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Abstract

Biology needs a concept of individuality in order to distinguish organisms from parts of organisms

and from groups of organisms, to count individuals and compare traits across taxa, and to

distinguish growth from reproduction. Most of the proposed criteria for individuality were

designed for ‘unitary’ or ‘paradigm’ organisms: contiguous, functionally and physiologically

integrated, obligately sexually reproducing multicellular organisms with a germ line sequestered

early in development. However, the vast majority of the diversity of life on Earth does not

conform to all of these criteria. We consider the issue of individuality in the ‘minor’ multicellular

taxa, which collectively span a large portion of the eukaryotic tree of life, reviewing their general

features and focusing on a model species for each group. When the criteria designed for unitary

organisms are applied to other groups, they often give conflicting answers or no answer at all to

the question of whether or not a given unit is an individual. Complex life cycles, intimate bacterial

symbioses, aggregative development, and strange genetic features complicate the picture. The

great age of some of the groups considered shows that ‘intermediate’ forms, those with some but

not all of the traits traditionally associated with individuality, cannot reasonably be considered

ephemeral or assumed transitional. We discuss a handful of recent attempts to reconcile the many

proposed criteria for individuality and to provide criteria that can be applied across all the domains

of life. Finally, we argue that individuality should be defined without reference to any particular

taxon and that understanding the emergence of new kinds of individuals requires recognizing

individuality as a matter of degree.
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I. Introduction

Multicellular organisms have evolved from unicellular ancestors numerous times and in

distantly related lineages (Bonner, 1998; Carroll, 2001; Grosberg & Strathmann, 2007).

Multicellularity has evolved independently in at least 25 separate lineages, including
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bacteria, Archaea, and several lineages spanning the deepest divergences within the

eukaryotes (Bonner, 1998; Carroll, 2001; Baldauf, 2003; Grosberg & Strathmann, 2007).

Furthermore, this list includes only those multicellular lineages that have extant

descendants; there may well have been others that left no surviving progeny. Only a handful

of lineages, though, have evolved cellular differentiation, a prerequisite for large, complex

body plans (Knoll, 2011).

Multicellular organisms are one level of the hierarchy of life, made up of the descendants of

free-living (usually eukaryotic) cells and sometimes making up social or eusocial colonies.

Eukaryotic cells are in turn descended from two or more free-living prokaryotic cells. The

existence of this hierarchy is an outcome, not an initial condition, of the evolutionary

process (Buss, 1987), and understanding the emergence of new levels of the hierarchy is a

major goal of evolutionary biology. The events that generated new levels of the hierarchy

have been called “major transitions in evolution” (Maynard Smith & Szathmáry, 1997) or

“evolutionary transitions in individuality” (ETIs; Michod & Roze, 1997).

The result of any ETI is a new kind of individual, but this raises the question of what

qualifies as an individual. In spite of suggestions to the contrary (e.g. Wilson, 2000), the

question of what biological units qualify as individuals is not always merely semantic but

has real consequences for some biological questions. For example, in order to make

meaningful comparisons across species, it is imperative that we match apples with apples

(Pepper & Herron, 2008). Furthermore, questions in population biology require resolution of

the “demographer's dilemma,” identifying what units to count and to associate with

measures of fitness (Clarke, 2012). The choice of what units to count affects how fitness is

measured, and different choices can lead to different predictions about evolutionary

dynamics and outcomes (Pedersen & Tuomi, 1995; Clarke, 2012). Indeed, any calculation of

fitness commits the investigator to a particular notion of individuality, at least for the species

in question (Ariew & Lewontin, 2004). Whether a given adaptive process should be

considered individual selection or group selection hinges on the distinction between

individuals and groups (Tuomi & Vuorisalo, 1989). Finally, being precise about what we

mean by an individual organism affects our understanding of individuality as a derived trait,

allowing us to frame meaningful questions about how it evolves (Queller & Strassmann,

2009; Clarke, 2010).

(1) Traditional criteria

Informally, ‘individual’ typically refers to entities with two notable features: they are

separate from other such entities, making them easily countable, and they cannot be divided

without losing their character. A number of criteria have been proposed for specifying how

to recognize these two basic features in the biological world. For example, biological

individuals (or organisms; we will treat these as synonyms in the context of individual

multicellular organisms) are said to be spatially and temporally bounded (Hull, 1980),

contiguous (Hull, 1980), and physiologically discrete (Buss, 1987). Further, individuals

should be genetically unique and genetically homogeneous (Weismann, 1904), possibly

because they pass through a single-cell bottleneck (Huxley, 1912), either in sexual or

asexual reproduction. An individual should be functionally integrated and autonomous

Herron et al. Page 2

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Huxley, 1912), have boundaries maintained by an immune response (Burnet, 1969), and

have a division of labour between reproductive (germ) and somatic cells (Buss, 1987).

Individuals should serve as units of selection and share a common evolutionary fate (Janzen,

1977), and as a result they should come to bear adaptations (Queller, 1997). This is by no

means an exhaustive list, and some of these criteria are overlapping or otherwise non-

independent. See Clarke (2010) for a more comprehensive list.

(2) Recent syntheses

Several recent efforts have attempted to reconcile different criteria for individuality and to

relate them more explicitly to evolutionary theory. In each of these recent syntheses, the

authors grapple with individuality as it relates to the process of natural selection. The

connection between the concepts of adaptation and individuality figures prominently. Most

of the reasons for needing an individuality concept (outlined above) are addressed by an

evolution-focused approach to understanding individuality. However, there is one notable

exception. The issue of how to recognize individuals that are appropriate for broad-scale

comparative purposes is often not discussed explicitly by those taking an evolutionary

approach.

One recent synthesis proposes that organisms be recognized by high levels of cooperation

and low levels of conflict among their component parts (Queller & Strassmann, 2009;

Strassmann & Queller, 2010). The focus is on realized levels of cooperation and conflict, not

potential sources of cooperation and conflict such as levels of genetic dissimilarity. The two

factors are treated as independent and continuous, setting up a two-dimensional space with

organisms occupying one quadrant. This view subsumes many of the traditional criteria as

causes, results, or indicators of high cooperation and low conflict. Thus germ-soma

specialization, policing, and single-cell bottlenecks are mechanisms that increase within-

organism cooperation or reduce within-organism conflict. High cooperation and low conflict

indicate that organisms are highly functionally integrated and allow them to function as

“bundles of adaptation” (Strassmann & Queller, 2010, p. 605). Genetic homogeneity will

often (but need not always) be associated with high cooperation and low conflict.

In another recent review, Folse & Roughgarden (2010) argue that the crucial criteria for

organismality are alignment of fitness interests of the lower-level units so that little or no

within-organism conflict occurs, interdependence of the parts due to germ-soma

differentiation, and functional integration as evidence of adaptation. As in the view of

Queller & Strassmann (2009; Strassmann & Queller, 2010), genetic homogeneity and

unicellular bottlenecks are ways of preventing conflict (not necessarily the only ways). The

relevance of germ-soma differentiation is that it exports fitness from the lower-level units to

the higher-level unit (Michod, 1997; Michod et al., 2006). Adaptive functional integration at

the organism level indicates that the organism is a unit of fitness. Folse & Roughgarden

(2010, p. 451) envision these traits arising in order during ETIs, “…beginning with

alignment of fitness by genetic relatedness, the export of fitness by germ-soma

specialization, and, finally, functional organization by adaptation at the higher level.”

In the framework of Godfrey-Smith (2009), individuals are defined by their membership in

Darwinian populations, those that are capable of adaptive evolution. At a minimum, such
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populations must possess Lewontin's (1970) criteria for evolution by natural selection:

heritable variation in phenotypes that affect fitness. Traditional criteria for individuality are

sometimes associated with the capacity for adaptive change, but it is the capacity itself that

is central. Godfrey-Smith (2009) recognizes a continuum of Darwinian and Darwinian-like

processes, from marginal cases that meet only the minimal criteria to “paradigm” cases that

are capable of producing complex adaptations. Populations vary more or less continuously

along several axes, including the amount of phenotypic variation present, the reliability of

inheritance, the strength of intra-specific ecological interactions, the extent to which fitness

depends on intrinsic features, and the smoothness of the adaptive landscape. Populations that

possess all of these features in high degree have the potential for sustained and complex

adaptive change, while those with low degrees of one or more criteria are at best capable of

less interesting evolutionary outcomes. Other criteria may also be important for particular

kinds of organisms. The most relevant of these types for our purposes is collective

reproducers, those that are composed of parts that are themselves capable of reproduction.

