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1.1  ONTOGENY AS A TIME-STRUCTURED PROCESS OF CELLULAR 
INTERACTION THAT CULMINATES WITH REPRODUCTION

The cell is evolution’s most magnificent achievement and embryonic 
 development is merely a baroque elaboration.

Lewis Wolpert (1999, p. 1)
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4 Deferring Development

Multicellular life has resulted in the evolution of ontogenies that generally begin 
from a single cell every generation (Buss 1987; Grosberg and Strathmann 1998; 
Grosberg and Strathmann 2007). Plausible reasons for this commonality are that a 
cyclical return to a unicellular state evolved independently in multicellular taxa to 
purge cytoplasmic or genetic parasites (Grosberg and Strathmann 1998) and muta-
tions (Muller 1964). The evolution of this broadly shared pattern of reproductive 
mode also invokes the evolution of the following:

 i. Mechanisms for specifying divergent fates. If only gametes carry genes 
across generations, then a key specification event in a nascent obligate 
multicellular organism was “germ” versus “not-germ” (Swartz and Wessel 
2015), where germ refers to cells having the developmental potential to 
form gametes. Such not-germ cells would function in resource acquisition, 
motility, as a defensive structure, or some other nonreproductive function 
sensu stricto.

 ii. Delayed cellular function due to a prereproductive ontogenetic  process 
(see  Figure 1.1). One key example would be that the appearance of 
 differentiated germ cells is deferred in time relative to the differentiation 
of nonreproductive (not-germ) cell types; this is true whether germ cells are 
formed by intercellular signaling, by preloading of maternal determinants, 
or, more rarely in animals, by somatic embryogenesis (e.g., in sponges) 
(Korotkova 1970). Importantly, the notion of delayed cellular function is 

FIGURE 1.1 Schematic of timing of germ cell (gold shading) specification in some exam-
ples of disparate multicellular taxa. (A) The green alga Volvox carteri consists of 2000–
4000 small somatic cells and 16 gonidia (from Kirk 2001). (B) The fruit fly Drosophila 
 melanogaster produces a syncytium of nuclei during development; the nuclei that arrive at 
the posterior end are the first to be enveloped by membrane and thus form “pole cells”: the 
primordial germ cells of the fly. (C) Mice and other mammals produce primordial germ cells 
in the embryo, which migrate to the genetical ridge during development and stay mitotically 
dormant until sexual maturation. The diagram depicts stage E10.5 of mouse development, 
when germ cells are in the process of migrating to the genital ridge from the gut. (D) Mature 
bull kelp (Nereocystis luetkeana) sporophytes produce dark brown patches called sori on 
their blades. The sporangia within each sorus contain the spores.
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true for any functional distinction among cell types, “germ versus not-
germ” or otherwise.

Therefore, cell division in multicellular organisms must be linked through gene 
regulatory mechanisms with the establishment of cell identities, morphogenesis, 
growth, and regeneration. Organisms that have somatic prereproductive growth—
such as multicellular plants, kelp, fungi, and some animals such as sponges and 
 cnidarians—diverge from most animals, in having no specific cells whose func-
tion  is specified as germ early and then differentiate later (Extavour and Akam 
2003). Nevertheless, nonanimal multicellular taxa do share the general character-
istics of deferred reproduction with most animals: formation of spores, pollen, or 
ovules after an often-lengthy period of purely somatic growth. Furthermore, germ 
cells in these nonanimal groups are typically embedded in and supported by somatic 
reproductive tissues: sori, fruiting bodies, flowers,  gametangia, etc.

Taken together then, a uniting feature of multicellular ontogenies may be  usefully 
described as “a plan within a plan,” in which the ultimate plan, reproduction, is 
embedded within the chronologically prior plan: ontogeny and maintenance of 
somatic and germ cells to support reproduction. The subsequent evolution of com-
plex life cycles, in which a larva or some other intervening, distinct multicellular 
life stage—such as the encrusting stage in some upright algae (e.g., Santelices and 
Alvarado 2006)—fits naturally into the above expression of ontogeny, as a “plan 
within a plan within a plan.” Although this phrasing is unwieldy,1 it places the 
 evolution of complex life cycles naturally in the same conceptual framework as 
the evolution of multicellularity: ontogeny as a time-structured process of cellular 
 interaction that culminates with reproduction.2

In this introductory chapter, we place deferred developmental programs, and the 
cells at their foundation, in the context of complex life cycles and, to a lesser extent, 
regeneration. While we focus mainly on animals and their life cycles, we endeavor 
to note how the concepts we emphasize could apply across kingdoms, and hence, 
across independent origins of multicellularity and ontogeny. We intentionally avoid 
discussion of processes and mechanisms, deferring to other chapters in this volume 
for those topics.

1.2  DEVELOPMENT: A BALANCING ACT BETWEEN 
PROLIFERATION, PLURIPOTENCY, AND FUNCTION

Whether simple or complex, all ontogenies consist of the following sequentially 
structured processes that function over several different levels of organization 
(i.e., cellular, molecular, and biochemical):

 i. the hierarchical and stepwise fashion with which multicellular bodies 
develop from one or a small number of cells;

1 All the more so for organisms, such as parasitic animals with derived “hypermetamorphic” life 
 histories (see Truman and Riddiford 2002), and different types of algae with all manner of hypercom-
plex life cycles (see, e.g., Lee 2008).

2 Of course, ontogeny may continue after reproduction commences until the organism dies.
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 ii. the need to integrate development of a later life cycle stage with a former 
one; and

 iii. the need to replace or repair parts.

Inherent in this conception of time-structured ontogeny is the balance that must be 
struck between cell division on the one hand, and cell differentiation and function 
on the other hand. In this context, one bona fide cell biological constraint inher-
ited by the Metazoa is that, in the lineage of protists that gave rise to animals, the 
microtubule-based cytoskeleton was functionally constrained such that cell division 
and cell function were mutually exclusive states (Buss 1987). The consequences of 
this cell biological constraint for macroevolutionary patterns in metazoan ontogeny 
and regeneration appear to be substantial: differentiation and proliferation cannot 
occur simultaneously and therefore require molecular mechanisms to regulate tran-
sitions in and out of each of those states (Chapter 3). One widespread cellular mech-
anism for circumventing this constraint is for the developing organism to harbor 
uni- or pluripotent stem cells, which can be deployed as needed for growth, repair, 
and replacement of cells. By contrast, it is much rarer for developing animals to 
have the ability for one differentiated cell to transdifferentiate directly into another 
with a very different function (see below). Remarkably, however, new evidence from 
sponge cellular transcriptomes suggests that early animals likely had the ability to 
readily transition between differentiation states (Sogabe et al. 2019).

3 See Slack and Tosh (2001) for reasons why it is difficult to document such cases, suggesting we might 
underestimate the frequency of transdifferentiation or transdetermination.

