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ABSTRACT Two authoritative treatises have recently addressed the evolutionary
origins of the eukaryotic genome’s many surprising architectural features, such as the
fact that more than 50% of the DNA in various species is made up of active or retired
transposable elements.Austin Burt and RobertTrivers describe diverse tactics by which
seemingly selfish pieces of DNA actively spread and persist in populations of sexual
reproducers and thereby generate extensive intragenomic (intergenic) strife. Michael
Lynch, by contrast, emphasizes how even deleterious mutations can passively drift to
fixation in small populations. The worldviews in these two books may seem funda-
mentally at odds, but they share a powerful notion that all eukaryotic genomes are like
intracellular ecosystems, the natural histories of which are fundamental to how sexual
genomes evolve.

IMAGINEYOURSELF IN a biological world without sex. Specifically, imagine thatyou are a gene (a length of DNA) housed in the genome of a host organism
that reproduces asexually, without genetic recombination. Given your strict con-
finement to this clonal lineage, how might you increase the chances that copies
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of yourself will be represented in future generations?You would have only one
proactive option: attempt to make a positive contribution to your host’s repro-
ductive success.The same is true for every other locus in that non-recombining
genome. Because you and your compatriot genes are forever bonded physically,
your fates are fully coupled, and over evolutionary time you would naturally
tend to evolve mostly harmonious interactions (one-for-all-and-all-for-one
mentalities) inside your host’s genomic lineage.Within that indivisible commu-
nity of genes, the simple truth is that you would have no opportunity to behave
selfishly (benefit personally by replicating at group expense).
In the real biological world, few if any eukaryotic lineages remain clonal for

long periods of evolutionary time (but see Avise n.d.; Jackson et al. 1985). Instead,
nearly all eukaryotic species have gene-mixing operations, the most obvious of
which are meiosis and syngamy (fusion of haploid gametes to form a diploid zy-
gote) that extensively recombine genes during each bout of sexual reproduction.
Genes that are routinely shuffled ineluctably gain partially independent evolu-
tionary fates. In effect, evolutionary forces including natural selection can then
scrutinize genes as individual units, and thereby influence gene dynamics in some
ways that would otherwise be impossible. Most notably, ever-shifting genomic
alliances fated by genetic recombination can yield conflicts of interest among oth-
erwise collaborative loci and open windows of opportunity for the evolution of
selfish (in addition to cooperative) behaviors among pieces of DNA.The evolu-
tionary consequences of intragenomic interactions are profound, as recently de-
tailed in two masterful books that explore the origins and natural histories of the
many astounding architectural features of eukaryotic genomes.
In Genes in Conflict, evolutionary biologists Austin Burt and Robert Trivers

canvass the many ways that eukaryotic genes have discovered to spread and per-
sist in populations by selfish means—in other words, without contributing to
organismal fitness. In theory, any piece of DNA in a sexual species could bene-
fit itself (increase the proportion of gametes, and thereby zygotes of the next
generation, in which it is represented) by adopting any of at least three proac-
tively selfish tactics: interference, in which the selfish allele disrupts or sabotages the
transmission of an alternate allele; overreplication, in which the selfish allele biases
its intergenerational transmission by getting itself replicated more often than
other alleles in the same host; and gonotaxis, by which the selfish allele moves
preferentially toward the germline. Each genuinely self-serving tactic imposes
(by definition) a negative fitness cost on the individual host organism, but a self-
ish element nonetheless can spread in a host population if on balance it prolif-
erates or “drives” more than it decreases its host’s fitness.
Loci tightly linked to the selfish driver may also benefit, by hitchhiking and

perhaps also by evolving mechanisms that enable it to share in the driving effort.
By contrast, the genetic fitness of loci unlinked to the driver is often harmed by
the actions of selfish genes, such that much of the host genome comes under se-
lective pressure to police the selfish drivers and get them off the hereditary road.
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This might transpire via the evolution of genomic mechanisms that ameliorate
or suppress the selfish gene’s driving habits, or by the evolutionary recruitment
of a selfish gene into host-beneficial services. All of these coevolutionary phe-
nomena have been empirically documented, in diverse guises, in various eukary-
otic species.The central theme of Genes in Conflict is that intragenomic clashes
among genes (in addition to the expected genic alliances and collaborations)
arise routinely in sexual taxa, and that selection pressures generated by these phe-
nomena have had extensive evolutionary impact on many structural and func-
tional features of eukaryotic genomes.
What are some of these selfish genes? Their faces have mostly come to light