Collective reproducers have the potential for complex adaptive processes, and thus have a

high degree of individuality, when they pass through a bottleneck during development, have

a separate germ line, and are highly integrated. High degrees of these criteria indicate that

Darwinian processes will be more powerful, and thus adaptations will tend to occur, at the

level of the collective rather than of its components. The ideas that individuality means

‘membership in a Darwinian population’ and that the degree of individuality is related to the

complexity of the outcome of a selective process can be understood in terms of evolvability,

though Godfrey-Smith (2009) does not use that term (Sterelny, 2011). By this conception,

the process of natural selection both depends on and can create aspects of individuality,

making the issue of individuality a fundamental and subtle part of evolutionary theory.

(3) Aims

Most of the traditional criteria have been identified as such because they apply to ‘paradigm’

(Wilson, 1999) or ‘unitary’ (Santelices, 1999) organisms, those (such as vertebrates) for

which their status as individuals is rarely in doubt. When we broaden our scope beyond

these easy cases, though, cracks begin to show. Living things form colonies, clones,

chimeras, coenobia, syncytia, symbioses, and other units that possess some but not all of the

traditional criteria for individuality. In fact, when the diversity of life is considered, only a

tiny minority of living things are found in units that possess all of these criteria (Buss, 1983,

1987; Folse & Roughgarden, 2010).

Our aim is to explore the cracks in the concept of individuality by considering how the

various criteria apply to the “minor” multicellular eukaryotic taxa, those that include from a

few to perhaps 10,000 known species. All of our chosen examples include at least some

species with cellular differentiation. We consider only cases of spatial differentiation (i.e.

two or more cell types in the same multicellular body, or thallus, at the same time) as

opposed to temporal differentiation (i.e. organisms with cells that change over time, either

because of an alternation of generations or due to environmental stimuli).

For each group, we focus on one or two ‘model’ species that have been especially well

studied. We hope that, by attempting to apply the concept of individuality to diverse, real
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biological examples, we can reveal limitations that are not apparent when considering this

concept in the abstract. We will see that unexpected complications arise, revealing that most

concepts of individuality fail universally and unambiguously to distinguish individuals from

groups of individuals or from parts of individuals. Finally, we evaluate some recent attempts

to overcome these limitations by constructing concepts of individuality that can be applied

across all taxa.

Aside from animals, land plants and fungi, cellular differentiation is found in at least some

members of the red, green and brown algae, the cellular slime molds, and the ciliates.

Differentiated multicellularity has thus arisen (often more than once) in five of the eight

major groups of eukaryotes (sensu Baldauf, 2003): plants (red algae, green algae, land

plants), Amoebozoa (cellular slime molds), Opisthokonts (animals, fungi), Alveoloates

(ciliates), and Heterokonts (brown algae). In addition, there are several examples of

differentiated multicellularity in prokaryotes (e.g. cyanobacteria, myxobacteria, biofilms),

which we do not consider here (Meeks & Elhai, 2002; Webb, Givskov & Kjelleberg, 2003;

Whitworth, 2008). Nearly every multicellular group has a unique associated vocabulary;

because few readers will be familiar with all of them, we have tried when possible to avoid

specialized jargon.

II. Plantae

The plants (sensu Baldauf, 2003) include the direct descendents of the primary

endosymbiosis of a cyanobacterium approximately 1400-1600 million years ago (MYA)

(Moreira, LeGuyader & Phillipe, 2000; Yoon et al., 2004; Bhattacharya et al., 2009). This

monophyletic group includes the land plants and their closest relatives, the Charophytes

(together referred to as Streptophyta; Bremer et al., 1987), the red algae (Rhodophyta), the

green algae (Chlorophyta), and the unicellular glaucophyte algae. All other photosynthetic

eukaryotes had their origins in secondary (or higher-order) endosymbiotic events, in which

the engulfed partner was a unicellular eukaryotic (usually red or green) alga (Hackett et al.,

2007).

(1) Green algae (Chlorophyta): “master colony formers”

The Chlorophyte green algae include the closest living relatives of the Streptophyta

(Charophytes and land plants), from which they diverged approximately 900-1000 MYA

(Hedges et al., 2004; Berbee & Taylor, 2007; Hackett et al., 2007; Bhattacharya et al.,

2009). Chlorophyte growth forms are exceptionally diverse, ranging from unicells to large

(up to 1 m) seaweeds with true tissues and including several lineages of motile multicellular

colonies (van den Hoek, Mann & Jahns, 1995; Lewis & McCourt, 2004). Chlorophyte life

histories typically include an alternation of haploid and diploid generations, and these may

be isomorphic to strongly heteromorphic (Bold & Wynne, 1985; Lewis & McCourt, 2004).

In spite of many poorly resolved relationships, it is clear that the Chlorophyte algae include

numerous origins of multicellularity (Mattox & Stewart, 1984; Lewis & McCourt, 2004). Of

the four classes of Chlorophytes, three (Chlorophyceae, Trebouxiophyceae, and

Ulvophyceae) include members that are multicellular during at least part of their life history.

The unicellular Prasinophyceae are likely paraphyletic with respect to the other three classes
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(Karol et al., 2001; Lewis & McCourt, 2004). The Trebouxiophyceae are mostly unicellular

but include filamentous forms such as Microthamnion and membranous thalli such as

Prasiola (Lewis & McCourt, 2004).

(a) Chlorophyceae—The Chlorophyceae include so many separate multicellular lineages

that Kirk (1998, p. 22) called them “master colony formers.” Within the order Volvocales,

Volvox carteri has been developed as a model for the evolution of multicellularity and

cellular differentiation (Starr, 1969; Kirk, 1998, 2001). Volvox carteri is a transparent,

motile spheroid with approximately 2000-4000 small, biflagellate somatic cells embedded

near the surface and approximately 12-16 much larger reproductive cells just below (Starr,

1969; Kirk, 1998).

The V. carteri life cycle is described in Fig. 1. Haploid asexual spheroids reproduce by

autocolony formation, in which each reproductive cell divides and develops into a miniature

spheroid within the mother spheroid. Male and female strains are genetically distinct but

morphologically identical in the asexual phase, but differences become apparent upon entry

into the sexual phase. Sexual reproduction is triggered by a pheromone, the production of

which can be caused by heat shock or by spontaneous mutation (Callahan & Huskey, 1980;

Kirk & Kirk, 1986).

The traditional criteria give conflicting answers regarding what constitutes an individual in

V. carteri. Because many rounds of asexual reproduction can occur between subsequent

events of sex induction and mating, many genetically identical spheroids typically descend

from a single V. carteri zygote. Thus the spatially bounded, contiguous, physiologically

discrete and autonomous units (the spheroids) will typically not be genetically unique.

Rather the genetically unique units, and the largest genetically homogenous units, are the

clonal descendants of a given zygote (i.e. a genet; Sarukhán & Harper, 1973). By different

criteria, then, a particular V. carteri spheroid can be considered an individual or a part of an

individual (the genet).

Volvox carteri is a recurring character in discussions of individuality, and it appears in all

three of the recent syntheses we review here. Queller & Strassmann (2009; Strassmann &

Queller, 2010) consider V. carteri spheroids individuals on the grounds that their component

cells cooperate in a germ-soma division of labour, and that within-spheroid conflicts are

rare. Similarly, Folse & Roughgarden (2010) cite the germ-soma division of labour, and the

resulting functional integration of spheroids, as decisive. In Godfrey-Smith's (2009)

framework, V. carteri spheroids have an intermediate degree of individuality, scoring high

on germ-soma division of labour and passing through a single-cell bottleneck during

development and having an intermediate level of functional integration.

