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no single, widely accepted ‘grand’ or ‘overarching’ 
theory of development (Love, this volume) that ‘or-
ganizes’ a whole domain of knowledge (cf. Waters, 
2008a) in the way that Darwin’s principles (Darwin, 
1859) are seen to organize evolutionary knowledge 
(see Lewontin, 1970) or Newton’s principles organ-
ize and even define classical mechanics (see Giere, 
1988), it is worthwhile to speculate about what an 
articulated theory of development might look like. I 
propose that (mature) scientific theories be concep-
tualized as comprising three kinds of components: a 
set of core principles, at least one family of models, 
and a theoretical perspective. This set is sufficient to 
make a theory potentially empirical. The empirical 
content of a theory depends in addition on ‘theoret-
ical hypotheses’ (Giere, 1988) linking principles or 
models to ‘nature’ or constructed phenomena and 
stable ‘effects’ (Hacking, 1983).

After locating the concept of development I fa-
vour within a very abstract general account of re-
production, I consider the complex life cycle of 
malaria parasites to explore the concept of devel-
opment in cellular contexts where development 
in complex life cycles is best not considered sepa-
rately from reproduction. I then extend the concept 
of development beyond cellular life to consider an 
example of molecular development: the replication 
of HIV-1 retroviruses. Understanding retrovirus 
replication as a developmental process requires 
considering the whole life cycle, multiple levels of 
biological organization, and the fact that at some 

chapter 12

Reproduction and scaffolded 
developmental processes: an 
integrated evolutionary perspective
James Griesemer

Introduction

Traditional concepts of development concern the 
embryogenesis of organisms from single-celled 
zygote or egg to multicellular differentiated adult. 
The goal of this chapter is to probe the conceptual 
boundaries of traditional concepts of development 
and their relations to heredity and evolution by re-
fining a concept of development designed for inte-
gration into a general account of units of evolution 
(Griesemer, 2000a, b, c, 2005, 2006a). The concept of 
development has already been extended beyond 
embryogenesis in the 20th century transition from 
embryology to developmental biology, though the 
implications are still being worked out (e.g. Bio-
logical Theory 2011 special issue, The Boundaries of 
Development). Extended concepts of reproduction, 
heredity, and selection are needed as well if an inte-
grated theory of evolution is to be achieved.

That project is too ambitious for one chapter. Here 
I consider the concept of development in the con-
text of an account of reproduction designed to serve 
some general principles of ecological, evolutionary 
developmental biology and the place of concepts in 
an inclusive view of biological theories. If theory is 
taken to include several kinds of theoretical com-
ponents rather than just one, it is plausible to think 
that developmental biology already has and oper-
ates with many theories, even if practitioners rarely 
articulate or present theories of development as a 
goal of research. However, because there seems to be 
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biology can be practiced as an ‘inexact science’ 
without a theory in this sense. However, the inte-
gration of developmental biology with evolution-
ary theory may well require a formalized, exact 
theory of development.

Expansion of evolution and inheritance theories 
to include development calls not only for adding 
developmental principles to Darwin’s principles 
(see Wimsatt, 2001) but also for a careful considera-
tion of how concepts, principles, and models of de-
velopment articulate with concepts, principles, and 
models of heredity and evolution. Moreover, good 
conceptual practice calls for probing the boundaries 
or limits of concepts central to the core principles 
of theories by stretching them beyond their origi-
nal domains of application. This is an ‘engineering’ 
conception of philosophy for science (Griesemer, 
2006b). It is a heuristic practice of ‘conceptual me-
chanics’ seeking to learn how to build better, more 
robust concepts, models, and theories. The method 
is to stretch concepts to breaking points by appli-
cation to potentially inappropriate subject matter, 
such as the application of developmental concepts 
to the molecular level, as considered here in the rep-
lication cycle of HIV-1 and malarial parasites, so as 
to study how they fail in the hope of understand-
ing why they fail (see Wimsatt, 2007). Conceptual 
interventions of this kind, when practiced in the sci-
ences, are usually coordinated with material experi-
mental practices and the deliberate construction of 
false models as means to ‘truer’ theories (Wimsatt, 
1987, 1992, 2007).

Expanding the conceptual boundaries 
of development

This chapter employs such a heuristic strategy. The 
goal is a robust concept of development, articulated 
with concepts of heredity and evolution, that does 
not presuppose any particular, historically contin-
gent, evolved mechanism for its operation. The aim 
is not conceptual analysis, but rather to explore how 
revised, articulated concepts might transform the 
ways models and theories are built and how the 
conduct of empirical and theoretical research can be 
envisioned, carried out, and evaluated. The aim is 
thus empirical and practical, even though the work 
here is conceptual and theoretical.

stages the virus is a molecule while at others it is a 
complex, membrane-bound entity. At all stages, the 
virus per se lacks metabolism but has development. 
Metabolism is the province of a hybrid entity—the 
virus–host fusion—while virus developmental ca-
pacities are carried through this ‘hybrid state’ by vi-
rus molecular entities through several ‘generations’ 
that develop in ecologically different molecular en-
vironments of the host. While it is tempting to treat 
this description as mere analogy, I argue that push-
ing the ecological-evolutionary-developmental bi-
ology of viral infection to the molecular level is a 
heuristically useful extension of the concept of de-
velopment to the molecular level. I return at the end 
of the chapter to consider whether the proposed 
conceptual change advances the pursuit of a theory 
of development in the expanded sense presented in 
this chapter.

Conceptual change has been a common, but not 
the sole, means of theory development in biology. 
It is widely recognized already, for example, that 
the units of selection are not limited to within-
generation changes in frequencies of organism 
phenotypes, so Darwinian theory can be extended 
by conceptualizing units of selection or ‘individu-
als’ more broadly than just ‘organisms’. Evolution 
may also proceed by genetic drift rather than or 
in combination with natural or sexual selection, 
so evolutionary theory can also be extended by 
the addition of evolutionary forces to the list of 
Darwinian principles. But more importantly, he-
reditary relations between parents and offspring 
depend on the developmental processes linking 
offspring phenotypic states to adult/parent phe-
notypic states. Thus, to extend evolutionary theory 
by considering novel mechanisms (and levels) of 
heredity, such as trans-generational epigenetic in-
heritance and epigenetic heritability (e.g. Tal et al., 
2010), theories of inheritance must be articulated 
with a theory of development. A theory of devel-
opment is therefore a requirement for extending 
evolutionary theory, even if it were not needed for 
the conduct of inquiry into development per se. 
Griesemer (2013) argues that the role of theory in 
inquiry is in part through ‘formalization’, a pro-
cess by which exact theory rather than inexact em-
pirical conduct and modelling is taken to delimit 
and control the domain of study. Developmental 
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development. Minelli and Laplane argue convinc-
ingly that the temporal boundaries of development 
in various kinds of organisms are better described 
with these expanded concepts than with traditional 
ones.

Minelli usefully frames the problem of search-
ing for a comprehensive theory of development 
in terms of what he says development is not: ‘de-
velopment (1) is not restricted to the multi-cellular 
organisms, (2) does not necessarily start from an 
egg, (3) does not necessarily start from a single cell, 
(4) does not necessarily imply an increase in struc-
tural complexity, and (5) does not necessarily end 
with the achievement of sexual maturity’ (Minelli, 
2011b: 5).

Minelli’s and Laplane’s concepts are, however, 
both cellular concepts of development. Minelli’s 
third claim rests on the observation that develop-
ment may start from multicellular bodies such as 
buds rather than single cells, not that development 
applies to non-cellular processes. Yet if we want 
to deploy such a concept of development in an ac-
count of mechanisms of evolutionary transition, 
the evolutionary origin of new levels of biological 
organization (Maynard Smith & Szathmáry, 1995), 
this limitation to cellular development is too restric-
tive. Cellular life could not evolve from non-cellular 
life on the presuppositions that development is an 
inherently cellular process and that development is 
necessary for evolution. Moreover, if evolution is a 
cellular process (because development is), evolu-
tionary change above the level of multicellular or-
ganisms, e.g. among groups or populations, would 
not be appropriately understood as evolutionary 
processes because groups and populations are not 
cellular, even if their organism parts are composed 
of cells; so the ‘development’ of groups and pop-
ulations would not be cellular processes, except 
derivatively on a reductive account of group and 
population evolution in terms of cells.

I seek a concept of development that does not 
conceptually rule out the evolutionary origin and 
elaboration of cellular life or adaptive group, social, 
or cultural change by presupposing the conceptual 
boundary of development is to be drawn around 
cellular forms of organization. I seek to probe that 
boundary, though I have no stake in whether evo-
lution below the cell or above the group occurs. I 

A concept of units of selection based on proper-
ties of modern genes, for example, cannot provide 
the conceptual resources to explain the evolution-
ary origin of genes (Griesemer, 2000c, 2005). Analo-
gously, I am in sympathy with Minelli, who calls 
for a theory of development that does not depend 
on any ‘adultocentric’ periodization of the develop-
mental process manifested by any particular (typi-
cally animal) taxa (Minelli, 2011b: 5). I am also in 
sympathy with Laplane, who rejects the idea that 
either reproduction or death, treated as events in 
the life cycle, are adequate delimiters of the tem-
poral boundaries of development (Laplane, 2011). I 
go farther, however, in calling for an account of the 
process of development that is not delimited by a 
conceptual boundary accepted by Minelli, Laplane, 
and most other analysts of concepts of biological 
development: that development is necessarily a cel-
lular process. While it may be empirically true that 
life is inherently cellular, it is nevertheless prob-
lematic to presuppose cellularity in characterizing 
or defining development (Griesemer & Szathmáry, 
2009: 499).

