouse in 
this case). Zhao and Potter58,59 replaced 
the HoxA11 homeobox with the HoxA13 
homeobox (creating HoxA11(a13Hd)) and 
found that this allele can rescue the 
HoxA11–/– phenotype in the development of 
the body axis, kidney and male reproduc-
tive tract. Interestingly, the HoxA11(a13Hd) 
allele antagonizes normal HoxA11 function 
in limb development and causes homeotic 
transformation of the uterine epithelium 
into cervical epithelium.

This study was followed up with homeo-
domain swapping experiments between 
HoxA11, HoxA10 and HoxA4 (REF. 59). 
HoxA10 is even more similar to HoxA11 
than HoxA13, and the HoxA11(a10Hd) allele 
was functionally quasi-equivalent even in 
the female reproductive tract, in addition 
to the body axis, kidney and male repro-
ductive tract. By contrast, replacing the 
HoxA11 homeodomain with that of HoxA4 
led to near-recessive null function in all 
but the axial development.

The pattern emerging from these stud-
ies is that functional non-equivalence is 
more likely for more derived functions, 
such as the mammalian female reproduc-
tive tract, than for more ancient characters, 
such as body axis. That is, the older the 
paralogues and the more derived 
the characters, the less likely it is that the 
transcription factors are still functionally 
equivalent. These results are interesting 
in light of the recent findings of adaptive 
evolution of the homeodomain following 
Hox gene duplication61, and the fact that 
paralogue-specific amino-acid residues in 
the homeodomain are likely to function 
in protein–protein interactions rather than 
DNA binding62.

Figure 4 | Ubx determines character identity, not character states. Loss of Ultrabithorax (Ubx) func-

tion leads to development of a forewing in the position of the hind wing (in body segment T3), regardless 

of the character state. In Drosophila melanogaster (panel a), a loss-of-function mutation of Ubx leads 

to two forewings, whereas in Tribolium castaneum (panel b) the knockdown of Ubx leads to a second set 

of elytra33. So, Ubx is necessary to determine hind wing identity but does not determine character 

state30. Part b reproduced with permission from Nature REF. 33 © (2005) Macmillan Publishers Ltd.
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The few examples reviewed above show 
that a transcription factor that becomes 
involved in a novel character has a tendency 
to become modified to carry out that novel 
function. This probably happens because of 
co-adaptation among transcription factors 
in the same GRN63, but because there is no 
published example in which the evolution 
of both protein–protein interaction partners 
has been documented, we cannot be sure 
that this is the case. It could be that we see 
the result of adaptation of one transcription 
factor to another without both of them 
evolving. In either case, the transcription 
factors in a ChIN for a specific character 
are specialized for this task and remain 
associated with each other and with their 
character. They thus share historical 
continuity with the character they control.

ChINs and other GRNs. In a recent syn-
thesis of the current knowledge of GRN 
evolution, Eric Davidson also noted that 
interspecific variation in GRNs is non-
random64. He coined the term ‘kernel’ for 
the most conserved set of GRNs28, and 
it is legitimate to ask whether the kernel 
concept is equivalent to the ChIN concept 
proposed here. Davidson defines a kernel 
as “…[a] conserved subcircuit consisting 
of genes which interact with one another 

and which are dedicated to a specific 
developmental function.”28 Although 
instances of kernels certainly overlap with 
examples of ChINs, the conceptual goal 
differs. From Davidson’s examples, it is 
clear that kernels are only the most con-
served GRNs regardless of their biological 
function. For instance, Hox GRNs do not 
constitute kernels because they are not old 
or invariant enough. By contrast, ChINs are 
defined as GRNs that subscribe the execu-
tion of a character-specific developmental 
programme, regardless of how old they are. 

Certainly, Hox-gene-based GRNs are likely 
candidates for ChINs, but are not kernels 
according to Davidson’s use of the term28. 
Any new character is expected to have its 
ChIN, regardless of how old it is, whereas 
kernels are supposed to be associated with 
and be invariant in the oldest clades in the 
animal kingdom. Kernels and ChINs are 
both classes of GRN, but they serve differ-
ent conceptual ends and are only partially 
overlapping.

