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Whole-genome duplication as a key factor in
crop domestication
Ayelet Salman-Minkov†, Niv Sabath† and Itay Mayrose*
Polyploidy is commonly thought to be associated with the domestication process because of its concurrence with agriculturally favourable traits and because it is widespread among
the major plant crops1–4. Furthermore, the genetic consequences
of polyploidy5–7 might have increased the adaptive plasticity
of those plants, enabling successful domestication6–8.
Nevertheless, a detailed phylogenetic analysis regarding the
association of polyploidy with the domestication process,
and the temporal order of these distinct events, has been
lacking3. Here, we have gathered a comprehensive data set
including dozens of genera, each containing one or more
major crop species and for which sufﬁcient sequence and
chromosome number data exist. Using probabilistic inference
of ploidy levels conducted within a phylogenetic framework,
we have examined the incidence of polyploidization events
within each genus. We found that domesticated plants have
gone through more polyploidy events than their wild relatives,
with monocots exhibiting the most profound difference: 54% of
the crops are polyploids versus 40% of the wild species. We
then examined whether the preponderance of polyploidy
among crop species is the result of two, non-mutually-exclusive
hypotheses: (1) polyploidy followed by domestication, and (2)
domestication followed by polyploidy. We found support for
the ﬁrst hypothesis, whereby polyploid species were more
likely to be domesticated than their wild relatives, suggesting
that the genetic consequences of polyploidy have conferred
genetic preconditions for successful domestication on many
of these plants.
During the past 13,000 years of human history, hundreds of crop
plants were independently domesticated at different regions across
the globe9. Despite their independent origin, many domesticated
plants share a similar set of morphological and physiological
traits, termed the domestication syndrome10, that collectively distinguish crop plants from their wild progenitors. Polyploidy is
also considered as an important trait in the domestication
process11–13 and it has been hypothesized that the genetic consequences of polyploidy, including increased allelic diversity,
heterozygosity and enhanced meiotic recombination, have increased
the adaptive plasticity of polyploid plants under cultivation
conditions5–7. This has resulted in larger phenotypic breadth on
which natural and artiﬁcial selection could act, enabling successful
domestication. Indeed, some of our most important crop species,
including wheat, potato, cotton and sugar cane, have experienced
complex histories of repeated polyploidization events. However,
previous surveys1,14 did not ﬁnd statistical support for the hypothesis
that polyploidy is a more frequent phenomenon in cultivated plants
than in wild species.
To test whether crop domestication was associated with
polyploidy, we compiled a taxonomically broad data set spanning
107 angiosperm genera, each containing at least one major crop

species, for a total of 297 crop and 2,836 wild species. Since we
focused on relatively short evolutionary time scales, shifts in
chromosome numbers along the phylogenies can be reliably used
to infer polyploidy events. We reconstructed the phylogeny of
each genus, using as many of its publically available sequence data
as possible. Chromosome numbers for species on the phylogeny
were extracted from the Chromosome Counts DataBase15. Ploidy
shifts were mapped onto branches of the tree using a probabilistic
model of chromosome number evolution that accounts for
various types of chromosome number transitions16. This allowed
us to deﬁne an extant taxon as polyploid if it has undergone a polyploidization event since divergence from its generic ancestor and as
diploid otherwise. Overall, 771 (25%) species in our database were
categorized as polyploids. These inferences tightly agree with
ploidy levels manually inferred in the Plant DNA C-values
database17 (Supplementary Methods and Supplementary Table 1),
although this ﬁgure is lower than the 35% estimate given by
Wood et al. 18, as might be expected given that the latter is based
on a larger taxonomic sample (but which may not be as representative to the speciﬁc clades analysed here) and given that it was based
on a different method to infer polyploid taxa. In agreement with
previous reports19 there are major differences in polyploidy
frequency depending on taxonomic classiﬁcation, life cycle and
growth form. Polyploids are particularly abundant in monocots
(41%) and much less so across eudicots (18%). In addition, the
frequency of polyploidy is higher in perennial (26%) and herbaceous
(29%) species relative to annual (21%) and woody (16%) species,
respectively (Table 1).
Across the whole data set, polyploids are over-represented in
crop species relative to the frequency of polyploidy in their wild congeners (30% versus 24%, respectively; P < 0.05, Fisher’s exact test,
which was used unless noted otherwise). This trend holds also
when considering separately genera belonging to monocots and
eudicots (P = 0.031 and 0.026; Table 2), with monocots exhibiting
the most profound difference: 54% of the crops are polyploids
versus 40% of the wild species. The trend of higher polyploidy abundance in crops relative to wild taxa is also apparent when considering separately species within growth forms and life cycle categories
(Table 2). These results are only marginally signiﬁcant in the woody
and perennial categories and non-signiﬁcant in herbaceous and
annual categories, most probably resulting from data partitioning.
The above analysis considered all wild congeners of a domesticated lineage as potential candidates for domestication, disregarding
their phylogenetic proximity to the crop. This could have resulted in
statistical artefacts since the number of wild species considered is
much larger than the number of domesticated ones. Thus, we
additionally conducted a sister clade contrast analysis that only considers the phylogenetically most closely related lineages to the set of
crops in our data set. This analysis reinforced the association
between polyploidy and domestication: out of 92 informative
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Table 1 | The distribution of polyploidy (pp) and diploidy
(dp) in plants within the studied categories.
Category
All
Domestication status