in the last two decades—through the detective work of molecular biology, often
together with laboratory experiments—and they range in frequency of occur-
rence from the nearly ubiquitous to the species-idiosyncratic.The most preva-
lent selfish genes are transposable elements (TEs), active copies or remnants of
which often make up an amazing 50% or more of the total genomic DNA in
many species (including humans). These intracellular parasites come in several
design motifs and proliferate by varied molecular mechanisms, but a feature they
all share is a capacity to disperse copies of themselves across unlinked genomic
regions and thereby improve their own prospects for successful transmission
from one generation of sexual reproducers to the next.TEs offer good examples
of the selfish tactic of overreplication.
Gamete-killer genes provide examples of the interference tactic: they actively

kill or disable meiotic products to which they were not transmitted, thereby in-
creasing the fertilization success of the gametes in which they themselves are
housed.Well-studied examples include the t-haplotype (a multi-locus complex
spanning about one-third of chromosome 17 in house mice), the segregation dis-
torter (a set of loci on chromosome 2 in the fly Drosophila melanogaster), and spore
killer genes (mapping to chromosome 3 in Neurospora fungi). In some cases (in-
cluding the three just mentioned), the killer allele in a heterozygous individual
destroys more than 90% of the gametes that carry its competitor wild-type allele.
A third selfish-gene tactic is illustrated by B chromosomes, which are seem-

ingly “extra” pieces of genetic material, functionally useless to the host, that have
been documented in the genomes of some but not all specimens in each of
about 2,000 animal and plant species. B chromosomes can be viewed as genetic
renegades—presumably descended from standard (A) chromosomes in each
species—that perpetuate themselves by various cellular mechanisms that may
include gonotaxis as well as overreplication. For example, some B chromosomes
are prone to biased non-disjunction in such a way that dividing cells destined to
enter the germline (and ultimately its gametes) preferentially receive the extra
chromosome copies.This can give B chromosomes a propagation advantage de-
spite their probable metabolic burden to a cell.
Burt and Trivers meticulously describe nearly all that is currently known or

speculated about the molecular, cytogenetic, genetic, physiological, behavioral,
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comparative, populational, and evolutionary features of all identified classes of
selfish genetic elements in eukaryotic taxa.The net result is an encyclopedic illu-
mination of the complex world of intragenomic (intergenic) strife.This is not a
book for the uninitiated or fainthearted.Technical information (molecular and
otherwise) is dense and often complicated, and so too is the evolutionary theory
applied to explain it.The selfish genes that Burt and Trivers highlight in various
chapters often behave in egregious ways, such as acting in mothers to kill prog-
eny to which the selfish DNA was not transmitted; cutting chromosomes that
do not carry copies of themselves, and thereby stimulating a cell’s DNA repair
systems in ways that replicate the selfish gene; pulling the chromatid along the
spindle at the first meiotic division, and thereby improving their prospects of
transmission to the egg (rather than to superfluous polar bodies); altering the sex
ratios of progeny in ways that enhance the transmission of a sex-linked selfish
gene to the next generation; and encoding RNA templates from which copies
of DNA in turn are reverse-transcribed and inserted elsewhere in the genome,
often using enzymes that the selfish elements themselves also encode.
This book and the extensive science it summarizes offer compelling confir-

mation for a worldview that sometimes was maligned when Richard Dawkins
(1976) introduced the “selfish gene” concept more than 30 years ago. Research
in the past three decades has shown that proactively selfish pieces of DNA do
exist, that they indeed are common, and that the genomic turmoil they gener-
ate can have profound evolutionary consequences. Among the many genomic
features that Burt and Trivers deduce have been greatly impacted by the activi-
ties of selfish DNA are genome size, various chromosomal structures, CG con-
tent, methylation, germline sequestration from soma, uniparental transmission of
cytoplasmic genomes, sex-chromosomes and other sex-determination systems,
dioecy (separate male and female organisms), gynodoiecy (hermaphrodites and
females), various mutational processes, normally honest meiosis, and genetic re-
combination itself.
In The Origins of Genome Architecture, population geneticist Michael Lynch

