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Abstract. What are the biological units of selection? In 1989; Sober and Wilson, 1994; Wilson and Sober, 1994,
fact, the notion of “unit of selection” (UOS) is blurred by Williams, 1996; Gould, 1998), “metaphors have replaced
ambiguity and controversy. To further evaluate the biolog-the empirical world as foci for discussion while precise
ical entities that are the objects of natural selection, threeneanings and derivatives have been forgotten in the pro-
novel conceptual criteria (holism, minimalism, functional- cess” (Slobodkin, 1986). Even the basic term “unit of se-
ism) are critically applied; they reveal, in addition to the lection” is under dispute (Wilson and Sober, 1994), bearing
self-evident case of the “individual,” at least six distinct polemic aspects (Mayr, 1997) as do other terms in this
types of UOSs. These UOSs do not always have a definediscipline (Gould and Lloyd, 1999).
structural organization; they can be parts of a living organ- One approach to clarifying such an ambiguous field is a
ism, a cohesive group of conspecifics, a multiunit entity, acritical evaluation of the arguments and definitions used
totipotent cell, a DNA fragment, or a whole organism. UOS (Hull, 1980; Sober and Wilson, 1994; Mayr, 1997; Gould
types diversify by amalgamation or parcelation processes aind Lloyd, 1999). Such a reevaluation process might ger-
apparent entities. Therefore, previous attempts to characteminate a novel idea or might help dispel excessive ambigu-
ize the UOSs solely on some morphological levels (geneity. On the other hand, anathematized concepts could reap-
individual, group) without applying stringent criteria have pear, revealing further ill-considered definitions (Gould and
failed to cope with the structural variations of natural phe-Lloyd, 1999) or adding additional ambiguities. An alterna-
nomena and have led to the ambiguity of terms used.  tive approach is to envisage the main controversial issues
through an untraditional analysis. In this essay, such an
Introduction untraditional approach is used to examine the biological
entities that are the objects of natural selection. By adapting

Much of the ambiguity, confusion,_ and controversy €n-yhe ynbiased principle that any living thing can be all or part
gendered by the concept of the “unit of selection” (UOS)qt 5 potential UOS, we can critically evaluate organisms—

seem to arise from a failure to identify the biological entitiesregam“%S of their level of morphological organization—on
upon which natural selection operates (Sober and Wilsony,o pasis of a few conceptual criteria.

1994; Mayr, 1997; Gould and Lloyd, 1999, and literature

therein). Along with the debates about the three to four o _

possible organizational levels of selection (gene, individual, Criteria for Analysis of UOSs

group, and metapopulation), the objections to the hierarchi- thee conceptual criteria guide this examination:
cal theory of selection (Wilson and Sober, 1994; Michod,

1997; Gould, 1998; Gould and Lloyd, 1999), and the dis- =

tinction between transmitted units and those which transmit?liSm

(Wyn.ne Edwards, 19_62; Lewont.in, 1970; Mayr, 1970, Genes and soma are not necessarily independent. The
1997; Dawkins, 1976; Hull, 1980; Gliddon and Gouyon, gistinction between the terms “interactor” and “vehicle,” as

opposed to “replicator” and “gene” (Dawkins, 1976; Hull,
Received 17 August 1999; accepted 11 September 2000. 1980) is central in the debate over UOSs (Hull, 1980; Sober
E-mail: buki@ocean.org.il and Wilson, 1994; Mayr, 1997). The use of these terms to
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identify different units of selection evolved from thee  aside for future analyses when the field will presumably be

priori rationale that living organisms are made of at leastmore formally organized. Therefore, we must accept the

two distinct types of evolutionarily selected units. Addition- idea that the UOS theory, almost three decades after it was
ally, the notion of the UOS has become ambiguous becaud@st elaborated (Lewontin, 1970), should still be conceptu-

it was used to refer to either replicators or vehicles, dependalized through the clearest examples.

ing on the choice of the author (Wilson and Sober, 1994). |

suggest that this rationale is false and misleading, that iFunctionalism

artificially distinguishes between “genes,” “i

information,”
and “replication” on the one hand, and “soma,” “vehicle,” UQOSs functionin vivo. A unit of biological organization

