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The field of genomics is expanding rapidly, yet the mean-
ings of the word ‘genome’ have yet to be conceptualized
in explicit, coherent and useful frameworks. We develop
and apply an evolutionary conceptualization of the gen-
ome, which represents a logical extension of the evolu-
tionary definition of a gene developed by George C.
Williams. An evolutionary genome thus represents a set
of genetic material, in a lineage, that due to common
interests tends to favour the same or similar phenotypes.
This conceptualization provides novel perspectives on
genome functions, boundaries and evolution, which
should help to guide theoretical and empirical genomics
research.
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The ongoing explosion of genomic data in studies of
molecular ecology, evolution and disease is transforming
the biological sciences. This progress has been driven by
advances in technology — have conceptual frameworks kept
pace? This question is important because how we think
about — conceptualize — a gene or genome will often struc-
ture what questions we imagine and address, what data
we collect, how we analyse our data and what conclusions
we draw.

In this article, we draw attention to fundamental ambi-
guity and lack of consensus concerning the meaning of the
term ‘genome’ and suggest an evolutionary conceptualiza-
tion of this idea that parallels the evolutionary idea of a
‘gene’ developed by George C. Williams. We then illustrate
the usefulness of these frameworks for theory and empiri-
cal research.

The term ‘genome’ was developed, apparently via merg-
ing of ‘gene’ with ‘chromosome’, in 1920 by the German
botanist Hans Winkler (Lederberg & McCray 2001). He
referred to a haploid set of chromosomes as the ‘material
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basis” of the species. Currently, the term is defined, for
example, as ‘the entire genetic complement of a living
organism’ (Brown 2007), all DNA in the chromosomes of a
eukaryote, all DNA in the chromosome of prokaryotes, or
all DNA or RNA in a virus.

These perspectives on the genome can be considered
incomplete and ambiguous for two main reasons. First, do
we include nonchromosomal genetic material (such as cyto-
plasmic elements that harbour their own DNA) or elements
in chromosomal DNA that are independently mobile (e. g.,
Zilber-Rosenberg & Rosenberg 2008)? Yes, but only if they
are vertically inherited? But some elements, such as Wolbach-
ia, transposable elements, viruses, supernumary chromo-
somes and plasmids, can be inherited horizontally as well as
vertically (Table 1). Some such elements are parasitic, some
mutualistic, some shift between the two, some can integrate
into chromosomes and some develop degrees of mutual in-
terdependencies with other DNA inhabiting the same cell.
Some viruses, transposons and other elements have inte-
grated into the DNA of former ‘hosts” to such a degree that
their nonhost origins are no longer, or are barely, recogniz-
able. Chromosomes, parts of chromosomes and genes intro-
gress between species and divergent populations. For a large
suite of genetic elements and situations, the boundaries of
‘genomes’ are unclear (Table 1). Under what circumstances,
if any, should any of these elements be usefully or logically
considered to belong to a particular genome?

Second, is the genome a property of a cell, an individual,
a population, a species or all of these? In GenBank or
EMBL, we find ‘the genome’ for each of many species. For
individualized medicine, we refer to our own, personal
genome — or the aggregate of DNA from our Homo sapiens
legacy plus our diverse intra- and extracellular microbiota,
some of which we inherit vertically, some horizontally,
some both. In cancer biology, we discuss the genome of a
tumour, a cancer cell or a cancer cell lineage. All of these
hierarchical conceptualizations of genome are meaningful,
and potentially misleading, in their own ways. Can they be
unified into a coherent framework?