Minelli proposes that ‘a comprehensive theory of 
development should start with a zero principle of 
“developmental inertia,” corresponding to an in-
determinate local self-perpetuation of cell-level dy-
namics’ (Minelli, 2011b: 4; see also Minelli, 2011a). 
This kind of proposal is a step towards effectively 
overcoming human, vertebrate, or animal biases 
by conceptualizing development comprehensively, 
without regard to any particular mode or taxon, in 
terms of a process of self-maintaining cell dynam-
ics rather than in terms of a developmental goal, 
fate, or evolutionary consequence. Laplane (2011) 
likewise resists traditional approaches to the con-
cept  of development as biased towards certain 
forms of organization. She argues that a considera-
tion of stem cells rather than eggs or zygotes leads 
to a more useful and more comprehensive account 
of developmental capacities that is not distorted by 
delimitation in terms of the ultimate developmen-
tal capacity: reproductive capacity. She argues for 
a temporal ordering of development in terms of 
the differing proximate developmental capacities 
of totipotent, pluripotent, multipotent, and unipo-
tent stem cells. Laplane’s proposal provides excel-
lent guidance towards a less biased conception of 
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2013) contribute to inheritance across the extended 
genealogical nexus. That in turn depends on the 
roles environments play as contributors to repro-
duction. To what extent and in what ways are envi-
ronments reliable enough to deliver developmental 
capacities to offspring in the form of nutrition (ma-
terial, energy) and environmental triggers (reviewed 
in Gilbert & Epel, 2009), scaffolding (physical inter-
actions formed between developers and scaffolds to 
facilitate development; discussed in Caporael et al.,  
2014), and prostheses (organized parts added to a 
developing system that enhance or substitute for 
developed parts, e.g. hermit crab houses, nests and 
nest sites, knowledge recorded in books, scientific 
instruments that enhance perception)? To the extent 
material modes of reproduction processes involve 
environmental contributors, developing systems 
may forego making or managing developmental 
components on their own or receiving them ready-
made from parents, thus making genealogies more 
a matter of organized developmental environments 
or niches and less a matter of uniquely genetic in-
heritance (Griesemer, 2014; Griffiths & Stotz, 2013). 
Niche construction (Odling-Smee et al., 2003), eco-
logical engineering (e.g. Sterelny, 2001), and devel-
opmental systems theory (Griffiths & Gray, 1994; 
Oyama, 1985; Oyama et al., 2001) all integrate de-
velopmental concepts into evolutionary thinking 
in the form of extended concepts, principles, and 
models which are ingredients for an integrated and 
extended theory of ecological developmental evo-
lution. How such efforts relate to a theory of devel-
opment remains to be seen.

Moreover, to address problems of evolutionary 
transition, characterized as transitions to new levels 
of reproduction, in which ‘entities that were capa-
ble of independent reproduction before the transi-
tion can reproduce only as parts of a larger whole 
after it’ (Griesemer, 2000c: 79) and for philosophical 
reasons explored more fully elsewhere, I articulated 
a view of development in relation to reproduction 
and inheritance (Griesemer, 2000a, b, c, 2005, 2006a, 
2014; Griesemer & Szathmáry, 2009; Wimsatt & 
Griesemer, 2007). Here I refine the account in line 
with some aspects of Laplane’s (2011) and Minelli’s 
(2011b) proposals, but abstract from cells as units 
of development to a more general concept suitable 
for the heuristic purposes mentioned above. These 

do insist that it is an empirical question to be an-
swered by empirical investigation and that my pro-
ject is not to be taken as one of conceptual analysis 
of heredity, development, and reproduction, but 
rather as one of modelling concepts for the sake of 
an extended, integrated theory (see Griesemer, 
2014). Rather than defining concepts, the concep-
tual modeller represents possible meanings that 
function as empirical hypotheses: suppose biologi-
cal development were not a cellular concept tied to 
certain structural levels of organization, but rather a 
processual concept tied to certain functional modes 
of organization, could we then extend development 
to phenomena not typically investigated develop-
mentally? If so, that discovery would reflect on our 
understanding of cellular as well as extended pro-
cesses of development. It would also generalize the 
significance of theoretical principles involving the 
concept by abstracting them from structural con-
straints ( Griesemer, 2005).

If extension of the concept of development be-
yond cellular life is successful, we might then 
gain conceptual and theoretical resources to turn 
back to traditional exemplars of cellular devel-
opment with fresh eyes and research questions, 
about the nature of cellularity, for example. Is 
the key concept of cellularity boundedness by a 
lipid membrane, a mode of autonomy grounded 
in metabolism, or something else? We might also 
gain new tools with which to explore the chemical 
and human cultural domains in which ‘non-bio-
logical’ analogues of processes of development, 
heredity, and evolution may occur. If the extended 
concept breaks down, then we will perhaps learn 
something about the unique developmental sig-
nificance of cellular organization we didn’t under-
stand before.

A reproducer perspective 
on development

From an evolutionary perspective, the full phylo-
genetic distribution of material modes of reproduc-
tion is an empirical question depending not only 
on DNA genealogy, but also in part on the ways 
and extent to which ‘exogenetic’ environments in-
volving a wide range of developmental resources 
beyond protein-coding genes (see Griffiths & Stotz, 
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Most importantly, at least some materially over-
lapping parts convey developmental capacities to 
offspring via the transfer of parts, i.e. a material ‘pro-
generation’ (propagule generation) or propagation 
with material overlap (see also Griesemer, 2000a). 
Development is the recursive acquisition (over a 
compositional hierarchy of parts and wholes) of 
a capacity to reproduce. Recursion bottoms out in 
‘null development’ in which progenerated entities 
are born ‘ready-made’ with a capacity to develop, 
rather than having to acquire a capacity to develop. 
Development in the special case of multicellular 
organisms requires reproduction of cells, reproduc-
tion of cells requires development of cellular capac-
ities, and cell development requires autocatalysis 
(null development) of cellular constituents.

An evolutionary reason biological reproduction 
may depend on material overlap is that it might 
improve the robust, reliable propagation of organ-
ized mechanisms of development over what an 
unstable, uncertain, less complexly organized en-
vironment can deliver in suitable temporal order 
and spatial configuration to a developing offspring. 
The argument rests on a developmental version 
of Simon’s (1962) evolutionary argument for the 
hierarchical architecture of complex systems. De-
velopment of systems from previously developed 
material modules in organized spatio-temporal pat-
terns conferring novel capacities on the modules, 
rather than from de novo assembly of the entire col-
lection of unorganized ‘adult’ parts, is dynamically 
more effective and more stable and reliable. Mate-
rial propagules in reproduction, like material mod-
ules in hierarchical assembly processes, can more 
effectively preserve and propagate developmental 
order because they organize and preserve complex 
developmental mechanisms that carry capacities 
from parental to offspring context.

A material product or part spatially isolated from 
the reproducer(s) that progenerated it and which is 
lacking in developmental capacity should not really 
be considered an offspring. Thus, all (biological) de-
scent relations involve relations of material overlap, 
but not all relations of material overlap constitute 
(biological) descent relations. (Biological) descent 
relations hold only for reproducers. Developmental 
capacity is, in the most expansive sense, a capacity 
to acquire the capacity to reproduce. Reproductive 

refinements require considering ecological context 
as part of the concept of development.

Contemporary developmental biology is ‘ going 
eco’, i.e. recognizing that normal development is 
plastic in ways that depend on specific kinds of 
environmental inputs and feedback (Gilbert, 2001; 
Gilbert & Bolker, 2003; Gilbert & Epel, 2009; West-
Eberhard, 2003). Environmental components must 
be included in the concept of development. The 
concept of development is thus being extended to 
developmental systems (Oyama, 1985; Oyama et al., 
2001) of quite heterogeneous kinds of elements from 
developing organisms organized around traditional 
notions of gene and cell lineages. I focus here on 
certain of the environmental inputs to development 
which function as developmental ‘scaffolding’.

Concepts of heredity, heritability, and inheritance 
carry with them implicit conceptions of develop-
ment by presupposing the operation of develop-
mental processes leading to the repeated dynamic 
realization of stable phenotypes. Accounts of geno-
type/phenotype relations for example typically 
assume a cellular environment in which gene ex-
pression depends on developmental mechanisms 
transmissible between cell generations. Bringing 
such conceptual dependencies to light may reveal 
hidden theoretical presuppositions and improve 
understanding of well-entrenched models and the-
ories (Griesemer, 2007).