and “interactor” on the other (Lewontin, 1970; Dawkins, YPON which selection might act should be both an autono-
1976; Hull, 1980; Buss, 1982; Gliddon and Gouyon, 1989;M0US functional entity and physically and structurally co-
Sober and Wilson, 1994; Mayr, 1997). The genes in am}‘nerent, even if itis in the form of a gene. It cannot be in the
organism have a fate in common with their amalgamated©'™ _Of “information” or “avatar’ (Gliddon and Gouyon,
soma (Sober and Wilson, 1994, and literature therein). They989: Tuomi and Vuorisalo, 1989a) or “anything in the
are part of a whole; they are not completely independentiNiverse of which copies are made” (Dawkins, 1989). A
(with the exception of specific cases as outlined in the next/OS must function, because functionalism is the primary
section), but rather functionally integrated within the soma.focus of natural selection. Functionalism, therefore, does
In physics, light and mass are regarded as two facets djOt rest upon an active maintenance of distinctive properties
energetic matter. Similarly, in biology, genes and somdGould, 1998), but evaluates the general sum of independent
should be regarded as two facets of an organic entity thedCtivities presented by a UOS. At this point, the existence of
constitutes a living organism. Even the term “unit” (Oxford only a single functional level or of several functional levels
Dictionary) embraces this metaphysical concept of holism(in hierarchical or.der, Tuomi and Vuorisalo, 1989a; Gould
A unit is a thing (individual, person, group, etc.) that is @1d Lloyd, 1999; or not) will not be discussed. Only a
complete or distinctive and that has the characteristics of thBOliStic unit (possessing cohesive structural and information
complex whole. Following this rationale, the so-called rep-Properties) may reveal the capacity for functionalism.
licators and interactors of each entity are intermingled tol herefore, previously distinguished UOSs such as replica-
form, for each UOS, its idiographic (its own peculiar) entity, tOrS, Interactors, vehicles, memes, etc., that are Ilterally not
which is presented to natural selection as a coherent whol&0listic, are excluded from being real UOSs. They remain as
This is in contrast to the acknowledgement of recent yearJgughly justified theoretical paradigms that characterize only

that interactors, not replicators, constitute the causal unit of°mponents of holistic and functional units of selection.
selection” (Gould and Lloyd, 1999). The three conceptual criteria (holism, minimalism, func-

tionalism) provide enormous flexibility for analysis and
circumvent the use of ill-defined issues and debatable argu-
ments. These criteria have been used to scrutinize different
Ignore complex cases; choose the simplest ones. AddRotential types of UOSs that are presented by a variety of
tional ambiguity is caused by different hypotheses for thePrganismal entities. The term “organism” refers here to “any
UOS that deliver opposing predictions about the traits thaPiological entity whose parts have evolved to function in a
have evolved (Sober and Wilson, 1994; Wilson and Sobe,{warmonlogs and cpordmated fashion” (Wilson and Sober,
1994). In such cases, a search for the simplest manifestatioy?94)- This analysis has revealed several types of UOSs; of
of the system, the minimalist approach (Slobodkin, 1986)'these, one tradltlongl and six new characteristic types (Table
has been suggested to be the most useful in maintaining NOS. 1-7) are briefly described below.
clarity. This approach has been characterized as “the pro-
cess of deliberately choosing to work in the simplest pos- Seven Types of Units of Selection
sible mode that is still recognizable as part of an existingI am
professional field.” Slobodkin (1986) has also discussed the
main objection against this approach as the claim for un- Molecular sequences may themselves be UOSs. “Doctor
critical acceptance of standards. However, this objectiothere is a fly in my genome” was the title chosen by the
may not be the case in the controversy over the UOS, wherurnal New Scientis{Vol. 149, p. 16, 1996) for an article
metaphors, rather than empirical themes, dominate the scabout a tiny fragment of an insect genome (cateakiner,
entific discipline (Wilson and Sober, 1994; Gould anda jumping gene first discovered in the fruit frosophilg
Lloyd, 1999). When employing the minimalist approachthat is embedded in human chromosome 17. This location
(Slobodkin, 1986), or the very similar “back to basics” directly coincides with a recombination hot spot and has
(Sober and Wilson, 1994) treatment, complex cases (such d&®en associated with distinct hereditary neurological syn-
the situations illustrated in Wynne Edwards, 1962) are lefdromes (Reiteet al., 1996). This is only one of an enor-
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Table 1

Who is it that can tell me who | am?
—Shakespeare&ing Lear, Act 1, Scene 4

Organizational level on which

No. Type of unit of selection selection acts Examples
1 | am—and part of me is it On a molecular level, a piece of Symbiotic/parasitic DNA in eukaryotic and
DNA, usually not larger than a prokaryotic genomes

single chromosome (B-
chromosomes, however, can pair
among themselves to form a

chiasmata)

2 | am—and part of me is he On a whole organismal level Natural chimerism and mosaicism

3 | am—and this is actually he On a cellular level Germ cells parasitism

4 | am—and this is actually we On groups of conspecifics that Mammalian whole-body chimerism and invertebrate
intermingled together multichimerism

5 | am—and this is actually only part of me On different ramets of the same genet Asexually developed organisms, monozygotic twins,

polyembryony
6 We are—and this is actually me On multiunit entities Rhizocephalen cirripedia
7 | am—that | am (Exodus 3:14) On the whole organismic level Many unitary organisms

