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Abstract

The development and evolution of multicellular body plans is complex. Many distinct
organs and body parts must be reproduced at each generation, and those that are
traceable over long time scales are considered homologous. Among the most pressing
and least understood phenomena in evolutionary biology is the mode by which new
homologs, or “novelties” are introduced to the body plan and whether the develop-
mental changes associated with such evolution deserve special treatment. In this
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chapter, we address the concepts of homology and evolutionary novelty through the
lens of development. We present a series of case studies, within insects and vertebrates,
from which we propose a developmental model of multicellular organ identity. With
this model in hand, we make predictions regarding the developmental evolution of
body plans and highlight the need for more integrative analysis of developing systems.

1. Introduction to the concepts of homology
and evolutionary novelty

All living things have the ability to reproduce largely faithful copies of

themselves with each character reproduced in a predictable location and in a

predictable form from generation to generation. This is remarkable when

you consider the diversity of outwardly observable traits across species.

Unlike a copy machine, which creates a copy from an existing template,

reproduction of characters occurs by recreating them from scratch in each

generation and occurs with a shuffling of the parental genetic information

and new mutations that together produce genetic variation, which alters

characters over long time scales.

Characters that are reproducible over such long time scales, despite alter-

ations, are considered homologous (Roth, 1984; Van Valen, 1982; Wagner,

1989). Homologies are evolutionarily traceable markers of lineages in so far

as we can infer the presence of said character in the most recent common

ancestor. However, each character evolved deeper in the phylogenetic tree

as an addition to the existing body plan, and therefore is also novel with

respect to its lineage’s history. Conceived in this way, evolutionary novelty

refers to the generation of a new character and is only identifiable by the

absence of homologies in common ancestors (M€uller & Wagner, 1991).

While the definitions of homology and novelty in evolutionary biology

have been accepted for many years, their interpretation has also caused some

confusion in the field. For example, the term novelty has recently been used

more liberally to refer to highly derived characters that are not additions to

the basic body plan (Hallgrı́msson et al., 2012). Can a trait be novel and

simultaneously homologous to a character in a common ancestor? This dis-

cordance may undermine our pursuit of understanding how differences in

development drive the evolution of a new character compared to the elab-

oration of an existing one, therefore inhibiting our ability to produce a

theoretical framework for the evolution of development.

In this chapter, we propose a developmental model of multicellular organ

and/or structural identity. We then use this model to make predictions
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regarding the developmental evolution of the body plan as it relates to

highly-derived characters and to novel characters. To make these points,

we utilize case studies from insects and vertebrates, oftentimes alternating

between the two. We then propose the concept of Character Identity

Modules in relation to gene network co-option and evolution of novelty.

We recognize that in an effort to be clearly understood, we have generalized

concepts for which there may be exceptions. We end with a series of ques-

tions arising from this conceptual framework that will hopefully foster new

research avenues.

2. Part 1: The concept of likeness in biology

2.1 What is morphological homology?
We can easily grasp the concept that all life on Earth can be traced to a single

origin. However, the number of branch points that produced the diversity of

life today and the total number of extinctions along the way are almost

unfathomable as the concept of infinity. This creates a problem for the stu-

dent of evolution. Evolutionary biologists are interested in understanding

how the diversity of extant forms evolved, a task that requires some knowl-

edge of what came before. In a perfect world, the fossil record would have

preserved every branching point for every extant species, tethering descendants

in a seamless transition of morphological transformations. Unfortunately, we

have been left with a notoriously fragmentary fossil record that has made

it difficult to follow the evolution of organismal characters.

To skirt the problem of an incomplete fossil record, naturalists often iden-

tify and group species based on inferred common ancestry and then assess

morphological congruence of characters. The similarity of a trait due to shared

descent from a common ancestor with the trait is the simplest definition of

homology (Owen, 1848; Roth, 1984; Van Valen, 1982; Wagner, 1989).

However, homology is not as simple as the outward appearance of

similarity. For instance, if given a skeleton of two closely related vertebrate

species, how would you identify a homologous structure, such as the tibia?

First, you may recognize the entire arrangement of the skeleton and its pro-

portionality. Anteriorly there is a set of bones that make up the forelimb

and posteriorly, a set of bones that make up the hindlimb. Aware that the

tibia belongs to the hindlimb, you may move your inquiry to that set of

bones. Furthermore, you know that the tibia lies between the femur and

the bones that comprise the foot. Upon identifying this bony element,
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you can compare the differences in its size and shape between the two closely

related species, all the while appreciating that this is the same bone.

We learn a few things through this exercise: first, we recognize that the

body of an organism has a certain set of rules by which the elements are

arranged. In other words, organisms have distinct body plans (see, e.g.,

Woodger, 1945). Second, based on that body plan, we can appreciate that

each element within the plan has regional identity manifest in part by com-

mon occurrence with other elements (Roth, 1988). This is implicit in the

task of distinguishing forelimb from hindlimb and tibia from femur. Finally,

by comparing the skeleton of the two related species, we can appreciate that

a homologous character can differ in its morphology. Thus, the form of a

homologous character can exist in different states (Wagner, 2007).

2.2 Differentiating character identity from character state
In most cases, identification of homology relies first upon morphological

analysis to formulate primary homology hypotheses based on the compari-

son of the position and structure of characters. Primary homology hypoth-

eses are then tested for phylogenetic coherence (DiFrisco, 2019; Jardine,

1969; Owen, 1848; Remane, 1956; Roth, 1988). For reasons that will be

clear later in this essay, we think that position is of more fundamental impor-

tance than structural similarity for multicellular organs and body parts. These

aspects of homology represent two distinct properties of a character: (1) char-

acter identity (Wagner, 2007, 2014): the entity appears in the given location

relatively consistently in the majority of organisms that share a common

ancestor; and (2) character state (Wagner, 2007, 2014): the entity can be

geometrically and/or functionally different from the same thing in other

organisms that share common descent. The distinction between character

identity and character state is therefore similar by analogy to the identity

of a genetic locus versus the allelic variation at that locus (Wagner, 2014).

The differences in character identity and character state have underlying

developmental significance. Character identity reflects the relative reliability

of the position and general form, whereas character state encompasses the

quantitative differences. The former represents the conservation of pattern-

ing mechanism during early embryonic development (Roth, 1988), while

the latter can be explained by divergence of processes underlying growth

and patterning within the character. Along these lines of thought, the study

of morphological evolution can be broken down into two categories:
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(1) Phylogenetic questions of homology, which seek answers to questions

regarding the evolution of character identity and regional organization.

These studies are often accompanied by broader questions regarding the

evolution of body plans (M€uller &Wagner, 1991). (2) The second category

encompasses studies in which the evolution of the size, shape, and function

of a character are the primary focus, and therefore aims to elucidate how

character states evolve.

The tetrapod forelimb skeleton is a paradigmatic example of homology

in vertebrates. Although the shape and relative proportion of forelimb seg-

ments and the number of digits vary, all tetrapod limbs are built on an

inherited architecture (Owen, 1848). Originating from the pectoral girdle,

the forelimb begins proximally with the humerus, or stylopod, followed by

the radius and ulna of the zeugopod and terminates distally with the autopod

made up of small wrist bones that connect to a distal collection of metacarpal

and phalangeal elements (Owen, 1848). If skeletons were made of clay, it

would be easy to imagine transforming the limb of one species into another

by tugging the finger bones, for example, to make the bat wing. Thus,

homology of the tetrapod forelimb is recognized because the character exists

in the same relative location affixed to the pectoral girdle, and the anatomical

relationships of the bony elements within the limb are conserved.