likewise explores the evolutionary genesis and maintenance of diverse genomic
features in eukaryotes, but from a perspective that at first seems quite different
from that of Burt and Trivers. Lynch’s central thesis, reiterated throughout the
book, is “that most aspects of evolution at the genomic level cannot be fully ex-
plained in adaptive terms, and moreover, that many genomic features could not
have emerged without a near-complete disengagement of the power of natural
selection” (p. xiv). Lynch frequently reminds the reader that no genomic finding
from molecular biology has been (or indeed could be) inconsistent with popu-
lation genetic theory, which deals with the microevolutionary dynamics of
genetic variation under multiple interacting forces that include but are not lim-
ited to natural selection. Prominent among these forces is random genetic drift,
which can make even deleterious mutations effectively fitness-neutral when
population sizes are sufficiently small that natural selection is overwhelmed by
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drift’s stochastic effects. In accounting for particular genomic features, Lynch
typically introduces and elaborates a three-step argument: effective population
sizes in eukaryote species are generally small (compared to many prokaryotes);
small population size (all else being equal) promotes the accumulation of muta-
tions that are mildly deleterious (and inhibits the fixation of mutations that are
beneficial); and the resulting alterations to genome architecture often set the
stage for secondary adaptive changes that would have been unattainable in much
larger populations.
Consider, for example,TEs, which typically damage host genomes by induc-

ing deleterious mutations when they proliferate.The simple requirement for ex-
pansion of a TE family is that the rate of element self-proliferation exceeds the
rate of selective removal.The latter is influenced not only by the magnitude of
the elements’ negative impact per se, but also by the effective size of the host
population.The smaller the host population, the more oblivious natural selection
becomes to a given magnitude of genomic damage, and the less effective it
becomes in removing or silencing the offensive agents. Even moderately harm-
ful TEs thus stand a chance of proliferating in a host species (until perhaps their
cumulative harm to the individual becomes audible to natural selection above
the background noise). Once present in the genome, TEs occasionally get re-
cruited during evolution into host-beneficial activities (several empirical exam-
ples have been documented), but this does not imply that families of TEs arose
or are generally maintained for their host-beneficial effects.
The general drift of Lynch’s perspective extends beyond genomic features

related specifically to selfish DNA.Mildly deleterious mutations of any sort—in-
cluding point mutations—routinely escape selective elimination, especially in
small populations, yet their cumulative effects on genome architecture can be
huge, ranging from influencing the fate of particular pseudogenes to affecting
genome-wide nucleotide compositions via gene conversions and inherent molec-
ular biases in mutational processes. Lynch devotes a chapter to each of several cat-
egories of genome architecture—chromosomal features, nucleotide composition,
mobile elements, gene duplications, intron-exon motifs, transcription machinery,
organelle genomes, and sex chromosomes—in each case interweaving a wealth of
molecular information with oft-quantitative population genetic reasoning to elu-
cidate the evolutionary origins of the features in question. Additional chapters
deal with topical issues: the origin of eukaryotes, genome size and complexity, the
human genome,why population size matters, and a concluding overview.This too
is not a book for the novice or the lackadaisical, but readers willing to make the
effort will gain a powerful insight: that genomic complexity—far being prima
facie evidence of natural selection’s craftsmanship—often originates from non-
adaptive processes (mutation pressures and random genetic drift) that are espe-
cially potent in multicellular eukaryotes with large genomes.
Despite superficial appearances to the contrary, the selfish-driver scenarios of

Burt andTrivers (which invoke natural selection at the genic level) and the non-
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adaptive-origin scenarios of Lynch (which envision a marquee role for random
genetic drift of deleterious mutations) are not incompatible. Instead, these two
worldviews are overlapping and complementary, united in the keynote sense that
both envision a huge and previously underappreciated role for endogenous
intragenomic phenomena (in addition to the standard selective role for the ex-
ternal environment) in shaping the evolution of genome architecture. Both pro-
actively selfish alleles and deleterious alleles that passively drift to high frequency
are detrimental to their hosts in the short term yet nonetheless are capable of
shaping host genomes across evolutionary time.
The take-home message is that each eukaryotic genome can now be viewed

as a dynamic community of quasi-independent entities, or perhaps even as a
miniature intracellular ecosystem of evolutionarily as well as functionally inter-
acting pieces of DNA (Avise 2001). As Lynch states, “Natural history is impor-
tant to evolution, and in a very real sense, the cell and its contents define the nat-
ural historical setting within which the architectural features of genomes evolve”
(p. xv). Or, as phrased by Burt and Trivers, the eukaryotic genome is “a parallel
universe of (often intense) sociogenetic interactions within the individual organ-
ism—a world that evolves according to its own rules, as modulated by the sex-
ual and social lives of the hosts and the Mendelian system that acts in part to sup-
press it” (p. 475).These exciting evolutionary notions are not only erudite and
sophisticated, but also rife with implications that will help guide future genomic
research into new and often uncharted territories.
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