mous number of documentations that eukaryotic and proeontext, | am reluctant to consider the B-chromosomes as
karyotic cells carry foreign DNA molecules of various types selfish chromosomes. They are distinct molecular UOSs.
(plasmids, B chromosomes, t haplotypes, retroviruses, and The mouse t haplotypes (each extending over the proxi-
more), as well as diverse mobile DNA sequences (such amal half of chromosome 17) also have developed the ability
transposons, retrotransposons, LINEs, SINEs, mobile into propagate at the expense of the wild-type homolog from
trons) that are transmitted vertically or horizontally within heterozygous males. These entities probably evolved from a
genomes (Zeyl and Bell, 1996; Flavell, 1999) and may bewild-type form of chromosome 17. Genes that were re-
regarded as real UOSs. These DNA sequences have funcruited later on, together with the addition of accompanying
tional and holistic properties; they are characterized by anversions, all increased the survival rates of the t haplo-
discrete organismal realm, function in a coordinated fashtypes, until finally these entities started “taking on a life of
ion, and are clearly subject to natural selection forces. Manyheir own” (reviewed in Silver, 1993).
examples now point to real UOSs situated within the ge- Not only a whole piece of chromosome may be counted
nomes of other UOSs. A few will be outlined below. as a UOS; even transposable genetic elements, gene size
One well-studied group is the B-chromosomes, a varietysegments of DNA, may be so considered. This field is too
of germ-line parasites described from more than a thousanbroad to be even partially covered here, so only the most
species of plants and animals. These small chromosomes delevant features of these mobile elements will be discussed.
not contribute to the regular functions of the host, and theitMany transposable elements have the ability to jump from
numbers per cell vary even within the same host organisnplace to place on the chromosomes; they can behave like
More important, although they share the same nucleus withew introns creating novel intron processing patterns; they
regular chromosomes, they have evolved peculiar charaenay spread vertically and horizontally within host organ-
teristics of their own. By various non-Mendelian systems ofisms; and they can promote their own replication (the func-
biased transmission and by their ability to move specificallytionalism component). With time, the mobile elements be-
to one of the two products of the first meiosis division (suchcome domesticated through full integration into the host’s
as by avoiding penetration into the polar body duringgenome. A good example is thmariner which, by being
oogenesis), they increase their representation in the gernfanctional in both germ lines and somatic cell lines, could
line nuclei. The B-chromosomes in the wadfasonia, infect many organisms, crossing several phyletic borders
which are transmitted solely through sperm, are a represergarthropods, platyhelminths, nematodes, chordates), proba-
tative case. The entire parental set of chromosomes in aply by splicing into viral or other pathogenic genomes.
infected zygote becomes condensed and is lost, leaving @uring each introduction into a new host species, rttae-
haploidized animal that develops as a male, transmitting thaer transposon was probably highly mobile and signifi-
B-chromosome to all its gametes (citations in Bell and Burt,cantly disruptive. With time, more and more defecting
1990). Such functionalism of the parasitic entity revealstransposons with mutations that disabled the cut-and-paste
distinct host and parasitic units of selection. Within thisenzyme were accumulated, littering eukaryotic genomes
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with foreign elements in varying stages of decay (Zeyl andoften occur after allogeneic encounters in a variety of co-
Bell, 1996; Flavell, 1999), and blurring the boundarieslonial marine invertebrates (Rinkevich, 1996a). Participants
(Dawkins, 1990) between two distinct units of selection.in such chimeras are sometimes so intermingled that the
Many of the mobile elements constitute a significant portiondeath of one of theme(g., from senescence) results in
of host genomes. ThAlu elements (the largest family of chimeric death (Rinkevich and Weissman, 1989; Rinkevich
SINEs in humans) represent in excess of 30° copies per et al., 1992). The evolutionary significance of chimerism
haploid genome, and constitute about 5% of the humatas been evaluated by comparing (Buss, 1982; Grosberg
genome. The chloroplast genomeHidglena gracilispos-  and Quinn, 1986; Rinkevich and Weissman, 1987a; Rinke-
sesses at least 155 mobile introns, making up 39% of theich, 1996a) the fithess cost-benefit ratio of the chimera
genome by forming complex nested structures of intronsvith that of the genetically homogenous UOS. Several
within introns (literature cited in Zeyl and Bell, 1996). classes of benefits, including the increase of genetic vari-

From highly functional to nonfunctional: natural selec- ability, improvements in growth rates, reproduction or sur-
tion has shaped foreign DNA elements between these twwivorship, and developmental synergism (citations in Buss,
extreme levels of activity. With respect to the UOS para-1982; Rinkevich and Weissman, 1987a; Rinkevich, 1996a),
digm, elements with well-distinguished sequences and witlhave been attributed to chimeric states. Costs are the threats
high activity levels of their own (even if they are the size of of somatic and germ-cell parasitism (next section) and,
a single gene) can be regarded as units of selection. Naturalithin chimerical selection, towards the more heteroge-
selection may act on them independent of their host, andeous partner (Rinkevich, 1996b). If the outcome is a state
may especially act on those elements that move betweenf chimerical improvement, each UOS participating in it
different organisms (Flavell, 1999). Other elements that argains. Biological and environmental factors may directly
completely integrated in the host's genome, replicatingaffect just one UOS within a chimerical entity or may
when the entire collective of genes reproduce and contribinfluence the chimera as a whole.
uting to basic functions and processes derived by the host Vertebrates also exhibit a variety of naturally occurring
cells (such as the LINE elements that preserve the telomerehimeras, mostly in the form of dizygotic twin bone-mar-
of Drosophila; literature cited in Flavell, 1999), are clearly row transplantation and as diseases like choriocarcinomas
not UOSs. (Benirshke, 1981; Tippet, 1984; Benirshke and Kaufman,
1990). These and other types (whole body and germ cell
chimerism, which will be discussed in the next two sections)
are much more common than is usually believed.