(b) Ulvophyceae—In the Ulvophyceae, most species have multicellular thalli during at

least some part of the life cycle. The closely related orders Ulvales and Ulotrichales may

represent a single origin of multicellularity, and the terrestrial Trentopohliales at least one

other (Lewis & McCourt, 2004). Membranous Ulvophytes, such as Monostroma and Ulva,

typically have prostrate, filamentous rhizoids and an upright, membranous blade.
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The Ulva mutabilis life cycle is described in Fig. 2. The diploid sporophytes and haploid

gametophytes of U. mutabilis are isomorphic, with a small holdfast and a large (up to 30

cm), membranous blade (Løvlie, 1964). Early germlings of U. mutabilis sporophytes and

gametophytes develop similarly (Fjeld, 1972). A motile propagule (gamete, zoospore or

zygote) attaches to the substratum and begins dividing to form a filament consisting of a

single row of cells. At the four- or eight-celled stage, the basal cell elongates and begins to

differentiate into a primary rhizoid, the first component of the holdfast (Fjeld, 1972).

Neighbouring cells form a hollow tube and enlarge to become giant stem cells, the most

basal of which produce additional rhizoids, while the apical cells form a blade two cell

layers thick (Fjeld, 1972). Normal development and differentiation require the presence of

symbiotic bacteria, without which only slow-growing, undifferentiated “callus-like

colonies” develop (Stratmann, Paputsoglu & Oertel, 1996).

As with Volvox carteri, the mixture of sexual and asexual (parthenogenetic) reproduction in

the U. mutabilis life cycle means that the spatially bounded, contiguous, physiologically

discrete units (the thalli) will often be neither genetically unique nor the largest genetically

homogeneous units. Furthermore, the requirement for symbiotic bacteria in development

calls into question whether the thallus by itself or only the combination of alga and bacteria

should be considered the individual on the bases of functional integration and autonomy.

Finally, the chromosome doubling that sometimes occurs during sporophyte development

from unfused gametes (Föyn, 1958; Fjeld, 1972) means that a given thallus may not be

genetically homogenous, at least in terms of ploidy.

Ulva mutabilis thalli, both sporophyte and gametophyte, have a germ-soma division of

labour and pass through a single-cell bottleneck during development, and so they probably

qualify as individuals by the criteria of high cooperation and low conflict (Queller &

Strassmann, 2009; Strassmann & Queller, 2010). For similar reasons, U. mutabilis thalli

likely qualify as individuals by the criteria of Folse & Roughgarden (2010). These two

views diverge, though, in their application to U. mutabilis' symbiotic bacteria. Folse &

Roughgarden (2010) do not address symbioses, but their treatment of chimeras (which they

do not consider organisms) suggests that they would consider the potential conflict implied

by the partners' distinct genomes to be decisive. Strassmann & Queller (2010), by contrast,

allow for the possibility of “egalitarian organisms,” those composed of genetically distinct

subunits (as opposed to “fraternal organisms” made up of like units, based on the distinction

originally set forth in Queller, 1997). It is an open question, though, whether the degree of

cooperation between U. mutabilis and its associated bacteria suffices to qualify the

conglomerate as an individual.

Evaluating the degree of individuality of Ulva mutabilis thalli in the framework of Godfrey-

Smith (2009) requires some speculation about biological details. The observation that U.

mutabilis sporophytes preferentially settle on bacterial biofilms (Joint et al., 2000, 2002)

suggests that the symbiosis is reestablished each generation, so the degree to which the

bacterial portion passes through a bottleneck is difficult to say. Without their associated

bacteria, U. mutabilis thalli lack any obvious cellular differentiation, including a germ-soma

division of labour, and the degree of functional integration seems to be much higher with the

bacteria than without. Thus it seems that the U. mutabilis thallus itself does well by the
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botttleneck criterion, while the combination of alga and bacteria does better by the criteria of

functional integration and germ-soma division of labour. Bearing in mind that bottlenecks,

germlines, and integration are indicators for the main criterion of capacity for adaptive

change, Godfrey-Smith's (2009) framework leads us to conclude that both the symbiotic

partnership and the alga alone possess some degree of individuality.

(2) Red algae (Rhodophyta): ancient origin of multicellularity

The red algae are an ancient and morphologically diverse group, most of which are

multicellular. Growth forms range from single cells to large (up to 2 m) thalli with

differentiation into true tissues (Coomans & Hommersand, 1990; Pueschel, 1990). Red algal

life histories are complex and variable, with as many as three distinct phases, some haploid

and some diploid, some isomorphic and some heteromorphic (Hawkes, 1990).

Heteromorphic life-history phases can be dramatically so, and they may even be

ecologically differentiated, living in very different habitats (Graham & Wilcox, 2000). Some

are so different that they were originally described not only as separate species but as

separate genera (Graham & Wilcox, 2000).

In spite of their diversity of morphology and life history, red algae are recognized as a

monophyletic group (Van de Peer & De Wachter, 1997; Burger et al., 1999; Yoon et al.,

2006). Recent molecular evidence unambiguously shows red algae as the sister group to

green algae + Streptophytes (Moreira et al., 2000; Rodríguez-Ezpeleta et al., 2005). There is

broad agreement on the composition of the major lineages of red algae, but little resolution

of the relationships among these lineages (Saunders & Hommersand, 2004; Yoon et al.,

2006). Until these relationships are resolved, it will be difficult to evaluate the possibility

that multicellularity may have evolved more than once within the red algae or that some

unicellular lineages may have evolved by reduction from multicellular ancestors (Garbary &

Gabrielson, 1990).

One species of red alga, Porphyra yezoensis, has been developed as a developmental model

(Kitade et al., 1998; Yamazaki, Nakanishi & Saga, 1998). The life cycle of P. yezoensis is

described in Fig. 3 and includes a microscopic, filamentous diploid sporophyte and a

macroscopic, foliose haploid gametophyte. The blade of a mature P. yezoensis gametophyte

is only one cell thick but can be up to 1 m in length and may have as many as five cell types

(Polne-Fuller & Gibor, 1984). Aside from the long, tapered cells of the holdfast, the thallus

includes large vacuolated cells near the base, smaller vegetative cells making up most of the

blade, and patches of male and female reproductive cells (Polne-Fuller & Gibor, 1984).

Porphyra yezoensis gametophytes require symbiotic bacteria to develop normally: those

grown in axenic cultures produce undifferentiated clumps, which can be rescued by the

addition of two strains of marine bacteria (Mori et al., 2004; Yamazaki et al., 1998).

Gametophytes of P. yezoensis are chimeric in the sense that the thallus develops from all

four products of meiosis (Ohme, Kunifuji & Miura, 1986). The genetic distinctness of those

parts of the thallus derived from distinct meiotic products can be seen most dramatically in

pigment mutants, which can develop into thalli in which the colour differs across the midline

of the blade (Wang et al., 2009). In the closely related P. purpurea, a similar process can

Herron et al. Page 8

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



produce monoecious thalli with genetically distinct male and female halves (Mitman & van

de Meer, 1994).

Identification of individuals in P. yezoensis involves some of the same difficulties as in Ulva

mutabilis. The thalli possess many of the proposed criteria for individuality (e.g. spatial

boundedness, contiguity, physiological discreteness, single-cell bottleneck, germ-soma

differentiation), while the mitotic descendants of a zygote may include a large number of

thalli that, as a group, are genetically unique and homogeneous. On the other hand, P.

yezoensis gametophytes are not genetically homogeneous even within a single thallus

(Ohme et al., 1986), meaning that a strict application of the genetic homogeneity criterion

will mean that a P. yezoensis individual can consist of a part of a thallus (in the

gametophyte) or a group of thalli (in the case of parthenogenetically reproducing

sporophytes). Finally, as in Ulva mutabilis, the reliance on symbiotic bacteria calls into

question whether P. yezoensis can qualify as an individual by the criteria of functional

integration and autonomy, or whether only the combination of alga and bacteria so qualifies.