The evolutionary gene

Let us step back and first discuss ideas concerning how the
word ‘gene’ can be usefully considered in the contexts of
biology in general and evolutionary biology in particular. A
paper from members of the ENCODE team nicely reviews
the history of the term ‘gene’ and describes how recent
advances in molecular genetics, especially with regard to
noncoding DNA, expression regulation, transcriptional
diversity, and alternative splicing, have necessitated recon-
sideration of its working definition (Gerstein et al. 2007).
These authors suggest that:
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Table 1 Examples of genetic elements and situations for which the boundaries of the ‘traditional’ genome, conceptualized in terms
of vertically inherited chromosomal material, become indistinct. Note also that the distinction between cytoplasmic elements and ver-

tically inherited microbes is not absolute

Horizontal gene transfer

References

Horizontal transfers of genetic material
between ‘species’ of bacteria

Hybridization between species or

genetically divergent populations of eukaryotes
Horizontal gene transfer into metazoans

Lateral transfer of DNA involving cancer cells

Didelot et al. (2009); Wiedenbeck & Cohan (2011)
Abbott et al. (2013); Shurtliff (2013)

Gladyshev et al. (2008); Boschetti ef al. (2012); Yue et al. (2012)
Bergsmedh et al. (2001); Goldenberg (2012); Trejo-Becerril et al. (2012)

Horizontal and vertical inheritance of elements

References

Vertical and horizontal inheritance and
movement of cytoplasmic elements and
supernumary chromosoimes

Vertical and horizontal inheritance and
movement of viruses; gradual integration
of viruses into host genomes

Vertical and horizontal inheritance and
movement of transposable elements with
deleterious and beneficial effects on
co-inherited genetic material; integration
into host genomes

Vertical and horizontal inheritance and
movement of microbes with, within and across hosts

Ballard & Whitlock (2004); Van Vugt et al. (2009); Boratynski et al. (2011);
Curtis et al. (2012); Martis et al. (2012)

Holmes (2011); Doerfler (2012); Dupressoir et al. (2012)

Venner et al. (2009); de Carvalho & Loreto (2012); Rebollo et al. (2012)

Lederberg (2000); Ley et al. (2006); Moran et al. (2008);
Zilber-Rosenberg & Rosenberg (2008); Koga et al. (2012)

‘The gene is a union of genomic sequences encoding
a coherent set of potentially overlapping functional
products’.

This definition pivots on the phrase ‘functional products’
in a biochemical sense, in terms of genotype-to-phenotype
mappings. It is intended to be backward compatible with
previous and current definitions, including the myriad
named genes in databases. Most importantly, it is ‘fuzzy’,
yet empirical. The conceptualization thus tells us how to
study DNA and its products in this era of genomic data —
by focusing on functionality of gene products, whatever
they may be. This view should change how we think about
a ‘gene’ and how we analyse the processes of genes mak-
ing biochemical phenotypes.

But the post-ENCODE perspective on gene is built for
molecular biologists who usually focus on mechanisms —
not for evolutionary biologists, who usually focus on the
processes that generate and change genes over time. Wil-
liams (1966, pp. 22-25; 1992, pp. 10-13), with contributions
from Dawkins (1976, p. 28; 1982a, pp. 83-89; 1982b), devel-
oped the first explicitly evolutionary conceptualization of
the gene, which we rephrase as:

‘A region of DNA or RNA that persists for long
enough to have its frequency adjusted or maintained
by natural selection’.

Strictly speaking, Williams (1992) emphasized the ‘infor-
mation’ in the DNA, not its material form, but this distinc-
tion need not directly affect our deployment.

This conceptualization of ‘gene’ from Williams and
Dawkins shares notable properties with the post-ENCODE
view described just above it. The evolutionary gene is
fuzzy with regard to particular contiguous DNA or RNA
sequences. As such, it resembles a haplotype, an indefinite
length of DNA that persists for some indefinitely long
period of time, at some frequency, as it is subject to muta-
tion, recombination and natural selection. Mutation and
recombination thus alter, fracture and rejoin evolutionary
genes, purifying selection removes deleterious variants,
and positive selection leads to relatively new variants
increasing in frequency. Evolutionary genes may also use-
fully be viewed as particular alleles, of highly variable
size, in some population. Thus, an evolutionary gene may
be a small portion of a nominal gene (i.e. a named gene
in GenBank), an open reading frame, a megabase-scale
section of DNA that does not recombine, a whole chromo-
some, or in some asexuals, all chromosomal DNA. What-
ever-length piece of genetic material sails successfully
across multiple generations, as a long-term replicator on
the radar of natural selection, may be an evolutionary
gene. This conceptualization is based on ‘selected effect’
(natural selection based) definitions of functionality, in
comparison with ‘causal role” functionality, which is based
on experimental or inferential assignment of molecular
biological cause and effect (Doolittle 2013; Graur et al.
2013).