One central goal of regenerative medicine and stem cell research is to induce 
the formation of any cell type from any other cell type. Whereas, “In principle, 
anything can be changed into anything else by altering the combination of tran-
scription factors” (Slack and Tosh, 2001, p. 1), what makes universal cellular 
reprogramming such a grand challenge is that, in bilaterian animals at least, 
development itself seems rarely to accomplish it. Because stem cell biologists 
are inexorably unlocking the mysteries of “stemness” and the minimal set of 
gene regulatory modifications required for cellular reprogramming (Takahashi 
and Yamanaka 2006; see Soldner and Jaenisch 2018 for review), we can con-
clude that a mode of ontogeny in which all cell types can give rise to all other cell 
types (totipotency) is not fundamentally constrained in animals. Indeed, main-
tenance of pluripotentiality throughout life by transdifferentiation may define 
early animals (Nakanishi and Jacobs, Chapter 4; Sogabe et al. 2019). Vascular 
plants and macroalgae are different than most animals in this respect in that 
differentiated cells can retain totipotency throughout life (see Chapters 5 and 6).

Retaining totipotency through cellular reprogramming would seem to be a 
rather useful ontogenetic mode. Nevertheless, outside of sponges, cnidarians (see 
Chapter 14), and ctenophores, this form of ontogeny—including during regen-
eration (Vervoort 2011)—is restricted to relatively few described examples in 
animals.3 The most widely shared mode of regeneration is the use of stem cells 
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Thus, if one considers ontogeny a time-structured process where different cell 
types differentiate at different times, then the notion of deferred development and 
deferred-use cells is both an emergent phenomenon of ontogeny itself and an evo-
lutionary strategy for maintaining developmental potential after embryogenesis. 
Furthermore, regeneration can be considered a recapitulation of a time-structured 
ontogeny (not necessarily of the specific developmental processes themselves), once 
again involving cells whose potentials are greater than their fates; in this case, those 
potentials having been deferred until a portion of the organism is lost and requires 
healing and regrowth.

In the subsequent sections, we explore the concept of deferred development and 
deferred-use cells in the context of life cycles. Due to the diversity of perspectives 
contained in other chapters in this volume, we have not attempted to be broadly 
inclusive of the remarkably diverse life cycles in nonanimal multicellular organ-
isms, nor even of those in animals. Rather, our goal is to use selected examples from 
animal development to both (i) identify similarities and differences in how deferred 
developmental programs and the cells at their foundation build bodies in a time-
structured manner and (ii) explore how ontogenies produce a later, phenotypically 
distinct body from an earlier one.

1.3  DEFERRED DEVELOPMENT IN THE CONTEXT 
OF COMPLEX LIFE CYCLE EVOLUTION

The price of metaphor is eternal vigilance

-attributed to Norbert Weiner and Arturo Rosenbluth (Lewontin 2001, p. 1)

Multicellular bodies at reproductive size vary by ~5 orders of magnitude in linear 
dimensions, by over 10 orders of magnitude in volume, and by over 14 orders of mag-
nitude in mass. In all cases other than for very small bodied adults (e.g.,  meiofauna 
and nematodes in animals), ontogeny must therefore contend with the  challenge 
of patterning growing bodies. Because of selection on final size at reproductive 
 maturity, ontogeny must also scale with evolutionary increases in body size. Werner 
(1988) pointed out that scaling relationships define absolute size  limits over which a 

(Lai and Aboobaker 2018), which in many ways are comparable to germ cells 
(e.g., germline multipotency program, Juliano et al. 2010). The cell biological 
constraint in development identified by Buss (1987) and the universal require-
ment of pluripotent cells for regeneration purposes pointed out by Alvorado 
(2000) both converge on the notion that, in animal and perhaps all multicellular 
life, a source of pluripotent cells is an essential commodity. The hypothesis 
that postembryonic transdifferentiation potential may have been higher in basal 
animals and subsequently “traded in” for deferred-use cells (e.g., stem cells or 
neoblasts in planarians) among descendants suggests an undefined trade-off in 
modes by which pluripotency is maintained in ontogeny. See Chapter 12 for a 
treatment of the relationship between “set-aside stem cells” and cancer.
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particular ecological niche can be exploited by a particular body design. Therefore, 
if performance requirements during ontogeny are not the same as those of the size 
of an organism at reproductive maturity, then life history strategies must evolve to 
accommodate the mismatch. Cohen (1985) identified three evolutionary responses 
that animals display, in various combinations, to contend with how to make bodies 
that can be orders of magnitude larger than their embryos (Figure 1.2):

 i. coloniality (e.g., bryozoans and hard corals) where the same body unit is 
multiplied to create more mass;

 ii. increased maternal provisioning (e.g., via evolutionary increases in egg size 
or other types of postzygotic provisioning) increases the size of the initial 
free-living ontogenetic stage compared to the ancestral state; or

 iii. evolution of complex life cycles.

In animals, this latter tactic is the most widespread (Thorson 1950). Whereas the 
more commonly known examples of complex life cycles in animals are terrestrial—
tadpole to frog and caterpillar to butterfly—the most dazzling array of complex 
life histories among animals are surely found in the ocean. Coastal marine waters 
 especially are replete with diverse larval forms that disperse for a time in the  plankton 

FIGURE 1.2 Three evolutionary strategies to make larger bodies in metazoans. (A) 
Evolution of coloniality, exemplified by solitary and colonial bryozoans; (B) evolutionary 
increase of maternal investment, exemplified here by the evolution of nonfeeding develop-
ment in echinoids (Ht, Heliocidaris tuberculata; He, Heliocidaris erythrogramma; see Raff 
1996); (C) evolution of complex life histories, exemplified by the veliger to juvenile sea slug 
transition; (D) schematic representation of size increase as a function of time for larval and 
colonial life histories. The arrow indicates the transition either to a juvenile or a colonial state.
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before undergoing metamorphoses into what are often very different looking adults 
in the benthos. In general, the maximum size of these larval forms (and hence the 
size of the young juveniles that emerge after metamorphosis) is much smaller than 
that of the corresponding reproductive adults. How did ontogeny evolve in response 
to the evolution of large-bodied descendants from small-bodied ancestors?

A prominent attempt to place the evolution of large-bodied animals in the context 
of developmental innovations is the set-aside cell hypothesis of Eric Davidson, Kevin 
Peterson, and Andrew Cameron (Peterson et al. 1997). Prior to the formal elabora-
tion of this hypothesis, Davidson et al. (1995) proposed the term “maximal indirect 
development” to reflect not only the significant mismatch in phenotypes between 
larvae of some marine invertebrates and their adult forms but also their nearly tem-
porally mutually exclusive ontogenies. Larval forms in taxa with  proposed maximal 
indirect development are small, generally less than 1 mm in length, but their adults 
could be orders of magnitude larger.