A slightly different example of homology also appears in iterations

within an organism when a similar structure is present in different regions

of the body, referred to as serial homology (Roth, 2000; Van Valen, 1993).

The development of repetitive structures can occur because the ancestral con-

dition of a structure was segmented or because a novel mutation resulted in

derived duplication of an ancestrally non-segmented structure. The vertebrate

axial skeleton is an example of the former. Within the vertebral column there

are obvious structural differences between the cervical, rib-bearing thoracic,

and non-rib-bearing lumbar vertebrae (Owen, 1848; Slijper, 1946). Upon

inspection of vertebrate phylogeny, one can see how these repetitive elements

transformed from a non-differentiated state to the derived state in amniotes,

which display differentiated vertebral identities ( Jones et al., 2018).

Although the numbers of vertebrae at the cervical, thoracic, lumbar,

sacral, and caudal regions differ widely between species, families, and orders,

their developmental specification is well conserved. All vertebrae arise from

a segmented somitic mesoderm that was present in the common ancestor of

vertebrates and the basal chordate,Amphioxus (Dequ�eant & Pourqui�e, 2008;
Gomez et al., 2008; Keynes & Stern, 1988). The serial development and
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organization of the vertebral skeleton reveals that variation in the number

and identity of vertebrae is an elaboration of an ancestrally repetitive trait

(Dequ�eant & Pourqui�e, 2008; Gomez et al., 2008). Together, the morpho-

logical and developmental continuity of these structures has helped to begin

to unravel their evolution as serial homologs.

These examples demonstrate that it is often very possible to identify mor-

phological similarity by descent within and between related organisms. But

can the highly derived elaboration of a trait obscure what is homology and

what is not? In the sections that follow, we analyze challenges to the simplest

definitions of homology.

2.3 Introducing new homologs: The concept of evolutionary
novelty

In the cases above, the similarity of characters is outwardly recognizable,

both within the organism and between organisms that share common

descent. However, recognizing homology is not always this simple and is

quite difficult in many cases. For example, a fragmented fossil record may

hinder our ability to trace a character from modest beginnings to a highly

elaborated trait (Darwin, 1859). Another confounding factor is the evolu-

tion of body plans themselves (Valentine, Erwin, & Jablonski, 1996).

Take for instance the transformation from single-celled eukaryotes, such

as an ancestor perhaps similar to cellular slime molds, to vertebrates with

a multitude of bony and fleshy elements. Such a transformation required

the evolution of new characters with specific forms and functions. To

account for the evolution of characters and body plans, evolutionary biol-

ogists have formulated the concept of evolutionary novelty (Mayr, 1960;

Moczek, 2008; M€uller & Wagner, 1991; Peterson & M€uller, 2013).
Novelty can be difficult to identify even on smaller evolutionary time-

scales, because it relies upon our inability to drawmorphological congruence

to a character in the last common ancestor. A common issue mentioned

throughout the literature is determining at what threshold a character can

be considered novel. This problem can be best-understood with an analogy

to water. At very low temperatures water is a solid, but as temperature rises

above a certain threshold the solid is qualitatively transformed into liquid,

and that liquid will transform to gas if the temperature passes yet another

critical threshold. Quantitative changes in the activity of individual water

molecules that are identical in each phase lead to qualitatively different states

of matter—solid, liquid, and gas. Some characters we observe may be as
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subtly different from the ancestor as a melting ice cube, while others appear

as striking as the difference between ice and water vapor.

It is certainly possible that quantitative changes in the development of a

character can surpass a threshold that yields something qualitatively different.

Take for instance the insect wing. The fossil record of insects and arthropods

at large has not produced any intermediates between extinct wingless and

winged arthropods (Kukalova-Peck, 1978). Similarly, no living species

clearly bridges the gap between extant wingless arthropods and winged

insects (Kukalova-Peck, 1978; Wigglesworth, 1973). This evidence would

suggest that the wing is a novel addition. But is this perception of novelty

accurate? Or is the wing an exaggeration of a pre-existing character that

is present in extant arthropods, and we simply fail to draw the connection

with incomplete information?

In Crustacea, the closest living arthropods to insects, the structure that

most closely resembles a wing is an outgrowth of the dorsal portion of

the leg, called the epipod (Fig. 1) (Averof & Cohen, 1997; Niwa et al.,

2010). To call this structure a wing is a vivid stretch of the imagination, but

it does share spatial continuity with the insect wing, developing as a dorsal out-

growth from the proximal-most leg segments (Clark-Hachtel & Tomoyasu,

2020; Kukalova-Peck, 1978). Developmental studies in Drosophila have

Fig. 1 Evolution of the insect wing. (A) Morphological analysis of the arthropod leg
shows a conserved proximo-distal pattern of segments. The structure that shares
regional and structural similarity to the insect wing is the crustacean tergal plate.
(B) Developmental analyses suggest the wing may have evolved via the union of the
epipods of the tergal plate (Tp) and the coxal plate (Cp). Panel (A) modeled after
(Bruce & Patel, 2018) and panel (B) modeled after (Clark-Hachtel & Tomoyasu, 2020).
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shown that the wing precursor cells originate in close proximity to the leg

precursors and subsequently migrate dorsally (Cohen, Simcox, & Cohen,

1993; Williams, Bell, Carroll, 1991). This suggests that modern wings

may share some developmental relationship with the legs. More recent

studies have found that wings share a great deal of transcriptional regulation

with multiple epipods: that of the tergum and that of the coxal plate of the

leg (Bruce & Patel, 2018; Clark-Hachtel & Tomoyasu, 2020; Niwa et al.,

2010). Both epipods express the wing selector gene vestigial (Averof &

Cohen, 1997; Linz & Tomoyasu, 2018; Williams et al., 1991). The new

hypothesis that has formed is that the wing evolved from the merger of these

two epipods (Bruce & Patel, 2018; Clark-Hachtel & Tomoyasu, 2020).

Interestingly, the tergal epipod and coxal epipod are present in apterygote

(wingless) insects, and developmental analysis shows the presence of these

same wing selector genes in each (Niwa et al., 2010). In light of these find-

ings, the insect wing may in fact be homologous to the multiple crustacean

epipods.

The insect wing highlights an important problem in morphological

evolution: What in some cases can look like an addition to the body plan

can in fact be an elaboration of a pre-existing part. This is a critical distinc-

tion, because dramatic phenotypic change represents evolution of character

state whereas novelty represents the evolution of a new character identity.

However, both the extreme elaboration of a shared character and a de novo

addition have been considered evolutionary novelties, raising confusion as to

where to draw the line in considering which characters are truly “novel.”

We briefly break down two prominent definitions of novelty below.

2.4 Camp 1: “Novelties are key innovations”
Evolution can occur rapidly when major adaptive changes in the body plan

occur. A “key innovation” has been defined as a character change that is sub-

stantial enough to trigger the diversification of a lineage (Galis, 2001). This

theory assumes that some evolutionary changes are more “important” or

more consequential than others (Hunter, 1998). The importance can be

quantified by the appearance of higher taxa, the proliferation of species

(Martin, McGirr, Richards, & St. John, 2019), and/or attainment of novel

morphospace (Galis, 2001; Hunter, 1998). Because key innovations have

been correlated with the newly emergent evolutionary success of a group

of organisms, the term has often been used interchangeably with evolutionary

novelty. This interpretation assumes, however, that novelty has certain con-

notations of success and proliferation.
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One of the first to popularize a connection between the concept of nov-

elty and the evolutionary diversification of a lineage was Ernst Mayr.