The evolutionary gene is thus, crucially, conceptualized
in terms of the only process that directly produces
and maintains function: natural selection. Our molecular
biological gene and evolutionary gene agree on this most
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important dimension, provided that evidence for function
comes from studies of purifying or positive selection.
Research programmes may concentrate now on the offi-
cially designated genes in databases, but natural selection
and evolution only see them, as entities, to the extent that
they correspond to the evolutionary view.

The evolutionary genome

Armed with meaningful, useful and dovetailing conceptu-
alizations of ‘gene’ from molecular biology and evolution,
how should we define ‘genome’? Put differently, a gene
‘does’ function — what does a genome do?

We suggest that a genome cooperatively programmes
the production of an organism — an individual. This indi-
vidual — a constellation of interacting phenotypes — sur-
vives and reproduces as a unit and functions, at least very
substantially, as an integrated entity, in the same general
manner that a gene functions in contributing to a biochemi-
cal or other phenotype. The genes in this conceptual gen-
ome cooperate because they share common evolutionary
interests — they are in the same genomic boat, as it were.
Such cooperation stems in part from vertical inheritance
but, most fundamentally, from the shared, genomically
predominant evolutionary genetic interests of autosomal
genes (in eukaryotes) or linked genes (in prokaryotes). We
thus suggest that an evolutionary genome may be concep-
tualized as:

‘A set of genetic material, in a lineage, that due to a
sufficient degree of vertical inheritance and other
factors favouring cooperation among genes, tends to
favour a common or broadly overlapping suite of
phenotypes’.

Said another way, whereas a gene represents a functional
‘replicator’, a genome codes for producing a functional
‘vehicle’ of selection. To do so, its elements necessarily per-
sist together for long enough, across generations, to have
the frequencies and forms of the phenotypes that they
cooperatively produce altered or maintained by selection
in a coherent and adaptive way. The evolutionary genome
can thus be considered as a logical extension of the evolu-
tionary gene. It also resembles Dobzhansky’s (1970) idea of
the ‘coadapted gene complex’, extended to any set of genes
that interacts. And as for the gene of Williams (1992), it is
actually the information of the genome, rather than its
material embodiment, that is important from functional
and evolutionary perspectives.

The idea of the evolutionary genome is predicated on
the distinction between the physical presence of genetic
material (and its information content, if any) and functional
presence in terms of cooperative contribution to common
phenotypes. Evolutionary ‘genes’ and ‘genomes’ both
change with time, in that their boundaries, composition
and functional coherence are expected to alter under the
influences of natural selection and other evolutionary
genetic processes. The evolutionary gene thus changes in

© 2013 John Wiley & Sons Ltd

NEWS AND VIEWS: PERSPECTIVE 3439

form under mutation and recombination and in frequency
under selection. By contrast, evolutionary genomes change
mainly in response to the three forces arrayed in Fig. 1:

1 Selection for joint, common interest of autosomal genes,
the majority faction in eukaryotic genomes, all of which
usually reproduce equally via fair meiosis. Such selection
causes the genome to functionally cohere and cooperate,
in producing a more or less optimal phenotye and in
suppressing elements that conflict with autosomal gene
interests (Frank 2003; Leigh 2010), as described in more
detail below.