The set-aside cell hypothesis suggested a singular and bold resolution to this 
 apparent paradox, involving a key evolutionary novelty in a hypothesized proto- 
animal with a small-bodied adult. This key novelty was the proposed origin of groups 
of cells or tissues that are formed in the embryo but are “set aside” as a rudiment of 
tissues that remain undifferentiated until the juvenile stage. In other words, the set-
aside cell hypothesis posited that the evolution of large complex animals from small 
ancestors was facilitated by the developmental innovation of what the authors termed 
 “set-aside cells,” which (along with attendant genomic regulatory mechanisms) pat-
terned these rudimentary tissues on a regional, as opposed to a cell-by-cell basis.

Of particular concern to Davidson and colleagues were marine animal phyla 
 characterized by complex life histories involving a larva undergoing a radical meta-
morphosis into a very different looking adult, such as the sea urchin and ribbon 
worm depicted in Figure  1.3. Davidson and colleagues considered the ancestral 
small-bodied adults to be homologous to modern larvae and concluded that the mac-
roscopic adult forms that define the modern phyla arose later and were thus tacked 
on to the end of ontogeny. Hence the set-aside cell idea was essentially a macroevo-
lutionary hypothesis that spanned innovations in cell behavior and function to novel 
complex genomic regulatory processes to the origin of large animals themselves.

The set-aside cell hypothesis and the related body of work from which it was 
derived was a bold attempt at a synthesis of comparative developmental biology 
and  macroevolution, at once accounting for similarities in larval forms among 
many phyla, the shared use of patterning mechanisms to build adult bodies and the 
Cambrian explosion itself. Nevertheless, varied critiques soon followed, including, 
but not limited to, the  failure of the set-aside cell hypothesis to meet the criterion 
of Darwinian  plausibility (Wolpert 1999); to infer the likely ancestral metazoan life 
cycle and critically  evaluate  typological characterizations of larvae (Jenner 2000); 
to accurately depict the capacity of larval cells for extended cell division under dif-
ferent conditions, such as phenotypic plasticity (Strathmann 2000); and to contend 
with the conclusion that adult body plans and possibly the patterning mechanisms 
that build them (e.g., Hox genes) must per force be homoplasies (Raff 2008). Each of 
these critiques represent significant challenges to the set-aside cell hypothesis as an 
explanation for broad patterns in animal evolution and development.
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Here, we emphasize an additional and perhaps more fundamental critique: the term 
“set-aside cell” did not adhere to an ontology consistent with cell or  developmental 
biology. The definition of a set-aside cell is clear enough: “We term the  specific 
patches of cells from which the juvenile arises in maximal indirect development 
‘set-aside cells,’ because they are in some manner withheld from the differentiation 
processes that in the late embryo generate the structure of the larva per se.” (Peterson 
et al. 1997, p. 624). However, the cells and tissues to which this term was applied do 
not share a consistent set of properties. To make this point, we briefly reanalyze an 
example that Davidson and colleagues held up as an archetype for both maximal 
indirect development and the set-aside cell hypothesis itself: juvenile rudiment for-
mation in sea urchins. Towards the end of the chapter (Section 1.5), we will reintro-
duce sea urchin development in the context of an exploration in parallel patterns in 
the evolution of complex life histories in diverse animals via deferred development 
that employs rudiments.

The juvenile body in most sea urchin taxa begins to form midway through the 
larval period when mesodermal coelomic sac cells induce a small field of oral 
ectoderm cells on the left side of the larva to invaginate (so-called “rudiment 
invagination”). Subsequent tissue interactions between these two germ layers (see 
Figure 1.3A)  pattern these epithelial cells into juvenile ectoderm and neuroectoderm, 

FIGURE 1.3 Sea urchins (phylum: Echinodermata) and ribbon worms (phylum: Nemertea) 
produce juvenile bodies from phenotypically distinct larval ones. Developmental stages of 
the purple sea urchin Strongylocentrotus purpuratus (A–C) and the ribbon worm Maculaura 
alaskensis (D–F). Both species undergo a dramatic metamorphic transition from the larva 
(pluteus—A, B; pillidium—D, E) to the juvenile (C, F). The juvenile rudiment (arrow in a) in 
the sea urchin larva begins to develop in parallel to the larval body and emerges at settlement 
after metamorphosis is completed (C). In nemerteans, invaginated discs (cephalic, cerebral 
organ and trunk; arrows in D and E) emerge in the pilidium larva and eventually form the 
juvenile structures (F). Scale bars: A—20 μm; B—40 μm; C—80 μm; D—75 μm; E—100 μm; 
F—80 μm. (Photo credits: Andreas Heyland (A–C), Svetlana Maslakova (D–F).)
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and  coelomic cells into juvenile mesoderm and germ cells (Chia and Burke 1978; 
Campanale et al. 2014).

Peterson et al. (1997) considered both the ectodermal invagination and the 
 coelomic mesoderm as examples of set-aside cells. However, this characterization is 
not accurate for either cell type. Prior to their invagination and subsequent interac-
tion with  mesoderm, the larval epithelial cells are morphologically and functionally 
 indistinguishable from adjacent, differentiated larval epithelial cells. They are not 
“set aside”; they undergo a change in function. Similarly, in the sense intended by 
Peterson et al., the somatic mesodermal cells are not set aside either. For example, 
the hydrocoel functions in larvae as a differentiated excretory organ (Ruppert and 
Balser 1986) and is later remodeled to produce the water vascular system of the juve-
nile, among other things.

Beyond the particular characteristics of these purported “set-aside cells” them-
selves, the term “set aside” itself is problematic for the comparison of development 
strategies used by different lineages of organisms, as it has two distinct connota-
tions according to the Cambridge English Dictionary. One definition is “to save 
for a particular purpose.” It is this connotation that Davidson and colleagues were 
employing, as they envisioned embryos literally segregating cells or cell potential in 
a certain  physical portion of the embryo. However, the second definition of the term 
“set aside” conveys the opposite meaning: “to decide not to consider something…
to state that [ something] is no longer in effect.” In the former definition, something 
is saved for future use; in the latter definition, something is removed from future 
consideration! To make matters more confusing still, this second connotation of 
“set aside”  precedes the set-aside cell hypothesis in the scientific literature with 
respect to future cell fate.

Buss (1987) used the term to refer to germ cells, as having been set aside relative 
to cells having a somatic function. In an opposite usage, Bell and Koufopanou (1991) 
refers to the replicative potential of flagellated somatic cells in volvocalean (colonial 
green algal) life cycles (see Figure 1.1A) as having been set aside to ensure ongoing 
motility of the colony while germ cells undergo mitosis. Pehrson and Cohen (1986), 
reported that descendants of small micromeres of sea urchin embryos come to reside 
in coelomic sacs and are thus set aside. These authors used the term with some 
precision, in which these micromere descendant cells were kept in a mitotically qui-
escent state.4 Later, Truman and Riddiford (1999) in their paper on the evolution 
of larvae and metamorphosis in holometabolous insects refer to cells that form the 
imaginal discs as having been set aside and then later refer to cells/tissues that form 
the juvenile as having been developmentally deferred. Thus, they used the terms 
interchangeably.