State

pp
771
Crop
89
Wild
682
Angiosperm classiﬁcation Monocots
379
Eudicots
380
Life cycle
Annual
61
Perennial
474
Growth form
Woody
166
Herbaceous 398

dp
2,362
208
2,154
550
1,763
235
1,362
842
983

pp (%)
25
30
24
41
18
21
26
16
29

P-value*
0.028
<<0.01
0.0602
<<0.01

*P-value for the association between polyploidy frequency and the states within each pair of
categories examined was computed using Fisher’s exact test.

contrasts identiﬁed, 68 supported the crop–polyploid combination
(with wild diploids being the sister clade) and in 24 contrasts the
opposite trend was found (P = 4.9 × 10−06; a two-tailed exact
binomial test). These results further suggest that an intricate set of
attributes had played a role in the domestication of any speciﬁc
lineage1, with chance processes and polyploidy being among
them. Indeed, despite the signiﬁcant association between polyploidy
and domestication, there are multiple diploid species that were
successfully domesticated whereas their most closely related
polyploid species were not.
Our results are in contrast to those reported in Hilu14 (see also
Meyer et al.1), who found no difference in the frequency of polyploidy between crops and wild species, regardless of the taxonomic
classiﬁcation and life history traits. In that study, however, polyploids were deﬁned as those species whose chromosome number
is above a certain cutoff (n = 11 or n = 13), following earlier
deﬁnitions used at that time. This deﬁnition implicitly assumes
that species with chromosome number below this threshold had
not experienced a genome duplication in their evolutionary past
(or at least since divergence from the angiosperm common
ancestor). However, our current understanding regarding the
cyclical process of genome duplication and downsizing invalidates
such threshold-based measures.
We also found a signiﬁcant difference in polyploidy frequencies
when classifying crops into different categories of commodity use
(P < 0.0001; Fig. 1; Supplementary Table 3). Polyploidy is particularly common in crops that are used for their root and tubers,
and is also over-represented in ﬁbres and cereals. The opposite
trend is found in pulses, fruits and vegetables, where polyploidy is
under-represented. Most of the species in the roots and tubers
category are perennial herbs, a growth form that is characterized
by high frequency of polyploidy19. Similarly, the under-representation
of polyploidy in crops belonging to the fruit trees and nuts
categories is expected from the woody growth form of these
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species19. Crops belonging to both the cereals and the pulses
categories exhibit similar sets of domestication syndrome traits20
and are characterized by an annual life cycle, yet their polyploidy
frequencies are contrasting. The low frequency of polyploidy in
pulses is in line with the general low abundance of polyploidy in
annuals (Table 1), but many cereals are of recent polyploid origin.
This could be explained by the very high frequency of polyploidy
found in the Poaceae21, of which many cereals belong to
(Supplementary Table 3). Alternatively, differences in selective
regimes during the early stages of the domestication process
might have contributed to the observed differences in polyploidy
abundance between these two major crop categories. In cereals,
selection for larger seeds has occurred at the very early stages of
the domestication process20, which might have led to the enrichment of polyploids resulting from the positive association between
seed size and higher ploidy levels22. In pulses, on the other hand,
selection for larger seeds is considered to occur at a later stage of
the domestication process, subsequent to the emergence of other
traits important for cultivation20,23.
The coincidence of polyploidy with the domestication process
could be a result of two scenarios12: (1) polyploidy followed by
domestication (‘polyploidy ﬁrst’), and (2) domestication followed
by polyploidy (‘domestication ﬁrst’). Accordingly, artiﬁcial selection
during the initial stages (under the polyploidy ﬁrst hypothesis) and
during the domestication process (under domestication ﬁrst) has
selected for polyploids because of the association of polyploidy
with agriculturally favourable phenotypic traits such as larger organs
(for example, fruits and seeds) or uniparental reproduction12,24,25.
Polyploidy may further facilitate domestication by posing strong
reproductive barriers between nascent crops and their nearby wild
progenitors, thereby enabling selective gains to accumulate
without being eroded by continuous gene ﬂow26. Although this
process could have selected for polyploids subsequent to initial
domestication, it could also represent a pre-adaptation to domestication (in agreement with the domestication ﬁrst or polyploidy ﬁrst
scenarios, respectively). Beyond artiﬁcial selection, secondary
contacts owing to human activity that have juxtaposed multiple
cultivars into sympatry could have increased the chance for
hybridization and emergence of allopolyploid domesticated forms
from an initial set of (pre)domesticated lineages27 (in line with the
domestication ﬁrst scenario).
Roots and tubers (11)
Fibres (9)
Cereals (19)
Oil (11)
Fruits (47)
Stimulant (6)