In chimeras or mosaics, two or more UOSs amalgamated Studies on cattle, sheep, goats, pigs, horses, humans,
to form a single distinct UOS. Genetically nonhomogenousodents, deer, mink, birds, and other vertebrates (Benirshke,
entities can be established by chimerism (a situation wher2981; Benirshke and Kaufman, 1990) have unequivocally
an organism possesses cells simultaneously derived from astablished the occurrence of placental (when applicable) or
least two genetically distinct conspecifics) or by a mosavascular anastomoses between dizygotic twins. Hematopoi-
icism (production of an organism with genetically different etic precursor cells are then frequently exchanged during
cells that derived from a single zygote lineage). Both phe-early embryonic periods; and by virtue of acquired toler-
nomena have been widely documented: chimeric entities iance, they may continue to propagate throughout life in the
nature have been recorded from a variety of protists, plantsjew host. The new UOS, thus formed at one higher level
and animals, distributed over nine phyla (Buss, 1982); anentity, also bears evolutionary relevance in at least two
a number of factors may produce mosaicism in almost anyypes of phenomena. The first type comprises resultant costs
living organism (Benirshke, 1981; Hall, 1988; Gdt al.,  such as freemartinism (masculinization of the female twin,
1995). Clear distinctions between chimeras and mosaics aresulting in sexual reproductive sterility; Benirshke, 1981)
often not available in reported cases because an insufficiemind a high frequency of malignancy (Pietsl.,1985). The
number of genetic characters were employed (Benirshkesecond type—more interesting, but sporadically ob-
1981). Although, in many cases, a chimera or mosaic seenserved—is gonadal chimerism (literature cited in Benirshke,
to represent a single UOS, this “single organism” actuallyl981). In this phenomenon, primordial germ cells may
consists of two or more distinct embedded units of selectiomeach the gonads of the other partner through early vascular
upon which natural selection acts. This type of “blurring of anastomoses. Since a mammalian XY germ cell, for exam-
the boundaries” between the interacting entitisenSu ple, has the capacity to develop into an oocyte (E\eiras.,
Dawkins, 1990) obliges us to develop epistemological toolsl977), it is possible that even in twins of different sexes
with which we may distinguish between false UOSs andmoving germ cells may become functional, giving an evo-
real ones whose existence does not depend upon the riedionary significance to both genotypes in the chimera.
searcher’s perception. Genetic heterogeneities are also frequently developed as