To conclude:

 i. what were identified as set-aside cells in the hypothesis of that name do not 
have a consistent set of properties; and

4 It was later shown (Yajima and Wessel 2011; Campanale et al. 2014; Wessel et al. 2014) that  descendants 
of the small micromeres give rise to primordial germ cells; in this sense in particular, Pehrson & 
Cohen’s usage was post hoc consistent with Buss (1987).



12 Deferring Development

 ii. opposing connotations exist in the use of “set aside” in the English language 
and by extension in the wider literature.

Given the varying uses in the literature for ‘set-aside’ the term ‘deferred development’ 
or ‘deferred-use’ cells’ seems more precise, and here we advocate it in place of ‘set 
aside.’

The presumed goal of Davidson and colleagues in proposing their set-aside cell 
hypothesis is one that we share: to gain an understanding of broader issues in the 
evolution of animals and their life histories through an examination of deferred 
developmental programs in disparate organisms. Unfortunately, the ambiguities 
inherent in their analyses that we outline above undermined this worthy goal. In the 
next section, we set aside (second meaning!) the evolutionary theoretical dimensions 
of the set-aside cell hypothesis and propose an ontology of deferred development in 
the service of resolving such ambiguities.

1.4  ONTOLOGIES OF DEFERRED DEVELOPMENT 
AND DEFERRED-USE CELLS

The concept of deferred development implies that specification and terminal differ-
entiation occur relatively later for some populations of cells compared to others. This 
idea is axiomatic to developmental biologists and thus may seem to need no elabora-
tion. Nevertheless, our basic claim is that both the reasons and the phenomenology 
for these delays differ within and among taxa, and therefore, for the purpose of com-
parisons, it may be useful to devise a systematic ontology of deferred development 
(Table 1.1). In this section, we attempt to distinguish instances in which deferred 
development occurs as a by-product of something else (Category 1 in Table 1.1) from 
instances in which

 i. ecological requirements of life history stages have resulted in heterogene-
ity indevelopmental rates of distinct ontogenetic processes (Categories 2 
and 3); or

 ii. selection has generated cells or entire tissues whose  developmental  program 
is occurring in the context of a functioning earlier stage (Categories 4–6).

Before proceeding, we note that all Categories (1–6) could occur in a single organ-
ism, and therefore, there is no implied grade of complexity or hierarchy among these 
categories. Furthermore, we are mindful that accelerated development of one part of 
an embryo could be interpreted as the deferred development of another part.

The first category of among-lineage rate heterogeneity is called “Consequential 
Delay” (Category 1 in Table 1.1), and it is driven by physical constraints. For exam-
ple, the vegetal hemispheres of many frog embryos have very high yolk content, 
such that cleavage furrows cannot easily proceed through them. One result of this 
animal-vegetal disparity in yolk is that cleavage proceeds more rapidly in the animal 
hemisphere, and there are thus more cells in the animal hemisphere at any given time 
during early cleavage stages (Barresi and Gilbert 2016).
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The salient feature of Category 1 is that examples of “Consequential Delay” 
should not be assumed to be adaptations in and of themselves; they may be a result 
of selection for something else (i.e., spandrels sensu Gould and Lewontin 1979). 
In the case of frog embryos cited above, the delay of vegetal relative to animal hemi-
sphere cleavage is likely a consequence of selection for increased maternal nutrition 
(i.e., selection for deferred-use molecules, Chapter 2) and therefore egg size.

Category 2 is entitled “Rate Prioritization” and can be distinguished from 
Category 1 in that there is presumed selection in Category 2 for among-lineage het-
erogeneity in rates or timing of development to meet the needs of morphogenesis. 
A clear example of Category 2 involves ciliation in developing  trochophore larvae. 
This larval form, present in the life cycle of various spiralians (e.g.,  mollusks,  annelids, 
and the less well-known entoprocts) is characterized by very rapid  differentiation of 
a band of ciliated cells called the “troch.” These trochoblast cells cease dividing and 
arrange themselves into a band of functional cilia when there are only 63 cells in the 
embryo (Kooij et al. 1998). This developmental pattern is  presumably driven by 
the need for rapid development to a swimming stage (Staver and Strathmann 2002). 
The differential storage of large amounts of maternally derived tubulin mRNA or 
protein in presumptive trochoblasts would constitute evidence that the rate of trocho-
blast cell differentiation is accelerated, as opposed to the notion that development of 
the remainder of the embryo is deferred.

Roundworms (phylum: Nematoda) offer numerous, well-studied examples that 
can be placed in Category 2. Nematode embryos have stereotyped cleavage patterns, 
producing fixed cell lineages, where different groups of founder cells divide at dif-
ferent rates in a manner that reflects ontogenetic needs. Furthermore, the ontogeny 
of the nematode Caenorhabditis elegans has been subjected to decades of intense 
study through the characterization of myriad mutations that perturb the meticulously 
well-characterized cell lineage in this worm (Horvitz 1990). C. elegans genes have 
historically been named for the classes of phenotypes they produce. One example 
is the “heterochronic” (het) gene class, so named because mutations in these genes 
result in temporal displacements of developmental events (reviewed in Moss 2007). 
Therefore, in normal development, het genes can be thought of as orchestrators of the 
proper control of ontogenetic timing. Het mutations indicate that when such events 
occur out of sequence, normally functioning worms are not produced. This observa-
tion alone speaks to the relationship between careful control of the relative timing of 
developmental events in order to maximize an organism’s fitness.

It is possible that Category 2 rate heterogeneity may be an evolutionary precondi-
tion (a preadaptation sensu Gould 1984) for occurrence of relative shifts in the timing 
of embryonic events in response to environmental conditions (i.e., phenotypic plastic-
ity, or “rate modulation”; Category 3 in Table 1.1). This heterogeneity may provide 
the variation for selection for fixed differences in rates within and ultimately between 
related species (namely, intra- and interspecific variation; Category 4 in Table 1.1).

Categories 3 and 4 in our proposed ontology represent a critical distinction from 
Categories 1 and 2, in that ecological inputs intervene to modulate rates of division 
among cell lineages or populations, or the timing of specification or differentiation 
of cells. Specifically, Category 3 refers to developmental processes subject to heter-
ochronic phenotypic plasticity: a change in relative timing of developmental events 
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due to prevailing environmental factors. Category 4, then, represents ecologically 
driven selection on the relative timing of events, which contrasts with the internal 
needs of morphogenesis at the basis of Category 2 deferral.

An example of Category 3 deferral builds on the example we introduced in 
Section 1.3 of the “echinus rudiment” in the sea urchin pluteus larva: the left-side 
ectodermal invagination that contacts an overlying mesodermal compartment, thus 
initiating juvenile development within the larval body (see Figure 1.3A). If the larva 
of the Mediterranean urchin Paracentrotus lividus is well fed, its ectodermal invagi-
nation occurs when the pluteus has six larval arms. If instead the larva is poorly fed, 
the ectodermal invagination is deferred until the pluteus has the full complement of 
eight larval arms (Strathmann et al. 1992). These authors interpret this heterochronic 
plasticity as a differential investment in feeding larval structures (the larval arms) at 
the expense of rapid progression to the juvenile stage (rudiment development).

