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The size of the genome represents one of the most
strikingly variable yet poorly understood traits
in eukaryotic organisms. Genomic comparisons
suggest that most properties of genomes tend
to increase with genome size, but the fraction
of the genome that comprises transposable ele-
ments (TEs) and other repetitive elements tends
to increase disproportionately. Neutral, nearly
neutral and adaptive models for the evolution of
genome size have been proposed, but strong evi-
dence for the general importance of any of these
models remains lacking, and improved under-
standing of factors driving the activity of TEs
should also be considered. Fine-scale investigation
of the mutational and population-genetic proper-
ties of both small and large insertions and dele-
tions should help advance our understanding of
how and why genome size evolution has occurred.

Introduction

Genomes show remarkable variation in size, often even among
closely related species (Bennett and Leitch, 2011; Gregory,
2005). From the earliest studies of this variation, it was clear
that, beyond the broadest differences in genome size between
prokaryotes and eukaryotes, this variation does not generally
correlate well with the number of genes or with organismal
complexity (Thomas, 1971). Why species should vary across
orders of magnitude in the amount of heritable material trans-
mitted across generations has been among the most puzzling
and elusive questions for evolutionary and molecular biologists
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in the last century. While considerable progress has been made
in the characterisation of the extent of genome size variation,
the dominant evolutionary processes driving genome size evolu-
tion remain subject to considerable debate. Large-scale genome
sequencing is enabling new insights into both the proximate
causes and evolutionary forces governing genome size differ-
ences.

How Much Variation Is There?

Because determining the amount of DNA (deoxyribonucleic
acid) in a cell has been much more straightforward and cheaper
than determining the complete sequence of genomes, character-
isation of the ‘C-value’ (the amount of DNA in a haploid cell)
began much earlier than whole genome sequencing, and in fact
the measurement of DNA content per cell and the recognition
of its constancy within an organism provided important evidence
that DNA was the basis of inheritance (Gregory, 2005). Given this
extensive history and ease of quantification, databases of genome
sizes now contain information from many thousands of species
(Bennett and Leitch, 2011; Gregory, 2016; Islas et al., 2004).
These estimates reveal striking variation; flowering plants, for
example range in genome size from roughly 60 MB in the carniv-
orous plant Genlisea margaretae to Paris japonica, the organism
with the largest known genome, at roughly 150 GB (Bennett and
Leitch, 2011). Studies within families and genera typically reveal
less variation but still show considerable change across short evo-
lutionary distances (Greilhuber et al., 2006), and even within
species (Long et al., 2013).

What Types of DNA Drive Genome
Size Variation?

Genome size differences can be determined by several major
properties. The most obvious source of genome size variation is
polyploidy; organisms with more than two sets of chromosomes
will have higher DNA content simply because of increased num-
bers of copies of genes. While the effect of ploidy on genome
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size differences is often corrected for by controlling for ploidy
in the estimation (Soltis et al., 2003), there are a number of
reasons why this does not fully resolve the issue. First, it has
become clear that in many organisms, ancient whole genome
duplication events have occurred that may no longer be obvi-
ous by chromosome counts (Soltis and Soltis, 2016). Following
polyploidisation, organisms typically undergo a process of dupli-
cate gene loss (Leitch and Bennett, 2004; De Smet et al., 2013;
Lynch and Conery, 2000), in a process known as ‘diploidisa-
tion’, which may often also include chromosome rearrangement
events. Because these rearrangements will make it difficult to
identify polyploids based on chromosome number, many ancient
whole genome duplication events can only be uncovered through
large-scale genome or transcriptome sequencing. Thus, unknown
ancient polyploidisation can still contribute to genome size vari-
ation, and the extent to which the time since the last whole
genome duplication contributes to genome size variation is not
yet resolved (Lysak et al., 2009). Furthermore, by increasing
DNA content, polyploids are expected (and often observed) to
experience similar phenotypic effects on the organism as other
genome size increases, namely larger cell sizes (Tsukaya, 2013)
and possible increases in development time (Gregory, 2002). This
means that for some models of genome size evolution, polyploidy
has similar effects as other mechanisms mediating genome size
evolution. See also: Polyploidy and Paralogous Chromosome
Regions; Polyploidy