According to Mayr, evolutionary novelties can be defined as a character that

differs more than quantitatively from the character that gave rise to it (Mayr,

1960). Further, any character can qualify so long as the change permits an

organism to perform a new function. This definition is virtually synonymous

with key innovation, and importantly encompasses a significant change

in character state rather than being restricted to the generation of a new

character identity.

A representative example that fits Mayr’s definition quite well is the bat

wing. Bats are the only mammals capable of powered flight. This feat is pos-

sible because the forelimbs have become membranous wings in which the

digits are extremely elongated, and the interdigital skin is retained and

expanded (Swartz, Bennett, & Carrier, 1992; Thewissen & Babcock,

1992). Despite proportional differences, the bat wing is identifiable as a fore-

limb because of its bodily regionality and anatomical arrangements. First and

foremost, the wing is in the region where a forelimb would be expected,

affixed to the pectoral girdle. Second, the organization of the bony elements

of the wing is identical to that seen in non-flying mammals, with a stylopod,

zeugopod, and autopod. In fact, the styolopodial and zeugopodial elements

are largely geometrically similar to other mammalian forelimbs, and it is

the autopod that bears the most significant morphological divergence from

the tetrapod common ancestor (Sears, Behringer, Rasweiler, & Niswander,

2006; Swartz et al., 1992).

These proportional changes in the forelimb allowed for a functional shift

away from terrestrial to aerial locomotion. The bat wing is therefore a prod-

uct of character state changes in homologous bony elements that together

allow bats to perform a new function: flight. The unique morphology

and function of the bat wing is undoubtedly a key innovation as it facilitated

an explosive radiation in which bats adopted niches hitherto unexplored by

mammals, and bats now constitute over 20% of all extant mammal species

(Wilson & Reeder, 2005).

2.5 Camp 2: “Novelties are entirely new additions to the
body plan”

Other researchers have suggested that evolutionary novelty should be saved

for true additions to a body plan. For example, M€uller and Wagner classify

novelties as being neither homologous to a character in an ancestral lineage

nor serially homologous to other characters within the same organism

(M€uller & Wagner, 1991).
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According to this definition, novelty is a trait that cannot be traced to an

ancestral state, which may be because no connection exists or none has yet

been found. Therefore, a novel character would be a trait that is newly

derived and therefore requires the evolution of a new character identity.

This does not, however, bespeak the spontaneous generation of matter.

Rather, the precursor of a novel character was present in the ancestor, per-

haps in a developmental context that was permissive to change, but there was

no fleshy outgrowth or other unique characteristic that might individuate it

from its surroundings and connect it developmentally and phylogenetically

to the derived character.

In this regard, let us return to the tetrapod limb and focus on how the

autopod came to be. In the fish ancestors of tetrapods, each paired fin is

terminated by a distal structure made up of lepidotrichia (Clack, 2009).

Lepidotrichia are modified scales that are dermal in origin and develop

from neural crest (Shubin, Daeschler, & Jenkins, 2006). A marked transi-

tion occurs in the limbs of early tetrapods, wherein the peripheral lep-

idotrichia are still present (Clack, 2009) but are accompanied by jointed

bony elements of mesodermal (endochondral) origin that form digits

(Nakamura, Gehrke, Lemberg, Szymaszek, & Shubin, 2016; Shubin

et al., 2006). In more derived true tetrapods, the lepidotrichia are absent

from the limb altogether.

The evolutionary loss of dermal appendages and origination of an array of

endochondral skeletal elements distal to the zeugopod suggest the proximal

elements of the limb originated prior to the autopod. Thus, the autopod is a

novel addition to the limb ground plan present only in tetrapods. The nov-

elty of the autopodial elements is further evidenced by a change in the ter-

minal Hox code of the tetrapod limb that facilitates patterning of both

mesopodial (carpals and tarsals) and autopodial (digit) elements (Andrey

et al., 2013; Woltering & Duboule, 2010).

Finer scale analysis of the bat wing reveals something similar. Unlike

the forelimb of terrestrial mammals, the membranous wing can gene-

rate lift. A key component to lift is a set of muscles unique to bats, the

Musculus plagiopatagiales proprii, that are embedded within the membrane

and act to tune the stiffness of the membrane during flight (Cheney et al.,

2014). No other mammals have these muscles, making the plagiopatagiales

a novel character nested among highlymodified homologous bony and fleshy

elements.
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2.6 Distinguishing between morphological innovation
and novelty

For the concept of evolutionary novelty to carry weight, we must distin-

guish between radically modified characters and ostensibly new ones. The

debate between Camp 1 and Camp 2 comes down to whether we recognize

a character as a novelty if we can trace its origin. Key innovations reflect the

generation of new characters or character states that increase diversification

of a clade, whereas true additions to the body plan represent the genera-

tion of novel character identities regardless of the degree of “evolutionary

success.” The former is problematic for multiple reasons: (1) it does not

differentiate between exaggerated characters and new characters and (2) it

couples novelty with diversification, a phenomenon that is not necessarily

true for every addition to the body plan.

In an effort to avoid confusion, we would argue the following: If a

pre-existing character is radically modified, it can be classified as a morpho-

logical innovation. If a new character is introduced, it is a novelty and by

default it is accompanied by a change to the body plan. We previously cited

the bat wing as an example of innovation, because it is a derivation of

the tetrapod forelimb (Fig. 2). However, the bat wing is a unique example

as it is also dependent upon the introduction of a novel character, the

plagiopatagiales. Thus the bat wing is composed of bothmorphological inno-

vations and novelties, exaggerated bones and skin and the plagiopatagiales

Fig. 2 Origination and elaboration of the tetrapod autopod. Phylogeny of vertebrates
illustrating the appearance of a primitive tetrapod autopod in Tiktaalik. The autopod is
absent in non-tetrapod vertebrates represented by modern teleost fish (zebrafish), and
therefore is a tetrapod-specific novelty. Radical changes to autopod size and shape facil-
itated the evolution of the bat wing, an example of a morphological innovation.
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respectively. Along these lines, the tetrapod autopod is also a novelty, having

no morphological continuity with the distal elements of ray finned fishes

and dependent upon the introduction of novel developmental patterning

mechanisms.

It is important to keep in mind that these examples represent two

extremes that may occur along a spectrum of all characters collectively. As

we stated at the beginning of this section, it may be possible that continued

quantitative change of a pre-existing character can alter the morphospace so

dramatically that qualitatively the character no longer resembles its precursor.

The linkage in a series of transition states, in contrast to the apparent de novo

origination, is what defines an innovation versus a novelty. That said, since

novelty is an absence of evidence for homology, new information can shift

categorization of a novelty to an innovation.

Because homology is a morphological hypothesis based on phylogenetic

connection to a common ancestor, the underlying assumption of homology

is a continuity of genetic information. Since genes and the processes they act

within can be homologized, developmental analysis can provide supporting

evidence for phylogenetic hypotheses of homology (DiFrisco, 2019). Thus

similarities in the development of a character can help validate apparent sim-

ilarities or uniqueness. This requires a developmental model of multicellular

character identity. In the following section, we propose a model for organ

identity in multicellular development.