Regarding the symbiosis between algae and bacteria, most of the discussion of Ulva

mutabilis applies to P. yezoensis as well, but the chimerism of the P. yezoensis gametophyte

is different in important ways from that of the U. mutabilis parthenosporophyte. The

chromosome doubling that takes place during the development of U. mutabilis

parthenosporophytes leads to a thallus that is genetically heterogeneous only in terms of

ploidy; the diploid portion presumably has the same complement of alleles as the haploid

portion, but with twice as many copies. The fitness interests of the haploid and diploid

portions are aligned and the resulting potential for conflict is low, presenting no problems

for the frameworks of Queller & Strassmann (2009; Strassmann & Queller, 2010) and Folse

& Roughgarden (2010). In P. yezoensis gametophytes, though, the portions of the thallus

descended from the four products of meiosis will likely bear different alleles, separating

their fitness interests and creating the potential for conflict (though it is an open question

whether such conflict is realized). Although P. yezoensis gametophytes develop from a

single cell, this does not have the usual effect of restricting genetic heterogeneity, and so

Godfrey-Smith's (2009) bottleneck criterion is only poorly approximated. Similarly, the

existence of a germ line (four germ lines, really) may limit conflicts within the four

genetically distinct portions of the thallus, but it probably does not prevent conflicts among

these lineages. The degree of functional integration depends on the degree to which these

potential conflicts are realized.

III. Heterokonta

(1) Brown algae (Phaeophyta): convergent origin of multicellularity

The brown algae represent a striking parallel to the distantly related land plants. Although

they diverged from the plant lineage over a billion years ago (Hackett et al., 2007;

Bhattacharya et al., 2009), aspects of their morphology, life history and development are

often surprisingly similar (Niklas, 2000). All brown algae are multicellular, ranging from

simple filaments and crustose forms to large, plantlike wracks and kelps, the thalli of which

can be up to 50 m long (Clayton, 1990; van den Hoek et al., 1995). Most brown algae have a

biphasic life history, with a diploid sporophyte and a haploid gametophyte. The phases can
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be isomorphic to strongly heteromorphic, and the sporophyte is usually the dominant phase

in heteromorphic species (Clayton, 1990). As in the red algae, life-history phases can be so

different that they are sometimes described as separate species and even separate genera

(van den Hoek et al., 1995).

Brown algae form a monophyletic group within the heterokonts, so-called because

swimming cells have two unequal flagella, one of which is covered with mastigonemes,

short bristles extending laterally from the main shaft (de Reviers, 2002). Photosynthetic

heterokonts are thought to have originated with the secondary endosymbiosis of an

autotrophic eukaryote, probably a red alga, resulting in chloroplasts with four membranes

(van den Hoek et al., 1995; Cavalier-Smith, 1998).

The small, filamentous species Ectocarpus siliculosus, in the order Ectocarpales, is

emerging as a model organism for the brown algae (Peters et al., 2004; Charrier et al., 2008;

Cock et al., 2010; Heesch et al., 2010). The E. siliculosus life cycle is described in Fig. 4

and includes diploid sporophytes and separate male and female haploid gametophytes, as

well as haploid parthenosporophytes that develop from unfertilized gametes (Müller, 1967;

Charrier et al., 2008). The life cycle is described as “slightly heteromorphic” (Le Bail et al.,

2008). Sporophytes and gametophytes both include upright, branched filaments, but

sporophytes of both kinds (haploid and diploid) include a branched prostrate structure not

found in the gametophyte (Müller, 1967; Charrier et al., 2008). All types of thalli have

specialized reproductive structures on the upright filaments (Müller, 1967; Charrier et al.,

2008).

In E. siliculosus, both the sporophyte and the gametophyte can reproduce asexually, leading

to difficulties similar to those in the algae previously reviewed. As in these other cases, a

thallus may be bounded, discrete, and contiguous, while a group of thalli (the genet) is

genetically unique and homogeneous.

IV. Amoebozoa

(1) Social amoebae: dispersal through aggregation and cooperation

The delicate and varied fruiting bodies formed by cellular slime molds have long captured

the attention of those interested in multicellular development. Cellular slime molds are also

known as social amoebae or Dictyostelia, and they are a clade within the primarily

unicellular supergroup Amoebozoa (Baldauf & Doolittle, 1997; Baldauf, 2008). Unlike most

multicellular organisms, a slime mold fruiting body develops from the aggregation and

differentiation of previously independent cells.

Close relatives of the cellular slime molds (Dictyostelia) include plasmodial slime molds

(Myxogastria) and Protostelia, all of which have fruiting bodies with a cellulosic stalk

supporting one or more spores (Baldauf & Doolittle, 1997; Baldauf et al., 2000; Olive,

1975). Protostelid species are characterized by fruiting bodies with a single (or very few)

spores (Olive & Stoianovitch, 1960) and are thought to be important “intermediates”

between species that do not form fruiting bodies and those with multicellular fruiting bodies.

Whereas Dictyostelids form fruiting bodies with differentiated cells, Myxogastrids form
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large, multinucleated plasmodia, which break up to form undifferentiated multi-celled

fruiting bodies (Glöckner et al., 2008; Marwan, Sujatha & Starostzik, 2005; Olive, 1975).

Cellular slime molds with and without cellular differentiation are phylogenetically

interspersed, so it is not clear whether cellular differentiation arose multiple times or only

once, with subsequent losses (Schaap et al., 2006; Shadwick et al., 2009; Fiore-Donno et al.,

2010).

The life cycle of the most-studied social amoeba species, Dictyostelium discoideum, is

described in Fig. 5. Multicellular development is triggered by starvation, which induces

amoeboid cells to aggregate and form a motile “slug.” The slug develops into a fruiting

body, often after migrating to a suitable location. Most of the cells in the slug form spores at

the top of the fruiting body, but a subset are incorporated into the stalk. Since the stalk cells

die without reproducing, the spore-stalk cell type distinction is a form of germ-soma

differentiation. Dictyostelium discoideum can also undergo a sexual cycle, although this has

not been extensively studied.

Multicellular development by aggregation allows for the possibility of chimeric (genetically

heterogeneous) multicellular bodies. In nature, D. discoideum fruiting bodies are often

clonal or nearly clonal, and in the laboratory, they demonstrate the ability to recognize and

aggregate preferentially with kin (Ostrowski et al., 2008; Flowers et al., 2010; Strassmann &

Queller, 2011b). Kin discrimination may allow for the avoidance of much conflict during

development in modern-day Dictyostelia. Nevertheless, there are indications that conflict

among cells may have been important during the evolution of developmental mechanisms.

Clones that over-represent themselves in the spore population of chimeras have been

identified, and the functionality (mobility) of chimeric slugs is less than that of clonal slugs

of the same size (Foster et al., 2002; Strassmann & Queller, 2011b). Differentiation into

spore rather than stalk may be a competitive process, with the losing cells making the most

of their bad situation by forming the stalk (Castillo, Queller & Strassmann, 2011).

Like Volvox carteri, Dictyostelium discoideum is a frequent subject in discussions of

individuality. In both the unicellular and the multicellular phases of the D. discoideum life

cycle, different units possess the various criteria proposed for individuality. In the

unicellular phase, the mitotic descendants of one product of meiosis may be genetically

unique and homogeneous, while contiguity, physiological discreteness and functional

integration occur in the single cells. The multicellular slug may be genetically homogeneous

(or not) and genetically unique (or not) depending on the structure of the population of

amoebae. Unless the population of amoebae is highly structured, the resulting slug will be

genetically unique but not genetically homogeneous. The slug meets the criteria of

contiguity, boundedness, discreteness, autonomy, and functional integration, and it develops

into a fruiting body with germ-soma differentiation. Depending on the genetic composition,

the realized levels of cooperation, conflict, and internal policing may vary.

Dictyostelium discoideum figures prominently in the discussions of Folse & Roughgarden

(2010) and, not surprisingly, Queller & Strassmann (2009; Strassmann & Queller, 2010). In

spite of its usual genetic heterogeneity and lack of a single-cell bottleneck, Queller &

Strassmann (2009; Strassmann & Queller, 2010) consider the D. discoideum slug an
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individual, emphasizing the normally low levels of realized conflict among cells. Folse &

Roughgarden (2010) reach the opposite conclusion, acknowledging D. discoideum's

functional integration and germ-soma specialization but ultimately deciding that the conflict

implied by genetic heterogeneity means that a D. discoideum slug is better interpreted as a

social group. Godfrey-Smith (2009) (2009, Fig. 5.1) assigns D. discoideum an intermediate

degree of individuality, intermediate in terms of germ-soma specialization and functional

integration but with no bottleneck.