Beyond differences in ploidy, genomic sequence comparisons
have helped assess the major factors that drive genome size differ-
ences among species. On the one hand, recent genome sequence
comparisons suggest that many factors tend to correlate with
genome size, including copy numbers of repetitive elements, the
length of introns and, contrary to previous suggestions, even the
number of genes (Elliott and Gregory, 2015; Hu et al., 2011).
However, the composition of large genomes is typically very
different from that of small genomes (Figure 1). In particu-
lar, transposable elements (TEs) and other repetitive sequences
tend to dominate sequence differences among species (Tenail-
lon et al., 2010; Chalopin et al., 2015), and the proportion of the
genome that is protein coding is strongly negatively correlated
with genome size. However, some cases of genome size increase
appear to be predominantly driven by repeat classes other than
TEs, such as the number of ribosomal DNA gene copies (Long
et al., 2013) or the abundance of centromeric repeats (Slotte et al.,
2013). See also: Repetitive Elements: Bioinformatic Identifi-
cation, Classification and Analysis; Microsatellites

Neutral Model

Perhaps the simplest explanation for genome size evolution is that
differences across taxa in the profile and relative rate of insertion
and deletion drive species to different genome sizes. If some taxa
experience much higher deletion rates, or larger average deletion
sizes than others, they could converge on a smaller genome than
other taxa. This hypothesis generates some clear predictions;
species with larger genomes should show a distinct mutational
spectrum of insertions and deletions that leads to a higher rate of
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Figure 1 Phylogenetically corrected correlations (independent contrasts)
between total genome size and genomic properties. From Elliott and Gre-
gory (2015).

DNA removal (and/or lower rate of accumulation) than species
with smaller genomes.

Consistent with the hypothesis that species differ considerably
in their relative rates of insertion and deletion, an experimental
study examining the repair of double-strand breaks in Arabidop-
sis and tobacco highlighted that species may differ qualitatively
in the length distribution of deletions, as well as whether or not
double-strand breaks are accompanied by insertions (Kirik et al.,
2000). This highlights that species differences in the rate and
spectrum of insertion/deletion events may play an important role
in driving the evolution of genome size. See also: Mutational
Biases

Early analyses testing this possibility aimed at identifying
the spectrum of small insertion and deletion events at neu-
tral genomic regions using between-species comparisons (Petrov
et al., 1996, 2000; Bensasson et al., 2001). These studies indeed
suggested that the rate of deletion relative to insertion may
vary across species, where species such as Drosophila showed
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evidence for a higher rate of deletion relative to insertion in
comparison with species with larger genomes such as humans.
However, using between-species comparisons, it is difficult to
completely rule out a role for natural selection in the fixation of
these indel events (Charlesworth, 1996). With the lowering costs
of genome sequencing, direct estimates of genome-wide muta-
tion rate are becoming much more feasible, enabling potentially
unbiased estimates of rates and patterns of insertion and deletion.
Some of these direct estimates have confirmed results from inter-
specific comparisons; for example, a deletion bias in Drosophila
melanogaster has been observed from direct observation of spon-
taneous short insertion–deletion events (Haag-Liautard et al.,
2007; Keightley et al., 2009; Schrider et al., 2013). However,
in other cases, very different profiles have been observed from
direct estimation; Caenorhabditis elegans, for example, shows a
bias towards insertion events from observations of spontaneous
mutations, in contrast with patterns of substitution observed at
pseudogenes (Denver et al., 2004). Furthermore, factoring in
larger duplication events, the Drosophila genome also appears
to show a net gain in DNA each generation, rather than loss
(Schrider et al., 2013). More generally, direct estimates to date
do not suggest a generally positive correlation between genome
size and the net gain/loss of sequence caused by spontaneous
short insertions and deletions (Figure 2). However, few estimates
are available to date from species with very large genomes, and
these estimates generally focus on small indels due to the limits of
short-read sequencing technologies, so the spectrum for rarer but
larger insertion/deletion events is less well characterised. Given
their length, the potential for small indels to drive rapid genome
size differences seems limited (Gregory, 2003).
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Figure 2 Relation between amount of DNA (deoxyribonucleic acid)
gained/lost due to small indels (calculated as the total size of small inser-
tions minus the total size of small deletions) per single nucleotide mutation
and genome size, from direct estimation of insertion and deletion events
in mutation studies. Estimates from Caenorhabditis elegans (Denver et al.,
2004), Drosophila melanogaster (Schrider et al., 2013), Arabidopsis thaliana
(Yang et al., 2015), Apis mellifera (Yang et al., 2015), Oryza sativa (Yang et al.,
2015), Chlamydomonas rheinhardtii (Ness et al., 2015), Schizosaccharomyces
pombe (Farlow et al., 2015), Saccharomyces cerevisiae (Zhu et al., 2014) and
Paramecium tetraurelia (Sung et al., 2012).