3. Part 2. Developmental and genetic determinants
of likeness

“Who, if he has thought about embryological problems at all, has not felt the ago-
nizing mental tension engendered by the difficulty of finding adequate verbal
expression for something which has seemed to be tolerably clear in thought?
And who, in such a predicament, has not eagerly welcomed the timely arrival
of a suggestive metaphor or some convenient ellipsis? Such indeed is the relief, that
the mind is lulled into complacency and no longer feels the urge to undertake the
laborious analysis which is necessary if the makeshift metaphor is to be replaced by
a direct statement in genuinely biological terms.” (Woodger, 1945)

Historically, the concept of homology has represented the continuity of

information (Van Valen, 1982). For many in evolutionary developmental

biology, information is a genetic mechanism and the continuity of that mech-

anism explains its evolutionary traceability (DiFrisco, 2019; DiFrisco, Love, &

Wagner, 2020). But what exactly is a traceable genetic mechanism? We use
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genetic mechanism to refer to a multitude of processes in developmental biol-

ogy; gene regulatory networks, intracellular signaling cascades, patterning

processes, and growth regulation have all been referred to as genetic mecha-

nisms at one time or another. In many cases, each of the aforementioned

“genetic mechanisms” acts pleiotropically (Dumont, P�ecasse, & Maenhaut,

2001; Keller, 2000;Mayer, Blinov, & Loew, 2009). Given that many different

processes are involved in the development of a character, and many are also

used in other characters, we might therefore conjecture that a synthesis or

integration of multiple networks and processes is involved in creating devel-

opmental uniqueness.

One of the first attempts to synthesize the developmental genetics of

character identity was the hypothesis of Character Identity Networks

(ChINs) to reconcile the many different molecular processes involved in

making the development of a character unique (Wagner, 2007, 2014).

In recent years, this conceptual model has undergone minor changes in

order to recognize higher order processes that play a causal role in shaping

character identity. DiFrisco et al., reformulated the hypothesis to Character

Identity Mechanisms (ChIMs), combining the reductionist gene regulatory

network (GRN) logic with cellular patterning processes (DiFrisco et al.,

2020). This union better helps to clarify how dynamic interactions among

molecular networks yield cellular behaviors that are not simply the conse-

quence of any single gene or network. Ultimately the ChIM concept allows

one to elucidate processes that are common among characters and those that

are more specific (Fig. 3). In the sections that follow, we further refine the

ChIM concept to represent the Character IdentityModule (ChIMo), which

defines multicellular organ/structure identity by more comprehensive

developmental processes.

3.1 Patterning, GRNs, and specification
A central theme of ChIMs is that multiple molecular processes are involved

in the developmental construction of a character, some of which may be

pleiotropic and others that may be more modular or tissue-specific

(DiFrisco et al., 2020). In the last decade or so, gene regulatory networks

(GRNs) have held a prominent position in developmental biology research.

GRNs are comprised of cis-regulatory elements (CREs) (i.e., regions in the

vicinity of each gene that can affect its expression) plus the set of transcrip-

tional regulators that share affinity for these regions of DNA (Davidson,

2001). GRNs were proposed as “modular subcircuits” (Davidson, 2009)

whereupon each subcircuit is an information processing unit with a defined
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output (Davidson, 2001; see (Hatleberg &Hinman, 2021; Stundl, Bertucci,

Arendt, & Bronner, 2021)). This allure of determinism led to an explosion

of research on how various GRNs lead to defined phenotypic outcomes

with the expectation that all GRNs are modular and specific, and yet tran-

scription factor loss of function often has massive pleiotropic phenotypic

consequence.

One of the core recognitions of the initial concept of ChINs was the fact

that GRNs come in various forms (Wagner, 2007, 2014). Some are widely

used throughout the organism, while others are only found in a handful of

locations. In fact, it is far more common for a GRN to play similar roles yet

produce different outcomes in a wide variety of developing parts (Dumont

et al., 2001; Mayer et al., 2009). A prime example is the GRN used in meta-

zoans to pattern the anterior-posterior and proximo-distal axes of virtually

every tissue in an organism. Patterning and organization throughout meta-

zoa is facilitated by various interacting gene families including BMPs,

WNTs, FGFs, and Hh (Ashe & Briscoe, 2006; Cotterell & Sharpe, 2010;

Newman & Bhat, 2009; Rogers & Schier, 2011). Each of these genes acts

Fig. 3 Schematic representation of the relative uniqueness of molecular processes
involved in character identity. The bottom most balck sector represents genes involved
in patterning that are used throughout the organism. The next higher sector represents
homeotic regulation common to a region of the organism. The sector above this rep-
resents kernels that are common to tissue types but that can be embedded within mul-
tiple regions. The top level of the pyramid represents networks that establish the
“terminal details” common only to homologs.
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as an extracellular signaling protein that produces a concentration gradient,

and those concentrations are read and interpreted by their intracellular

signaling cascades (Green & Sharpe, 2015).

In most cases where these factors are deployed, the regulation of other

gene families occurs in a concentration dependent manner (Ashe &

Briscoe, 2006; Cotterell & Sharpe, 2010; Rogers & Schier, 2011). In

Drosophila, for example, the embryo is segmented by transverse stripes of

WNT expression (Baker, 1988).WNT is expressed in the anterior compart-

ment of each segment and diffuses to form a concentration gradient along

the anterior-posterior axis (Kubota, Goto, &Hayashi, 2003). One of the pri-

mary roles of WNT during this stage is to induce expression of the homeo-

box gene Distal-less (Dll), which is required for limb outgrowth (Cohen

et al., 1993).

Between the stripes of WNT lie dorsal expression domains of BMP and

ventral expression domains of EGF (Kubota et al., 2003, Kubota, Goto,

Eto, & Hayashi, 2000). BMP diffusion forms a concentration gradient that

declines ventrally and EGF diffusion forms a concentration gradient

that declines dorsally. Importantly, BMP and EGF signals are antagonistic

of one another at high concentrations, and both are antagonistic of Dll

(Kubota et al., 2000). Subsequently, Dll is induced in the region where

BMP and EGF levels are low and WNT levels are high (Cohen et al.,

1993; Kubota et al., 2003). Thus the interaction of multiple cell populations

leads to the specification of limb primordial cells along the lateral line of

the embryo.

This in effect establishes a unique transcriptional regulatory environment

that allows for activation or repression of CREs. Early after differentiation,

limb primordial cells themselves differentiate into a dorsal population that

will become the wing and a ventral population that will form the legs

(Cohen et al., 1993). An interesting requirement for the differentiation of

the dorsal population is removal of WNT expression by T-box transcription

factors (Hamaguchi, Yabe, Uchiyama, & Murakami, 2004; Reim, Lee, &

Frasch, 2003). As T-box transcription factors are activated by BMP in the

dorsal-most cells, WNT expression declines dorsally, facilitating the expres-

sion of a CRE (sna-DP) in the dorsal population of cells (Requena et al.,

2017). Experimental inhibition of BMP signaling fails to induce T-box

expression and sna-DP resulting in the loss of the dorsal population, and

therefore of the wing (Requena et al., 2017).

This illustrates how dynamic interactions at the cellular level facilitate

genetic interactions at the molecular level. In order to differentiate wing
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primordial cells from the population of leg primordial cells, a small anterior

portion of the limb primordial trans environment must shift from

WNT-control to BMP-control. This shift facilitates the expression of a

new set of transcription factors that can activate a wing specific CRE that

in turn changes the regulatory logic of these cells.

It is important to recognize that the redundancy and iterative use of the

patterning GRN makes it unable to provide character identity specificity.