V. Alveolata

(1) Ciliates (Ciliophora): aggregative and clonal development

Ciliates (phylum Ciliophora) are heterotrophs that may be found in virtually any aquatic

environment. Two distinct forms of multicellularity have evolved in this group. In the

peritrich ciliates (class Oligohymenophorea: subclass Peritrichia), two genera (Zoothamnium

and Apocarchesium) form branching colonies with multiple cell types. The distantly related

species Sorogena stoianovitchae (class: Colpodea) follows a life cycle similar to the cellular

slime molds; indeed, it was initially thought to be related to this group (Olive, 1975).

(a) Peritrich ciliates—Colonial peritrichs are filter feeders that form colonies reminiscent

of arborescent bryozoans, with inverted bell-shaped cells (zooids) connected to a substratum

by a stalk. Colonies grow by binary fission of zooids, after which one or both daughter cells

secretes its own stalk, creating the branching pattern observed in colonies. A bundle of

contractile filaments that runs through the stalk, the spasmoneme, can contract, causing the

stalk to coil, pulling the zooid away from a potential threat. In Zoothamnium, the

spasmonemes of all cells are continuous throughout the colony, so that the entire colony

may contract if one zooid is touched. In the other colonial peritrichs, the spasmonemes of

zooids are not continuous, so that individual zooids retract independently.

In peritrich species with cellular differentiation, zooids are differentiated into actively

dividing terminal zooids, larger macrozooids that produce dispersing cells, and smaller

microzooids specialized for feeding (Ji & Song, 2004; Li et al., 2008; Ji & Kusuoka, 2009;

Norf & Foissner, 2010). Colonies are founded by telotrochs, motile cells that do not feed but

are able to redifferentiate into feeding zooids shortly after attaching to a suitable site

(Viljoen & As, 1987). Cellular differentiation is present in several species of Zoothamnium

and two species of Apocarchesium (Ji & Song, 2004; Li et al., 2008; Ji & Kusuoka, 2009;

Norf & Foissner, 2010). Cellular differentiation may have evolved once in peritrich ciliates

and been lost subsequently in some lineages, or it may have evolved separately in

Zoothamnium and in Apocarchesium (Li et al., 2008; Sun et al., 2011).

The largest species of Zoothamnium, Z. niveum, forms feather-like colonies up to 1.5 cm

long, with a central stalk and alternating branches (Rinke et al., 2006, Bauer-Nebelsick,

Bardele & Ott, 1996b). The Z. niveum life cycle is described in Fig. 6. Colonies of Z. niveum

are always found in association with a bacterial ectosymbiont, a single species of sulphide-

oxidizing gammaproteobacteria (Bauer-Nebelsick, Bardele & Ott, 1996a,b; Rinke et al.,

2006). The symbiotic association is apparently obligate, as Z. niveum cannot survive without

the bacteria (Bauer-Nebelsick et al., 1996b). The bacteria cover the colony in a monolayer
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and are morphologically differentiated over the surface of the colony, rod-shaped on the

macrozooids, terminal zooids and branches and more coccoid on the oral side of

microzooids (Bauer-Nebelsick et al., 1996a).

The symbiosis between Z. niveum and its associated bacteria creates difficulties similar to

those in Ulva mutabilis and Porphyra yezoensis. Zoothamnium niveum takes the relationship

to a new level, though, in two ways. First, the requirement of bacterial symbionts for Z.

niveum to survive at all further raises the question of whether or not the eukaryotic portion

of a colony can be considered an individual at all by the criteria of functional integration and

autonomy. In addition, the morphological differentiation of the bacteria across the surface of

a Z. niveum colony suggests a high degree of functional integration not only for the ciliate

but for the bacteria as well.

Aside from issues related to the bacterial symbionts, Zoothamnium niveum presents other

problems we have already seen. The mixture of sexual and asexual reproduction means that

the contiguous and autonomous units (the colonies) are not always genetically unique.

Finally, conjugation can cause the descendant cells (zooids) to differ genetically from others

in the colony so that colonies do not meet the criterion of genetic homogeneity (Summers,

1938a,b).

(b) Sorogena—The life cycle of the bacteriovorus S. stoianovitchae (described in Fig. 7)

is similar to that of the cellular slime molds, with free-living cells aggregating into a fruiting

body, or sorocarp. Sex has not been observed in Sorogena stoianovitchae, and in fact only

one of the approximately 200 species of Colpodea, the class that includes Sorogena, has

been shown to have sex (Dunthorn & Katz, 2010).

Sorocarp formation appears to be a recent innovation in S. stoianovitchae, as this species is

very closely related to Platyophrya vorax, an asocial predatory ciliate (Lasek-Nesselquist &

Katz, 2001). Comparatively little is known about the relationship between ancestral traits

and the adaptations that were required for sorocarp formation. It is likely that pathways

involved in encystment under environmental stress in other members of class Colpodea have

been co-opted for novel function, for example in the formation of the stalk material

(Sugimoto & Endoh, 2008).

In Sorogena stoianovitchae sorocarps, stalk formation occurs through the secretion of an

extracellular, mucoid matrix that expands as it absorbs water. While sorocarp formation

does not require ‘stalk cells’ (as in Dictyostelium discoideum and the prokaryote

Myxococcus xanthus), a subpopulation of cells may remain at the root of the stalk,

presumably resulting in zero direct fitness (Olive, 1978; Sugimoto & Endoh, 2008). The rest

of the cells undergo encystment in preparation for dispersal (Olive, 1978). It is not clear

whether the cells that remain in the base constitute a separate cell type or an arbitrary

subpopulation.

The problems with Sorogena stoianovitchae individuality are similar to those of the other

aggregative developer reviewed here, Dictyostelium discoideum. As in the social amoebae,

many free-living ciliates may share a genotype, meaning that the genetic criteria will
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identify a group of cells as the individual while physical and physiological criteria indicate

that the cells are individuals in their own right. Further, the genetic structure of the fruiting

bodies depends on the population structure of the free-living cells, so that criteria such as

genetic uniqueness and homogeneity become contingent on environmental conditions.

VI. Discussion

The question of what constitutes an individual or organism has been dismissed on the

grounds that “…the most important questions about organisms do not depend on this

concept.” (Wilson, 2000, p. S301). Leaving aside the issue of which biological questions are

the most important, we agree that many such questions can be addressed without explicitly

defining the individual. There are, however, some important biological questions for which

it is important to think carefully about what we mean by individuality. For example, we

might ask what features are common to the emergence of new kinds of individuals across

taxa and at different levels of biological organization (Maynard Smith & Szathmáry, 1997;

Michod & Roze, 1997). If so, we must know which cases to include, requiring us to be clear

about when such a transition has occurred. For instance, whether or not we should include

the evolution of sex depends on whether the mated pair is a group of individuals or an

individual in its own right (Michod, 2011). Similarly, if we wish to assess the claim that

group selection is common in nature (e.g. Eldakar & Wilson, 2011), we must distinguish

whether the putative targets of selection are groups of individuals or individuals in their own

right. As a final example, describing and explaining how various biological processes scale

with body size also requires consideration of the relevant “individual body” across diverse

forms of life (West, Brown & Enquist, 1997; DeLong et al., 2010; Agutter & Tuszynski,

2011). Far from being questions that “only philosophers love” (Queller & Strassmann, 2009,

p. 3143), these are topics of considerable interest to, and active research among, biologists.

Having presented several concrete examples, it is worth taking a step back to consider the

problem of individuality in the abstract. What conceptual work should we ask of a properly

constructed definition of an individual organism? In other words, once we have settled on a

set of criteria and judged whether these are met by a particular biological unit, what other

questions should automatically be answered? The answer may depend on the specific

biological question, though some general uses of the concept of an “individual” can be

identified. First, a definition of “individual” can be used to distinguish organisms from parts

of organisms and from groups of organisms (Pepper & Herron, 2008). Second, it can be

used unambiguously to distinguish growth from reproduction (Godfrey-Smith, 2009).