Mosaic, sectorial, and cytomictial (mixed-cell) chimerassingle-gene, chromosomal, and germ-cell mosaicisms (Be-
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nirshke, 1981; Hall, 1988; Gilet al., 1995), and are also zooid of the other colony intact, a phenomenon called
recorded in human monozygotic twins (Ford, 1969). Thiscolony resorption (Rinkevich and Weissman, 1987b). In
scientific field is too broad to be even partly covered herethree clear, independent studies (Parateal., 1995; Stoner
As UOSs, however, many mosaic cases have evolutionargnd Weissman, 1996; Stonet al., 1999), polymorphic
relevance because they are hereditarily transmitted and mamolecular markers were used to demonstrate somatic and
manifest a variety of costs (Benirshke, 1981; Hall, 1988;germ-cell parasitism of the inferior partners in the resorp-
Gill et al., 1995; Rinkevich, 1996a). Studies of human tion phenomenon. Of special interest are the cases where the
syndromes in offspring have shown that somatic mutationsoma were cleared of foreign cells, but the only foreign
of the germ line may occur in phenotypically normal parentspartner’s cells were found in the gonads. This unilateral
(Hall, 1988). These mutations probably evolved from agerm-cell parasitism (Pancetal.,1995; Stoner and Weiss-
germ-line cell or its precursors, before the meiotic eventman, 1996; Stonest al.,1999) documents another example
The same holds for plants and for at least nine differenbf an incubator that carries and successfully delivers the
animal phyla in which a variety of organisms develop bygenetic material of an allogeneic partner to the next gener-
somatic embryogenesis (where at least one cell lineagation (Stonert al., 1999).
remains totipotent throughout the whole life cycle) or epi- Incubatedentities, as in the above cases, are the evolu-
genetic development (where sequestration of germ cells iBonarily successful UOSs, whereas timeubator entities
made late in the life span; refs. in Buss, 1982; @illal., are those with the role of directly interacting with the
1995). Somatic mutations in those organisms not only proenvironment. In such unique cases, natural selection there-
vide the variation necessary to deal with fluctuating envi-fore operates with consequences that do not fit the accepted
ronments (Gillet al., 1995), they also create new entities dogma (Lewontin, 1970), because the positively selected
that may maintain and inherit the genetic heterogeneitiesrganisms inherit different, nonrelated sets of genetic ma-
through the colonial expansion of viable mutated cells.  terial. The intimate relationships between the incubator en-
tities (which cannot be regarded as valid UOSs and better fit
the notion of the “extended phenotype”; Dawkins, 1989)
and the incubated UOSs are still unknown. Moreover, with-
Phenotypically expressed entities can serve as “incubasut discussing, at this point, the conflicts of interests be-
tors” for the germ line of other conspecific entities. Fortween the genes of the incubated and the incubator entities,
example, a detailed and very thorough study (Meyal., it is evident that the physically blended incubated entities
1979) reported the case of a human female chimera detediur the conventional practical divisions between one or-
able only by investigation of her progeny. None of the fourganism and the other. The perception of a UOS as a group
children fitted genetically with their mother, and none of theof dispersed stem cells raises the conceptual dilemma of a
21 unique genetic markers found in the children could bephysically noncoherent UOS.
detected in the woman. The possibility of any type of
somatic mutation was rul_ed out, as was _the least probable;m_—and this is actually we
hypothesis that all four children had been interchanged. The
conclusion of this study was that this female possessed two Whole body chimerism—a complete integration of two
populations of allogeneic cells, one in the soma and the@r more genetically different conspecifics into a single uni-
second in her gonads. An extreme somatic clearance procefied entity, with a shared participation in the soma and the
was suggested for this case, occurring either in a dispermigerm line—creates another type of self-maintaining UOS.
chimera or after the fusion of two embryos into one entitySuch a new form may bear specific properties, different
(see next section), with only the germ line to be left fromfrom those expressed by each of the components. Natural
one partner. selection may act simultaneously on each component and on
Colonies of the cosmopolitan urochordaiotryllus  each of the chimeric entities as a whole. In some chimeric
schlosserimay undergo natural transplantation reactionsentities, the physical boundaries between the different units
upon allogenic contacts between their peripheral blood vesare so blurred that a morphological separation between the
sels. They may develop cytotoxic lesions in contact zones ocomponents is not possible. The literature reveals instances
form vascular parabionts (review in Weissnetral.,1990;  where such a blending is beneficial to the original compo-
Rinkevich, 1992). This histocompatibility discrimination nents, and others that are characterized by malformations or
resides in a single highly polymorphic fusibility-histocom- a variety of costs (such as higher rates of malignancy and
patibility (Fu/HC) locus (Weissmaet al., 1990). Alloge- other pernicious phenomena). Both situations will be dis-
neic fusions occur between colonies that share at least oreissed here, since successful sexual reproduction has been
Fu/HC allele; rejecting partners share no FU/HC allele. Afterecorded even by malformed entities.
fusion, all modular units (zooids) from one partner in the Colonies ofBotryllus schlossermay also form natural
chimera are resorbed by massive phagocytosis, leaving thaultichimeras (multiple partners; more than two fused ge-

