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Demography and its effects on genomic variation
in crop domestication

Brandon S. Gaut', Danelle K. Seymour’, Qingpo Liu? and Yongfeng Zhou®™

Over two thousand plant species have been modified morphologically through cultivation and human use. Here, we review three
aspects of crop domestication that are currently undergoing marked revisions, due to analytical advancements and their appli-
cation to whole genome resequencing (WGS) data. We begin by discussing the duration and demographic history of domestica-
tion. There has been debate as to whether domestication occurred quickly or slowly. The latter is tentatively supported both by
fossil data and application of WGS data to sequentially Markovian coalescent methods that infer the history of effective popu-
lation size. This history suggests the possibility of extended human impacts on domesticated lineages prior to their purposeful
cultivation. We also make the point that demographic history matters, because it shapes patterns and levels of extant genetic
diversity. We illustrate this point by discussing the evolutionary processes that contribute to the empirical observation that
most crops examined to date have more putatively deleterious alleles than their wild relatives. These deleterious alleles may
contribute to genetic load within crops and may be fitting targets for crop improvement. Finally, the same demographic factors
are likely to shape the spectrum of structural variants (SVs) within crops. SVs are known to underlie many of the phenotypic
changes associated with domestication and crop improvement, but we currently lack sufficient knowledge about the mecha-

nisms that create SVs, their rates of origin, their population frequencies and their phenotypic effects.

that is, they have been modified morphologically and

genetically through human cultivation'. The modifications
associated with domestication encompass a suite of morphologi-
cal changes such as enhanced robustness, production of fewer but
larger fruits (or grains), and altered seed dormancy and dispersal’.
Morphological change does not stop after domestication however,
because an incipient crop is often dispersed to new locations that
present novel biotic and abiotic stresses. These stresses drive local
adaptation through additional phenotypic and genetic change.

Geneticists, evolutionary biologists, crop scientists and archae-
ologists have long been fascinated by the origin and spread of
domesticated crops, in part due to the multifaceted nature of the
associated questions’> Who domesticated a species and how? Did
domestication occur once or on multiple occasions? Was domesti-
cation rapid or protracted? The answers to these questions enlighten
our understanding of human history and also have the potential to
affect crop productivity.

In this Review, we focus on three aspects of crop domestication
that are currently undergoing marked revisions, due principally to
analytical advancements and their application to whole genome rese-
quencing (WGS) data. We begin by considering the demographic
history of domesticated populations. Although the demography
of domesticates has been investigated for decades, new inferential
techniques have the potential to alter our understanding of the time
frame of human impacts on domesticated species. Timing matters,
because demographic history affects levels of genomic variants in
a crop. We illustrate some of these effects by discussing the distri-
bution and accumulation of deleterious single nucleotide polymor-
phism (SNP) variants within crop genomes, which may contribute
to a ‘cost of domestication™. Finally, we turn to an under-studied
component of crop genomic variation: structural variants (SVs). In
theory, demography should impact the diversity of SVs in a manner

Over two thousand plant species have been domesticated;

analogous to SNP variants, but there is currently little information
about the rate, pattern and frequency of SVs within crop genomes.
The characterization of SVs in populations is the next frontier of
plant genomics, both because SVs affect phenotypes and because
they will yield unique insights into population history.

Demography and the duration of crop domestication

In this section, we define domestication as a process that occurs in
four stages. We then consider critical features of these stages, focus-
ing particularly on their duration and potential demographic effects.

Stages of domestication. Domestication is an expansive process
that consists of four stages® (Fig. 1a). Stage 1 is ‘management, rep-
resenting the potential for human stewardship and harvesting of
wild plant populations prior to their formal cultivation. Stage 2 is
purposeful cultivation, a process that winnows genetic diversity
through a domestication bottleneck and simultaneously increases
the frequency of domestication alleles. Stage 3 is the geographic
expansion of the domesticate, which often requires adaptation to
new environments. Stage 4 is deliberate breeding, a process that
has occurred over the last few hundred years. Not all domesticated
plants are equal with respect to the duration or severity of these
stages. For example, most cereal crops have experienced strong in
situ selection and pronounced genetic bottlenecks (stage 2), but
many perennial crops have not®.