2 Genomic incompatibilities caused by hybridization or
relatively strong outbreeding, whereby novel alleles from

Selects for common
evolutionary genetic
interests, repression of
conflicts among genetic
+ elements in cell, organism

Autosomal gene
majority, control

Evolutionary

/ genome
Genomic

incompatibilities

Genomic
conflicts

- Hybridization, )
introgression }/ertlc_al
involving species, inheritance
populations

Vertical and
horizontal
inheritance

- X, 'Y, autosome,

cytoplasmic gene - Transposons
conflicts - Retroviruses
- Imprinted gene - Cytoplasmic
conflicts elements
- Meiotic drive

Fig. 1 The evolutionary genome codes for producing a
functional ‘vehicle’ of selection — a suite of favourable pheno-
types — to the extent that its different genetic elements cooper-
ate. In eukaryotes, the shared reproductive interests, and usual
strong genetic majority, of autosomes, select for cooperation
among autosomal genes and repression of conflicts with non-
autosomes (Frank 2003; Leigh 2010). Genetic integrity, and pro-
gramming of functional phenotypes, may be reduced by two
processes: (i) hybridization or relatively extreme outbreeding,
which introduce novel alleles and genes, and (ii) genomic con-
flicts, which involve introduction of elements with effects that
tend to be phenotypically deleterious (by horizontal transmis-
sion), or different phenotypic optima between elements that
are inherited vertically. Higher levels of outbreeding and
hybridization may contribute to both processes, given that they
favour the spread of selfish elements (Hurst & Werren 2001) as
well as leading to disruption of local genetically based adapta-
tion. Among prokaryotes, the shared reproductive interests of
linked, chromosomal DNA, co-inherited over many genera-
tions, is expected to favour cooperation among genetic ele-
ments in the cell. Extracellular genetic material (not shown on
Figure), such as components of the microbiome, may influence
levels of phenotypic adaptation either positively or negatively.
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divergent genomes are introduced. Such gene flow
degrades the functional coherence of evolutionary
genomes, but should be followed by selection against its
phenotypic effects and introgressed alleles, with excep-
tions for alleles that confer benefits.

3 Genomic conflicts that involve elements with transmis-
sion that is either vertical, or vertical and horizontal.
Elements with both vertical and horizontal inheritance,
exerting selective impacts, are generally expected to
reduce the cooperative, functional integration of genomes,
given that they may function at least in part as genomic
parasites with their own reproductive interests. As for
alleles introgressed by hybridization, however, some may
be co-opted by their ‘host’ and evolve individual-benefi-
cial functions (e. g., Rebollo et al. 2012), thus joining our
evolutionary genome.

What about conflicts involving elements that undergo
only vertical transmission, such as meiotic drive, imprinted
genes or sex chromosomes? Such conflicts exist for two
main reasons, both of which reinforce and sharpen the
framework described here. First, vertical inheritance need
not always be ‘fair’ to alternative alleles in a genome, as
meiosis can provide opportunities for one allele to increase
its transmission relative to alleles and unlinked genes.
Meiotic drive alleles remain in the genome, but cheat
by getting themselves more ‘room’ in the boat. Similar
considerations apply to elements that bias offspring sex
allocation.

Second, alleles that mediate genomic conflict may pro-
gramme the generation of phenotypes to facilitate their
reproduction not just by favouring their increased vertical
inheritance via more descendants, but also through posi-
tive effects on collateral kin, or other individuals who are
relatively likely to harbour allele copies identical by
descent. Genes with partially divergent interests, such as
paternal versus maternal imprinted genes, or sex chromo-
somes versus autosomes, thus exhibit some mixture of
cooperation and conflict with regard to other genetic ele-
ments. Such conflicts are expected to result in push and
tug of quantitative phenotypes, representing attempts to
steer the boat somewhat more in one direction than
another, which may lead to deviations from autosomal
interests.

For both manifestations of genomic conflict, close linkage
will tend to unite the interests of sets of elements in con-
flict with others, but the effects of conflict elements are
expected to be strongly countered by the predominant
power of selection for favourable, phenotype-level and
organism-level outcomes, and joint vertical inheritance.
Such agreement stems from the clear common interests,
derived from the fairness of meiosis, and the usual much
larger numbers of autosomal genes than other factions in
the genome (Leigh 1991, 2010; Frank 2003; Haig 2006).
Across evolutionary time, intragenomic conflicts will thus
be subject to continual selection for suppression, by genes
in the autosomal majority, of organism-level deleteri-
ous effects — they may flare up periodically followed by