Finally, it can be used to identify the relevant units to count in studies of population biology

in order to measure fitness (Clarke, 2010). Clearly these are not orthogonal; they may in fact

be different ways of saying the same thing. If we can distinguish wholes from parts and from

groups, we will know what to count in studies of population biology, and will we have no

trouble recognizing when reproduction has taken place. On the other hand, it is not

necessarily the case that one definition of “individual” suffices equally well for each of these

tasks, particularly as they relate to a specific biological question. A set of criteria that is

useful for distinguishing parts from whole organisms in, for example, a study of metabolic

scaling may prove to be different from criteria that are helpful in determining the extent to

which those same units are fitness-bearing. In principle, at least, it is possible to have
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legitimate but incompatible notions of “individuality” for different types of biological

questions.

We did not set out to cherry-pick bizarre and pathological examples, but only to select the

best-studied representative of each of the taxonomic groups we reviewed. Nevertheless, each

of the model species on which we have focused reveals one or more limitations of the

paradigmatic conception of an individual organism. In each of these cases, different

biological units meet some but not all of the traditional criteria listed in the introduction. By

different criteria, then, the same unit (e.g. a particular multicellular body or thallus) can

qualify as a part of an organism, an organism in its own right, or a group of organisms.

(1) Limitations of the traditional criteria

The alternation of generations that occurs in most life cycles poses problems for several

concepts of individuality. The view of an individual as the mitotic descendants of a fertilized

zygote runs into problems when not all of the phases of a life cycle are derived mitotically

from a fertilized zygote. In Volvox carteri, for example, there are no mitotic descendants of

a diploid zygote (mitosis only occurs in the haploid phase). In Ectocarpus siliculosus, only

the sporophyte develops mitotically from a zygote, yet there seems to be no justification for

considering the sporophyte but not the gametophyte an individual organism simply because

the gametophyte develops from a haploid propagule. Even in animals, the zygote view is

only tenable because the haploid phase of the life cycle is unicellular, and as a result we do

not usually think of animals as having an alternation of haploid and diploid generations (e.g.

we rarely refer to human gametes as “haploid people”). In fact, this situation merely

represents one end of a continuum that ranges from haploid and diploid phases being fully

isomorphic as in Ulva mutabilis, to “slightly heteromorphic” as in Ectocarpus siliculosus, to

dramatically heteromorphic as in Porphyra yezoensis, to the haploid (animals) or diploid

(Volvox carteri, Dictyostelium discoideum) phase being reduced to a single cell.

As has been recognized for clonally reproducing plants and animals, a life cycle that

includes asexual reproduction will produce contiguous, autonomous or semi-autonomous

units (ramets; Stout, 1929) that are different from the genetically unique units (genets;

Sarukhán & Harper, 1973). Thus, although Volvox carteri spheroids, asexually produced

seaweed thalli, and Zoothamnium niveum colonies are physiologically and functionally

integrated and develop from a single cell, they will not usually be genetically unique.

Conversely, several of the multicellular units are not (or not always) genetically

homogeneous. The species with aggregative development (Dictyostelium discoideum,

Sorogena stoianovitchae) will only be genetically homogeneous when there is a high level

of spatial genetic structure or if they have especially strong kin-recognition mechanisms.

Even among the clonal developers, though, two or more genotypes are often present in the

same multicellular body or thallus. The cases of Ulva mutabilis, Porphyra yezoensis, and

Zoothamnium niveum show that even a single-cell bottleneck is not always enough to

guarantee genetic homogeneity.

Functional specialization of lower-level units is often taken as a hallmark of individuality at

the higher level. For multicellular organisms, this requirement is often specified as a division
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of labour between reproductive and somatic cells (e.g. Buss, 1983, 1987; Michod, 2003;

Michod & Nedelcu, 2003; Solari, Nedelcu & Michod, 2004). Such differentiation is

considered a prerequisite for complex multicellular forms, because without cell

specialization in distinct components of fitness (reproduction and survival), conflicts among

cells destroy the integrity of the group (e.g. Michod, 2003; Solari et al., 2004). As with the

single-cell bottleneck, though, the examples of Ulva mutabilis and Porphyra yezoensis show

that a germ-soma division of labour is not always sufficient to prevent genetic heterogeneity,

and thus it may not be sufficient to prevent conflicts among cells.

(2) Continuous variation

Our discussion to this point has assumed that the criteria under consideration are

dichotomous, but intermediate cases exist for all of them. This raises the question of what

degree of a particular criterion is required in order to consider something an individual

organism.

Perfect genetic homogeneity, for example, is probably only ever met in very small

multicellular organisms (Otto & Hastings, 1998; Pineda-Krch & Lehtilä, 2004). The cells of

larger organisms will inevitably diverge due to mutation during growth and development,

and this divergence “becomes steadily greater to the extent that life is long” (Godfrey-Smith,

2009, p. 76). Ulva mutabilis, Porphyra yezoensis, Zoothamnium niveum, Sorogena

stoianovitchae and Dictyostelium discoideum provide further examples for which the

physically contiguous units (thalli of the seaweeds, fruiting bodies of the aggregates) can

occupy various positions along this continuum. Similarly, unicellular propagules occupy one

end of a near continuum of possible propagule sizes (Roze & Michod, 2001; Godfrey-Smith,

2009). Physiological integration can vary across a broad range (Tuomi & Vuorisalo, 1989;

Pepper & Herron, 2008). Even germ-soma differentiation has intermediate stages, as in

some species of the Volvox relative Eudorina in which a subset of the cells act as soma

under some environmental conditions but as reproductive cells in others (Nozaki et al.,

1989).

(3) Symbioses

In some of the taxa reviewed here, a further complication arises as the result of some very

tightly integrated symbioses. In these cases, the concept of individuality is perhaps better

understood within the broader concept of the ‘holobiont.’ This term refers to a community of

symbionts, for example, the coral animal, its endosymbiotic algae (zooxanthellae), and the

associated biofilm of bacteria (Rohwer et al., 2002). Many species may fit this description to

varying degrees, as symbioses are common and vary from loose affiliations to intimate,

obligate relationships.

The holobiont concept seems particularly apt for Ulva mutabilis and Porphyra yezoensis,

both of which form obligate associations with ectosymbiotic bacteria. The symbionts are so

integrated into the development of these algae that without them the algae are incapable of

normal development and form only undifferentiated clumps. In Zoothamnium niveum, not

only is the symbiotic association with bacteria obligate, but the bacterial cells visibly

differentiate in a spatially predictable pattern, introducing a new type of cellular
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differentiation if we consider the bacteria to be part of the holobiont. The view of

individuals as autonomous units probably requires considering bacteria to be part of the

holobiont, since the eukaryotic portion of the holobiont cannot survive (Zoothamnium

niveum), at least in its normal form (Ulva mutabilis, Porphyra yezoensis), without the

prokaryotic portion.

In the cases of Ulva mutabilis and Porphyra yezoensis, the relationship with symbiotic

bacteria affects a trait that all of the recent syntheses agree is important for individuality, the

division of labour between reproductive and somatic functions. In the case of Zoothamnium

niveum, the affected trait is life itself, without which all discussions of biological

individuality are moot. Nevertheless, a critic of the holobiont view might argue that the

symbiotic bacteria in each case are merely a part of the external environment and that these

cases are no different in principle from (for example) the requirement of a trace element for

normal development. The crucial difference is that the external environmental factor in these

symbioses has the capacity for adaptive evolution including coevolution when fitness

interests are, to some degree, tied to those of the other partner.

(4) Recent syntheses

The attempts by Queller & Strassmann (2009; Strassmann & Queller, 2010), Folse &

Roughgarden (2010), and Godfrey-Smith (2009) to define individuals in evolutionary terms

share the strength that they are not defined in reference to any particular taxon. As McShea

(1996) points out in reference to complexity, a definition that is derived by listing the traits

of a particular taxonomic group can yield only trivial answers about how those traits

correlate with others. Only by defining individuality in a taxon-independent way can we ask

meaningful questions about how it evolves. Furthermore, all of the aforementioned authors

recognize that the relevant criteria can vary continuously. Something like this is necessary

for studying ETIs, where it is more useful to imagine a lineage gradually increasing in

individuality than to try to draw a line above which the groups in question do, and below

which they do not, qualify as individuals.