The time to fix favourable variants. To date, most of the domesti-
cation literature has focused on the second stage of domestication—
that is, the intentional cultivation of crops by incipient farmers.
Because early farmers likely used only a limited number of wild
individuals for initial cultivation, this stage is often associated with
a genetic bottleneck that reduced and repatterned genetic diver-
sity in a crop compared to its wild relative’. These domestication
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Fig. 1| Features of demography and selection during plant domestication. a, A schematic representing four stages of domestication. The far left
population represents wild populations with substantial genetic diversity. Human management may alter diversity to favour particular phenotypes
(stage 1). Eventually, cultivation separates domesticated from wild genotypes (stage 2), which often features genetic bottlenecks and in situ increases

in allele frequency. The domesticate is then dispersed to new locales (stage 3), where it must adapt locally, perhaps by introgression or new mutations
(represented by differing colours among locations). Finally, deliberate breeding (stage 4) often includes crosses among locally adapted varieties. The curve
below the stages provides an example of population size through the four stages, including a long population decline throughout stage 1and an abrupt
bottleneck in stage 2, followed by population expansion. b, A typical population genetic model that is used to infer demographic parameters, such as the
population size of the ancestral population (N,) and the bottlenecked population (N), the time of the start and end of a population bottleneck (Tb,,,,, and
Tb..s) and migration rates (m). ¢, An idealized representation of artificial selection on the non-shattering phenotype over time. The strength of selection
varies with slope. d, A cartoon of inferred populations size for African rice (O. glaberrima) and grapes (V. vinifera) based on SMC methods*°'. Note that
time on the x axis is reversed relative to the other graphs, keeping with the standard for SMC analyses.

bottlenecks have been studied extensively for ~20 years using SNP  predominate less than 100 years after the appearance of a relevant
data®, but it is surprising to realize that the duration of this stage mutant. Similarly, Hillman and Davies, used field experiments to
remains unclear for most plants. simulate the process of domestication, focusing on phenotypic

Traditionally, the duration of stage 2 has been studied by two  changes that lead to the non-shattering phenotype, a key feature
methods—population modelling and fossil analyses—that have that separates domesticated cereals from their wild relatives''. From
led to contrasting viewpoints. The contrast focuses on the time their experiment, they estimated that non-shattering could become
it has taken for favourable domestication alleles to become fixed. predominant in less than 200 years and perhaps as rapidly as 20-30
Historically, it has been thought that fixation occurred rapidly. years”'2. Population genetic models have generally been consistent
Both Zohary’ and Ladzinsky'’ suggested that domestication alleles ~ with this view. For example, selection in Asian rice (Oryza sativa)
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may have been strong enough to fix Shattering 4 (sh4) within ~100
years". The sh4 allele is crucial because it accounts for 69% of phe-
notypic variation in non-shattering between indica rice and its wild
annual species Oryza rufipogon'*.

These and other modelling efforts typically rely on three assump-
tions. The first is that the selection coefficient s is constant over time,
which is unlikely to be true. Second, modelling typically assumes
that there are only a few loci of major effect for any trait, but most
agronomic traits are polygenic, with hundreds of contributing loci.
Finally, even if s were constant, the time of fixation of an allele is
a function of demographic history, and modelling often relies on
assumptions about that history. These assumptions can sometimes
introduce an unrecognized circularity, because demographic infer-
ences often (in turn) rely on a pre-determined demographic model
that requires simplifying assumptions about the timing, shape and
duration of population history. They often assume that a domesti-
cation bottleneck begins abruptly (Fig. 1b), at a discrete time in the
past, and often without the complications of linkage among vari-
able sites and of continuing genetic introgression from wild popula-
tions®'>'°. More recent treatments have been able to relax some of
these assumptions, particularly by allowing migration between the
wild species and the incipient crop'’~"* (Fig. 1b), but some of the
basic limitations remain.

In contrast to modelling approaches, fossil analyses examine
archaeological trends for phenotypic traits, such as grain/seed
size or the shape of the rachis, which contributes to the non-shat-
tering phenotype (Fig. 1c). These analyses suggest that the fixa-
tion of domestication traits has taken thousands of years, rather
than ~100 years®*-*%. For example, Allaby et al. traced the history
of non-shattering in four species—rice, einkorn wheat, barley and
emmer wheat—by studying a chronological progression of fos-
sils, with some as old as ~10,000 years*. By measuring the rate of
change of the rachis over time, they concluded that the s on non-
shattering had not been constant (Fig. 1c). They also inferred that
the maximum selection pressure on the non-shattering phenotype
occurred at different times in different species. Their data suggest
that the most intense selection on the rice rachis occurred between
7,000 to 6,500 years ago (ya), while that on wheat was between
10,500 and 9,500 ya (ref. *).