Table 2 | Frequency of polyploidy in crop and wild species
grouped by angiosperm classiﬁcation, life cycle and growth
form.
Group

Crop
pp

Crop
dp

Wild
pp

Wild
dp

All
Monocots
Eudicots
Annual
Perennial
Woody
Herbaceous

89
33
52
13
69
31
49

208
28
170
50
143
106
96

682
346
328
48
405
135
349

2,154
522
1,593
185
1,219
736
887

*P-value was computed using Fisher’s exact test.

2

Crop
pp
(%)
30
54
23
21
33
23
34

Wild
pp
(%)
24
40
17
21
25
15
28

P-value*

Spices (12)
Nuts (9)
Vegetables (22)
Pulses (18)

0.028
0.031
0.026
1
0.020
0.047
0.175

0.0

0.2

0.4

0.6

0.8

1.0

Proportion

Figure 1 | Polyploidy frequency across different categories of commodity
use. Numbers in parentheses correspond to the number of species in each
category. Blue and red correspond to fractions of polyploids and diploids
within each category, respectively.
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Table 3 | The observed and simulated number of transitions on a speciﬁc background state.
Transition
Diploid→polyploid
Wild→crop

Observed*
Wild background
447.56
DP background
137.55

Crop background
26.81
PP background
57.19

Simulated*
Wild background
433.70
DP background
149.39

P-value
Crop background
19.09
PP background
42.30

0.109
0.006

*Observed and expected numbers were summed over all genera.