This is evidenced by the fact that each morphogen is redeployed in virtually

all developing regions of the body, not just appendages, to differentiate

subdomains that vary among tissues (DiFrisco & Jaeger, 2020). The generic

ability to organize cell populations within a tissue allows diverse use of the

patterning GRN to yield different molecular responses and phenotypic out-

comes in different regions of the body. For instance, during imaginal disc

growth and differentiation in the larval stage, BMP induces the expression

of different major transcriptional regulators in the eye (Curtiss & Mlodzik,

2000), wing (Nellen, Burke, Struhl, & Basler, 1996), and leg (Abu-shaar &

Mann, 1998).

3.2 Kernels
A GRN can be character-specific if the genetic circuitry and phenotypic

output is non-redundant (DiFrisco et al., 2020), and there are genetic

circuits with highly specific phenotypic outcomes. At the genetic level

these are often described as kernels because they act like a packaged deal

(Davidson, 2001; Wagner, 2014). For instance, the induction of one tran-

scription factor initiates a cascade effect, wherein downstream genes become

sequentially activated (Arnone & Davidson, 1997; Davidson, 2001). Unlike

patterning GRNs, kernels are made up of robust regulatory linkages that

activate the same effectors when expressed in different regions of the body

and can even produce similar phenotypes independently in distantly related

organisms.

The outgrowth-induction kernel that identifies a field of cells as an

appendage is a great example of how conserved regulatory linkages facilitate

similar developmental and phenotypic outcomes in insects and vertebrates.

Vertebrate and invertebrate limb bud formation requires the induction of

Dll (Pueyo & Couso, 2005). Dll is specified in primordia of essentially

any outgrowth of the body wall including limbs, genitals, and even teeth

(Panganiban & Rubenstein, 2002).

Initiation of Dll ultimately drives expression of a core group of genes

along the proximo-distal axis of the developing appendage. The gene
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buttonhead (btd) is involved in the initial activation of Dll in Drosophila

(Estella, Rieckhof, Calleja, & Morata, 2003). Later in imaginal disc devel-

opment, btd is expressed in the medial domain and is involved in further

proximo-distal patterning of the limb (Estella et al., 2003). The orthologs

of Drosophila btd, the Sp8 genes, display a similar pattern and function in

the ectoderm of the limb bud that is independently derived within and con-

served among vertebrates (Kawakami et al., 2004). Knockdown of btd/Sp8

dramatically perturbs limb outgrowth and patterning in both Drosophila and

chick (Estella et al., 2003; Kawakami et al., 2004). It is important to note that

these patterns are not due to the shared origin of invertebrate and vertebrate

appendages, but rather a conserved set of genetic linkages that impose a

conserved effect on cellular patterning.

The induction of Dll in early Drosophila imaginal discs is accompanied

by induction of homothorax (hth) in a population of cells surroundingDll cells

(Abu-shaar & Mann, 1998; McKay, Estella, & Mann, 2009). As the disc

grows, dachshund (dac) is expressed in the medial region of the disc, bounded

by Dll cells distally and hth cells proximally (Abu-shaar & Mann, 1998;

Dong, Chu, & Panganiban, 2001; Estella & Mann, 2008). A similar pattern

is found in the vertebrate limb buds:Meis1 (hth ortholog) is expressed prox-

imally (Mercader et al., 1999), Dach1 (dac ortholog) expressed medially

(Hammond, Hanson, Brown, Lettice, & Hill, 1998), and Dlx family genes

expressed in the distal ectoderm (Panganiban & Rubenstein, 2002).

Knockdown of Dll ablates distal regions of legs, wings, and antenna in

Drosophila (Gorfinkiel, Morata, & Guerrero, 1997), and double knockdown

of Dlx5 and Dlx6 results in patterning defects in the vertebrate autopod

(Panganiban & Rubenstein, 2002).

The outgrowth-induction kernel and others, such as those used in light

sensing organs (Gehring, 2005; Kozmik, 2005) and cartilage (Tarazona,

Slota, Lopez, Zhang, & Cohn, 2016), seem to have roots that can be traced

back to the origin of metazoa (Shubin, Tabin, & Carroll, 2009). This con-

servation of genetic linkages and their associated phenotypic outcomes is com-

monly referred to as “deep homology” (Shubin et al., 2009). Deep homology

reflects the conservation of genetic mechanisms in non-homologous charac-

ters that serve a similar function in distantly related species. For example,

the last common ancestor of invertebrates and vertebrates likely lacked

any appendages or had rudimentary appendages at best (Shubin, Tabin, &

Carroll, 1997). The conservation of transcription factors and their linkages

in insects and vertebrates to produce similar, but non-homologous limbs

therefore represents deep homology of genetic and patterning mechanisms

that likely arose for another purpose in a common ancestor.
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Despite the astonishing conservation of kernel linkages and their

patterning functions, kernels are not the sole proprietors of character iden-

tity. More likely, kernels merely specify the kind of cellular behaviors

that will be available during development and adulthood. That is, kernels

decide whether a cell, and the tissue as a whole, will sense light, be hard or

soft, or be an appendage or not. Take for example the multitude of append-

ages in insects and vertebrates. Each uses the Dll kernel but produces

entirely different structures with different functions (Fig. 4). Their sub-

stantial differences in form seem to be determined by the region of the

organism they develop within. Thus, regional context in regulation of a

kernel may be just as important as the deployment of a kernel in shaping

character identity. In the following section, we detail how regional iden-

tity is determined by homeotic genes and how this may influence the

patterning and phenotypic trajectory of kernels.

3.3 Hox genes establish regulatory environment
In the previous two sections we detailed how the patterning GRN facilitates

the specification of a kernel and how a kernel confers a suite of conserved

cellular patterning outcomes. Importantly, these two processes will have

different outcomes in various regions of the body. In insects, early embry-

ological actions of the patterning GRN will specify appendages in the head

and thorax, but not in the abdomen (Angelini & Kaufman, 2005). Similarly,

the outgrowth-induction kernel is activated in each of these regions, but

produces morphologically distinct characters in the head, and thorax. The

specification of character identity therefore requires regional information.

Regional information is conferred by homeobox genes. During embry-

onic development the rostrocaudal axis of the embryo is subdivided into

semi-discrete domains of Hox expression (Hughes & Kaufman, 2002;

Mallo, Wellik, & Deschamps, 2010). Note that appendages that share the

outgrowth-induction kernel but are anatomically non-homologous develop

in different homeotic environments (Fig. 4). These homeotic environments

are key to setting up unique ChIMs for each character, evidenced by the fact

that mutations or knockouts of homeotic genes result in the transformation

of one character to another (Hughes & Kaufman, 2002).

The most characteristic examples of insect homeotic transformations

include antennae to leg (Denell, Hummels, Wakimoto, & Kaufman, 1981;
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Fig. 4 An epigenetic landscape depiction of limb identity in the context of homeotic
regulation and the “outgrowth-induction” (Dll) kernel. The landscape has three axes:
the x-axis and width of the landscape represents different homeotic environments,
the y-axis and length of the landscape represents the organizing principles imparted
by the interaction of the Dll kernel with Hox genes during development. The z-axis rep-
resents developmental instability, where lower values represent more stable states.
Different trajectories are available to the same Dll kernel because Hox genes regulate
intra-, inter-, and extra-cellular physiology that causes differences in cellular patterning
in different Hox environments. In the absence of Hox (green), the Dll kernel produces an
antenna, a tubular and relatively evenly segmented structure. In Scr (blue), Antp (purple),
and Ubx (red) environments, Dll produces tubular segmented legs but segments differ
in proportion. When the Vg kernel is introduced in theUbx environment (orange), theDll
kernel produces a wing, a planar sheet absent of segments.
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Struhl, 1982), mouthpart to leg (Hughes &Kaufman, 2000; Pultz, Diederich,

Cribbs, & Kaufman, 1988), and hindwings to forewings (Tomoyasu,

Wheeler, & Denell, 2005; Weatherbee, Halder, Kim, Hudson, & Carroll,

1998). For simplicity however we will focus on the hindwings to forew-

ings transformation because it has received the most experimental attention.