The use of fossil data for the study of domestication is insightful,
but it too has shortcomings. The non-shattering phenotype can be
difficult to evaluate based on a fossilized rachis'?, and fossil samples
may not represent discrete chronological lineages (or ‘selection
chains’)*. Nonetheless, the inference that s has not been constant
over time may help resolve apparent differences between fossil- and
modelling-based inferences about fixation times. Another differ-
ence between the two approaches may reflect incomplete correla-
tions between alleles and phenotypes, particularly if polygenic traits
evolve more slowly than the fixation of a subset of their component
genes. For example, Zhang et al. argued that relatively weak selec-
tion may have slowed shifts in phenotype, even if sh4 itself fixed
rapidly'”. There is some evidence to support this claim, because
individuals with homozygous sh4 alleles in a wild genomic back-
ground still shed most of their seeds**, suggesting that the shatter-
ing phenotype was shaped by polygenic selection.

Protracted periods of management prior to cultivation. Based
on extrapolation from their fossil data, Allaby et al. argue that the
onset of domestication for cereals should be extended backwards in
time to the Pleistocene era”’. As this potentially predates the onset
of agricultural settlements, they speculate that some selection by
humans occurred within wild populations (stage 1, Fig. 1a), prior to
direct cultivation (stage 2, Fig. 1a).

There is now indirect genetic evidence for sustained periods of
pre-domestication for two crops, African rice (Oryza glaberrima)
and grape (Vitis vinifera). The evidence is based on analysis of WGS
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data using sequentially Markovian coalescent methods (or ‘SMC’
methods) for demographic inference”. These methods estimate
the chronological history of effective population size (N,) without a
pre-defined a demographic model, potentially circumscribing some
of the simplifying assumptions of previous demographic analyses.
SMC methods rely on the fact that the time since the most recent
common ancestor (TMRCA) can be estimated between two alleles
in an individual or in a sample of individuals. The key feature of
the TMRCA is that it varies across independent regions of the
genome as a function of population size. If many regions of the
genome share the same TMRCA, this reflects a period when many
allelic lineages coalesced at the same time, indicative of a small
population. By studying the distribution of TMRCAs across the
genome, SMC methods identify historical patterns of N..

To date, SMC methods have been applied to only a few crops'®*-!,
but with interesting and suggestive results. In one study, WGS data
from African rice was used to infer that a discrete domestication
bottleneck approximately 3,500 years ago (stage 2) was preceded by
a long, roughly 14,000-year decline in the N, of the progenitor pop-
ulation® (Fig. 1d). The authors hypothesized that this protracted N,
decline reflects the effects of abiotic and biotic stresses, which may
include a history of low-intensity management by humans prior to
modern domestication”. Under this hypothesis, humans favoured
some subset of wild plants, spread the seeds of those favoured indi-
viduals and hastened a long N, decline.

A less severe but protracted N, decline of over 12,000 years was
also inferred for the lineage leading to domesticated grapes’ prior
to a mild domestication bottleneck roughly 8,000 ya (Fig. 1d). Four
things are notable about the grape results. First, a sample of wild
grapes did not exhibit a similar N, decline; in fact, the wild grapes
show population histories broadly commensurate with expecta-
tions based on glacial history. Second, the cultivated and wild lin-
eages were estimated to have diverged over 20,000 ya, roughly the
same time as the beginning of the long population decline. Third,
population simulations suggest that the observed site-frequency
spectrum (SES) from the grape sample, better fits a model of
protracted N, decline than a rapid bottleneck. Finally, some sites
near the purported region of grape domestication in the southern
Caucasus mountains contain evidence of human habitation for
more than 20,000 years™. Thus, the lineage that led to domesticated
grapes had a distinct demographic history from at least one sample
of wild grapes. That history included a long N, decline in a region
inhabited by humans.