A classic example of Category 4 deferral involves divergent strategies in growth 
among birds: grow quickly into helpless chicks (altricial) or grow slowly into highly 
functioning chicks (precocial). A functional correlate of the altricial versus preco-
cial strategies is seen in the development of skeletal muscle. In altricial species such 
as the European starling (Sturnus vulgaris), the chicks hatch with less-developed 
skeletal muscle. In precocial species such as the northern bobwhite quail (Colinus 
virginianus), the chicks hatch with more fully developed skeletal muscles and can 
thus perform better at hatching. The key to this difference seems to be deferred dif-
ferentiation of the skeletal muscle in altricial taxa associated with their shorter rela-
tive incubation periods (Ricklefs et al. 1979a,b), an example of Category 4 deferral 
of muscle cell differentiation. Chapter 8 discusses the role of skeletal muscle satellite 
cells in animal muscle regeneration, cells that would fall into Category 4.

Importantly, all stem cells would also fall into Category 4 in the sense that stem 
cells are fate restricted to one or a few cell types, but their terminal differentiation 
requires signaling based upon needs of homeostasis or regeneration. However, many 
stem cells seem to differ from other kinds of Category 4 deferred-use cells in both 
their properties of self-renewal and in their residence in a niche, a biochemical and 
structurally discrete compartment that maintains stem cell quiescence. See Chapter 11 
for a discussion of the adaptive immune system as examples of Category 4 deferred-
use cells, and Chapters 13 and 14 discuss exciting new developments regarding the 
role of microbiota and stem cell regulation and differentiation.

An example from insect reproduction is useful for illustrating the distinction 
between Categories, 2, 3, and 4. The functional unit of the ovary in most insects 
is the ovariole (see Figure 1.4C). An ovariole is an assembly line of sorts for the 
production of what can be very large (millimeters in length) eggs from microscopic 
primordial germ cells. Ovaries in different insects contain as few as one and as many 
as hundreds of ovarioles, with the advantage of the latter being simultaneous, and 
therefore higher rates of oogenesis (see Hodin 2009 for review).

Determination of ovariole number in drosophilid fruit flies occurs in the larval 
stage, via a stack of mesodermal cells that cap every mature ovariole called the ter-
minal filament (Figure 1.4). Terminal filament precursors divide throughout larval 
development and then form into stacks in the last larval stage (the third instar in 
drosophilids; Figure 1.4A). At the onset of metamorphosis (the pupariation stage), the 
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number of terminal filaments in the adults is determined by the number of terminal 
filaments formed at that point (Figure 1.4B). The posterior-most cells in the terminal 
filament stack along with other somatic cells form a bona fide stem cell niche (Xie and 
Spradling 2000; Panchal et al. 2017) in response to the insect molting hormone ecdy-
sone (Gancz et al. 2011). After pupariation, stem cell niches signal the germ line stem 
cells and ultimately the associated somatic follicle stem cells of the ovary to divide 
and then begin to differentiate, a process that continues into and throughout the adult 
stage. This delay of germ and follicle cell development until after pupariation is an 
example of Category 2 deferral: the needs of morphogenesis (namely organization of 
germ and somatic reproductive cells into ovarioles) dictate a delay in proliferation and 
differentiation until the terminal filament stacks are formed at the end of larval life.

The determination of terminal filament number is both subject to phenotypic 
plasticity (Category 3) and intra- and interspecific variation (Category 4). Raising 
Drosophila melanogaster larvae on low-quality food causes a reduction in terminal 
filament number via changes in the relative timing of terminal filament cell differ-
entiation just before pupariation (Category 3; Hodin and Riddiford 2000a). Reduced 
ovariole numbers are phenocopied in D. sechellia, a unique relative of D. melano-
gaster that feeds exclusively on a toxic fruit. These flies have much lower fecundity 
than D. melanogaster, with correspondingly low terminal filament numbers (Hodin 
and Riddiford 2000a). The developmental basis for the interspecific differences in 
terminal filament numbers between D. melanogaster and D. sechellia is differences 
in cell proliferation in the ovary primordia throughout larval development, a clear 
example of Category 4 deferral.

Our proposed Categories 5 and 6 of deferred development in Table 1.1 refer to 
lineages of embryonic cells retained in an undifferentiated state. However, unlike in 

FIGURE 1.4 Ovary development in the fruit fly Drosophila melanogaster, anterior is up in 
all panels. (A) An ovary primordium late in larval development (midthird instar) beginning 
the process by which presumptive terminal filament (TF) cells (here labeled in yellow and 
indicated with the white arrowhead) are forming into TF stacks. Unlabeled primordial germ 
cells are just posterior of these cells. (B) At pupariation (the onset of metamorphosis), the TF 
stacks (white arrowhead) have formed in this phalloidin-stained ovary primordium, demar-
cating where each of the ovarioles will develop during the pupal stage. A  primordial germ cell 
is indicated with the white arrow. (C) Schematic drawing of an adult ovary. TF stacks still cap 
each mature ovariole (gray shading): individual assembly lines for the production of numerous 
mature eggs throughout the adult female’s life. Scale bar in (A) is 10 µm and in (B) is 20 μm. 
Note that the mature ovary (C) is far larger: more than 1 mm in (anterior-posterior) length.
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Category 4, Categories 5 and 6 of deferral pertain to cells that produce a complex 
structure or structures unto themselves. Category 5 differs from Category 6 in that 
in the latter, the primordia of the complex structure or structures in question are seg-
regated into rudiments: distinct compartments of the developing organism destined 
specifically for future use (Wilson 1932; Strathmann 2000).

In the next section, we employ the examples of three taxa—insects, echinoderms, 
and ribbon worms—to help distinguish among Categories 4–6 deferral and to exemplify 
how the independent origin of Category 6 deferral via rudiments appears to have been 
key to the extreme examples of radical metamorphosis seen within these three taxa.

1.5  INDEPENDENT EVOLUTION OF EXTREME 
PATTERNS IN DEFERRED DEVELOPMENT

Our conclusion above is that what were referred to as “set-aside cells” are more 
correctly (and hopefully more usefully) described as “deferred development” or 
“deferred-use cells” of different kinds (Section 1.3, Table 1.1). As such, the issue of 
the possible homology (common evolutionary origin) of disparate deferred-use cells 
may be most appropriately approached in terms of the nature and degree of deferred 
development under consideration. In other words, whereas all instances in animals 
of deferred development could have a common evolutionary origin at or below the 
base of the Metazoa (see also Sogabe et al. 2019), instances of juvenile rudiments 
(anlage) developing in parallel and within the larvae of oweniid polychaetes, com-
pound ascidians, ribbon worms, echinoderms, and insects (Category 6 in Table 1.1, 
Figure 1.5) are almost certainly examples of homoplasy (i.e., similarity not resulting 

FIGURE 1.5 Development of juvenile bodies relative to larval bodies across taxa, illustra-
tive of Categories 4–6 deferral. (A) Annelid trochophore larva: Category 4. (B) Ribbon worm 
decidula larva (after Maslakova 2010): a possible intermediate between Categories 5 and 6. (C) 
Ribbon worm pilidium larva (after Maslakova 2010): Category 6. (D) Sea cucumber doliolaria 
larva (after Mortensen 1921): Category 5. (E) Sea urchin pluteus larva: Category 6. (F) Mesogen 
of the slime seastar Pteraster tesselatus (after Janies and McEdward 1993): Category 4.
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from common ancestry), resulting from selection for more rapid larval-to-juvenile 
transitions (Strathmann 2000).