In many insects, mutation or loss-of-function of the homeotic gene

Ultrabithorax (Ubx) transforms the hindwings into a second set of forewings

(Tomoyasu, 2017; Tomoyasu et al., 2005; Weatherbee et al., 1998, 1999).

This simple genetic change suggests that Hox genes regulate a diverse set

of genes involved in cellular patterning and growth. Indeed, Ubx regulates

the expression of transcriptional cofactors (Hersh et al., 2007; Walsh &

Carroll, 2007), the function of spatially patterned effectors (Simon &

Guerrero, 2015), genes involved in cell-cell communication via juxtacrine

(Pavlopoulos & Akam, 2011) and paracrine signaling (de Navas, Garaulet,

& Sánchez-Herrero, 2006; Weatherbee et al., 1998), and genes that regu-

late the composition of the extracellular matrix (Diaz-de-la-Loza, Loker,

Mann, & Thompson, 2020; Jos�e et al., 2018). Altogether Ubx studies hint

at an unmatched regulatory power of Hox genes to regulate intra-, inter-,

and extracellular environments to alter cellular patterning.

Regulation of virtually all aspects of the cellular environment affects

how kernels and patterning GRNs behave, giving rise to unique patterns

of differentiation and growth. Hox genes are crucial for establishing the

regionalization of the body plan (Mallo et al., 2010), and this is probably cru-

cial to the generation of unique ChIMs in different regions of the body.

Indeed, the contribution of Hox genes to character identity has been appre-

ciated for some time (Akam, 1995; Averof & Akam, 1995; Carroll, 1995;

Ronshaugen, McGinnis, & McGinnis, 2002). Hox genes may be integral

to the causal differences in the evolution of innovations and novelties,

though not exclusively so.

3.4 Patterning GRN+kernel + Hox 5character identity module
To summarize to this point, character identity cannot be attributed to any

one molecular network, but is rather the cumulative interaction of networks

and their influence on cellular behavior. In this light, we can slightly modify

the ChIM hypothesis specifically for multicellular body parts, such that the

combinatorial interactions of patterning genes, kernels, and Hox genes

represent a Character Identity Module (ChIMo).
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Based on the evidence provided above, a character identity module

represents a delineated multicellular unit capable of some degree of

self-organization via the utilization of the patterning GRN, and the rules

governing that organization come from the molecular repertoire deter-

mined by kernels and Hox genes. The sequence of self-organization is

roughly the following: at the cellular level, patterning GRNs andHox genes

work in unison to establish a unique regulatory environment within which a

kernel(s) is specified. The combinatorial effect of the kernel(s) andHox genes

sets the initial molecular regulatory logic by establishing intra-, inter-, and

extracellular composition. These cellular properties percolate up to influ-

ence the organ level by determining the expression domains of patterning

GRN genes. The interactions among patterning genes feed back into

cellular regulation by specifying distinct trans-environments within the

organ, the exact identity of which are determined by the combinatorial

interactions of kernel and Hox genes. Similarly, the location and size of

trans-environments are determined by the composition of the ECM and

setup of intracellular signaling cascades. These trans-environments then reg-

ulate effectors involved in hormonal control of growth and life history pro-

gression to shape the terminal details of the character through ontogeny.

Conceived in this way we can point toward distinct developmental

processes underlying character identity and character state. Phylogenetic

homology, and therefore continuity of character identity, reflects a conser-

vation of regional specification and developmental patterning mechanism

during character origination in the embryo (Roth, 1988). Thus the pro-

cess of specifying a kernel in a given Hox environment may represent the

base level of homology. Character state differences are based on conserved

intrinsic patterning mechanisms and terminal differences in growth.

4. Part 3. Evolving away from likeness

4.1 Gene network co-option
To this point we have focused on the conceptual basis of homology and

the mechanisms of character development. This is not to belabor the point

but rather to build a model of character identity in multicellular develop-

ment so that we may hypothesize the nature of dissimilarity. A central goal

of this chapter is to determine if we can come to some level of appreciation

regarding the mechanistic differences that underlie the morphological devi-

ation of an existing character versus de novo origination of a character.
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The presence of distinct ChIMos, which are manifest from combinato-

rial interactions of molecular pathways, suggests that various gene networks

may be used in some characters and not others. We have suggested, as have

many others (Davidson, 2001; DiFrisco et al., 2020; Shubin et al., 2009;

Wagner, 2007, 2014), that kernels are an important component of esta-

blishing character identity because they determine the type of cellular

behaviors accessible to the tissue. In addition we have highlighted a signif-

icant role of Hox genes in which they may direct different outputs for a common

kernel. Taken together, this would suggest that characters within an organism

differ in their cellular functions and patterning because of the differential

usage of kernels and Hox genes, and therefore deployment of one or both

of these factors in a different region of the body may have profound effects

on character identity and character state.

The evolutionary event of expressing a gene and the resulting network

in a different tissue is commonly referred to as “gene network co-option”

(True & Carroll, 2002). Gene network co-option occurs via mutation in

cis- or trans-regulatory elements to procure the transcription of a gene or

set of genes in a new tissue (Monteiro & Podlaha, 2009; True & Carroll,

2002). Because GRNs, kernels, and evenHox genes behave as regulatory cas-

cades, co-option of any transcriptional regulator of a given regulatory network

is hypothesized to bring along downstream factors. This however relies

upon the presence and/or absence of transcriptional cofactors, which as we

described above likely vary among regions in the organism.

It is becoming clear that gene network co-option may play a key role in

major morphological transitions. Over the last decade or so, the number of

reported co-option events has continued to climb, each of which have been

associated with major leaps in morphology. Examples include, but are

not limited to, the evolution of the treehopper helmet (Fisher, Wegrzyn, &

Jockusch, 2020; Prud’homme et al., 2011), beetle horns (Moczek & Rose,

2009; Moczek, Rose, Sewell, & Kesselring, 2006), bilaterian limbs (Lemons,

Fritzenwanker, Gerhart, Lowe, & McGinnis, 2010), and wing color patterns

in various insects (Carroll et al., 1994; Werner, Koshikawa, Williams, &

Carroll, 2010).

Given that gene network co-option may have played a key role in

the diversification of life it is interesting to ponder if different forms of

co-option exist and how they might relate to innovation and novelty.

For instance, if innovation builds upon an existing character in new ways

and a novel character is defined by the absence of homology, meaning it

is the first structure of its kind to develop in a given region of the body, then
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it follows that novelty might be mechanistically different from innovation in

multiple ways. Morphological innovation may require co-opting a kernel

that changes the intrinsic patterning and growth mechanisms after charac-

ter specification. On the other hand, novelty might require introducing a

kernel into a new region of the organism. Further, it is possible that novelty

depends upon this region bearing a uniqueHox expression environment that

may direct the kernel to produce novel cellular patterning processes and

the resulting identity of the character. Below, we dive into case studies of

innovation and novelty associated with the co-option of a kernel to make

these points.