| am—and this is actually he
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notypes) that result from an aggregated co-settlement ofrere recorded in a variety of vertebrates, most commonly in
Fu/HC compatible colonies (Rinkevich, 1996b). Whencats, but also in dogs, mink, horses, pigs, cattle, sheep,
compared with bichimeras, multichimeras grow faster;goats, deer, rabbits, rodents, chickens, and primates. In
reach larger sizes; do not fragment; have lower frequencieBumans, as in other animals, XX/XY dispermic chimeras
of colony resorption cases; and like more equilibrated entend to be phenotypically males (Tippet, 1984), a phenom-
tities, show other features that increase robustness (Rinkeenon which further simplifies sexual reproduction. It is also
ich and Shapira, 1999). In these “monsters,” the varioupossible that many cases of dispermic chimeras, even
costly intraspecific conflicts between the participant genoXX/XY ones, may remain undisclosed (Tippet, 1984) as
types neutralize each other, generating an improved entityong as they are healthy and remain fit.
In such an instance, natural selection may act on the “group”
level (the phimera as awhole; Rink_evi_ch, 1996b; Rinke\_/ich| am—and this is actually only part of me
and Shapira, 1999). The increase in fitness of the multichi-
meric entity, a new higher level of UOS, eventually in- The same UOS may replicate endlessly to produce mul-
creases the individual fitness of each UOS within this chitiple identical copies. When addressing the issue of the unit
meric alliance. Therefore, even less adapted genotypes may which selection acts, most biologists take into consider-
survive and propagate. ation only a simple list of basic biological organizations
A whole-body chimerism in mammals is a state in which (e.g.,genes, cells, organisms, group). Most discussions (but
the entire body consists of cells with at least two geneticsee Tuomi and Vuorisale, 1989a, b) eschew conceptually
lineages that are derived from separate fertilization productshallenged phenomena, such as modular organisms (which
(Benirshke and Kaufman, 1990). Two types of geneticconsist of repeated morphological units) and organisms that
chimerism are of interest here: the early fusion of twopropagate similar, but morphologically independent, struc-
embryos into one entity and the case of dispermic-chimertures through a variety of processes, wrongly subsumed
ism, simultaneous fertilization of an ovum and the polarunder the title of “asexual reproduction.” The fuzzy bound-
body by two spermatoza (Bernishke, 1981; Tippet, 1984aries of terms like “individual,” “colony,” and “clonal or-
Bernishke and Kaufman, 1990). Both conditions are charganism” (Michod, 1997) become even more apparent when
acterized by uniform dissemination, throughout the chimethey emerge in evolutionary concepts, in our case the con-
ral body, of the different cell lineages in the admixture, andcept UOS. For example, what are the levels of structural
they are found frequently in a variety of animals (Benirshke,organization and what is the UOS of a stand of 47,000 aspen
1981), including humans (Tippet, 1984; Benirshke andtrees covering 100 ha of land, all produced from a single
Kaufman, 1990). In some cases, due either to limited backfounder tree by “asexual” reproduction process (@ilal.,
ground information or complexity, the two conditions can- 1995)? Or of a large branching coral colony that, during an
not be easily distinguished. One such example (summarizegpisodic storm, is broken into fragments which are “replant-
in Tippet, 1984) is a case of a monozygous pair of maleed” and grow separately in different microhabitats? Or
twins identical in chromosome markers, HLA, isozymeswhere a larva of an ophiuroid echinoderm produces second-
and serum proteins, both XX/XY in the blood, but differing ary larval clones (Balser, 1998)? Numerous sessile marine
in other organs sampled such as skin and secretory tissuesrganisms can generate detached fragments that by different
One explanation for the unusual chimerism was that twanechanisms are dispersed before establishing themselves as
embryos started to develop as XY monozygotic twins. Onéndependent colonies (Highsmith, 1982; Wulff, 1991). Fol-
continued in the normal way, whereas the second fused wittowing that, even the analysis for fragment size may reveal
a dead XX triplet embryo which was completely adsorbed.a whole range of controversial aspects, since a variety of life
In humans, many of such whole-body chimerisms are charhistory patterns—such as growth rates, partial or whole
acterized by sexual reproductive sterility and a variety offragment mortalities, and fecundity—are directly correlated
tumors, but some of them are fertile (Tippet, 1984). One ofwith size rather than, for example, with the classical eval-
the most interesting examples is a report (Talerrabal.,,  uated trait of “age” in unitary organisms (Hughes and Con-
1990) of a 29-year-old phenotypic female, a true hermaphnell, 1987).
rodite with bilateral ovotestes, a 46XX/46XY karyotype, For this consideration of the UOS issue and evaluation of
and a successful pregnancy (before the development of @rganismal body constructions, we shall deliberately treat
dysgerminoma, a germ-cell tumor). Several XX/XY male “asexual reproduction” and “modularity” in the wider sense.
phenotypic dispermic chimeras have been recorded as sekto consideration will be given to the order of integration in
ually normal by having children (Tippet, 1984), but there ismodular organisms, to the physiological or morphological
yet no study that analyzes the possible activation of bottaspects, or to life history parameters. Consequently, it is not
germ lines in the gonads, or the genetic constituents of themportant for this discussion whether modules emerge spon-
offspring in fertile cases. taneously by self-organization, are developmentally con-
Whole-body chimerism, and even true hermaphroditismirolled by a genetic mechanism, or are the products of