To test these hypotheses, we examined 68 genera in which polyploidy transitions had occurred (with both diploids and polyploids)
for a total of 217 crop species and 2,411 wild species. Using a
stochastic mapping approach28, we inferred the location of 195 domestication and 474 polyploidy events along these phylogenies. This
allowed us to estimate the number of domestication events that
occurred on diploid and on polyploid backgrounds as well as the
number of polyploidy events that occurred on wild and crop backgrounds. In 32 cases, both domestication and polyploidy events were
inferred to occur along the same branch, thus precluding our ability
to reliably identify the order of events in these cases. Of the 195
domestication events, 29% (57 events) have occurred on a polyploid
background. Since a rather small fraction of the total branch lengths
in the examined phylogenies is in the polyploid state (using our
ancestral state reconstruction this was inferred to be ∼0.18), a
rough estimate for the expected number of domestication events
on a polyploid background is 195 × 0.18 = 35.1. Accordingly, the
rate of domestication event on a polyploid background is roughly
twice as that on a diploid background [(57/0.18)/(138/0.82) = 1.9].
This back-of-the-envelope calculation, however, disregards the
non-uniform distribution of polyploidy and domestication events
across the phylogenies. Thus, to more formally assess the signiﬁcance of this observation, we generated a null distribution for the
number of domestication events expected on each ploidy background assuming polyploidy and domestication transitions are
unlinked. To ensure realistic simulations, the number of transitions
and their phylogenetic depth were kept identical to that of the
observed data (see Methods). Our results demonstrated a signiﬁcant
excess of domestication events on a polyploid background to what
can be expected by chance (P = 0.006; Table 3), supporting the
polyploidy ﬁrst hypothesis, whereby higher ploidy levels increase
the probability of successful domestication.
Similarly, we examined the ‘domestication ﬁrst’ hypothesis by
inferring the location of polyploidy events on wild and crop backgrounds (Table 3). We identiﬁed 474 polyploidy events, of which
5.7% (27 events) are on a crop background. Although this is
higher than the number of events expected by chance this increase
is statistically non-signiﬁcant (18 polyploidy events are expected on
a domestication background assuming no association between the
two processes, P = 0.11; Table 3). These results nonetheless should
be interpreted with caution because of several limitations of the phylogenetic approach used to infer the relative order of polyploidy and
domestication. First, the relative order cannot be accurately assessed
when both polyploidy and domestication had occurred along the
same (usually terminal) branch of the phylogeny. Second, intraspeciﬁc variation in both ploidy and domestication status are possible,
and such instances require a higher-resolution population-level
analysis. Third, the possible absence of putative progenitor species
from the reconstructed phylogenies (because of missing genetic or
chromosome count data) might lead to erroneous inferences.
Feral crop populations and early domesticated forms that were completely lost (for example, Iva annua 29) present another challenge to
such phylogenetic inferences, and the extent of crop-to-wild back
transitions is generally unknown. Thus, the question whether the
polyploidization rate was altered in domestication lineages awaits
future investigations that will rely on more precise timing (rather
than phylogenetic placement) of the domestication events.

To obtain alternative evidence for the relative order of polyploidy
and domestication, we mined the literature and identiﬁed the wild
progenitor of 30 polyploid crops in our database (Supplementary
Materials and Supplementary Table 2). In 22 of these cases, the
wild progenitor(s) could be identiﬁed as a polyploid, providing
additional support for the ‘polyploid ﬁrst’ scenario. The situation
is more complicated for the eight cases where the wild progenitor
was identiﬁed as diploid since the polyploidy event could have
occurred anytime since divergence of the two species (before or
during domestication), again illustrating the difﬁculty in providing
direct support for the domestication ﬁrst scenario.
Taken together, our results indicate a strong association between
domestication and polyploidy abundance, most prominently
through a higher than expected tendency of domesticating an
already polyploid genome. Our ﬁndings thus support earlier
hypotheses6–8 that argued for adaptive signiﬁcance of polyploidy
to crop domestication and improvement. This suggests that under
certain circumstances, the expanded genetic degrees of freedom
afforded by a polyploid genome has provided these lineages with
phenotypic novelties that were important for their success in
agronomic settings and enhanced their adaptability during domestication and subsequent improvement. As has been shown in yeast30,
polyploidy does not only lead to higher genetic diversity but could
also foster adaptation to new environments, irrespective of initial
ﬁtness. It is perhaps this plasticity, coupled with the benign environments introduced during cultivation, that enabled wild polyploid
plants to rapidly acclimatize to agricultural settings and to become
successful crops.