Furthermore, a consideration of the numerous evolutionary origins of multicel-
lularity across the tree of life should give pause when postulating ancient origins 
of particular types of deferred-use cells. It is tautological that deferred development 
occurs in taxa that undergo development: namely, multicellular organisms. In that 
sense, any commonalities seen in deferral strategies or mechanisms among indepen-
dently evolved multicellular taxa—whatever Category as denoted in Table 1.1—must 
be examples of homoplasy. Similarly, among descendants of particular instances of 
the evolution of multicellularity, we encourage restraint in ascribing homology to 
ontogenetic processes in taxa that appear to have a shared mechanism (or Category) 
of deferral in a given developmental process.

With those caveats in mind, we now contrast the manner in which juvenile bodies 
are constructed relative to larval development in three animal lineages in which there 
is compelling evidence that an extreme pattern of metamorphosis has evolved inde-
pendently: ribbon worms (phylum: Nemertea), echinoderms, and insects. According 
to Davidson et al. (1995) and Peterson et al. (1997), planktotrophic echinoderms 
and ribbon worms are prototypical examples of “maximal indirect development” 
via a feeding larval stage, which differs in fundamental ways from the adult body 
plan. Nevertheless, there is general agreement—based on phylogenetics as well as 
characters such as embryonic cleavage patterns, formation of the larval mouth, lar-
val morphology, and larval feeding modes—that echinoderm and ribbon worm lar-
vae are not homologous (Strathmann 1978; Lacalli 1993; Thollesson and Norenburg 
2003; Dunn et al. 2014). As for insects, Davidson et al. (1995) and Peterson et al. 
(1997) placed insect development into a different category entirely, curiously assert-
ing that insects were direct developers. Given their dramatic and famous larval to 
adult transitions, most authors consider the holometabolous insects—a monophyletic 
group, including butterflies, beetles, flies, bees, wasps, ants, and other lesser known 
orders—to be archetypal examples of indirect development with complete metamor-
phosis (see, e.g., the numerous definitions of metamorphosis in Bishop et al. 2006). 
In any case, there is no dispute that what most authors call complete metamorphosis 
in insects evolved independently from that in our other two example taxa.

1.5.1  NEMERTEANS

Ribbon worms (phylum: Nemertea) are a clade of unsegmented mostly marine 
worms, and like many marine animal phyla, extant ribbon worms have a diversity of 
developmental modes from feeding to nonfeeding. Most modern phylogenies place 
ribbon worms in a superphylum called the Lophotrochozoa, which includes mol-
lusks, annelids, and lophophorates such as bryozoans and brachiopods (Dunn et al. 
2014). In addition to sharing spiral cleavage with other members of this clade, several 
of them (annelids, mollusks, and entoprocts) have a trochophore larva, and most 
larval biologists consider the unusual larval forms in ribbon worms to be modified 
trochophores (e.g., Maslakova 2010).

One class of ribbon worms called the Pilidiophora has a unique and derived 
 feeding larval form called the pilidium (Figure 1.5; Thollesson and Norenburg 
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2003; Maslakova 2010). In the pilidium larval life cycle, all major cell types in the 
larva have differentiated before development of the juvenile worm begins. The juve-
nile worm begins to form by the invagination of several imaginal disc rudiments; 
paired rudiments arise as invaginations of the larval ectoderm, while unpaired 
 rudiments appear to be mesenchymal (Maslakova 2010) (Figure 1.3D). Each of these 
discs—cephalic pair, cerebral pair, trunk pair, and singular posterior dorsal—is a 
 discontiguous section that forms a defined part of the juvenile body. These discs 
coalesce around the larval stomodaeum,5 so the gut potentially functions as a physi-
cal lattice, if not an organizer. Invaginated paired discs pinch away from the larval 
ectoderm forming a bilayered rudiment, in which the thick inner layer becomes the 
juvenile ectoderm and the outer layer encases the entire worm in a thin membrane 
called the amnion (Maslakova 2010; Figures 1.3B and 1.5C). Similar to indirect 
development in sea urchins, development of the pilidium larva culminates in a 
catastrophic metamorphosis, in which the juvenile worm rapidly erupts from and 
 consumes the larval body.

The growth of the pilidium larva occurs via a population of potentially  pluripotent 
cells that reside in specific regions of the larval epithelium in the indentations between 
the larval lobes and lappets. To draw an analogy to plant ancillary  meristems, Bird 
et al. (2014) termed these pluripotent cell–containing regions “axils.” There are four 
such outer and inner axils in the larva that form growth zones, and the majority of 
larval growth is attributable to cells in these axils. Interestingly, the imaginal discs 
are derived (at least in part) from precisely the same axils that, postembryonically, 
produced the majority of larval cells. Recent cell fate mapping data on the ribbon 
worm Maculaura alaskensis (von Dassow and Maslakova 2017) indicates that the 
axil cells are homologous to cells that, in a typical trochophore larva, would termi-
nally differentiate early (Category 2, Table 1.1) and form a band of cilia called the pro-
totroch (Figure 1.5A). Instead of this ancestral program of differentiation, axil cells 
continue to divide throughout larval development and give rise to the ciliated band 
and other novel pilidium tissues. The authors suggest that selection for this change 
in cellular division rates and profiles may have been a key innovation in the origin of 
the  pilidium—a maximally indirect-developing larva characteristic of ribbon worms 
in the class Pilidiophora. Therefore, in this example the notion of a deferred-use cell 
rather than a “set-aside cell” rises above semantics: these potentially  pluripotent 
axillary cells are proliferative during the entire life of the larva and  during the for-
mation of the juvenile body. Moreover, as Bird et al. (2014) were aware, this result 
alone argues against one of the central tenets of the set-aside cell hypothesis: that 
larval bodies are built from cells with intrinsically limited capacity for cell division 
and that this  limitation is reached at the end of embryonic development. 