These studies complement fossil data in suggesting the possibility
of protracted periods of N, decline prior to purposeful cultivation. If
true, these are important findings as such a decline would exacerbate
many of the genetic effects typically associated with a domestication
bottleneck. This conclusion is tentative however, partly because it is
based on only a few studies, but also because SMC methods have at
least five limitations. One important limitation is phasing. If SNPs
are phased incorrectly, the inference of recent demographic his-
tory can be wildly incorrect”. Fortunately, the most recent method
(SMC++)* does not require phasing, but it has not yet been applied
widely to domesticates (see ref. *'). A second limitation is that SMC
inference may spread-out an abrupt bottleneck over time, making
the process seem more protracted than reality”>** and raising the
possibility that protracted N, declines are methodological artefacts.
Third, these methods can also confuse ancient population structure
with changes in N,. If domesticated germplasm is derived from a
single deme of a larger metapopulation, then this will be inferred
as a long-term signal of N, decline, even if that single deme had not
experienced an N, decline’*. Fourth, selective sweeps and linked
selection complicate the inference of demography*, but SMC meth-
ods can also be applied with putatively selected regions masked*'.
A final limitation rests on interpretation rather than inference; it is
a logical leap to infer that human management led to a protracted
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population decline, because many other factors (such as climate,
biotic and abiotic stresses) could also drive such declines.

Is there genetic evidence to suggest that long-term management
of wild populations preceded purposeful cultivation? If so, how
many crops experienced long-term management prior to purpose-
ful cultivation? We have summarized the evidence and consider
these to be open questions of tremendous importance. Crucial next
steps will include further application of SMC-based approaches to
genomic data from more crop species, simulation studies that test
the inferential robustness of SMC methods under reasonable demo-
graphic scenarios, and population simulations that assess whether
the empirical data fit SMC-based inferences of population decline’'.
Although there is much work to do, the results thus far are nonethe-
less consistent with a growing appreciation that humans altered plant
species and ecosystems long before the onset of agriculture’>***’.

Demography shapes the spectrum of deleterious variants
Why should anyone care about the duration of human effects and
particularly the demographic history of domestication? One rea-
son is that more accurate demographic inference may inform our
understanding of human history and specifically humans’ role in
ecological niche construction. Furthermore, demographic history
has shaped extant genetic diversity, which may, in turn, affect crop
productivity. Here, we illustrate the effect of demographic his-
tory on one aspect of crop genetic variation—the accumulation of
deleterious SNP variants.

Demography and the cost of domestication. The ‘cost of domes-
tication’ refers to an increased genetic load within cultivars, which
can in theory be studied by identifying deleterious variants within
crop genomes™*. This hypothesized cost originates primarily from
atleast two sources: the decreased N, during stages 1 and 2 of domes-
tication, which in turn both increase genetic drift”” and reduce the
efficacy of genome-wide selection®’; and linked selection, which can
drag deleterious mutations to high frequency***.

To better understand how a reduction in population size may
contribute to the accumulation of deleterious alleles, it is helpful to
first consider the distribution of fitness effects (DFE) of mutations
in a wild progenitor population. The effects of mutations range from
strongly deleterious to highly advantageous. The former (strongly
deleterious mutations) will typically be lost rapidly from the gene
pool. The latter (highly advantageous mutations) are expected to
represent only a small proportion of total mutations®. Thus, most
mutations in the wild progenitors of crops have fitness effects rang-
ing from zero (that is, selectively neutral) to slightly deleterious*~*.

Slightly deleterious mutations are typically found at a low fre-
quency within a population with large N,, because selection is
efficacious in large populations®. When N, decreases during a
domestication bottleneck, two things happen. First, the bottleneck
reduces genetic variation. By reducing genetic variation, the bottle-
neck is likely to remove many (and perhaps most) slightly deleteri-
ous genetic variants. Second, selection is less efficacious, so that
deleterious variants that are not lost tend to rise to higher frequency
due to genetic drift”~*°. Remarkably, these two forces balance out for
outcrossing organisms when mutations are strictly additive®’—that
is, with a dominance coefficient of 4 = 0.5. As a result, the genome
of a domesticated individual is expected to contain the same num-
ber of derived deleterious variants as the genome of a wild indi-
vidual after a genetic bottleneck™. In other words, the bottleneck
decreases the total number of slightly deleterious variants while the
frequencies of surviving variants increase. These cancel out so that
each individual contains roughly the same number of deleterious
variants (Fig. 2).

When outcrossing and additivity do not hold however, the num-
ber of slightly deleterious variants within a single individual can actu-
ally increase after a population bottleneck, depending on dominance
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coefficients and other factors®"*>. For example, genetic diversity
within domesticated dogs is lower than in wolf populations, but the
number of deleterious alleles per dog is actually higher™.