Nearly Neutral Model

Many insertion/deletion events may have slightly deleterious
effects on organismal fitness on average rather than being neutral
and therefore they are subject to effects of both genetic drift and
natural selection. In particular, for mutations subject to weak
natural selection, slightly deleterious insertion/deletion events
may spread through populations due to genetic drift. Under this
model, species’ differences in effective population size, which
controls the relative importance of drift versus selection, can
have a major impact on the outcome. Small populations may be
more likely to fix slightly deleterious insertions in comparison
with larger populations, driving their genomes larger (Lynch and
Conery, 2003). See also: Molecular Evolution: Nearly Neutral
Theory

Population genetic analyses in Drosophila do suggest that small
indels may on average be slightly deleterious (Leushkin et al.,
2013), consistent with this nearly neutral model of genome size
evolution. Furthermore, large-scale comparative studies (Lynch
and Conery, 2003) have shown that effective population size
correlates with genome size across a large taxonomic scale.
However, studies on smaller taxonomic scales and/or that use
comparative phylogenetic approaches to control for evolution-
ary relationships have often found weaker or no association
between genome size and effective population size (Whitney
et al., 2010; Whitney and Garland, 2010; Ai et al., 2012). Further-
more, recent population genomic analyses in Drosophila suggest
that small deletions may be more deleterious than small insertions
(Leushkin et al., 2013), making it unclear whether less efficient
selection will necessarily drive genome increase. More investiga-
tion of the distribution of fitness effects of insertions and deletions
of varying sizes are needed to better understand the interplay
between changes in effective population size and genome size
evolution.

Adaptive Hypotheses

While genomes are typically considered the ‘information con-
tent’ in the cell without direct phenotypic effects, there is a clear
correlation between DNA content and cell size (Tsukaya, 2013),
suggesting that differences in genome size may have direct phe-
notypic effects that could be selected on. Genome size across
species correlates with numerous traits including development
time and body size (Gregory, 2003). While correlative, such pat-
terns raise the possibility of directional selection in some species
on genome size. Weedy plants (Bennett et al., 2008) and animals
with flight (Wright et al., 2014), for example, may experience
selection for rapid cell division and/or small cell size, driving
genomes to shrink over evolutionary time. Correlations between
genome size and flower size in Silene (Meagher and Vassiliadis,
2005), and clines in genome size associated with environmental
variables (Rayburn and Auger, 1990), provide further evidence
that the phenotypic effects of genome size may be under selec-
tion. However, given that environmental variables can also influ-
ence the concentration of compounds that can affect genome size
estimation, it is crucial to control for possible technical artefacts
when assessing environmental effects (Bennett et al., 2008).
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Alternatively, there may be indirect selection on genome size
as a result of phenotypic effects of copy number of a specific
genome compartment. For example, in Arabidopsis the number
of rDNA copies varies between Northern and Southern Sweden,
and this is the major predictor of genome size differences across
these populations (Long et al., 2013). It is possible that this
difference in rDNA content has been driven by environmental
selection on thermal regulation, with higher rDNA copy number
then incidentally driving larger genome size.

Transposable Element Evolution

While neutral and nearly neutral hypotheses typically treat all
insertion–deletion events as equivalent in their evolutionary
dynamics, differences across species in TE copy number are
typically the most dominant determinant of genome size dif-
ferences (Tenaillon et al., 2010; Chalopin et al., 2015) and so
consideration of the specific factors driving TE evolution may be
important for a better understanding of the evolution of genome
size (Figure 3). See also: Transposons in Eukaryotes (Part B):
Genomic Consequences of Transposition

As TEs are self-replicating genetic elements, their success and
abundance can be governed by distinct processes. For example,
sexual reproduction and outcrossing enhance the spread of TEs
through populations, while a lack of sexual reproduction and high
rates of self-fertilisation can prevent their spread (Hickey, 1982;
Wright et al., 2008). Highly self-fertilising and asexual species,
which typically have strong reductions in effective population
size and are expected to accumulate slightly deleterious muta-
tions, may thus experience a loss rather than gain of TEs, and
a reduction in genome size. Furthermore, species with smaller
effective population sizes may also be more likely to experience
stochastic loss of active TE families, leading to higher rates
of transpositional activity in populations with larger effective
population sizes (Le Rouzic et al., 2007), again suggesting that
reduced effective population sizes may not always drive genome
expansion.