DEFINING UNITS OF SELECTION 237

environmental or biological causes that affect different con-Cirripedia, the barnacles). The rhizocephalans are mostly
specifics at random. All that matters is that when separatioknown for the gener&acculinaand PeltogastefHoeg and
occurs, the original organism and the fragments continue t®ybakov, 1992; Glenner and Hoeg, 1995), which are para-
survive. sitic, almost exclusively on decapod crustaceans, and are
Three classes of “modularity,” in which independent sep-structurally unique. The “adults” have neither appendages
arated units (Harper, 1977) are produced, if taken togethenor segmentation, in contrast to all other arthropods, and
may characterize another UOS prototype: a single entitgheir massive body is fastened to the host by a stalk from
that occurs simultaneously in several places, all distant fromvhich “roots” proceed into the host tissues. These creatures
each other. The first class includes numerous colonial andlso have neither an alimentary canal nor a mouth.
clonal organisms (such as plants or marine invertebrates) The life history of these parasitic crustaceans (Hoeg and
that divide by fission (spontaneously, or under genetic conRybakov, 1992; Glenner and Hoeg, 1995) reveals a unique
trol) to produce autonomous ramets. The second class irtype of UOS. The cypris larva develops from a nauplius
cludes unitary and clonal organisms (invertebrates, plantsjtage (both larval types are characteristic of primitive crus-
that can, by budding, produce many similar modules thataceans). When the cypris is attached to the host crab,
separate from their point of origin upon morphological remarkable changes occur: the whole trunk of the parasite is
completion. A well-known example is the freshwater hydra,discarded and a hollow, dart-like organ is formed. This
a small carnivorous organism that, under normal conditionsprgan is thrust into the crab’s body cavity and the remnant
shows no evidence of aging and continuously buds offof the cypris, a mass of undifferentiated cells enclosed
unlimited numbers of “copies” of entirely comparable units within a thin ectodermal layer, is injected. The cell mass
(Slobodkin, 1986). Boscht al. (1989) further described a travels through the host’s body cavity, attaches itself to the
dramatic mode of cloning by fission in the planktotrophicintestine, and anchors there by rootlets. Recent studies
larvae of a sea star. The great multiplicative potential of thigGlenner and Hoeg, 1995) have further documented that the
species prolongs the pelagic life of a genet and enhances iisjected parasite has the form of a motile vermiform body
chances for recruitment into benthic adult populations. Thehat splits up into a number of naked, motile amoeboid cells.
third class includes mammalian monozygotic twins (twoEach cell has the potential to develop into an adult parasite.
normally developed organisms that share the same genetic globular mass begins to develop. This structure will
constituents) and polyembryony, in which the division of adevelop only the female gonads. Meanwhile, other cypris
single fertilized egg produces several to hundreds of similafarvae attach themselves to the body of the juvenile parasite
genetic larvae. Polyembryony occurs in invertebrates andnd inject their cellular contents into its mantle cavity. Only
vertebrates and appears to be a paradox of evolution behe first two will be successful in this enterprise. The cells
cause it clones more of an unproven genotype at the expenf®m each such larva migrate and eventually enter one of the
of genetic diversity in a clutch of eggs (Craggal.,1997). two “testes” (a better term would be spermatheca); there
The above three classes of modular organisms share otleey develop into spermatozoa. Additional larvae attached
basic life history trait, the production and dispersal of so-to the parasite will be rejected. Reproduction is internal and
matic individuals, the ramets. Each single genotype is therewithin each parasitic unit.
fore represented by more than one ramet. In ecological Each single rhizocephalen organism is therefore an amal-
terms, each ramet could be regarded as an individuajamated structure, consisting of three distinct conspecific
(Harper, 1977); from the perspective of the UOS, the wholdJOSs (two form only spermatozoa, one the soma and eggs).
genet constitutes a single unit of selection (assuming that n@ogether they participate in forming a different adult struc-
somatic mutation or any other type of somatic mosaicism igural organism and a new unit of selection at a higher level.
taking place). Among modular organisms, each unit ofSelection acts only on this adult structure.
selection may be found simultaneously under different en-
vironmental conditions and exposed to a variety of selection
pressures that sometimes oppose each other. Under these
conditions, some ramets will die, while others will survive, = Thompsonia,another rhizocephalan parasite, is an ex-
which provides the option for each specific genet to “exerireme case; this crustacean has degenerated to the level of a

Epilogue

cise” its phenotypic potentiality. fungus with rootlets that diffuse throughout the host crab.
The rootlets branch off numerous sacs on small stalks, each
We are—and this is actually me sac contains one ovum per sac. The structureless parasite

has no testes, ganglia, alimentary canal, or appendages, and
Several genets may form one coherent whole. The situthere is no evidence of segmentation. It is believed that ova
ation wherein several conspecific UOSs combine to form aevelop into cypris larvae by parthenogenesis, escaping the
morphologically new structure is best represented by certaisacs through small openings'tizen, 1992), although recent
primitive crustaceans (order Rhizocephala in the subclasstudies have challenged this hypothesis.
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What is the unit of selection in this example? (“selectionportance, a single gene cannot be termed a UOS (except in
of?” sensuSober, 1984). It is only one out of many casesUQOS type 1; Table 1).
where the data are insufficient for such analysis. However, In this essay, | have focused on the argument that real
the six types of UOSs characterized in this essay, in additiolOSs should evince a kind of holism and should possess the
to the whole organismic level as a UOS (No. 7 in Table 1;properties of independent functionalism. | have also elimi-
not discussed here), indicate that a multiplicity of patternsated cases that fail to comply with Slobodkin’s (1986)
are shaped by selective forces. The examples raised henginimalistic approach; thus | have omitted symbiosis (Nar-
symbolize the failure of many biologists and theoreticians todon, 1999) and complicated cases such as symbiotic-para-
grasp the rich diversity of UOSs imposed upon the endlessitic relationships between a virus, an algal chloroplast, and
variety of adaptive structures found among living organ-a sea slug (Piercet al.,1999). Following from this analysis,
isms. That many of the UOSs described in this essay arsix new types of UOSs were discussed (Table 1, Nos. 1-6),
unconventional was therefore to have been expected, when addition to the self-evident case (Table 1, no. 7) of the
the three novel conceptual criteria were applied to theindividual” (but see the search for several kinds of indi-
analysis. viduals based on characterizations of genetic uniqueness,