Putatively deleterious variants in crops. Although crops typically
contain less genetic diversity than their wild relatives, the question
remains as to whether they have increased numbers of deleterious
variants. Several recent studies have addressed this question using
WGS data. All of these studies have relied on bioinformatic meth-
ods to predict whether an SNP variant is a potentially deleterious (as
opposed to neutral) genetic modification. There are several meth-
ods to perform these predictions; most of them identify deleteri-
ous variants as nucleotide changes within evolutionarily conserved
genomic regions”°. The various methods appear to perform
roughly equivalently in Arabidopsis thaliana®, although their accu-
racy has yet to be tested explicitly in a crop.

Based on the application of these methods, most crops examined to
date contain an enriched proportion of deleterious SNP variants com-
pared to their wild relatives”****"=>°, The early papers on this topic
tended to measure the ratio of putatively deleterious to synonymous
variants. More recently, it has been recognized that a better measure
of potential genetic load is the total number of deleterious alleles per
genome™**%, Of the handful of crops that have been studied thus far,
cassava (Manihot esculenta) is the current champion, because a single
cassava individual has approximately 26% more predicted deleterious
alleles, on average, than a corresponding wild cassava genome™.

Why does a crop like cassava have some many putatively delete-
rious variants? Generally speaking, the accumulation of deleterious
mutations will vary among crops due to several factors. One is pop-
ulation history, where protracted N, decline (stage 1) exacerbates
the accumulation of deleterious variants®. Accumulation will also
vary as a function of the strength and duration of a domestication
bottleneck®. This accumulation is also affected by the DFE, which
may differ among species and between wild and cultivated forms®.
A further factor is the mating system, as it impacts the possible
retention or purging of deleterious variants. Clonal propagation can
hide recessive deleterious variants in a heterozygous state, but self-
fertilization cannot. Finally, dominance coefficients’>* interact with
the mating system. For example, Zhou et al.” showed that recessive
deleterious alleles (h = 0.0) accumulate without a fitness detriment
in clonally propagated crops. In fact, fitness increases dramatically
after a shift to clonal propagation (Fig. 3), because clonal propa-
gation hides new recessive deleterious mutations in a heterozygous
state and no homozygotes are generated to increase genetic load’.
In contrast, inbreeding exposes deleterious alleles, so that recessive
deleterious alleles are purged after a bottleneck event, eventually
returning load to pre-bottleneck levels®’. Given these consider-
ations, the remarkable 26% increase of deleterious variants in cas-
sava is probably due to its clonal propagation as well as a severe
population bottleneck during domestication™.

The phenotypic impacts of deleterious variants. A further ques-
tion is whether these predicted deleterious variants affect phenotype
and fitness. If they do, then the ‘cost of domestication’ is more than
an esoteric outcome of demographic history, and a potential path
toward crop improvement is through breeding to remove deleterious
variants®®. The phenotypic effects of deleterious variants have been
explored to only a limited extent thus far®, but putatively deleteri-
ous SNPs in maize (Zea mays ssp. mays) explain more phenotypic
variance than random sets of SNPs and consistently have larger esti-
mated effect sizes*. The inclusion of deleterious SNPs also improved
the predictive performance of genomic selection models by as much
as 4.3% for grain yield®. Finally, rare, putatively deleterious variants
have an outsized effect on dysregulation of maize gene expression,
with correlative effects on fitness measures®®. When deleterious
variants do affect phenotype, as they appear to do in maize, a chal-
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Fig. 2 | The effects of demography on deleterious variants. a, The figure illustrates individual chromosomes before and after a bottleneck. As shown, the
number of derived deleterious variants per individual is expected to be equivalent before and after the bottleneck under an outcrossing, additive model*°.
b, The site-frequency-spectrum (SFS) of neutral and deleterious derived variants in an outcrossing population with additive (h=0.5) selection. The top SFS
represents a population before a population bottleneck; the bottom SFS illustrates an increase in fixed derived variants after a bottleneck, due to enhanced
genetic drift. The SFS are based on forward simulations that assume Ny/N, = 0.05, with other parameters identical to reference*.
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Fig. 3 | The fitness effects of domestication and clonal propagation.
Forward simulations show the effects of domestication on fitness for a
clonally propagated crop under additive (h=0.5) and recessive (h=0)
selection. These simulations follow those in reference®. For the clonal
lineage, the shift in mating system and a genetic bottleneck both occur
9,000 generations in the past. The bottleneck was of severity N5 /N, = 0.1
but recovered 5,000 generations in the past. The outcrossing populations
are for comparison and had a constant effective population size.