For these and other reasons (see Griesemer, 2005), 
I proposed the core elements of the following ac-
count of evolution (see Griesemer, 2000a, b, c). Evo-
lution is descent with modification of a population 
of reproducers. Reproducers are entities that have 
the capacity to make more reproducers, i.e. gener-
ate descent relations among entities organized by 
reproduction into lineages that are genealogically 
connected, such that offspring have relations of 
material overlap with their parents. Material over-
lap means that at least some material parts of the 
offspring were formerly material parts of the par-
ents. Thus, reproduction involves a bond of mate-
rial continuity, not merely one of resemblance nor 
merely one of formal transmission of information 
(see Griesemer, 2014 for a recent statement and 
 Griesemer, 2005 for arguments that reproduction 
understood in terms of copying or merely formal 
relations are problematic as stand-alone concepts). 
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 Godfrey-Smith argues that formal reproduction 
actually occurs in a few kinds of cases: retrovi-
ruses, prions, and some transposons. I address his 
criticism below by arguing that cases which appear 
not to involve material overlap between parents 
and offspring, such as retrovirus replication, can 
be understood as cases of development in complex 
molecular life cycles, in which an offspring virion 
escaping from a host cell is not the offspring of a 
parent virion infecting that host but the grand-off-
spring of several molecular generations intervening 
between the infecting parent and the escaping off-
spring virions. Each molecular generation involves 
material overlap and movement to a new molecular 
or sub-cellular ‘host’ environment within the host cell 
between each pair of molecular generations. Fur-
ther aspects of my response to this kind of challenge 
to the reproducer account are beyond the scope of 
this essay (but see Griesemer, 2014).

In the abstract account, relations of heredity are 
formed at minimum between parents and offspring 
simply because they share parts; hence there will 
automatically be some parent–offspring correla-
tions (‘heritability’) in the properties of shared parts 
(cf. Darwin, 1868: 397). This abstract account can 
also support further concepts more apposite for 
contemporary biology by considering evolved forms 
of the transfer of developmental capacities, such 
as the coding system of DNA replication and tran-
scription/translation (see Griesemer, 2000a).

Systems of heredity in which evolved mecha-
nisms insure that particular forms, structures, or 
organizations are repeatedly assembled in develop-
ment may be called inheritance systems (Griesemer, 
2000a; on repeated assembly see Caporael, 2003; 
Caporael et al., 2014). Recent work on epigenetic in-
heritance points to the possibility of various kinds 
of inheritance systems evolved from more basic sys-
tems of reproduction, including genetic, epigenetic, 
behavioural, and symbolic inheritance systems 
(Jablonka & Lamb, 2005). More advanced inherit-
ance systems involve particular mechanisms for 
controlling the transfer and developmental articu-
lation of offspring structures. One type of advanced 
inheritance system includes coding mechanisms 
fundamental to modern genetic systems. Thus re-
productive, inheritance, and genetic systems can be 
interpreted as ‘grades’ of evolved developmental 

capacity is the capacity to realize the progeneration 
of developmental capacity in new reproducers. A 
sterile ‘offspring’ can be said to be an offspring in 
the restricted sense that it inherits an incomplete 
developmental capacity. If developmental biolo-
gists consider a sterile but otherwise somatically 
matured organism to have fully developed, this fact 
(if it is a fact) indicates that developmental biolo-
gists demarcate development and reproduction ac-
cording to within and among generation processes 
and capacities differently than does my extended 
concept. While my proposal may seem counter-
intuitive and even to offend ordinary usage, the 
traditional demarcation leads to equally counter-
intuitive results. A fertile adult male moth incapa-
ble of feeding but which is capable of reproducing 
would on traditional views be considered fully de-
veloped, yet ‘maturation’ or ‘adulthood’ in this case 
incorporates the aspect of reproductive capacity in 
order to discount the inability to feed as not count-
ing against ‘full’ development (compared, say, to a 
female of the same species). The traditional demar-
cation of development and reproduction does not 
explain why reproduction is part of the concept of 
‘full development’ in some cases but not others.

A population of reproducers is the minimal unit 
of evolution (see Millstein, 2009, 2010 on a concept 
of population that can be generalized to serve pre-
sent purposes). Reproducers in such a population 
can vary, can produce offspring differentially, and 
can ‘transmit’ properties by conveying develop-
mental capacities to offspring, so they are capable 
of fulfilling Darwin’s principles for evolution by 
natural selection (Darwin, 1859; Lewontin, 1970). 
Such populations are capable of fulfilling Godfrey-
Smith’s criteria for Darwinian populations: ‘collec-
tions of things that vary, reproduce at different rates, 
and inherit some of this variation’ (Godfrey-Smith, 
2009: 107). Godfrey-Smith (2009: Ch. 4) argues that 
my account of reproduction is sufficient but not 
necessary for units of evolution, on the grounds 
that material overlap is not necessary for reproduc-
tion. Reproduction might be ‘formal’ rather than 
material, i.e. parents can be causally responsible for 
the determination of offspring form but make no 
material contribution to offspring, such that parent– 
offspring correlations are produced without mate-
rial transfer of parts (Godfrey-Smith, 2009: 79–81). 
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a chemical level at which developmental capacity 
is an automatic consequence of autocatalytic cyclic 
chemical synthesis, as in intermediary cellular me-
tabolism, rather than an acquired biological capac-
ity. Note that the recursive feature of development 
as characterized here does not exclude recursion 
up levels of compositional organization: organisms 
might reproduce only as their scaffolding contexts 
develop, which may involve the reproduction of 
parts of those contexts, and so on (see Caporael et al.,  
2014 and ‘Development of hybrids’).

Third, and most importantly for present pur-
poses, although the concept of development is ar-
ticulated in relation to reproduction, the concept 
proposed here does not entail the temporal bounda-
ry of development rejected by Laplane (2011), nor is 
it a violation of Minelli’s point 5 that development 
does not necessarily end with the achievement of 
sexual maturity. The realization of a capacity (or 
skill) does not entail the end of the process realizing 
it nor the beginning of another process exercising 
it. Capacities and skills may be refined after they 
are acquired and may even require their exercise/
realization in order for refinement or elaboration 
to occur. Taking death, reproduction, or sexual ma-
turity as traditionally understood as a temporal 
boundary focusses too much on conditions of the 
persistence of cellular entities and time of first ap-
pearance of traits which, from the reproducer per-
spective, are better understood as conventions for 
modelling capacities rather than basic to the con-
cept of  development.

The process by which I learn to ride a bicycle 
need not end at the point when I can balance while 
moving forward: my skill at riding increases well 
beyond that point with practice. Those refinements 
may have consequences for other downstream de-
velopmental processes such as hand, foot, and eye 
coordination, ability to shift attention on short time 
scales, ability to ride safely in traffic, and even abil-
ity to teach others to ride. In other words, the re-
finement of a capacity beyond its acquisition, initial 
exercise, and first and often only realization may be 
continuing aspects of the process that generates it.

Nor does the concept proposed here entail the 
kind of ‘teleological’ dependency of development 
on evolution rejected by Minelli (2011b) in favour 
of an account of development for its own sake. 

organization covering a range of reproducers that 
belong to the kinds of populations known to biolo-
gists to constitute potential units of evolution.

Three features of the abstract concept of develop-
ment introduced above are important to note. First, 
development is characterized in terms of capacities 
that can realize reproductive capacity. In this way, 
the concept is made not to depend on any particular 
kind, level, scale, or grade of material, structural or-
ganization such as a cell or a self-replicating nucleo-
tide polymer. A huge diversity of modes, patterns, 
and processes of apparent development are already 
well known to developmental biologists and embry-
ologists. Any of these that cannot, given a range of 
environments and population contexts, contribute 
to the reproductive potential of some reproducer or 
other, is not really a mode of biological development. 
In saying this, I do not exclude from development 
the elaboration or emergence of ‘post-reproductive’ 
(i.e. post-progenerative) traits, since a trait in one 
reproducer may serve a scaffolding function for 
another. Traits such as post-reproductive cancers 
are dead-ends in a developmental sense as well as 
in Dawkins’ (1982) sense of dead-end rather than 
germ-line replicators.

On this broad characterization of the concept of 
development abstracted from any particular cellu-
lar or other mechanistic mode, one can model devel-
opment in non-cellular processes such as  proto-cell 
evolution (see Gánti et al., 2003; Griesemer, 2008; 
Griesemer & Szathmáry, 2009; Szathmáry, 2006). 
Cultural development resulting from social interac-
tions among biological (and other) constituents can 
also be modelled as possibly involving reproducers 
that convey developmental capacities at a cultural 
level (Caporael et al., 2014; Griesemer, 2014; Wim-
satt & Griesemer, 2007).