repression or engage in longer-term tugs of war (Frank &
Crespi 2011), but their weaker ability than autosomal genes
to influence phenotypes suggests that their influences on
phenotype-scale adaptation will be sharply countered and
reduced by other forces. Such conflict elements may thus
tend to favour somewhat different phenotypes than the
autosomal majority, or one another, but vertical transmis-
sion constrains them to co-inheritance. They therefore
belong in an evolutionary genome as conceptualized above,
but are under selection to somewhat disagree, leading
to less efficient and adaptive programming of complex
phenotypes to some as yet unknown degree.

How does our conceptualization, and its dynamics as
shown in Fig. 1, obviate the problems with traditional, less
explicit definitions? Like the evolutionary gene, the evolu-
tionary genome is fuzzy and quantitative, but simply
because Mother Nature has made it so. At one extreme, all
genes in a lineage always favour the same phenotypes —
their interests coincide fully, due to vertical inheritance,
fair meiosis, identical relatedness to offspring and other
inclusive fitness mediating interactants, and any other fac-
tors favouring shared common interest. Such genes cooper-
ate fully with one another, such that gene-level functions
extend to genome-level, phenotype-scale functionality gen-
erated and maintained by selection. At the other extreme,
some DNA in cells may be parasitic and inherited only
horizontally, such as most viruses or pathogenic bacteria.
This genetic material is under selection to modify ‘host’
phenotypes exclusively for their own benefit. In the region
between these two extremes, we have a suite of genetic ele-
ments that can be inherited vertically as well as horizon-
tally, each to some degree with some frequency (Table 1).
To the extent that their interests in producing particular
phenotypes tend to coincide with those of the other genetic
material in the lineage — they will be, relatively more,
elements of this evolutionary genome.

We use the term lineage because it may refer to any level
in the hierarchy of life, from cells themselves (including
evolving somatic and cancer cell lineages) to populations
or species in phylogenies. This genome is, moreover,
agnostic to the physical locations of genes in an organism:
for example, if some lineage of prokaryotes in our guts
was only vertically inherited from human mother to off-
spring, it deserves to belong — functionally — to the human
genome, in the same way that formerly viral or transposing
DNA may be purely vertically inherited, and, in this case,
eventually become unrecognizable as to origins. Most gen-
erally, prokaryotes, viruses, transposons, supernumary
chromosomes and other elements belong to our evolu-
tionary genome — an extended, coadapted genotype — to
the extent that they share interests in our survival and
reproduction.

In most cases, the evolutionary genome will correspond
closely to the genetic material inherited through gametes —
the traditional conceptualization as developed by Hans
Winkler. In some situations, however, as shown in Table 1,
this original idea becomes insufficient to capture and
reflect the causal processes that make a set of co-inherited
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genes function together — and may indeed become misleading.
Consider several specific cases. In both Homo and Macaca,
immune system genes appear to have directionally intro-
gressed across species (Abi-Rached et al. 2011; Trask et al.
2013). If such alleles are subject to positive or purifying
selection in their new genetic environments, and exert posi-
tive effects on some component of fitness, then they can be
considered as components of their adopted evolutionary
genome; however, some immune system region loci, such
as t-alleles in mice (e. g., Ben-Shlomo et al. 2007), exert neg-
ative organism-level fitness effects, and transfer of such ele-
ments thus represents parasitism and a reduction in
genome-level function. More broadly, hybridization com-
monly results in reduced hybrid fitness, but also com-
monly leads, across longer timescales, to positive effects
via transfer of beneficial genes, indicating that it both
reduces and enhances phenotypic adaptation, presumably
via genome-scale interactions. A notable proportion of
transposable elements have apparently evolved host-
beneficial functions (Rebollo ef al. 2012), transitioned from
mobile parasites to stable mutualists and met criteria for
inclusion by the evolutionary genome concept. Prokaryotes,
such as some E. coli and species of Campylobacter, are sub-
ject to high levels of gene influx and loss, such that their
evolutionary genomes are highly labile, but can be recog-
nized as such through studies of convergent functions in
transferred DNA across lineages (Welch et al. 2002) and
studies of genome composition in relation to ecology
(Sheppard et al. 2013). For all such examples, the evolution-
ary genome concept takes a many-generation perspective
on the phenotypic contributions to organismal fitness of
sets of co-inherited genes (in comparison with just consid-
ering all DNA in a cell as ‘the genome’), just as the evolu-
tionary gene concept focuses on selection and long-term
persistence of particular alleles (in comparison with consid-
ering ‘genes’ simply as the named entities in databases
such as GenBank).