The concept of UOS is variously defined by different genetic homogeneity, and autonomy; Santelices, 1999),
authors. Former attempts to identify the particular entitiesvhich was not discussed here.
that are the targets of natural selection (Wynne-Edwards, All UOSs differ from each other in substantial ways, and
1962; Lewontin, 1970; Mayr, 1970, 1997; Dawkins, 1976,the characteristic properties of any one of them cannot be
1989; Hull, 1980; Buss, 1982; Gliddon and Gouyon, 1989;imposed on others. The analysis further revealed that neither
Sober and Wilson, 1994; Wilson and Sober, 1994; Wil-the morphology nor the structural organization of a UOS is
liams, 1996; Michod, 1997; Gould, 1998; Gould and Lloyd, always orthodox. UOSs can also be blended morphologi-
1999) have suggested three or four potentially “structural’cally into the somatic background of other conspecifics or
UOSs—the gene, the individual, the group, and the metadifferent organisms. The blurred boundaries between organ-
population—but there has been no consensus. Somems and colonies may raise a new theoretical question
(Kitcher et al., 1990) have even argued that there are noabout the definition of “an organism.” We find here that
“things” like UOSs, stating that “asking about the real unit UOSs are associated with a variety of structural organiza-
of selection is an exercise in muddled metaphysics.” Howtions, ranging from a DNA fragment (No. 1 in Table 1), to
ever, | completely agree with the notion that “if selection is cells (No. 3), part of an organism (No. 5), whole organisms
real, then so are units of selection” (Shanahan, 1997).  (Nos. 2, 7; that differ in the contents of the entity), a group

Kitcher et al. (1990), on the other hand, have correctly of conspecifics (No. 4), and finally to a multiunit level entity
pointed to a major pitfall in the concept of the UOS by (No. 6). The UOSs discussed here are, variously, based on
advocating that biologists “assume that for each selectiomne or a mixture of conspecific entities (Nos. 2—7), or on an
episode, there is a unique account that will identify the levelassociation between several biological species (No. 1).
of selection.” When the descriptions of UOSs in the litera-There are probably other UOSs belonging to other biolog-
ture are aligned with the organizational levels, they fail, inical organizations, even where the dividing line between
many cases, to grasp the structural comprehensiveness @dmponents is not blurred; one good example is the exis-
other UOSs and no consistency emerges (Hull, 1980tence of symbiotic unicellular algae within animal cells.
Kitcher et al., 1990; Sober and Wilson, 1994; Mayr, 1997; Since these types of UOSs are more complicated, they were
Shanahan, 1997). For example, the argument for the “generiot analyzed here. In any event, all of the above UOSs bear
allegedly the most appropriate UOS (the reductionist apin common their holistic character and their functionalism.
proach), does not hold if we consider the changes that genesl multiply through a variety of reproductive activities.
may go through during development (structurally and func- This essay reveals that a unit of selection can be a part of
tionally). One such change is gene methylation. A methyl-a biological organization, or can be an integration of several
ated gene must be demethylated before it can be transcribetich organizations. It is not necessarily related to any con-
(Cedar, 1988). Another example is the changes that occur imentional biological organization. Different selective forces
the maturation of the mammalian immune system: the T andperating on different levels of biological organizations
B cell genome rearrangement, the reshuffling of DNA frag-may account for the diversification of UOSs by processes of
ments like a kaleidoscope to generate enormous genetintegration (Nos. 1-4, 6; Table 1) or parcelation (No. 5).
recombination patterns. Within a single individual, no two The simple characterization of the UOS on the basis of pure
B cells, of more than 10 produced, are alike. In such morphological level (gene, individual, group) may lead to
situations, a single gene on its own may be regarded as onlynsatisfactory results. An entity like a single “individual”
a tiny information fragment, a fraction within the organis- organism may represent a group of conspecifics that are
mal machinery that cannot produce anything unless it is irintermingled (No. 4 in Table 1), only a part of a larger UOS
the right internal environment. With all its biological im- (No. 5), an entity that possesses other types of UOSs (No.
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1), another conspecific UOS (No. 3), a conglomerate of two of a hierarchical theory of selectioRhilos. Trans. R. Soc. Lond. B
units (No. 2), more than the sum of several conspecific 353:307-314.

UOSs (NO. 6), or simply the traditional “individual” as the Gould, S. J., and E.‘A..Lloyd. 1999. Individuality and adapt.atlon acros_s
levels of selection: How shall we name and generalize the unit of

unit of selection (No. 7). Using an unprejudiced analysis on - p,inismaproc. Natl. Acad. Sci. US86: 11904-11909.

biological phenomena, we seem able to slip from the biase@rosberg, R. K., and J. F. Queen. 1986. The genetic control and
thinking of UOSs as being fixed entities, into an understand- consequences of kin recognition by the larvae of a colonial marine
ing that a UOS is the existence at a specific time point of a invertebrateNature (Lond.)322: 456—459.

holistic and functional entity. Points of disagreement with Hall, J. G. 1988. Review and hypotheses: somatic mosaicism. Observa-

. . - o tions related to clinical geneticdm. J. Hum. Gene#3: 355-363.
traditional opinions alw rise from the plurality in na- X . !
tuarg onat opinions always arise 1o € plurality a Harper, J. L. 1977. Population Biology of PlantsAcademic Press,

London.
Highsmith, R. C. 1982. Reproduction by fragmentation in coraldar.
Ecol. Prog. Ser7: 207-226.
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