Second, as noted above, development is recur-
sively linked to the more-making process of progen-
eration, in which material parts of parents become 
material parts of offspring. The recursion is an im-
portant feature of the view because it conceptualiz-
es the notion of levels of organization in terms of the 
process of reproduction at a level. For multicellular 
organisms to reproduce, they must typically de-
velop, but their development typically involves the 
reproduction of their (cellular) parts, which in turn 
involves (cellular) development, and so on down to 
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a developmental capacity Dj from the exercise of a 
developmental capacity Di involving the reproduc-
tion of components of the sub- (or super-) system 
that has or carries Di had been set aside for pur-
poses of this discussion.) The entity or process bear-
ing each capacity was presumed to persist through 
each successive capacity.

Complex life cycles challenge this framing of a 
concept of development in terms of the acquisition 
of capacities, because capacities are dispositions 
that depend on context. Development in complex 
life cycles involves multiple contexts. How we un-
derstand and interpret developmental capacities 
also depends on the entities to which capacities are 
attributed via a concept of development: the system 
as a whole or only some among its parts. The key 
conceptual question is whether to think of develop-
mental capacities as properties of life cycles or of 
‘organisms’ in lineages of reproducing entities. In 
complex life cycles, multiple ‘organism’ trajectories 
or generations are recognized within the span of a 
single life cycle that returns the lineage to a given 
developmental or reproductive state.

Here I focus specifically on the developmental 
status of the ‘hybrid’ entities formed in reproduc-
tion processes spanning more than one ‘organism’ 
generation across complex life cycles involving 
multiple developmental contexts. ‘Organism’ is in 
quotation marks because I seek a general, integrated 
theory of units of evolution, not one limited to the 
evolved properties of the organism grade of organi-
zation delimited traditionally from egg or zygote 
to adult, or in terms of mitotic or meiotic events. 
‘Hybrid’ is also in quotation marks because I seek 
a general theory of units of development, not one 
limited to cellularity or other traditionally delim-
ited grades of developmental organization requir-
ing specific mechanisms of hybridization, such as 
the combining of genetically distinct chromosomes 
inherited from sexually reproducing parents.

Since ‘development from the hybrids’ was the 
problem Mendel claimed his theory sought to ad-
dress, resolution of questions about the concept of 
development have direct bearing on concepts of he-
reditary factors as well (see Griesemer, 2007). Some 
of the implications of this linkage between heredity 
and development are explored below in terms of 
two widely described examples: the reproduction 

The proposed concepts of development and repro-
duction were designed to address limitations in 
treatments of units of heredity and evolution that 
presupposed evolved characteristics of genes (e.g. 
in Dawkins’ and Hull’s replicator concepts; see 
Dawkins, 1982; Hull, 1988; cf. Griesemer, 2005). As 
such, the concepts of development and reproduc-
tion proposed here are, by design, conceptually 
prior to a concept and principle of evolution. On the 
reproducer account, development and reproduc-
tion are characterized completely independently 
of evolution and of any particular material basis 
or mechanism for reproduction by incorporating 
a general material condition for the propagation of 
developmental capacities. There is no restriction on 
the mechanistic means through which the exercise 
of developmental capacities achieves reproductive 
capacity, save that it must occur through material 
transfer of parts, nor in terms of the evolutionary 
potential, fitness, or fate of varying reproducers 
in populations. More specifically, developmental 
capacities can realize other developmental capaci-
ties, which thus can form causal sequences, the full 
realization of which results in a reproductive capac-
ity. Development and reproduction are continuous 
and coincident aspects of a process that unfolds 
over a whole life trajectory. In what follows, I dis-
cuss complex multi-‘host’ or multi-site life cycles 
in order to clarify the refinements sketched above 
and to address issues raised by Minelli (2011b) and 
 Godfrey-Smith (2009).

Development in complex life cycles

The view of development as the acquisition (and 
refinement) of a capacity to reproduce described 
above assumed a simple life cycle in which there is 
a straightforward progression of progenerating and 
becoming a reproducer. A developmental capac-
ity, D1, is transferred through material propagules 
from parent to offspring reproducers that is then 
either exercised in the offspring to realize reproduc-
tive capacity, R, or whose exercise results in a cas-
cade of developmental capacities: realization of D1 
produces D2, realization of D2 produces D3, . . . , re-
alization of Dn produces R. Further developmental 
capacities may be produced and realized even after 
R by refining R. (The recursive aspect of acquiring 
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of invading virions; thus, one should not expect to 
find material overlap relations between invading 
and escaping virions. (The material overlap relation 
is reflexive, symmetric, and not necessarily transi-
tive, so even if there is material overlap between 
parent and offspring, there need not be one between 
grandparent and grand-offspring for material over-
lap relations in a lineage to constitute the relevant 
bond of ‘material continuity’.) The mere fact that 
the material propagules produced in the steps in the 
process taking place inside the host don’t resemble 
virions is no more important to the analysis of retro-
virus development and reproduction than the fact 
that winged forms of insect species or spring wing-
colour patterns in seasonally polyphenic butterflies 
don’t resemble their unwinged or autumn-coloured 
parents (reviewed in Gilbert & Epel, 2009), nor the 
fact that human sperm and eggs don’t resemble 
their adult parents in outward morphology. More 
centrally, tracking the sources of the raw materials 
that form a hybrid is only one way to track material 
overlap relations. Another is to track the sources 
of developmental capacities that are propagated 
through scaffolding interactions that form material 
hybrids.

On the reproducer view, enhanced by general 
concepts of hybrid systems and scaffolded develop-
ment, most life cycles turn out to be at least some-
what ‘complex’, and thus there may be offspring 
generations in between what are conventionally 
called the parent and offspring generations of a 
single reproductive cycle. We may say that human 
parents do not materially overlap ‘their offspring’ 
as fairly as retroviral parent RNA does not materi-
ally overlap ‘its offspring’ retroviral RNA, because 
in both cases, there is an intermediate generation 
of progenerants: haploid gametes in the case of hu-
man (cellular) reproducers which then fuse to form 
the gametes’ offspring, a zygote; and double-strand-
ed DNA helixes and single-stranded RNA helixes 
in the case of HIV virus parents and grandparents 
of the offspring RNA. Differently put, if we mark 
generations of reproducers according to material 
overlap relations conveying salient developmen-
tal capacities rather than according to generations 
of (cellular) organisms or mitotic or meiotic cycles, 
then it turns out all traditional life cycles are com-
plex in the sense that there is typically at least one 

and development of malaria-causing Plasmodium 
species, a group of apicomplexan cellular parasites 
with complex life cycles, and HIV-1, a retrovirus 
that I suggest has an equally complex life cycle, 
viewed at a molecular or sub-cellular level.

Development of hybrids

In this section, I revise the general account of repro-
duction to accommodate complex life cycles lead-
ing to consideration of the central role of states of 
hybrid, scaffolded offspring for understanding de-
velopment. Here, the concept of a ‘hybrid’ is meant 
in the broad sense of biological systems incorporat-
ing parts of different provenance (lineage, geneal-
ogy) rather than hybrid specifically in genetic state. 
The goal is to understand hybridization (progen-
erative fusion and scaffolding events) as delimiting 
generations of hybrid individuals in complex life 
cycles rather than as mere transitional phases be-
tween genetic parents and offspring completing a 
life cycle (see also Griesemer, 2007, 2014; Wimsatt & 
Griesemer, 2007).

I briefly discuss the life cycle of apicomplexans 
such as Plasmodium falciparum (one of the malaria-
causing species) to explore the implications of com-
plex life cycles for conceptualizing development in 
familiar cellular terms. I introduce a further concept 
of scaffolded development to distinguish several 
ways in which material overlap relations can fig-
ure in reproduction. Then, I argue that extension 
of the refined concept to non-cellular cases, such as 
the molecular development of the retrovirus HIV-
1, reveals how material overlap relations between 
parents and offspring can be understood to hold 
in cases where it appears there is none. The argu-
ment reveals a conceptual trade-off between invok-
ing formal reproduction and thus downplaying 
the hybrid formation and scaffolded development 
of offspring that complete a life cycle vs retaining 
material reproduction and thus driving a heuristic 
search for modes of reproduction that involve non-
traditional, sometimes non-cellular modes of scaf-
folded ‘hybridization’.

Virion particles are the closest thing to a cellular 
stage in the life cycle of HIV. I argue that escaping 
virion particles in HIV replication are, in a complex 
life cycle, not the offspring, but the grand-offspring 
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criticized. In general, the life trajectory of a single 
developer may not encompass an entire life cycle, 
even if cellular boundaries around development are 
relaxed.

Minelli seeks a concept that serves a theory of 
development for its own sake focussed on devel-
opmental processes as the subject matter of devel-
opmental biology, regardless of outcomes specified 
by other disciplines such as evolutionary biology or 
genetics. My account appears to treat development 
in the instrumental, evolution-dependent way criti-
cized by Minelli. Here, I consider several compli-
cations in developmental processes pointed out by 
Minelli that challenge the generality of the relation-
ship I characterized in terms of simple life cycles.

Metamorphosis. Minelli (2011b: 7) regards talk of 
set-aside cells in some modes of metamorphic de-
velopment (Drosophila cell lineages fated to produce 
imaginal discs, for example) to be ‘adultocentric’ be-
cause it characterizes development in terms of the 
prospective fate of the set-aside cells in contrast to 
other cells that constitute the part of the soma fated 
not to persist beyond the metamorphic transition.