4.2 Innovation and character state evolution: A case study
in fly genitalia

One possible hypothesis for the evolution of morphological innovations,

and therefore character states, is the co-option of a kernel into a character

during later growth and morphological patterning phases. Perhaps the most

elegant example of this comes from the laboratory of Mark Rebeiz. In

Drosophila melanogaster and its closest relatives in the melanogaster clade, the

male genitalia have a derived hook-shaped outgrowth called the posterior

lobe ( Jagadeeshan & Singh, 2006). The posterior lobe is highly diverse, both

in size and in shape in the melanogaster clade, and is the only morphological

way to faithfully identify each species (Glassford et al., 2015).

The unique shape of the posterior lobe has been traced back to a

co-option event that brought in a kernel from an unlikely source: a

Hox-related network involved in development of the larval posterior spira-

cle, a structure required for oxygen intake via the tracheal system (Glassford

et al., 2015). The gene Poxn was found to be expressed in the posterior lobe

of the male genital as well as the posterior spiracle (Boll & Noll, 2002). Its

causal role in the morphogenesis of each structure is confirmed by Poxn

mutants, which display phenotypic defects in each character (Boll &

Noll, 2002; Glassford et al., 2015). Quite curiously, both the posterior spi-

racle and male genital are activated by the Hox gene Abdominal-B (Abd-B)

(Estrada & Sánchez-Herrero, 2001; Hu&Castelli-Gair, 1999). This suggests

that co-option of Poxn allocated a regulatory cascade molded from the

spiracle ChIMowith previously evolvedAbd-B regulation. The deployment

of this regulatory network may therefore be quasi-predictable because of

the Abd-B environment, but may produce unique cellular effects because

of interactions with the outgrowth-initiation kernel involved in specifica-

tion of the male genital.
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During posterior spiracle development, Abd-B regulates multiple tran-

scriptional regulators including spalt, Poxn, ems, cut, and unpaired (upd)

(Lovegrove et al., 2006). Each of these genes (with the exception of cut)

and several target genes are expressed in the posterior lobe, with a total of

10 genes shared between the posterior lobe and the spiracle kernel in

D. melanogaster (Glassford et al., 2015). Most importantly, only two of these

genes (spalt and Abd-B) are expressed in genitals of non-lobed species

(Glassford et al., 2015). Enhancers for most of these genes drive reporter

expression in both the spiracle and the posterior lobe in D. melanogaster

(Glassford et al., 2015), consistent with the hypothesis that a cis-regulatory

change associated with an upstream regulator of the ancestral spiracle network

co-opted the downstream genes to the posterior lobe. A candidate for the

upstream regulator is upd, as an extensive reporter screen of the upd locus

in D. melanogaster found a region of regulatory DNA that is active only in

the spiracle. This suggests that an as yet unidentified posterior lobe-specific

enhancer may be responsible for upd expression and downstream network

co-option in this organ. Altogether, these findings support a hypothesis

that co-option of an upstream regulator of a kernel is sufficient to bring with

it most downstream genes in the kernel.

The developmental effect of this co-option is realized as exaggerated

growth of the posterior region of the genital. Compared to non-lobed

drosophilids, the posterior lobe exhibits extreme changes in cell morphology

owing to alterations in cytoskeletal arrangements and the composition of

the ECM (Smith, Davidson, & Rebeiz, 2020). An apical ECM component,

Dumpy, is expressed in the largest cells of the posterior lobe, and RNAi of

Dumpy completely abolishes the posterior portion of the lobe corresponding

to these cells (Smith et al., 2020). Thus, co-option of the spiracle kernel into

the posterior region of the male genital modified the intra- and extracellular

environment of the population of cells that changed the growth dynamics

and ultimately expanded the existing morphospace.

The work detailed above demonstrates what is required to prove gene

network co-option, and how co-option influences development of the

new morphospace. Most tellingly, this work pushes away from the idea that

co-option is and can be identified as correlations in gene expression. One

needs to identify not only novel expression patterns, but also phenomena

at the enhancer level. Once identified, it is essential to show how

cellular-level processes are affected by this new developmental environment,

compared to closely related species that do not share this co-option.

Equivalent studies of this nature have been done in Drosophila wing color
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patterns (Werner et al., 2010), but many others have merely identified gene

expression correlations absent of genomic, cellular, and comparative devel-

opmental data. These are fundamentally important if we are to truly appre-

ciate and understand how significant changes in the form of a pre-existing

character can occur in evolution.

4.3 Novelty and character identity evolution: A case study
of the vertebrate pelvic appendages

We hypothesized above that the evolution of novelty requires the evolu-

tion of a new embryonic patterning event as well as new cellular patterning

mechanism during later developmental stages. One way this can happen is

via the co-option of a kernel into a region of the organism where previously

no individuated character develops. An interesting example of this process

can be found in the evolution of vertebrate pelvic appendages. However,

their novelty is not immediately obvious. One of the major characteristics

of jawed vertebrates (gnathostomes) is the presence of two sets of paired

appendages: the pectoral appendages and the pelvic appendages (Carroll,

1988; Janvier, 1996; Owen, 1848). At first glance, the pectoral and pelvic

appendages appear to be serial homologs, because they have a similar

proximal-distal arrangement of parts (Coates & Cohn, 1998; Coates,

Ruta, & Friedman, 2008; Diogo & Molnar, 2014; Miyashita & Diogo,

2016; Owen, 1848; Shubin et al., 1997), and the virtual identity of forelimb

and hindlimb bud transcriptomes (Wagner, unpublished).

Despite convincing patterns of inter-limb similarity, the pectoral and

pelvic appendages appear to have originated at different times during verte-

brate evolution. The first vertebrates were jawless fish (agnathans, represen-

ted today by extant species of hagfish and lamprey) that lacked paired

appendages altogether (Carroll, 1988; Janvier, 1996). The first muscular

lateral pectoral outgrowths appear in the ostracoderms, yet neither in ostra-

coderms, nor pre-ostracoderms, is there any evidence of muscular pelvic

outgrowths ( Janvier, 2007; Janvier, Arsenault, & Desbiens, 2004). Much

like the case of the insect wing, there are no extant species that bridge

the gap between a single pair of pectoral appendages and two sets of

paired appendages. Pelvic appendages appear much later in the first jawed

vertebrates (Brazeau & Friedman, 2014; Zhu, Yu, Choo, Wang, & Jia,

2012), leaving a giant hole in vertebrate history and portraying a scenario

where paired pectoral appendages evolved first in agnathans, followed

by the origin of the pelvic appendages somewhere in the agnathan to

gnathostome transition (Diogo, 2020).
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As we have argued earlier in the chapter, morphological inference of

homology requires developmental validation. The most obvious difference

in pectoral and pelvic appendages is the region of the body where they

develop. Pectoral appendage development is associated with the head and

neck whereas the pelvic appendages are associated with development of

the trunk (Diogo, 2020; Diogo, Linde-Medina, Abdala, & Ashley-Ross,

2013; Nagashima et al., 2016). Although they develop in anatomically dis-

crete regions, their specification in the embryo involves a similar set of

T-box genes, Tbx5 and Tbx4, which are required for initiation of pectoral

and pelvic limb bud development and identity, respectively (Don, Currie, &

Cole, 2013; Gibson-Brown, Agulnik, Silver, Niswander, & Papaioannou,

1998; Gibson-Brown et al., 1996; Isaac et al., 1998; Logan, Simon, &

Tabin, 1998; Ruvinsky & Gibson-Brown, 2000). The prevailing hypothesis

suggests that upon gene duplication of the ancestral Tbx4/5 gene, Tbx5

was recruited first, facilitating emergence of the forelimb, followed by the

co-option of Tbx4 into the posterior flank mesoderm by Pitx1 (Don

et al., 2013; Logan & Tabin, 1999). Thus, their characterization as serial

homologs from a developmental perspective relies upon the fact that they

share the outgrowth-induction kernel (Willmer, 2003) in domains of the

trunk that are permissive to form a limb (Ohuchi et al., 1997; Sekine

et al., 1999).