lenging question will be to decide which among the thousands of
deleterious variants are appropriate targets for crop improvement.
As most deleterious mutations accumulate in recombination-
limited regions****’ (also see ref. ©°), they may be difficult to purge
with standard breeding techniques™.
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Interestingly, crops may be able to escape some of their deleteri-
ous burden through introgression, which is a particularly important
evolutionary force when crops disperse from their domestication
centres to new geographic locales (stage 3, Fig. 1a). Dispersion
requires adaptation to new environments, which can be achieved
either by selection within the crop or by introgression of alleles
from locally adapted wild populations. Introgression can change
genetic load when two populations differ in N,, and therefore in
their deleterious burden. There is at least one known instance where
a genomic region with fewer deleterious variants introgressed into
a crop from wild populations®. This observation raises the intrigu-
ing possibility that adaptation by introgression may in some cases
result from a reduction of genetic burden rather than from better-
adapted alleles. Introgression has shaped genetic diversity in many
crops, including rice®, olives®, apples’®”! and maize*’>”*, but it is
an open question whether it has played a role in ameliorating the
cost of domestication.

Structural variants remain a great unknown

The demographic shifts associated with domestication also shape
the number and frequency of SVs in a crop. Yet, there is currently
little information about the population and evolutionary dynamics
of SVs in crops or their wild relatives. We begin this section by con-
sidering potential effects of demography on SVs, and we close by
considering the phenotypic effect of SVs. Throughout we argue that
better characterization of SVs is necessary for understanding crop
history and the genetic variants that affect phenotypes.

Structural variants in populations. Like SNPs, most new SV
mutations are expected to be either neutral or slightly deleterious
in their effects. If most SVs are slightly deleterious, they should be
affected by demography similarly to deleterious SNPs. That is, as
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Fig. 4 | SVs in populations and an example of an affected phenotype.

a, The folded SFS of inferred duplicated coding DNA sequence (cCDS)
relative to the SFS of presumed neutral synonymous SNPs (sSNPs) for a
sample of 116 indica rice accessions. The SFS of cCDS shows an excess

of rare alleles compared to sSNPs, suggesting they are predominantly
deleterious and under purifying selection. The cCDS were called using the
pipeline from reference'” (see Supplementary Information). b, Expression
of the grape VWWMYBIA gene is modified by the insertion of the Gret1
retrotransposon, altering grape colour™™.

a wild progenitor is domesticated through a protracted N, decline
(stage 1) and/or a bottleneck (stage 2), most SV loci will lose genetic
variation and no longer segregate within the crop. However, just as
a subset of slightly deleterious SNPs drift to high frequency or fixa-
tion in small populations, so might a subset of slightly deleterious
SVs. As the crop expands (stage 3), selection will act against these
high frequency variants and mutation will introduce new SVs.

This model predicts that crops will have fewer polymorphic
SV loci than their wild relatives after stages 1 and 2, and that the
remaining derived and newly introduced SVs will contribute to
the cost of domestication. To address the latter point, we examined
the minor allele frequency of duplicated coding DNA sequences
(dCDSs) in cultivated Asian rice (O. sativa ssp. indica). The results
are consistent with the notion that derived dCDS events in rice
are slightly deleterious and under purifying selection (Fig. 4a).
Beyond this simple example, there are few empirical data about the
population dynamics of SVs during and after domestication. Most
population genomic surveys of crops report the number of SVs
detected in a crop sample” "7 (see also Supplementary Table 1), but
not the population frequencies of individual SVs between crops
and their wild ancestor. Notable exceptions include the obser-
vations that the SFS of maize CNVs illustrate a slight uptick in
high frequency relative to teosintes’ (consistent with the fixation
of CNVs through the domestication bottleneck), and that small
indels between African rice and its wild progenitor (Oryza barthii)
exhibit a similar pattern”. Some studies have also contrasted pop-
ulation frequencies between crops to identify positively selected
SVs (refs **%'). Nonetheless, our understanding of the prevalence of
SVs, their evolutionary dynamics and their effects on domestica-
tion is in its infancy.
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Types and rates of SVs. One of the complicating features of studying
SVs is that they encompass many types of genetic events—includ-
ing sequence insertions, deletions, duplications, inversions, trans-
locations and complex events. SVs are generated by heterogeneous
mechanisms and occur at different rates. Estimates of these rates are
important, as rapidly evolving SV’ are likely to have weak linkage to
nearby SNPs, thus making traditional SNP-based approaches (such
as genome-wide association studies (GWAS)) unlikely to anchor a
causative SV. Indeed, 20% of CNVs in a survey of maize could not
be anchored by SNPs*; a slightly higher proportion (~27%) could
not be anchored by SNPs in humans®; and two-thirds of transpos-
able elements (TEs) in a population survey of Arabidopsis thaliana
were not in linkage disequilibrium with a nearby SNP (ref. *).
Furthermore, SVs that evolve at different rates from SNPs may
prove useful for inferring demographic history, because they pro-
vide additional snapshots into the timing and pace of demographic
events. For example, dinucleotide microsatellite loci mutate at a rate
of 107 per locus per generation®, which is six magnitudes faster
than most accepted rates of SNP mutation®. Given this rate, mic-
rosatellites may be able to provide unique insights into very recent
demographic events (stages 3 and 4) but fewer insights into more
ancient events such as N, decline (stage 1).