Non-disc larval parts and characters can, how-
ever, serve indirectly in the acquisition of develop-
mental capacities by ‘set-aside’ cells, e.g. in larval 
feeding that not only maintains larval metabolism 
but acquires and delivers enough of the right kinds 
of nutrition and structural scaffolding to fuel the 
cell and tissue growth and development necessary 
for imaginal discs to form, develop, and metamor-
phose. ‘House-keeping’ sensory functions might 
also transduce sensory cues via neuroendocrine 
pathways into developmental signals (see Gilbert 
& Epel, 2009). Somatic characters functioning to 
trigger, signal, or scaffold development should 
therefore be counted as developmental compo-
nents characterized not in terms of their own very 
different cellular reproductive fates but rather in 
terms of different developmental capacity-forming 
functions. The idea is that specific forms of ‘house-
keeping’ behaviour (metabolic, sensory, predator-
avoidance, mate-seeking) may have either direct 
or scaffolding developmental functions as well, 
so there is no need for the reproducer account to 
distinguish types of cellular function in terms of re-
productive fate rather than present developmental 
function.

substantial change of developmental context or 
niche, with multiple generations of progenerants, 
before a life cycle has been completed.

The development of hybrids is central not only 
to a theory of development, but also to the whole 
theoretical project of modern genetics (Griesemer, 
2007). Mendel’s question was: what law can ex-
plain patterns of plant development of, and from, 
the (multicellular) pea hybrids formed from crosses 
of pure-breeding lines? There are many sorts of ar-
ticulations of lineages in which the system hasn’t 
quite resolved into trackable hybrid individuals. 
This is not just a matter of scientists lacking tools for 
tracking the kinds of progeny produced in breeding 
experiments but also a matter of the system not hav-
ing resolved relations among its parts into (modu-
lar) mechanisms that can function as traceable 
individuals, despite or because of their hybridity. 
Here, I generalize hybridity in the context of com-
plex life cycles to generations of progenerants of 
whatever morphology—cellular or not—produced 
by the articulation of multiple lineages of parents 
conveying developmental capacities of whatever 
 morphology—again, cellular or not. Assuming cells 
are delimited by lipid membranes, I interpret HIV 
as a non-cellular, molecular parasite that forms 
multiple molecular generations of molecular pro-
generants that develop in complex cytoplasmic and 
nuclear molecular host environments situated be-
tween virion generations.

the complication of complex life cycles

As Minelli (2011b: 5) points out, many uni- and mul-
ticellular organisms have complex life cycles that 
involve multiple hosts. In some cases, such as the 
several malaria-causing Plasmodium parasites, the 
organisms in a given reproductive lineage develop 
different morphologies and can reproduce by dif-
ferent means in each host environment. It is critical 
to bear in mind that life cycles may span more than 
one organism or cell generation. We should not be 
misled by the characterization of familiar life cycles 
as involving exactly one organism, cell, or more 
generally, one reproducer generation, especially 
when tied to a criterion of cell or organism genera-
tions such as mitosis/meiosis events in the cell cy-
cle or the kinds of criteria Minelli and Laplane have 
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produce a different sort of adult body (winged, say) 
if exposed to a different external environment (e.g. 
a different seasonal, light, or temperature regime). 
Many sorts of polyphenism induce quite different 
developmental outcomes in similar sets of starting 
developmental materials (see Gilbert & Epel, 2009 
for a review containing many examples). The entire 
explanation of these developmental outcomes must 
be in terms of the external, environmental differ-
ences, because these are what make the develop-
mental difference as the environment triggers direct 
development down one path or another. Identify-
ing the triggering events, however, fails to explain 
much of the differences in developmental process 
or outcome, because most of the working parts of 
the developmental mechanism are inside the or-
ganism. The eco-devo solution expands the notion 
of developmental system beyond the organism to 
include the triggering environment, but it does not 
trace the consequences for the concept of reproduc-
tion of developmental systems.

Alternation of morphological generations looks 
problematic from the reproducer perspective be-
cause developmental capacities that realize a par-
ticular mode of reproductive capacity are outside 
the developer, i.e. beyond the system’s spatial 
boundaries. Eco-devo’s (and developmental sys-
tems theory’s) solution is to expand the notion of 
a developer or developmental system to include 
those ‘environmental’ mechanisms that provide 
developmental feedback but again without clarify-
ing how the expanded mechanisms figure as part 
of a system that must not only develop but repro-
duce. The reproducer perspective recognizes this 
expansion as well as analogous and other kinds of 
feedback relationships within the organism by iden-
tifying certain kinds of somatic structures as inter-
nal developmental scaffolds and uses that insight to 
extend the view to reproductive systems that poten-
tially include non-cellular, non-organism ‘parents’ 
beyond traditional cell or organism reproducers.

Within a multicellular embryo, a tissue can pro-
vide a material substrate with specific cell surface 
molecules that interact with an informational gra-
dient that both instructs cells within the tissue to 
acquire various different developmental fates and 
provides positional signals to cells migrating out-
side the tissue. For example, during gastrulation 

A key question raised by metamorphosis for the 
reproducer account of development concerns the 
developmental role of the non-‘set-asides’. The no-
tion of scaffolding helps to differentiate two kinds 
of developmental capacities among cells. Imaginal 
disc cells participate in development by directly 
giving rise to the somatic cells of the adult animal. 
Cells in lineages excluded from imaginal discs may 
be understood to have developmental roles as scaf-
folding for the disc cells, i.e. serving as environ-
ments that facilitate acquisition by the discs of the 
developmental capacities that can produce adult 
structures (presumably by setting positional, tran-
scriptional regulatory contexts for cascades of gene 
expression).

This interpretation of the acquisition of devel-
opmental capacities in terms of relations between 
scaffolding and scaffolded tissues or cell lineages 
effectively pushes the ‘eco-devo’ perspective inside 
the body of the fly. We can see that the mere fact that 
a cell does not contribute its own material parts to 
adult cellular structure does not mean that it lacks a 
developmental role or capacity from the reproducer 
perspective. As scaffolds, the non-disc cells and tis-
sues may facilitate disc development, and, since 
they bear material overlap relationships back down 
their cell lineages to the zygote, the propagation 
of developmental capacity as described above still 
holds. It is a refinement of the reproducer perspec-
tive nevertheless to recognize that there are two 
kinds of developmental capacity in metamorphic 
development: ‘direct’—providing for further devel-
opmental capacity acquisition through propagation 
of cells via material overlap to offspring cells form-
ing adult structures—and ‘scaffolding’—providing 
facilitation of development via the formation of 
hybrid disc/non-disc intermediates that enable the 
cells with direct developmental capacities to pass 
through metamorphosis and form adult tissues.

Alternation of (progenerant) generations. Alterna-
tion of morphologic states across stages of a life 
cycle seems to pose a different kind of problem for 
adultocentric conceptions of development and for 
the account of reproduction described above. Al-
though a certain set of components are configured 
to produce a certain sort of adult body (a wingless 
body, say), those same (genetic and cellular) com-
ponents in a similar starting configuration may yet 
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the reproducer account. Moreover, the reproducer 
perspective supports a separation of continuous re-
production processes into generations by tracking 
material overlap relations that convey developmen-
tal capacities to progenerant material ‘offspring’. 
From this perspective, many of the transformations 
traditionally identified as ‘developmental’ rather 
than reproductive may need to be rethought.

parasite development in complex life cycles

Although they are special cases, parasitic life cycles 
epitomize the complexity of development and its 
dependency on environmental feedback. The many 
detailed studies of parasites which threaten hu-
man health have revealed fundamental aspects of 
development that otherwise tend to go unnoticed; 
medical researchers are intent on finding out about 
every point in the life cycle where parasites might 
be stopped.

According to the reproducer account, develop-
ment of any biological complexity tends to be in-
ternally scaffolded because external environments, 
traditionally conceived, tend to lack enough tempo-
ral and spatial organization to assemble develop-
ing systems from simple raw materials. Biological 
reproduction starts from highly organized prop-
agules, but even so, whenever agents or structures 
in the environment can act or operate to reliably 
organize developmental processes, there is an evo-
lutionary benefit in taking advantage of them as 
scaffolds.