The approach of Godfrey-Smith (2009) is particularly relevant for understanding the

emergence of new kinds of individuals. Since the necessary conditions for natural selection

can occur at more than one level, this criterion does not always identify a particular level as

that of the individual. In fact, the possibility of partial degrees of individuality coexisting at

different levels is a central theme of Godfrey-Smith's (2009) book. Clarke (2012) proposes

that we embrace this conclusion as a messy consequence of biological reality. Many useful

categories have fuzzy boundaries, and “individual” may be an example. Along similar lines,

Michod (2011, p.186) sees the volvocine algae in the genus Gonium as “partially integrated

units of evolution and adaptation” that are “partway but not yet fully emerged as an

evolutionary individual”. In Michod's view, evolutionary individuals meet Lewontin's

(1970) conditions but also “possess properties that restrict within-group selection and

enhance between group selection” (Michod, 2011, p. 184).

The set of criteria proposed by Folse & Roughgarden (2010) – alignment of fitness interests,

germ-soma differentiation and functional integration – seems tractable and unambiguous

when applied to the ‘fraternal’ transitions: multicellularity, eusociality, and the like (Queller,

Herron et al. Page 17

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1997). Yet it provides little guidance for the ‘egalitarian’ transitions, such as the

endosymbiotic events that led to mitochondria and chloroplasts (Queller, 1997). Egalitarian

transitions do not involve a reproductive division of labour, and so these criteria say nothing

about, for example, when an endosymbiont and its host become one organism. In our

examples, this shortcoming is most obvious in the cases of intimate bacterial symbioses:

Ulva mutabilis, Porphyra yezoensis, and Zoothamnium niveum.

The criteria of Queller & Strassmann (2009; Strassmann & Queller, 2010) do appear to be

universally applicable, although they are arguably more difficult to measure. Queller &

Strassmann (2009; Strassmann & Queller, 2010) identify a single level of organization as

organismal (for any particular case) by specifying that it is the highest level that meets their

criteria. By contrast, Godfrey-Smith (2009) allows for multiple levels to share partial

degrees of individuality. The view of Queller & Strassmann (2009; Strassmann & Queller,

2010) thus unambiguously distinguishes wholes from parts and groups, while Godfrey-

Smith's (2009) view lends itself well to scenarios involving multilevel selection. Both of

these views are also contingent on extrinsic factors: cooperation, conflict, and heritable

variation in fitness may all be affected by the abiotic environment as well as by interactions

with con- and heterospecifics. This may lead to the counterintuitive result that the status of a

given biological unit as a part, whole or group (or its degree of individuality) can change

over short time spans without any evolutionary change on the part of the unit in question.

(5) Implications

Although the taxa we have reviewed are phylogenetically diverse, our focus has in some

sense been quite restricted. We selected all of our case studies from what should arguably

have been the easiest set: multicellular eukaryotes with cellular differentiation. In so doing,

we have neglected many potentially problematic cases, such as intracellular endosymbionts

and organelles, colonial invertebrates, eusocial animals, facultatively sexual unicells, and

coenocytic organisms. We neglected prokaryotes altogether, including those with cellular

differentiation (such as some filamentous cyanobacteria). We also did not consider

borderline cases between life and nonlife. Even within this restricted set of examples, we

found myriad complications restricting the applicability of the most common criteria for

individuality. Some of these difficulties only become obvious in light of detailed life

histories, and so it seems likely that entirely new complications would arise in a similar

investigation focusing on some of the cases that we have not considered (or that have yet to

be discovered).

Clearly criteria that are designed for a particular set of organisms do not always translate

well to other groups (Hutchings & Booth, 2004). This is not just a problem of fuzzy

boundaries or of conflicting answers, but that some criteria fail to provide an answer for

some groups. For example, the genet view developed for plants, of an individual as the

mitotic descendants of a zygote, is not relevant for taxa in which the zygote never undergoes

mitosis or in which there is no zygote at all. In our putative holobionts (Porphyra yezoensis,

Ulva mutabilis, and Zoothamnium niveum) the criterion of spatial boundedness gives no

guidance, since the multicellular unit is spatially bounded with or without the ectosymbiotic

bacteria. In both cases the problem is not that the proposed criteria give the wrong answer,
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but rather that they give no answer at all, providing no guidance in distinguishing organisms

from parts or from groups. These failures demonstrate the futility of basing our concept of

individuality on one or a few taxa. Any such concept will inevitably work for only a subset

of life's diversity.

Pepper & Herron (2008) raised the question of why all of the various criteria that

characterize unitary or paradigm organisms so often coincide in the same biological units

(the “organism syndrome”). On the contrary, when the full diversity of life is considered,

such a situation turns out to be quite rare (although it may be worthwhile asking why these

criteria ever coincide). Arguably only a subset of one branch of the Opisthokonts (the

Metazoans) meets all of the proposed criteria (Buss, 1987). The impression that unitary

organisms are common is an artifact of our (understandable) obsession with our own phylum

(Buss, 1987). This argues strongly in favour of recognizing intermediate degrees of

individuality in evolutionary studies. If this investigation has shown us anything, it is that

the line between parts and wholes is often blurry. Elements of individuality are often

partitioned among different biological units within a given species.

The ubiquity of intermediate levels of organization also has implications for the suggestion

that extant taxa displaying some but not all of the symptoms of the organism syndrome may

be partway through an ETI (Pepper & Herron, 2008). Although precise dates are not often

available, it is clear that most of the groups reviewed here have been in these “intermediate”

states for long periods of time. The brown algae (Berney & Pawlowski, 2006; Brown &

Sorhannus, 2010) and the volvocine green algae (Herron et al., 2009) each diverged from

unicellular ancestors on the order of 200 MYA. At least one lineage of ulvophyte green

algae had cellular specialization by 700-800 MYA (Butterfield, Knoll & Swett, 1988), and

the corresponding date in the red algae is 1200 MYA (Butterfield, Knoll & Swett, 1990).

Thus, if it is true that these groups are in the middle of a transition in individuality, it is a

very slow transition. It is not necessarily true that everything that is ‘partway through’ a

transition will eventually emerge as a unitary individual. Intermediate levels of organization,

with some but not all of the traits of organisms, appear to be quite stable over evolutionary

time. Folse & Roughgarden (2010) point this out in reference to a partial case of germ-soma

differentiation (Ayre & Grosberg, 2005), but the same logic could be applied to nearly any

criterion or set of criteria.

Biologists looking for broad-scale commonalities across a wide array of life forms would do

well to consider carefully the question of biological individuality. Without an explicit

concept of individuality, our basis for recognizing and applying the general principles that

underpin biological diversity is limited. This survey of “minor” multicellular taxa has

highlighted the difficulty of applying traditional individuality criteria to diverse life cycles

and ecologies across the tree of life. The examples described here provide test cases against

which candidate criteria can be measured, and a truly universal concept of individuality

should be able to handle all of these cases along with others we have not considered. The

more recent concepts of individuality we have reviewed have implications, such as that

individuality comes in degrees and may be contingent on environmental conditions, that

conflict with our intuitions. Only such taxon-independent concepts, though, have the

potential to provide meaningful answers to certain types of biological questions. The conflict
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may be an indication not of any systemic problem with the concepts themselves but rather of

intuitions based on the minority of life's diversity that makes up the majority of our day-to-

day experience.

VII. Conclusions

1. The question of what constitutes an individual is not merely semantic but has real

consequences for some biological questions.

2. Most proposed criteria for individuality were identified with vertebrates in mind,

and these criteria often give conflicting answers when applied to other taxa.

3. For the majority of life on Earth, the various proposed criteria for individuality do

not coincide in the same biological units.

4. Some taxa have intimate and obligate symbioses with bacteria, which may require

extending the concept of individuality to the holobiont (the symbiotic community).

5. Several taxon-independent concepts of individuality have recently been proposed,

and these avoid some of the failings of previously proposed criteria.

6. Intermediate states exist for all of the proposed criteria for individuality, and so

fuzzy boundaries may be unavoidable.