Future directions

Consistent with modern views of homo-
logy10,11,13,65,66, character identity is not tied 
to particular manifest features, like struc-
ture, composition and shape. Instead, 
homologues have a single historical origin, 
form a lineage of descent with modification, 
and can go extinct. From a developmental 
point of view, character identity and thus 
homology requires the ability to express 
an evolutionarily variable developmental 
programme that is different from those 
in other parts of the body. In this paper, I 
propose that this capability is underwritten 
by GRNs of co-adapted transcription factor 
genes. This concept implies a number of 
predictions that can be tested with the aid 
of standard gene knockdown and rescue 
experiments and functional genomic tools. 
For instance, the knockdown of a transcrip-
tion factor gene that is part of a ChIN 
should affect the majority of genes that are 
regulated during the development of that 
character. In addition, because the members 
of a ChIN are assumed to be jointly neces-
sary for the development of the character, 
the knockdown of different members is 
predicted to affect largely overlapping 
sets of downstream genes. The assertion 
that members of a ChIN are co-adapted 
can be tested by rescue experiments. 

Figure 5 | Gene regulatory networks for eye development. The non-homologous eyes of insects 

and vertebrates are controlled by non-homologous genetic regulatory networks37,39. In Drosophila 

melanogaster, the five genes eyeless (ey), twin of eyeless (toy), eyes absent (eya), dachshund (dac) and 

sine oculis (so) are jointly necessary for eye development. Four of these are also sufficient to induce 

eye development and can mutually induce each other’s expression: toy, ey, eya and dac. The retinal 

homeobox (Rx) transcription factor gene, which is essential in vertebrate eye development, is also 

present in the D. melanogaster genome but is not involved in eye development. dac is essential in 

D. melanogaster eye development, but its semi-orthologue, Dach1, is not essential in vertebrate (for 

example, Xenopus laevis) eye development. For vertebrates, similar genes are involved in eye devel-

opment but the functional relationships among them are different and involve non-orthologous 

genes. Orthologous genes are in red boxes and paralogous genes are in blue boxes. Instead of the 

vertebrate semi-orthologue of sine oculis, the genes sine oculis homeobox homologue 3 (Six3) and 

Optx2 (also known as Six6) are involved in eye development. The gene duplication event that 

created the sine oculis and the Six3/Optx2 paralogues occurred long before the most recent com-

mon ancestor of insects and vertebrates44,45. This shows that the genetic regulatory networks of 

insect and vertebrate eye development are most likely not homologous but derived independently. 

ET, transcription repression factor Tbx3; Lhx2, LIM homeobox 2; Pax6, paired-box 6; Tll, nuclear 

receptor subfamily 2, group E, member 1, nr2e1-A, Xtll.

Table 1 | Gene families in eye development: the Pax, Ey, Six, Eya and Dach families

Cnidarians Drosophila melanogaster Vertebrates

PaxA Pox neuro

PaxB sparkling (also known as shaven) Pax2, Pax5, Pax8

PaxC eyeless, twin of eyeless Pax4, Pax6

PaxD Pox meso, gooseberry, gooseberry neuro, paired Pax3, Pax7

Six1/2 sine oculis Six1, Six2

Six3/6 Optix Six3, Optx2

Six4/5 myotonix Six4, Six5

? eyes absent Eya1, Eya2, Eya3, Eya4

? dachshund Dach1, Dach2

See REFS 41,45,68,69. Note that the sine oculis and Optix genes duplicated before the most recent common 

ancestor of cnidarians and the bilaterian animals. ? indicates that family members have not been identified so far. 

Dach, dachschund family; Ey, eyeless family; Eya, eyes absent family; Pax, paired-box family; Six, sine oculis family. 
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Co-adaptation predicts that the knockdown 
effects can be reversed with a gene from the 
clade that shares this character, but not by 
genes from species that diverged before the 
origin of that character. High-throughput 
methods make these predictions testable at 
a scale that would allow assessment of the 
utility of the ChIN concept in explaining 
homology of morphological characters.
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