The term ‘scaffolding’ refers to facilitation of a 
process that (1) would otherwise be more difficult 
or costly without it (Bickhard, 1992, 2005, 2007); 
(2) would be acquired with lower quality, fidelity, or 
reliability without it; and (3) tends to be temporary: 
an element of a maintenance, growth, assembly, de-
velopment, or construction process that fades away, 
is removed, or becomes ‘invisible’ even if it remains 
structurally integral to the product (Caporael et al., 
2014; Griesemer, 2014). Progenerated developmen-
tal organization transferred to offspring by means 
of material propagules together with a scaffold-
ing context jointly ensure (or raise the probability) 
that offspring have or acquire a salient capacity 
to develop in a specific environment (or range of 
 environments).

in the vertebrate embryo, the ectoderm expresses 
bone morphogenic protein (BMP) receptors. These 
receptors interact with a gradient of BMP activity 
that is established in the ectoderm by BMP antago-
nists secreted by the dorsal mesoderm; as a result, 
the ectoderm responds to this gradient by forming 
neural plate at regions of low BMP activity, neural 
crest cells at regions of intermediate BMP activity, 
and non-neural ectoderm at regions of high BMP 
activity. The BMP activity gradient within the ec-
toderm also functions to guide neural crest cells 
as they migrate to positions where they can differ-
entiate into a variety of vertebrate-specific tissues 
(Huang & Saint-Jeannet, 2004). The mesoderm thus 
functions as ‘internal-’ or ‘self-’ scaffolding for the 
development of neural plate, neural crest cells, and 
non-neural ectoderm from the point of view of the 
multicellular organism as a developmental system, 
or as ‘external’ scaffolding from the point of view 
of the neural crest cells as reproducers forming cell 
lines within the organism in an environment of de-
veloping tissues.

The developmental capacities of an organism 
of a given generation appear to serve not only the 
acquisition of developmental and reproductive ca-
pacities of the material body that carries them, but 
also the developmental and reproductive capacities 
of offspring that develop very different morpholo-
gies. A seasonally polyphenic grasshopper is a 
spring grasshopper because its parent was an au-
tumn grasshopper, which raises the probability that 
its offspring develops in spring. Acquisition of an 
adult form depends on the environments in which 
their parents found themselves and the develop-
mental capacities (including the probability of ex-
periencing a different developmental environment 
than they did) that their parents passed on to them.

Alternation of generations only looks like a 
problem for the reproducer perspective by assum-
ing that a single life cycle must be that of a single 
developer, whose temporal boundaries are set by 
birth and death (or reproduction) events in that life 
cycle. As argued above, the reproducer perspective 
does not endorse these boundaries nor the interpre-
tation of reproduction as an event in the life cycle. 
The fact that different developmental capacities are 
conveyed to offspring who grow up in a different 
environment than their parents is not precluded by 
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undergoes multiple rounds of asexual reproduction 
to yield merozoites that can invade new blood cells, 
forming a ‘sub-cycle’ of the overall life cycle, as well 
as a sexual phase of ‘gametocytogenesis’ that pro-
duces male and female gametocytes.

Gametocytes break out of blood cells and bind to 
the human blood glycoprotein Factor H, wearing it 
like a hat to prevent digestion of the gametocyte as 
it circulates in the host blood awaiting ingestion by 
a female Anopheles mosquito during a blood meal. 
Parasite gametogenesis and fertilization is com-
pleted in the mosquito gut to form a diploid zygote, 
which develops into a mobile form (ookinete) that 
invades the insect midgut wall, where it completes 
the life cycle by forming an oocyst. The oocyst then 
undergoes asexual reproduction to form multi-
ple haploid sporozoites that migrate to the mos-
quito salivary glands so as to infect a human host 
once more.

Depending on how one counts, there are around 
six generations of sporozoite, merozoite, gameot-
cyte, and zygote cellular parasite organisms in each 
complete life cycle. Human bloodstream, liver cells, 
and blood cells (and the special vacuoles inside 
these cells), along with mosquito saliva, haemo-
lymph, gut wall, and salivary glands each consti-
tute a distinct developmental environment or niche 
that scaffolds one of these parasite generations to 
acquire specific developmental capacities that facil-
itate movement to the next stage (generation). Most 
of these scaffolding interactions involve modifica-
tions of both host and parasite. All of them involve 
transfers of material parts conveying developmen-
tal capacities from the scaffolded parent to the off-
spring (or scaffolding parents, if one is willing to 
count the scaffolding host parts as contributors to 
offspring host–parasite hybrids; see ‘Scaffolded 
 development’).

The vacuole membranes formed when the para-
site invades human liver and blood cells may even 
be a hybrid sub-cellular structure including both 
host and parasite components (see Wiser, 1999). 
Malaria parasite lineages passing through a series 
of hosts presenting very different environments for 
development resembles a cell-level version of the 
molecular HIV life cycle.

HIV-1 reproduction. I applied the reproducer per-
spective to the HIV-1 replication cycle elsewhere 

Apicomplexan reproduction. Malaria-causing para-
sites such as Plasmodium falciparum pass through 
two very different kinds of host organisms to com-
plete their life cycle: humans and mosquitoes (Cent-
ers for Disease Control 2009; National Institute of 
Allergy and Infectious Diseases, 2012; Wiser, 2000). 
I review this complex life cycle briefly to point out 
that there are multiple cellular parasite organism 
generations per life cycle, each associated with a 
different developmental environment. Many of 
these environments scaffold parasite development 
by providing a context in which the parasite can 
gain a developmental capacity and reproduce that 
it would not so easily acquire in the otherwise lethal 
environment of the host.

Most life cycle narratives for parasites begin with 
a free living or adult form that infects a host; but 
this victim-centred idea of a unique starting point 
is problematic in describing a cycle, and more so as 
the number of hosts included in a complete life cy-
cle of the parasite increases. Female Anopheles mos-
quitoes carrying a malaria-causing parasite feed 
on a human, injecting sporozoites into the blood-
stream. These invade liver cells within seconds or 
minutes, or they are attacked by the human im-
mune system. As they invade the protective envi-
ronment of the liver, the sporozoites shed the apical 
structures that permit them to invade liver cells and 
form a vacuole in which to undergo schizogonic 
development, shedding organelles and performing 
multiple rounds of nuclear division; they then seg-
ment into asexually reproduced, separate cells that 
differentiate, a process involving other changes of 
organelle structure, into merozoites. The merozo-
ites exit into the blood stream, where they invade 
blood cells and develop the ability to feed (on host 
cytoplasm and haemoglobin); at this point they are 
called trophozoites. Upon invading blood cells, 
again forming a membrane-bound vacuole, the 
parasites cause changes in the host cell membrane 
and cytoskeleton that facilitate parasite feeding on 
(mostly)  haemoglobin.

The parasite acts to increase host membrane per-
meability so that digested haemoglobin not needed 
for metabolism by the parasite can be excreted rath-
er than remaining internal to the host and causing 
osmotic host cell bursting prior to the completion 
of parasite development (Wiser, 2000). The parasite 
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synthesized hybrids of infecting viral genome and 
host nucleotides (RNA–DNA hybrids formed by 
templating, which is a form of scaffolding). Some 
are synthesized hybrids of a daughter ‘virus’ DNA 
strand from the RNA–DNA hybrid and more host 
nucleotides that form double-stranded DNA ‘ virus’. 
(HIV is called an RNA virus; yet at one stage of ‘its’ 
life cycle, it is comprised of DNA, not RNA.) Some 
are synthesized hybrid DNA–RNA in the host nu-
cleus at the host genome via transcription to form 
‘offspring’ ‘virus’ mRNA and ‘virus’ RNA genome, 
by assembling at the host cell membrane and taking 
a bit of host membrane with the rest as they bud to 
form a new virion outside the host cell.

‘Virus’ is in quotation marks because at each of 
these stages, the new objects formed are scaffolded 
by material in distinct regions of the host cell: (1) the 
cytoplasmic milieu in which the virus nucleocapsid 
can be uncoated to expose the RNA genome; (2) 
the RNA genome and host cytoplasm scaffolding 
the synthesis of a complementary DNA strand that 
originates as a part of an RNA–DNA hybrid; (3) the 
DNA strand and host cytoplasm scaffolding the 
synthesis of a complementary DNA strand forming 
a DNA–DNA hybrid; (4) the DNA and nucleus scaf-
folding mRNA synthesis via a DNA–RNA hybrid; 
and so on. Each point of formation of a new molecu-
lar ‘offspring’ is also a place where the scaffolded 
development of ancestral parts are hybridized with 
parts from the host cell to form ‘offspring’ progener-
ants that then have new developmental capacities: 
to move (or be moved) to a new host cell region and 
to undergo scaffolded development with different 
hybridizing material facilitating the production of 
still more ‘offspring’ progenerants.

Differently put, each scaffolded stage in the pro-
cess initiated by virion infection results in the artic-
ulation of a new generation—provided generation 
is recognized, not as genetic ancestry in particular 
but as demarcated by material overlap relations 
in which the overlapping parts acquire a new de-
velopmental capacity. In so far as developmental 
capacities can form the core of different kinds of 
‘inheritance system’ (Jablonka & Lamb, 2005), the 
abstract reproducer account of development char-
acterizes its structure and identifies it for evolu-
tionary investigation as a potential member of a 
population that forms a unit of evolution.

(Griesemer, 2014). Here, I summarize a few points 
to emphasize the value of treating the virus ‘life’ 
cycle as complex and scaffolded (‘life’ in quotation 
marks to signal that viruses are at a dubious ‘edge’ 
of the living state).