Transposable element abundance

+ −

- Elevated transposition rate
- High rate of sexual reproduction
- Breakdown of host silencing
- Hybridisation
- Relaxed purifying selection

- Elevated rate of nonhomologous
    recombination
- Low rate of sexual reproduction
- Increased strength of purifying
    selection

Figure 3 Factors driving changes in transposable element abundance.

Beyond the rate of sexual reproduction and effective population
size, TE abundance can be determined by the balance between
their increase due to transposition and their loss caused by forces
acting to remove them (Charlesworth and Charlesworth, 1983).
Note that TE removal can be mediated not only by excision and
deletion events but also by the action of natural selection against
the deleterious effects of insertions. Thus, between-species differ-
ences in the rate of transposition, deletion and/or the strength of
natural selection against insertions can all contribute to changes
in TE abundance and genome size.

Species’ differences in the rate of transposition could be a key
driver of genome size evolution; however, very few direct esti-
mates of transposition rate exist (Nuzhdin and Mackay, 1994)
and there is essentially no direct information on how they vary
across species. There are several reasons for the absence of
estimates of transposition rate. First, host-mediated TE silenc-
ing tends to be quite efficient, meaning that per generation
transposition rates may be very low, making them difficult to
observe, even though their rates may be sufficiently high to con-
tribute to rapid genome size evolution given their size. Second,
short-read genome sequencing technologies create a challenge
for resolving the sequences of repetitive elements such as TEs,
so large-scale identification of TE insertions from mutation accu-
mulation experiments is difficult.

However, comparisons of the abundance of TEs and their
inferred age distributions from high-quality reference genome
sequences have been used to make inferences about shifts in
transposition rate across species. Note, however, that such com-
parisons can reflect contrasts in not only the rate of transposition
but also differences in the strength of natural selection against
new insertions, as stronger selection will act to prevent old inser-
tions from accumulating. Nevertheless, such studies frequently
suggest strong differences between species and across element
families in their history of activity (Chalopin et al., 2015), likely
reflecting complex histories of coevolution between TEs and
their hosts.

In some cases, consistent differences in TE copy number have
been observed between closely related species, potentially due to
differences in the efficacy of host silencing of TEs (Hu et al.,
2011; Hollister et al., 2011). However, in other cases, large
genome sizes tend to be associated primarily with the expansion
of a small number of TE families (El Baidouri and Panaud, 2013).
A growing number of cases of apparent bursts of transposition
tied to genome size evolution have been observed (Piegu et al.,
2006) suggesting that particular TE families may have evaded
host silencing, driving increases in copy number and genome
size. Furthermore, between-species hybridisation has been shown
to be associated with increases in TE copy number in a number
of taxa, consistent with the hypothesis that a history of TE-host
coevolution can be broken down in hybrid crosses (Ågren and
Wright, 2011), and that horizontal transfer may contribute to
increases in transposition rate.

Similarly, changes in the strength of selection against
TEs may be important factors governing genome evolution.
Whole-genome duplication events, for example may relax selec-
tion against TE activity due to gene redundancy, and this could
lead to the maintenance of large genome size in duplicated
genomes even following the process of diploidisation. Evidence
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for TE expansion following whole-genome duplication in maize
is consistent with this hypothesis (Baucom et al., 2009), as
is evidence for higher TE abundance in gene-rich regions in
tetraploid Capsella (Ågren et al., 2016).

While changes in selection and transposition rate may be
important factors governing genome size evolution, species dif-
ferences in the rate of TE removal can also play an impor-
tant role. For example, illegitimate recombination between the
long-terminal repeats of retrotransposons can drive the loss of
TE insertions (Ma et al., 2004), and it is possible that the rate
of this removal differs across species. In this regard, it is impor-
tant to note that some species with genomes that comprised large
numbers of TEs do not have recently elevated rates of transpo-
sition; the massive genomes of conifers, for example, appear to
have many ancient TE insertions, rather than a high rate of recent
transposition (Nystedt et al., 2013), and therefore broad-scale dif-
ferences in genome size may often reflect differences in DNA
removal rather than recent increases in TE activity or a recent
loss in the efficacy of natural selection.

Conclusion

Many factors can drive the evolution of genome size, and it is
likely that genome expansion and contraction has multifaceted
contributing factors. While important progress has been made in
characterising the proximate causes of genome size evolution,
the evolutionary processes that dominate remain mostly unre-
solved. However, new long-read sequencing technologies and
data sets that utilise comparative genomics, population genomics
and mutational studies should enable important advances in our
ability to quantify the relative roles of mutation, selection, genetic
drift and TE-host coevolution in the evolution of genome size.
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