7. Some taxa possessing some but not all of the proposed criteria for individuality are

ancient, and such examples should not be assumed to be “on their way” to

becoming full individuals.

8. Understanding the emergence of new kinds of individuals requires the recognition

that individuality is a matter of degree.

9. Although recently devised, taxon-independent concepts of individuality have

counterintuitive implications (e.g. contingency, partial degrees of individuality),

this may be less a problem with these approaches than a mismatch between our

intuitions and the reality of biological diversity.
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Fig. 1.
Life cycle of the Chlorophyte green alga Volvox carteri. Haploid asexual spheroids undergo

asymmetric cell divisions early in development, producing small somatic cells and large

reproductive cells (gonidia). Each gonidium develops into a juvenile spheroid, which is

eventually released from the mother spheroid. Juveniles escape from the parental spheroid

possessing all of the cells they will have as adults; continued growth occurs by increases in

cell size and in the volume of extracellular matrix rather than by cell division (Starr, 1969).

Spheroids that are exposed to a chemical sex inducer (S.I.) produce sexual (male or female,

depending on the strain) offspring (Starr, 1970). Female spheroids appear similar to asexual

spheroids, but instead of approximately 12-16 reproductive cells, they produce

approximately 35-45 somewhat smaller eggs (Starr, 1969). Males are considerably smaller,

up to 512 cells, with half of the cells somatic and half producing sperm packets of 64-128

biflagellate sperm (Starr, 1969). Sperm packets are released from the male spheroids, swim

to female spheroids, penetrate their surface, and dissociate into individual sperm to fertilize

the eggs (Starr, 1969). Fertilized eggs mature into thick-walled, desiccation-resistant,

dormant spores, which germinate upon the return of optimal growth conditions (Starr, 1969).

Zygote germination involves meiosis but produces only a single haploid germling, which

develops into a small asexual spheroid, along with three polar bodies (Starr, 1969, 1975).

Adapted from Kirk (2001), Nishii & Miller (2010).
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Fig. 2.
Life cycle of the Ulvophyte green alga Ulva mutabilis. Diploid zygotes formed by the fusion

of gametes develop into diploid sporophytes. Sporophytes produce haploid zoospores

through meiosis, and zoospores develop into haploid gametophytes, which are

morphologically indistinguishable from the sporophytes. Gametophytes are of one of two

genetically determined mating types and produce gametes of the same mating type. Gametes

can either fuse to form a zygote that germinates into a sporophyte or settle and develop

parthenogenetically (Løvlie, 1964; Fjeld, 1972; Hoxmark & Nordby, 1974). Germlings

originating as unfused gametes can either develop into gametophytes or double their

chromosome number and develop as sporophytes (Föyn, 1958; Fjeld, 1972). Dashed arrows

indicate meiosis. Adapted from Hoxmark & Nordby (1974).

Herron et al. Page 29

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
Life cycle of the red alga Porphyra yezoensis. The haploid, foliose gametophyte phase

begins when a diploid spore settles and attaches to the substratum before undergoing

meiosis. The resulting four-celled embryos are arranged linearly, with one end attached to

the substratum (Wang et al., 2009). The cells present at this phase differ in their

developmental fate, with the descendants of the most basal cell or two differentiating into

the holdfast and those of the other two or three cells forming the blade (Polne-Fuller &

Gibor, 1984). The gametophyte produces non-motile male and female gametes as well as

haploid monospores that develop into new gametophytes. Fertilization produces diploid

zygotes that divide mitotically to form carpospores, which develop into microscopic,

filamentous diploid sporophytes. The diploid spores produced by sporophytes can either

develop into new sporophytes (monospores) or germinate meiotically to produce

gametophytes (conchospores). Dashed arrow indicates meiosis. Adapted from Polne-Fuller

& Gibor (1984).
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Fig. 4.
Life cycle of the brown alga Ectocarpus siliculosus. Filamentous diploid sporophytes

produce mitospores that develop into new sporophytes and haploid meiospores that develop

into gametophytes. Gametophytes produce either male or female gametes, which can fuse to

produce a sporophyte or develop mitotically into a haploid parthenosporophyte.

Parthenosporophytes produce mitospores that develop into new parthenosporophytes and

spores that develop into gametophytes. Diploid sporophytes and parthenosporophytes are

morphologically indistinguishable, but both share a branched prostrate structure absent from

the gametophyte (Müller, 1967; Charrier et al., 2008). Dashed arrows indicate meiosis.

Adapted from Charrier et al. (2008).

Herron et al. Page 31

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5.
Life cycle of the social amoeba Dictyostelium discoideum. Haploid unicellular amoebae

emerge from spores, feed independently on bacteria in the soil and leaf litter, and reproduce

by binary fission. As food supplies dwindle, multicellular development begins, with

independent cells aggregating in response to secreted pulses of cyclic AMP (Kessin, 2001;

Konijn et al., 1967). The aggregated cells form a mound of up to 105 cells, and the

aggregated cells sometimes migrate as a “slug” (Shaulsky & Kessin, 2007). Ultimately, the

aggregate develops into a fruiting body, with about 20% of the cells forming the support

structure (stalk) and the remainder forming a mass of spores atop the stalk. The fruiting

body places the thick-walled spores in a favourable position for being dispersed by

arthropods or annelids (Bonner, 2008). Once the spores encounter good conditions,

unicellular haploid amoebae hatch and again begin the independent trophic phase of the

asexual life cycle. Three genetically determined mating types are known (Erdos, Raper &

Vogen, 1973; Bloomfield et al., 2010), and haploid amoebae of different mating types may

fuse to from a diploid zygote or macrocyst (Blaskovics & Raper, 1957; Nickerson & Raper,

1973; Saga, Okada & Yanagisawa, 1983). The macrocyst attracts and cannibalizes other

haploid amoebae, which contribute to the formation of a resistant cellulose wall (O'Day,

1979; Filosa & Dengler, 1972). After a period of dormancy, the macrocyst germinates

meoitically to produce haploid amoebae (Filosa & Dengler, 1972; Wallace & Raper, 1979).

Dashed arrow indicates meiosis. Adapted from Strassmann & Queller (2011a).
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Fig. 6.
Life cycle of the peritrich ciliate Zoothamnium niveum. Multicellular development begins

when a haploid disperser, or telotroch, settles and attaches to a substratum and then begins to

secrete a stalk (Summers, 1938b). The first cell division is asymmetric, resulting in a larger

product that becomes the apical zooid and a smaller product that becomes the terminal zooid

of the first branch (Fauré-Fremiet, 1930; Summers, 1938b). Each division of the apical cell

produces an apical zooid and a new branch, while branches grow by continued divisions of

their respective terminal zooids (Summers, 1938b). Subapical zooids cease dividing and

become feeding microzooids, some of which differentiate into macrozooids and disperse as

telotrochs (Summers, 1938b). Actively dividing zooids sometimes differentiate into

“microgamonts,” free-swimming cells capable of conjugation, the sexual process in ciliates

(Summers, 1938a,b). Gamonts swim to another colony and fuse with one of the actively

dividing cells, which resumes division and normal development after a delay of several days

(Summers, 1938a). Dashed arrow indicates meiosis. Some details of the Z. niveum life cycle

are not available, so this account is partly based on Z. alternans, which is morphologically

similar (but smaller) and closely related (Clamp & Williams, 2006). Adapted from Rinke et

al. (2007).

Herron et al. Page 33

Biol Rev Camb Philos Soc. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 7.
Life cycle of the sorocarp-forming ciliate Sorogena stoianovichae. Free-swimming haploid

cells reproduce asexually by mitosis. Upon starvation, free-living S. stoianovitchae cells

begin to aggregate beneath the surface of the water during continuous dark. Subsequently,

apparently due to light stimulation, the aggregate becomes more compact and cell-to-cell

adhesion occurs. Cells produce a mucoid matrix, and the aggregate begins to rise as the

sheath material absorbs water and expands upwards. Cells in the fruiting body, or sorocarp,

undergo encystment as sheath elongation ceases, thus completing development (Sugimoto &

Endoh, 2006). No sexual cycle is known. Adapted from Sugimoto & Endoh (2008).
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