Usefulness and implications

The evolutionary conceptualization of genome described
here is not meant to be ‘true’ or ‘literal’, but is instead
meant to be valuable for ongoing thought and research in
evolutionary biology, genetics and genomics. Perhaps most
importantly, its consideration raises a new question — how
to usefully conceptualize genomes from an evolutionary
(or indeed, any other) perspective, because concepts struc-
ture the collection and interpretation of data. Witness, as a
closely related example, recent discussions of the meanings
of gene ‘function’ (Doolittle 2013; Graur et al. 2013), which
directly determine how function is ascertained from bio-
chemical and evolutionary criteria and guide collection and
analyses of data.

We stress that many other conceptualizations of genomes
are possible and effective, for addressing other questions.
The primary usefulness of our idea rests in drawing atten-
tion to, and motivating analyses of, the fundamental pro-
cesses of selection and inheritance that make any
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interacting set of genes, and gene products, functionally
more or less coherent, rather than competitive or parasitic
(Fig. 1).

For many research programmes, whether or not the
gene or genome is considered as evolutionary will not
matter. But with regard to ongoing empirical research in
genomics, several practical implications follow from con-
sideration of the evolutionary genome concept. First, the
high frequencies of gene flow across populations and
species, across recent and older evolutionary time (e. g.,
Grant & Grant 1992; Abbott et al. 2013), suggest that the
genome of a ‘species’ should be interpreted carefully
with regard to characterizing a single monophyletic line-
age. To the extent that such gene flow is relatively
recent, and selection is less effective, genetic incompati-
bilities and deviations from phenotypic adaptation are
expected. In this general regard, might ‘the genome’ of a
species or lineage sometimes also usefully be considered
as the set of selected-effect (or otherwise defined) func-
tional elements that are shared across individuals and
populations?

Second, analyses of functionality at the genome level,
involving interactions between genes, will benefit from
explicit consideration of both cooperation and conflicts
between genetic factions and elements (Haig 2006). Within-
genome interactions are expected to include mutualism,
parasitism, competition, and cooperation to compete, all
among genomic factions. An evolutionary genomic view
compels attention towards the degree to which the gen-
ome, as a whole, functions as an integrated, fitness-maxi-
mizing unit, with direct implications for fitness in natural
populations, as well as human health. Are particular
molecular genetic mechanisms involved in enforcing, or
otherwise being selected to maximize, genome-scale inte-
gration and common interests? Such processes would be
expected to operate at both the somatic-evolution level
(mediating effects such as carcinogenesis and senescence)
and the level of germ-line evolution (mediating repression
of genomic conflicts).

Third, and following from the considerations just
above, analysis and annotation of genomes tends to cen-
tre on protein-coding and single-copy sequences in auto-
somal genes, which are expected to exhibit the highest
levels of functional integrative coherence. How common
are cooperation and conflict-mediated positive and nega-
tive interaction effects between (as well as within) the
myriad different genetic elements within cells and organ-
isms? How much of fitness variation, and heritable varia-
tion, can be attributed to such interactions?

Additional applications include studies of microbiome
interactions with host genomes, prokaryotic gene transfer
and the functions of genomes in this context, and viruses
and endosymbionts at the interfaces of parasitism, com-
mensalism and mutualism. Most generally, novel perspec-
tives, founded in evolutionary biology, on the meanings
of genomes as well as genes, should lead to useful
insights derived from new questions, and new genome-
scale data targetted to address them.
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