The distinct evolutionary and developmental origins of the paired

appendages, however, calls into question their serial homology. We have

argued throughout this chapter that regional differences in the organism

are constructed by homeotic genes, which may modify the molecular and

cellular environments. The purpose in doing so is to break down an impor-

tant problem: does the co-option of a kernel into a region of the organism

in which a character did not previously exist represent serial homology or

evolution of novelty?

Concordant with the ChIMo hypothesis, multiple interacting processes

mold the developmental uniqueness of a character. Thus the presence of a

similar kernel, in this case Tbx initiation of the outgrowth-induction kernel,

is difficult to argue as serial homology for multiple reasons. For one, sexual

organs and head barbels in vertebrates use some of the same genes in this

kernel, and it would be difficult to argue for their serial homology

(Archambeault, Taylor, & Crow, 2014; Freitas, Gómez-Marı́n, Wilson,

Casares, & Gómez-Skarmeta, 2012; Freitas, Zhang, & Cohn, 2006). The

penis, for example, is derived from the genital tubercle, which occurs in
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close proximity to the hindlimb buds in the embryo (Gredler et al., 2014;

Herrera & Cohn, 2014; Tschopp et al., 2014). In both anolis and mouse,

the transcriptomes of the genital tubercle and hindlimb bud are more similar

early in development than they are at later stages (Tschopp et al., 2014), as

might be expected from our landscape hypothesis (Fig. 4). Despite late stage

differences, the penis and limb in mice both express key components of the

outgrowth induction kernel, Hoxa13 and Hoxd13, and even share many of

the same enhancers (Amândio, Lopez-Delisle, Bolt, Mascrez, & Duboule,

2020; Gonzalez, Duboule, & Spitz, 2007; Lonfat, Montavon, Darbellay,

Gitto, & Duboule, 2014). Thus, while the outgrowth-induction kernel

facilitates the expression of a common set of genes, sometimes even using

the same regulatory sequences, other aspects of developmental context differ

to ultimately give rise to structures as anatomically and functionally distinct

as the penis and limbs.

This leads into a key assumption of the pectoral-pelvic appendage homol-

ogy: the idea that co-option of Tbx4 equates to limb duplication. If this were

true the fossil record should bear pelvic appendages that have the same ana-

tomical arrangements as the pectoral appendages (Miyashita & Diogo, 2016;

Reno, Horton Jr, & Lovejoy, 2013). The reasoning behind this assumption is

twofold: (1) the idea that the outgrowth-induction kernel should produce an

identical developmental pattern despite the different homeotic environments

of the pectoral and pelvic appendages, and (2) this shared developmental reg-

ulation should produce a high degree of integration between the pectoral

and pelvic appendages. Therefore, the pectoral and pelvic appendages should

show a strong signal of morphological covariation dating back to the origin of

the pelvic appendage.

Whenwe look to the fossil record for answers, evidence puts the hypoth-

esis of serial homology on even shakier ground. Several early vertebrate cla-

des display pelvic appendages with significantly different arrangements of the

bony elements compared to pectoral appendages (Brazeau & Friedman,

2014; Coates, 1994; Diogo, 2020). These findings seem to contradict the

idea that the pelvic appendage is simply a duplication of the pectoral.

This could support the idea that co-option of Tbx into the pelvic region

facilitated novel cellular patterning processes due to the different Hox envi-

ronment (Coates & Cohn, 1998). If then, the developmental output of a

kernel is dependent upon the homeotic environment, can we equate gene

network co-option to morphological duplication? For instance, if a kernel is

co-opted to a different homeotic environment, then the segment or region
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of the organism from which the kernel originated was not duplicated. It is

difficult then to accept the claim that co-option of Tbx4 should duplicate

pectoral anatomy in the new pelvic appendage.

It is therefore more likely that the vertebrate pelvic appendages represent

a novel addition to the body plan and the appearance of serial homology in

tetrapods may be in fact homoplasy or derived anatomical similarity (Don

et al., 2013; Miyashita & Diogo, 2016; Roth, 1994). Thus, the independent

co-option of the outgrowth-induction kernel to first the pectoral region and

subsequently the pelvic region represents two distinct origination events.

Vertebrate paired appendages therefore offer a unique system in which to

study the problem of evolutionary novelty and how evolutionary continuity

of form between characters relates to the continuity of their developmental

mechanism.

A distinction can be drawn from the two case studies of gene network

co-option presented here. Whereas both examples demonstrate the power

of gene network co-option, only the latter can be said to have produced

something new in the organism. This seems to highlight a potential differ-

ence in the relative timing of a co-option event. We hypothesize that the

effect of gene network co-option as it relates to morphological evolution

is contingent upon the developmental stage wherein co-option manifests.

For instance, the posterior lobe is an example of co-option during growth

and patterning that changes the shape of the male genital, whereas the pelvic

appendage is an example of co-option that produces an entirely new struc-

ture. Thus, we hypothesize that if co-option occurs during periods of intrin-

sic growth and patterning, this can lead to the evolution of new character

states. On the other hand, if co-option facilitates the early deployment of

a network during specification this may have the power of producing a

new character identity.

5. Conclusions and future research avenues

In this chapter, we have explored how homology and evolutionary

novelty can be understood through the lens of development. Although

homologies can be inferred by morphological criteria, the fact that homol-

ogous characters are defined by a shared common ancestry implies the

genetic instructions for that character’s development are also similar by

descent. To make sense of genetic information as it relates to character

uniqueness therefore requires a developmental model of multicellular organ

identity. We have proposed a model for Character Identity Modules
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(ChIMos), that combines patterning GRNs, kernels, and Hox genes, which

interact to produce a multicellular unit capable of some degree of self-

organization. The ChIMomodel can be used to trace character identity over

vast evolutionary time, which will be especially useful in cases where the

fossil record is patchy to test hypotheses of novelty. Additionally, one

may use it to formulate testable predictions with regard to the developmental

evolution of characters, as we have done in the latter sections of this chapter.

A key to understandingmorphological evolution at any scale comes from

understanding how various molecular processes contribute to patterns of cell

differentiation and proliferation that define organ identity versus those that

regulate organ size, shape, and function. Perhaps most important to this

endeavor is establishing some sort of multi-scale model of each character that

predicts, or at the very least describes, how molecular level processes are

translated to cellular states to influence tissue morphogenesis. This knowl-

edge will not only provide much needed data for the ChIMo hypothesis, but

may also allow biologists to make sense of the enormous genetic datasets

procured from transcriptomic and genomic analyses. The ChIMo hypoth-

esis with knowledge of the interaction between levels of organization can

thus provide a common framework in which to design experiments that test

the causal nature of genes that derive novelties and that open up new avenues

for innovations.
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