TEs are probably the source of most SVs within crops and their
wild relatives, because they compose the majority of plant genomes
and facilitate genomic rearrangement. The gain and loss of TEs can
be so rapid as to be detectable as differences in genome size within
species. For example, Brachypodium distachon genomes vary up to
~1.7-fold in size, due largely to variation in the TE-rich, non-genic
portion of genomes®. However, we have surprisingly few estimates
of the rates of TE transposition. It has been measured to occur at
107¢ per locus for the Associator-Dissociator (Ac-Ds) system®, but
the rate may be much higher for other element types®, particularly
during bouts of stress”. Interestingly, element loss may be quite slow
in some cases, as orthologous TEs are estimated to have been lost
at a rate of 3.62 kb per million years per element across Oryza spe-
cies”. This slow rate is difficult to reconcile with dramatic differ-
ences in genome size and TE content within and across species” """,

Another potent source of SVs is gene duplication. Plant genomes
contain a higher fraction of duplicated genes relative to other
eukaryotes™; on average 64.5% of plant genes have paralogues®™.
Gene duplications are caused by a variety of mechanisms, including
whole genome duplications, tandem duplication, dispersed duplica-
tions and retrotransposition’”. We suspect that tandem duplicates
are the most frequent source of CNVs, because they represent 10%
of plant genes on average™ and can amass rapidly within a species.
As a concrete example, two maize accessions differ by eight tandem-
duplicated genes (22 versus 14 genes) in the 22 kDa zein cluster”.
They are probably generated at a high rate; an experimental tandem
array in A. thaliana generates CNVs at the rate of approximately
107 per array per F1 meiosis®. Given ~1,500 tandem arrays in the
A. thaliana reference genome”, this rate translates to a conservative
expectation of one CNV in 1 in 700 seeds, due to expansion or con-
traction of tandem arrays'®.

These examples are meant to briefly illustrate gaping holes in our
knowledge about the rates at which most types of SVs occur across
plant species. The potential for SVs to provide information about
plant domestication history and the genetic contributions of pheno-
typic variation, is immense.

SV detection. Given the potential of SVs, it follows that their cat-
egorization is a crucial undertaking. To date, SVs have been inferred
most often from short-read WGS data based on read coverage, split-
read (SR) information and/or misaligned paired-end (PE) reads'"’
(Supplementary Fig. 1, Supplementary Table 1). Typically, SV are
defined in such a way that small events are ignored. The human
genomics community defines SVs as more than 50 bp in length'*-'%,
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but to our knowledge there is no community standard in plants.
It is also worth noting an interesting dilemma that applies to the
use of short read data to detect SVs relative to a reference genome.
Reference genomes are commonly only available for cultivars that
are expected to have fewer SV loci that are at high population fre-
quencies. If this is true, it creates a potential bias, in that it will be
more difficult to identify novel SVs in wild samples than in the
(mostly) shared SVs of a cultivated sample.