Methods
We have constructed a database that includes crop species and their wild congeners
classiﬁed according to their commodity use group (crops only), growth form, life
cycle and higher level taxonomic circumscription. Database construction details are
given in the Supplementary Methods. The phylogeny for each genus was
reconstructed and ploidy level inference for each species was determined using
chromEvol16. Phylogeny reconstruction, ploidy inference and sister clade contrasts
procedures are detailed in the Supplementary Methods.
Inferring the temporal order of polyploidy and domestication. To better
understand the relationship between domestication and polyploidy, it would be
useful to know the historical order in which these events occurred. Speciﬁcally, we
examined whether the probability of a domestication event is inﬂuenced by the
background ploidy level of a lineage, and, similarly, whether the probability of a
polyploidy event is different at either crop or wild background. We used the
R platform31 to infer the locations of state transitions (from wild to crop and from
diploid to polyploid) along the phylogenies within the 68 genera that show variation
in ploidy level (where polyploidy events were inferred) by applying the stochastic
mapping approach28 using the asr.stoch function from the Diversitree package32.
The asr.stoch function uses the MK2 model, which requires two rate parameters,
describing the transitions from state 0 to state 1 and back. Here, the model was
constrained to only allow transitions from diploid to polyploid and from wild to
crop. Transition rates were estimated independently for ploidy and domestication
using maximum likelihood (ﬁnd.mle function in the Diversitree package32). Using
the reconstructed mappings along the tree branches, the location of each transition
along the tree and the background state of the other trait were identiﬁed (whether a
wild to crop transition occurred on a diploid or polyploid background; an illustrative
example for Fragaria is shown in Supplementary Fig. 1). To account for
phylogenetic uncertainties, for each genus the number of transition events was
averaged over 100 trees sampled randomly from the posterior distribution. We then
summed the number of transitions across all genera to obtain the observed number
of transition events occurring in each of the possible backgrounds, that is the
number of domestication events occurring on a polyploid or a diploid background,
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denoted Obs(Twildcrop ), and Obs(Twildcrop ), respectively. Diploid to polyploid
wild
)
transitions on a wild/crop backgrounds were similarly deﬁned, denoted Obs(Tdppp
crop
and Obs(Tdppp ). We then calculated the proportion of transition events on
polyploid and crop backgrounds:

 




pp
pp
dp
Obs Twildcrop / Obs Twildcrop + Obs Twildcrop
and

 




crop
crop
wild
+ Obs Tdppp
Obs Tdppp / Obs Tdppp
We used simulations to test whether the observed number of wild to crop transitions
on a certain ploidy background deviates from the expected value under no
association between domestication and ploidy level. A possible approach to
construct the background distribution could have been to apply a parametric
bootstrap approach by simulating random states using the MK2 model with the
inferred transition rates. However, this approach assumes that state transitions occur
with homogenous probability along the phylogeny, an assumption that is violated
for both polyploidy33,34 and domestication. Instead, for each of the 100 phylogenies
used in each genus, we simulated random states of domestication status and ploidy
levels by placing events along random branches of the phylogeny, whose depth is
equal to the branches in which the true events were inferred to occur. One hundred
simulations were performed per tree, resulting in 10,000 simulated data sets (each
data set consists of simulated ploidy and domestication states for the extant taxa in
each of the genera). For each data set, we repeated the same procedure as in the
original data, resulting in a distribution of the expected number of transitions:
pp
dp
crop
wild
Exp(Twildcrop ), Exp(Twildcrop ), Exp(Tdppp
), and Exp(Tdppp ). To compare
between the observed and expected number of transitions, we calculated the
expected proportion of transition events on polyploid and crop backgrounds as

 




pp
pp
dp
Exp Twildcrop / Exp Twildcrop + Exp Twildcrop
and

 




crop
crop
wild
+ Exp Tdppp .
Exp Tdppp / Exp Tdppp
We used the distribution of simulated values to calculate a P-value as the proportion
of simulated values that are as extreme as the observed value for each trait, multiplied
by two, to account for the two-tailed hypothesis. The R script ‘analysis_script.R’
for the temporal order of polyploidy and domestication analysis can be found
within the Supplementary data ﬁles.
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