The standard narrative of HIV replication begins 
with an invading virion (‘mature’ virus contain-
ing an RNA genome) binding a CD4 receptor and 
G-protein co-receptor of a host cell, e.g. a human 
helper T-cell (see e.g. Scherer et al., 2007; discussed 
in Griesemer, 2014). The virion fuses with the host 
cell membrane. The virus nucleocapsid is inserted 
into the host cell cytoplasm where it is uncoated. 
The RNA genome is reverse transcribed to double-
stranded DNA with host nucleotides by a viral 
enzyme that came in with the virus genome. The 
parent virus matrix protein, integrase enzyme, and 
DNA genome are assembled into a pre-integration 
complex that is transported to the host cell nucleus. 
The ‘provirus’ (DNA genome) is integrated into the 
host cell genome. There, the DNA virus/genome 
is transcribed to RNA, some of which serves as 
mRNA coding for proteins, such as a protease, that 
aggregate at the host cell surface, along with some 
of the new RNA serving as genomes. The synthe-
sized virus parts assemble at host cell membrane 
raft structures recruited by transmembrane virus 
envelope proteins and are then budded out of the 
host cell as new virion particles. The newly budded 
particles are not yet infectious, as the protease must 
cleave a polyprotein inside the virion to prepare it 
for infection.

At each of the ‘stages’ of replication described 
above, a new, structured object is formed in a differ-
ent region of the host cell: at the host plasma mem-
brane, in the cytoplasm, in the host nucleus, again 
in the host cytoplasm, and again at the host plasma 
membrane. At each stage (i.e. passage through a 
distinct developmental environment), the new 
structured object (‘offspring’) is formed that bears 
a relation of material overlap to the object(s) from 
which it was formed. In some cases, the material 
overlap is merely the relation of a (former) whole 
to a subset of (subsequent) parts. For example, 
some objects are formed by stripping off some in-
fecting virus parts that make it inside the host cell 
(and which are degraded) leaving others exposed 
to the cytoplasm (early stages). Some objects are 
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perspective, the virus and the host cell are jointly 
the hybrid’s way of making another hybrid. From 
the latter perspective, it seems clear that there is 
a material overlap relation between its DNA part 
and the DNA integrated into the host genome and 
also a material overlap relation between the pa-
rental virion’s RNA genome and the RNA–DNA 
hybrid. Thus, the RNA–DNA hybrid is in a devel-
opmental generation of its own, situated between 
single-stranded RNA and double-stranded DNA 
generations.

Scaffolded development

Application of the reproducer perspective on de-
velopment, as prompted by consideration of the 
examples of complex parasitic life cycles described 
above, can be summarized as follows.

Ecological developmental biology expands the 
scope of developmental biology to consider the 
role(s) of environmental inputs to normal develop-
ment. Some inputs are mere ‘triggers’, having little 
structure of their own that can guide or facilitate de-
velopment, so their developmental effects depend 
mainly on the structure and organization of the trig-
gered developmental system. Regulatory molecular 
cascades triggered by environmental sensory or 
metabolic inputs depend for their developmental 
consequences on transduction of the triggering sig-
nal by the developer’s system (reviewed in Gilbert 
& Epel, 2009: Ch. 2).

Other environmental inputs are ‘scaffolds’, mate-
rial environmental inputs with organizations that 
are sensitive and responsive to the developmental 
state of the developmental system being scaffold-
ed. I here distinguish organization from structure. 
A structure is an arrangement or configuration of 
parts that does not change on some timescale of in-
terest. An organization is a structure that changes 
(or is in dynamic equilibrium) on a timescale of in-
terest. Organizations of scientific interest tend to be 
ones that maintain or change structure dynamically 
in some particular respect. A dissipative structure, 
such as a stream of water out of a tap for example, 
is an organization that maintains a structure at a 
gross level by a continual flow of matter and energy 
through the system, by continually reorganizing the 
system on microlevels.

HIV retrovirus replication is sometimes claimed 
as an example of ‘formal’ rather than ‘material’ re-
production on the grounds that the formation of an 
RNA–DNA hybrid by reverse transcription shows 
that there is a barrier to material overlap between 
parent virus and offspring virus (see Godfrey-
Smith, 2009: Ch. 4). This interpretation, however, 
assumes that the DNA strand is not virus while 
the RNA strand is. There is no disagreement that 
the host is the source of the DNA nucleotides (see 
Griesemer, 2014). But the interpretation of a bar-
rier step to material overlap amounts to a form of 
polynucleotide essentialism which treats the virus 
as having an RNA genome essentially and the host 
cell as having a DNA genome essentially, thus treat-
ing the RNA–DNA hybrid as a nonentity without a 
developmental status, a mere representational fig-
ure expressing the interaction of two essentially dif-
ferent entities. The reproducer perspective rejects 
such an essentialist, genetic-information-centred 
view of the matter. RNA–DNA hybrids have their 
own chemistry, their own developmental capacities 
and niches, and their own evolutionary fates. The 
fact that this hybrid, like transition complexes in 
many chemical reactions, persists on a short time-
scale relative to virion particles is not a good reason 
to discount it as a material offspring of a generation 
intermediate between infecting virion and escaping 
virion.

Instead, each new hybrid in which materially 
overlapping parts carry and realize new devel-
opmental capacities is recognized from the repro-
ducer perspective as a progenerant entity of a new 
developmental generation. Instead of mitosis or mei-
osis, or cell membrane partition as a general crite-
rion marking generations, distinct developmental 
capacities carried by material propagules distin-
guish generations of progenerant individuals. In a 
life cycle, any developmental stage can be taken as 
a ‘starting’ point (see Griesemer, 2014 for further 
discussion). The narrative above treated the mature 
virion just before infection as the life cycle’s start-
ing point, making the RNA–DNA hybrid appear 
to be a mere transitional state between ‘mature’ 
or ‘adult’ virions. From that narrative perspective, 
a host cell is a virion’s way of making another vi-
rion. Instead, consider the RNA–DNA two strand 
hybrid as the narrative starting point. From that 
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lineages of reproducers, the production of entities 
bearing material overlap relations carrying devel-
opmental capacities to their progeny. HIV, I sug-
gested above, is a molecular parasite as much as a 
virion particle parasite because many of the ‘stages’ 
(progenerant generations) in the HIV life cycle are 
molecular rather than virion or quasi-cellular in 
character. The reproducer perspective on genera-
tions contrasts with the traditional notion of ‘or-
ganism’ and ‘genetic parents’, in which one or two 
parent organisms are considered the genetic ances-
tors of each offspring organism because they pro-
vide a specific internal-templating scaffold which 
other ‘environmental’ inputs to development do 
not. The traditional view is narrower because genes 
are a special kind of evolved class of scaffolding 
developmental mechanisms that exploit template-
coding mechanisms to carry and transmit develop-
mental capacities. On the reproducer perspective, 
‘developmental parents’ provide a structured de-
velopmental environment in which material parts 
of the parents become the material (or material 
parts) of offspring, which embody mechanisms of 
development that carry the capacity to reproduce 
(perhaps in virtue of carrying capacities to devel-
op the capacity to reproduce). Complex life cycles 
involving multiple developmental environments 
include multiple developmental ‘pro-generations’ 
of progenerant entities related by material overlap, 
which is a broader criterion than material overlap 
by genetic ancestry.

Progeneration of parasites, especially those that 
invade host bodies, are cases where it is easy to 
identify scaffolding processes and relations through 
which the host provides a structured environment 
that facilitates the parasite’s development and re-
production. The identification of scaffolding pro-
cesses in development is salient to the expanded 
reproducer perspective because scaffolds not only 
act to facilitate development but do so typically by 
the formation of a temporarily hybrid material en-
tity composed of the scaffold and the developing 
system. In traditional accounts, scaffold and devel-
oping systems are both cells or organisms whose 
identities are held separate and distinct as units of 
development.

Using material overlap of parts carrying develop-
mental capacities, or ‘progeneration’, as a criterion 

A developing system may have evolved mecha-
nisms that adapt it to scaffolding developmental 
environments, as malaria-causing parasites typical-
ly do, which allow them to modify the host cell to 
be more responsive to the parasite’s developmental 
needs, e.g. the vacuole membrane, which might be 
a hybrid structure of host and parasite parts, that 
facilitates parasite growth and development and at 
the same time prevents host cell death that would 
otherwise result from the parasite’s presence. Some 
scaffolds are so key to development that they are 
‘internalized’ parts of the developing system itself. 
Internal scaffolds, such as the template polynucleo-
tide systems of all cellular life, have specific struc-
tures relevant to their developmental effects on the 
templated developmental systems, which may or 
may not themselves be responsive to the develop-
mental state of the system. Increasingly, genomes 
are viewed as responsive systems (e.g. Griffiths & 
Stotz, 2013). DNA sequence per se is (mostly) not 
responsive to development in the sense that, in 
most cases, there appears not to be genome-level 
DNA sequence editing, but it may be used as a 
scaffolding ‘infrastructure’ by the developmentally 
responsive transcriptome. HIV RNA replication is 
hypervariable, due to the inaccuracy of the reverse 
transcriptase, which might count as a develop-
mental response system in so far as that variability 
lowers the probability of an effective host immune 
response.