Because the pilidium larva is derived from within the Nemertea, it becomes 
of interest to know whether this set of four proliferative zones, or axils, are nov-
elties ( apomorphies) as well. Pantinonemertes californiensis, a member of the 
Hoplonemertea (sister taxon to Pilidiophora), has a nonfeeding planuliform larvae 
called a decidula (Maslakova 2010; Figure 1.5B). In the decidula, which transforms 
into a juvenile much more gradually than a pilidium, some of the juvenile  structures 

5 A stomodaeum is a blind-end gut, an unusual configuration for a bilaterian larva.
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arise from spatially segregated invaginations of larval epidermis (Hiebert et al. 2010); 
gene expression studies are consistent with the hypothesis of homology between ecto-
dermal invaginations and pilidium imaginal discs (Hiebert and Maslakova 2015). 
The larval epidermis is shed or resorbed during development of the decidula larva 
(Hiebert et al. 2010), representing a minimal kind of metamorphosis. Hiebert and 
Maslakova (2015) suggested that the juvenile epidermal invaginations and epidermal 
shedding could represent a strategy to minimize or eliminate interruptions to larval 
ciliation patterns, which would otherwise reduce swimming performance.

Several groups within Lophotrochozoa (annelids, mollusks, and the less 
well-known entoprocts) have a trochophore larva, characterized by the presence 
of the preoral transverse ciliary band called the prototroch, which is derived from 
the same early-differentiating trochoblast cell lineage referred to above and serves 
as the primary swimming organ in the larva. Classic trochophore development is 
 exemplified in annelids, in which the larval anterior-posterior axis is coaxial with the 
adult one (Figure 1.5A); larval growth involves additions of segments at the posterior, 
lengthening the larval into a more recognizably annelid appearance. The presumed 
ancestral annelid-like condition can be considered Category 5 in our ontology: 
 deferral of posterior segments relative to formation of the feeding  trochophore larva. 
By contrast, the pilidium with its imaginal discs would be an example of Category 6: 
deferral via the formation of juvenile rudiment structures (the imaginal discs) early 
in larval development, alongside—but at orthogonal axes to—the growing pilidium 
larva (Figure 1.5C). Although the polarity remains uncertain, the Hoplonemertean 
nonfeeding decidula larva (Figure 1.5B) may represent an intermediate between 
Categories 5 and 6 in that there are populations of cells that form juvenile parts inter-
posed heterogeneously with the larval epidermis, but those rudiments are coaxial 
with the larva, and the metamorphosis is thus less radical.

1.5.2  ECHINODERMS

Echinoderms (sea urchins, sea stars, brittle stars, sea cucumbers, and sea  lilies) have 
among the most radical metamorphoses described for animals (Figures 1.3A–C, 
1.5D–F). The canonical echinoderm larva is a bilateral feeding form, which 
 metamorphoses into a pentamerally symmetric adult (Chia and Burke, 1978). These 
larvae can do so in dramatic fashion: within as little as 15 min, the swimming plank-
tonic form (Figure 1.3E) degrades, and a bottom-dwelling locomotory juvenile 
emerges (Figure 1.3F).

To accomplish this rapid transition, echinoderms employ a similar tactic described 
above for the pilidium larva: they initiate juvenile development early in the larval 
period through development of a segregated rudiment. In Section 1.3, we described 
the early stages of rudiment development in echinoids (sea urchins and sand dol-
lars): via an invagination of a portion of larval ectoderm underlying the mesodermal 
hydrocoel. Together—and along with additional coelomic participants—the invagi-
nated ectoderm and the hydrocoel form the oral field of the pentameral juvenile, with 
tube feet and spines developing within a functioning, feeding larva (Figures 1.3A, B, 
1.5F). In the oldest living group of echinoids, the pencil urchins (order: Cidaroida), 
this process is less extreme. Cidaroids differ from typical echinoids in that they do 
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not have a rudiment invagination, they do not develop definitive “adult-type” spines 
until the juvenile stage, and they retain much of the larval epidermis as juveniles 
(Emlet 1988). In this sense, they have a less radical metamorphic process, more akin 
to that seen in the sea cucumbers (Figure 1.5D), which likewise retains their larval 
epidermis into the juvenile stage (Chia and Burke 1978).

With respect to our proposed ontology, noncidaroid echinoids (subclass: 
Euechinoidea) such as the purple urchin Strongylocentrotus purpuratus exhibit 
Category 6 deferral of juvenile development via rudiment structures formed early in 
the larval period, in contrast to the more Category 5-like cidaroids and sea cucum-
bers. In addition to these broader patterns, echinoderms demonstrate numerous 
evolutionary transitions from feeding to nonfeeding larval development. And these 
derived life history modifications are accompanied by simpler ciliated larval forms 
that exhibit less extreme metamorphic transitions, which we might call a reversion 
to a more “Category 4-like” state. In the most extreme example known, develop-
ment in the slime sea star Pteraster tesselatus exhibits minimal traces of a bilateral 
larva. In P. tesselatus, the embryo develops directly to the juvenile via an abbre-
viated nonfeeding dispersive stage referred to as a mesogen, in which pentameral 
symmetry emerges early in development via five circumferential outpocketings of 
the gut along the animal-vegetal axis of the embryo (Janies and McEdward 1993; 
Figure 1.5F). The manner in which the mesogen transitions into a juvenile slime star 
is thus  analogous to the annelid example described above (Figure 1.5A). However, in 
annelids, the pattern of deferral is the seeming ancestral (plesiomorphic) condition, 
whereas in slime stars, Category 4 deferral is clearly derived (an apomorphy) from 
Categories 5–6 sea star ancestor (Janies and McEdward 1993).

1.5.3  INSECTS

Our third and final comparison is insects, a group that Davidson et al. (1995) placed 
in a separate category of development from the majority of animals due to their 
derived early nuclear division patterns without complete cleavage.6 And although 
much of embryogenesis in insects is indeed unique relative to even their sister group, 
the Crustacea, a broader look at the evolution of insect life histories reveals a striking 
parallel to our descriptions of ribbon worm and echinoderm metamorphosis above.

Like all arthropods, insects grow between molts, and the stages of development 
are denoted by the number and type of molts having occurred. The most ancient liv-
ing insect lineage is a primitively wingless group referred to as the Ametabola, which 
have no distinct metamorphosis (Figure 1.6). Juvenile Ametabola such as  silverfish 
look nearly identical to adult silverfish except that they are not yet reproductively 
mature (Figure 1.6A). In addition, silverfish have indeterminate molting, as they con-
tinue to molt after reaching reproductive maturity. By contrast, all of the more derived, 
winged insects have determinate molting. With the sole exception of mayflies, insects 
with wings cannot molt, and the adult stage is the final stage (Figure 1.6B, C).

Among the winged insects are two main groups characterized by distinct life 
 histories. The hemimetabolous insects (Figure 1.6B)—such as true bugs (Hemiptera), 

6 An interesting example of deferred development in its own right: deferral of cytokinesis.
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grasshoppers, cockroaches, and mantids—are so-called because they have a  subtle 
metamorphosis between their nymphal stages that lack functional wings and 
 reproductive structures and their adult stage that has these features. The second main 
group of winged insects are the Holometabola (Figure 1.6C), so-called because they 
have a famously dramatic metamorphosis. Examples of the holometabolous insects 
are flies, beetles, and butterflies, each of which has a larval form (maggot, grub, and 
caterpillar) that passes through a metamorphic pupal stage before emerging as what 
is generally a strikingly different looking, winged adult.