Fortunately, SVs are now starting to be reported from the
comparison of de novo assembled genomes, both between
individuals*~'”® and across species”'"*'”. Long-read sequencing
technologies are also substantially enhancing SV detection'. One
particularly interesting example comes from Drosophila melano-
gaster, where a genome based on long-reads was compared to the
existing reference. The comparison identified numerous CNVs that
likely contribute to quantitative traits'”’, and also revealed that one
‘essential gene’ was missing from several strains. To date, the most
extensive comparison of plant reference genomes is among Oryza
species’>'", but within-species comparisons are still rare within a
single crop. Ongoing efforts to define crop ‘pangenomes” will pro-
vide more comprehensive catalogues of SV, particularly when they
are based on long-read sequencing. We fervently hope that these
pangenome efforts will include wild accessions, as they may yield
important information about domestication history.

SVs affect phenotypes. Another reason to study SVs is because they
are implicated, time and again, as genetic variants that affect phe-
notypes. One line of evidence is that SVs tend to have an outsized
effect when they are included in GWAS. For example, read-depth
variants (as a proxy for CNVs) were consistently over-represented
relative to SNPs in maize GWAS results, even after accounting for
their relative abundance in the genome®. Similarly, 42% of SNPs
associated with traits in rice could not be identified in the refer-
ence genome'”, suggesting that they reside in SVs that are missing
from the reference. The phenotypic effects of SVs may even extend
to microsatellite loci, which are traditionally considered to be evo-
lutionarily neutral, because segregating variation in microsatellites
accounts for 12% of gene expression variation in humans'®.

While most new SVs are likely to be deleterious, it is also clear
that a subset contribute to adaptive phenotypic change during
domestication. As an example, consider ‘domestication genes, that
is, genes that contribute to morphological changes associated with
stage 2 (Fig. 1a). We reviewed the primary literature corresponding
to 34 of these genes'®”. In one-third of those genes, the domesti-
cation variant was caused by CNVs, large (>1 Kb) indels or simi-
larly large rearrangements (Supplementary Table 2). The remaining
two-thirds of causal variants were enriched for point mutations and
small indels, especially premature stop codons. However, we expect
that our estimate of one-third is overly conservative, as SVs may
be linked to nearby SNPs that appear causal but are not, and some
‘domestication SV’ likely cause regulatory changes but are difficult
to identify because they do not flank the affected gene. A classic
example is a TE residing 60-70 Kb away from the maize domesti-
cation locus TEOSINTE BRANCHED 1 (TB1), where it acts as an
enhancer of expression and confers regulatory variation between
the domestication and non-domestication alleles'"’.

The prevalence of SVs that contribute to stages 3 and 4 of domes-
tication may be even higher than for stage 2. Genes that are known
to alter phenotypes across cultivars include a tandem array duplica-
tion that confers flooding resistance in rice''’, a gene deletion that
affects rice grain size''?, and TE-induced null mutations such as the
sticky gene in foxtail millet'"?, berry colour in grapes'* (Fig. 4c) and
fruit colour in oranges'”®. Given these observations, our overriding
hypothesis is that most crop adaptation is driven by SVs. If true,
most studies of crop adaptation and domestication have ignored the
critical genomic variants.
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Conclusions

Extant genetic variation within a crop has been shaped by demog-
raphy, selection, linked selection and mating systems. This Review
aims to provide insight into how these factors interact and to
emphasize that demographic history dictates many aspects of
extant genetic diversity. Yet, one could argue that our understand-
ing of demographic history is at its infancy, because the duration
and severity of population bottlenecks during stage 2 have not been
investigated for most crops. Moreover, the possibility of a protracted
pre-domestication stage exacerbates demographic effects and mim-
ics some of the population genetic features of a bottleneck’. SMC
methods may prove very useful for demographic inference, but
they are not a panacea. To fully understand the protracted process
of domestication, we must continue to utilize every tool available,
including traditional inference based on population genetic models,
fossil analyses''® and ancient DNA (ref. 7°).

A major gap in our knowledge of the genetic process of domes-
tication centres on the numbers, frequencies, rates and types of
SVs; how SVs have been affected by demographic history; and
whether they are a predominant source of genetic variation
affecting phenotypes. An appreciable fraction of SVs may not be
detectable by their linkage to SNPs, and so their contributions to
phenotypic diversity have been consistently underrepresented in
SNP-based analyses of crop diversity. Fortunately, the publication
of chromosome-level genomes from multiple species has begun
to provide more complete characterizations of SVs. As a conse-
quence of improved long-read sequencing platforms and assem-
bly methods, we expect to learn more about SV diversity (and the
processes that shape that diversity) over the next decade than we
had in the previous two.
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