Complex life cycles, as traditionally understood, 
are ones in which multiple environments of devel-
opment figure in the developmental processes of 
reproducers which must pass through more than 
one ‘organism’ generation to complete an entire 
life cycle. The offspring of Plasmodium organisms 
that developed in mosquito inherit developmen-
tal capacities facilitating their development in hu-
mans, e.g. the specific sensory apical apparatus that 
allows them to get out of the dangerous human 
bloodstream and into the shelter of a liver cell and 
the ability of offspring escaping blood cells to put 
on a hat consisting of host protein to protect them 
from immune system attack while they wait in the 
human bloodstream for uptake in a mosquito’s 
blood meal.

The reproducer perspective suggests an expan-
sive notion of ‘pro-generations’ when considering 
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life extend to complex organizations comprised of 
what we now recognize as whole ‘organisms’ as 
parts?

Conclusion

I proposed at the outset that theories be thought of 
as comprised of three kinds of components: a set of 
core principles, a family of models, and a theoretical 
perspective. In this chapter, I characterized a very 
abstract concept and general principle that develop-
ment is the acquisition of the capacity to reproduce, 
where reproduction involves material propagation 
of developmental capacities from parents to off-
spring. I further proposed that development often 
involves scaffolding interactions in which compo-
nents of ‘the environment’ that form a developmen-
tal niche for a developing system hybridize (form 
a material complex) at least temporarily with it, 
generating entities with novel developmental pos-
sibilities due to structures and organizations that 
are typically quite different from those of any of the 
contributing parents. The developmental potenti-
alities of a zygote are quite different than those of 
gametes. The developmental potentialities of an 
HIV provirus in DNA form integrated into a host 
T-cell genome are quite different than those of an 
HIV pre-integration complex or a free virion. I took 
the perspective of the hybrid rather than that of the 
invading parasite or invaded host in narrating the 
complex parasitic life cycles, including the cellular 
malaria parasite Plasmodium falciparum and the mo-
lecular parasite HIV-1.

Concepts and principles, however, only take us 
part way towards a theory of development. On 
analogy with Darwinian evolutionary theory, Dar-
win’s principles provide a framework for develop-
ing a theory of evolution, but only in a very abstract 
formal sense could Darwin’s principles be taken to 
be Darwin’s theory. The development of the neo-
Darwinian modern synthetic theory of evolution, 
for example, required the integration of Darwin’s 
principles with principles of genetics, the articula-
tion of families of models of genetic transmission, 
population genetics, adaptive and non-adaptive 
change, speciation, and more (Mayr & Provine, 
1980; Provine, 1971). I think that a further comple-
menting element is also needed for a theory to be 

delimiting generations of progenerant entities, hy-
brids can be seen to be the ‘offspring’ of an envi-
ronmental scaffold and a developer, which in turn 
are the ‘developmental parents’ of the hybrid. Al-
though it seems a step too far to treat the hybrid 
combinations of Plasmodium and human erythro-
cyte cells or HIV virion particles and human T-cells 
as ‘offspring’ and the Plasmodium and erythrocyte 
or virion and T-cell as ‘parents’, this expansion does 
point the way towards consideration of reproduc-
tive systems that are neither tracked nor organized 
by DNA- or RNA-template replication systems, 
cells, or organisms (Griesemer, 2014). As I argued 
at the outset, this move is needed conceptually in 
order to explain origins and transitions of these 
advanced grades of contemporary life without beg-
ging the question of whether they evolved because 
concepts of evolution, reproduction, or develop-
ment are delimited in terms of those advanced, 
evolved grades of organization.

Scaffolds operate to facilitate development at 
points in life cycles where such hybrids form, by 
definition, since scaffolding is a form of hybridiza-
tion with developmental implications for the con-
stituent entities or for the new, fused hybrid entity. 
On the broader notion of generations delimited by 
material overlap relations rather than by more spe-
cific genetic overlap relations, we might attempt to 
recognize potential lineages of reproducers of kinds 
that may be vastly different from familiar forms of 
life. Life before cells (Griesemer, 2008; Griesemer 
& Szathmáry, 2009), life after symbiogenesis, life 
as a community of micro- and macroorganisms, all 
must look radically different than the paradigms of 
‘organismal’ life with which we are most familiar. 
In addition to describing a perspective that can ac-
commodate all of the familiar forms of life, we need 
a concept and a theoretical perspective on devel-
opment and reproduction that can accommodate 
potential forms of life still more radically different, 
because we want to know if the forms of life which 
have been and are being evolved truly are endless. 
We also want to know if there are forms beyond the 
realm of biology as we know it, most wonderful 
in the sense that they reproduce, even if not most 
beautiful in the sense that they lack the compact, 
coherent, integrated, autonomous characteristics 
of organisms. Did life precede cellularity? Does 
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Principles usually admit of multiple interpreta-
tions, and each interpretation suggests a somewhat 
different domain of application and possibly a dif-
ferent theoretical perspective on how to coordinate 
modelling with investigative strategies. If Darwin’s 
principle of fitness or ‘profit’ is interpreted in light 
of a Malthusian assumption of universal competi-
tion, Darwinian theory looks quite different than if 
it is interpreted in light of Kropotkin’s assumption 
that cooperation is basic. To make different empiri-
cal theories, there must be a commitment to look for 
competitive or cooperative arrangements in nature 
and at the same time to model Darwinian processes 
using principles of competition or cooperation. A 
conceptual difference is not enough. A concept of 
development as cellular supports a theoretical per-
spective in which the replication of HIV is looked on 
as the formal transmission of virus information via 
the mediation of a co-opted host cell genome and 
transcription mechanisms. The molecular phenom-
ena of reverse transcription appear to be ‘owned’ 
by either the parent virion (a cell-like entity) or the 
host cell. That theoretical commitment is manifest 
in models of the mechanism of virus replication 
as a barrier to the transfer of parent virus material 
bridged by a flow of genetic information but not the 
transfer of developmental material.

A change in the concept of development from 
a cellular concept to a more expansive one based 
on collectives of materials functionally organized 
as reproducers does not by itself introduce a new 
theory of development, but the juxtaposition of 
novel with traditional concepts (and perspectives) 
points to new possibilities for modelling and for 
empirical investigation (e.g. above the level of or-
ganisms by considering scaffolded development 
of social and cultural entities; see Caporael et al., 
2014; Wimsatt & Griesemer, 2007). Moreover, it 
suggests that the ‘problem’ with developmental 
biology may not be that it lacks a grand, overarch-
ing set of core principles but rather that there are 
many theoretical perspectives that can guide re-
search. The plurality of theories in the expanded 
sense proposed in this chapter, however, is only a 
difficulty if the lack of theoretical consensus is an 
obstacle to research. It is not at all obvious that a 
science needs a formalized, exact theory to be suc-
cessful (Griesemer, 2013).

empirical, since models per se need not involve any 
empirical claim or hypothesis. Darwin’s principles 
of natural selection are stated conditionally: ‘if it be 
in any degree profitable to an individual of any spe-
cies’; the principles do not make the further empiri-
cal claim that any natural system actually conforms 
to them. Theories gain empirical content through 
theoretical hypotheses asserting that natural sys-
tems bear the right relation to some model included 
as part of the theory (Giere, 1988).

To be potentially empirical, a theory also needs 
a ‘theoretical perspective’ that can coordinate em-
pirical investigative strategies (Waters, 2008a, b)  
with theoretical modelling strategies so that mod-
els and phenomena can be meaningfully com-
pared (Griesemer, 2000a). Theories, through their 
theoretical perspectives, function to guide empiri-
cal research as well as to serve descriptions and 
explanations of nature. Theoretical principles do 
not provide normative or directive force by them-
selves. There is no ‘should’ or ‘ought’ or heuristic 
directive in Darwin’s principles, Newton’s princi-
ples, or the core principles of any other scientific 
theory. Put differently, ‘theory is as theory does’ 
(Love, 2013). Theories should be understood in 
terms of what they do, not (only) in terms of formal 
models of their logical structure. Theories in action 
have complex structures in virtue of their multi-
ple roles in guiding empirical inquiry, description, 
explanation, confirmation, prediction, and control. 
Philosophers such as Giere (1988) suggest generic 
criteria for comparison and evaluation of the fit of 
models to empirical phenomena needed for pre-
diction, confirmation, and hypothesis testing in 
terms of ‘degrees and respects of fit’; but clearly 
a perspective on what counts as empirical phe-
nomena to which core principles apply and what 
counts as adequate degrees and relevant respects 
of fit of models of a family to phenomena requires 
more specificity than that. The dual commitment 
to model Darwinian ‘individuals’ as organisms 
and to track organisms in empirical inquiry is part 
of one theoretical perspective. The dual commit-
ment to model Darwinian ‘individuals’ as any of 
a wider range of entities such as genes, cells, kin 
groups, breeding groups, or species and to track 
them in empirical inquiry is part of another theo-
retical perspective.
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