Underlying these three different life history types in insects (Figure 1.6)—are cor-
responding differences in deferred development via rudiments. In the Ametabola, there 
is an obligatory delay of several molts until the attainment of sexual maturity, and this 
delay is accompanied by corresponding deferral of differentiation of the internal and 
external reproductive structures (Lindsay 1940; Figure 1.6A). Still, the timing of these 
 differentiation events in silverfish and other Ametabola is quite variable and occurs 
gradually over a span of several molts (Lindsay 1940; Wigglesworth 1972). According 
to our  proposed ontology, the delay in the cellular and developmental events accompa-
nying reproductive maturity in the Ametabola is thus an example of Category 4 deferral.

In the Hemimetabola, by contrast, there is a clearer distinction between preadult 
(“nymph”) and adult stages. Although the primordia for both the wings and the genita-
lia are present during hemimetabolous nymphal stages (Figure 1.6B), there is a discon-
tinuous increase in their prominence in the final molt to the adult stage (Wigglesworth 
1972). Furthermore, this nymphal-to-adult molt often corresponds to a dramatic change 
in habitat and corresponding physiology, such as from aquatic-to-terrestrial in some 

FIGURE 1.6 Life history strategies in insects. Stylized versions of (A) ametabolous, 
(B) hemimetabolous and (C) holometabolous life histories, indicating deferred-use structures 
(in gold) specified in immature stages (left-side images), and differentiated in adult stages 
(right-side images). (A) Absence of deferred structures in Ametabola. (B) Differentiation of 
wings and reproductive structures specified in nymphs (left), whose differentiation is deferred 
until the final molt to the adult stage (right) in Hemimetabola. (C) Rudiments, in the form of 
imaginal discs, in larvae (left) that produce most of the adult structures (right) aside from the 
abdomen in Holometabola. Note that holometabolous insects have a pupal stage not shown here.
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hemimetabolous insects, including stoneflies (order: Plecoptera). This metamorphic life 
history shift from nymph to adult in hemimetabolous insects, and the associated greater 
distinction between larval and juvenile structures when compared to the Ametabola, 
thus qualifies as an example of Category 5 deferral in our proposed ontology.

The monophyletic Holometabola share several features that correspond to a 
more dramatic life history shift than seen in the Hemimetabola. First, as  previously 
 mentioned, the morphology of holometabolous preadult (“larval”) stages are 
 morphologically quite distinct from the adults (Figure 1.6C). Second, there is a bona 
fide metamorphic life stage in holometabolous insects—the pupa or chrysalis—which 
intervenes between larva and adult. And third, as in echinoderms and ribbon worms, 
we see a trend toward early segregation of the primordia of adult structures in the 
form of ectodermal invaginations (Figure 1.6C). These rudiment structures, as in the 
ribbon worms, are called imaginal discs, and the cells that form them are specified in 
the embryo and then proliferate during larval stages before differentiating in the pupa.

As we observed in the trochophore-to-pilidium derivation, here we again see 
evidence for an evolutionary progression toward increased reliance on rudiments, 
with correspondingly greater portions of the adult being specified by imaginal discs 
in crown group Holometabola. A phylogenetic analysis by Truman and Riddiford 
(1999) indicates that early specification and proliferation in imaginal discs arose 
independently in several different holometabolous lineages. Specifically, these 
authors document a reiterated progression from Category 5 to Category 6 deferral in 
what appears to be a minimum of six different holometabolous lineages, in response 
to hypothesized selection for more rapid metamorphic transitions.

We want to reiterate that the categories in our proposed ontology are not hierarchi-
cal in nature, nor do they automatically imply an evolutionary series, as  exemplified 
by adult cuticle formation in the holometabolous insects. Whereas the imaginal discs 
in the Holometabola generate the adult limbs, head, and dorsal thorax (Figure 1.6C), 
their adult abdominal cuticle is derived from small nests of histoblast cells. These 
cells make larval and pupal cuticle, proliferate during metamorphosis, and then 
 produce adult abdominal cuticle before eclosion into the adult stage (Ninov et al. 
2009). In this sense, the deferral of histoblast proliferation and formation of adult 
cuticle until the metamorphic signal is received is an example of Category 4 deferral 
in the Holometabola, as the histoblasts are specialized to only produce abdominal 
cuticle. Meanwhile, during the same deferral period when histoblast cells are either 
proliferating or producing larval or pupal cuticle, the majority of the adult body is 
forming via imaginal disc rudiments of the Category 6 variety.

And again, in insects, there are examples where Category 5 or 6 deferral is evo-
lutionarily lost. Gall midges (Diptera: Cecidomyiidae) are typical holometabolous 
insects, with larval maggots that metamorphose through a pupal stage into winged 
adults. One group of gall midges are mushroom pests in the maggot stage. When a 
female finds a mushroom on which to oviposit, she lays female-determined eggs that 
will hatch into “paedogenetic” maggots: their ovaries mature during larval develop-
ment, far earlier than in typical flies (see Section 1.4); the eggs activate parthenoge-
netically and hatch inside the mother maggot; and the baby maggots consume the 
mother and then emerge to continue feeding on the mycelium (reviewed in Went 
1979). In this extreme abbreviated life cycle, metamorphosis and all signs of adult 
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development are skipped entirely, and development of the ovaries is accelerated via 
early activation of ecdysone responsiveness particularly in the ovary primordium 
(Hodin and Riddiford 2000b). When the mushroom patch dies off, then the larvae 
will proceed through metamorphosis to produce male and female winged adults that 
will mate and disperse to find a new mushroom patch to exploit. An analogous case 
is seen in aphids with telescoped generations (see Dixon 1985). These examples, as 
we discussed above with the insect abdominal histoblasts and the slime star mesogen 
(Figure 1.5F), exemplify how our six proposed categories of deferred development 
should not be considered a unidirectional hierarchical progression.

1.6  SUMMARY AND CONCLUSION

Nearly all multicellular life invokes a cyclical need to integrate cell division with 
ontogenetic processes so that divergent cell functions arise in the right place at the 
right time. Additional demands of multicellular ontogeny are to make the bodies 
of later life cycle stages from those of earlier ones and to repair or replace parts. 
Collectively, these elements of ontogeny have converged upon the need for mecha-
nisms to maintain and then express developmental potential in a temporally and 
spatially structured manner. Pluripotentiality is thus an essential commodity of 
 multicellular life that can be retained by either physically segregating populations of 
cells whose terminal developmental programs are deferred to varying degrees until 
signaled, or initiating regulated program of re- or transdifferentiation. In metazoans, 
the prevailing mode of development relies on deferred-use developmental programs, 
rather than transdifferentiation; this may be an evolutionarily derived state. Because 
there are multiple ways in which animal ontogeny is time-structured, using examples 
of development in selected animals, we have attempted to formalize an ontology of 
deferred development and deferred-use cells. We hope that this exercise engenders 
comparisons among taxa about how different lineages employ deferred development 
and deferred-use cells to contend with the demands of ontogeny.
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