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Summary

� Crops generally have seeds larger than their wild progenitors´ and with reduced dormancy.

In wild plants, seed mass and allocation to the seed coat (a proxy for physical dormancy) scale

allometrically so that larger seeds tend to allocate less to the coats. Larger seeds and light-

weight coats might thus have evolved as correlated traits in crops.
� We tested whether 34 crops and 22 of their wild progenitors fit the allometry described in

the literature, which would indicate co-selection of both traits during crop evolution. Devia-

tions from the allometry would suggest that other evolutionary processes contribute to

explain the emergence of larger, lightweight-coated seeds in crops.
� Crops fitted the scaling slope but deviated from its intercept in a consistent way: Seed coats

of crops were lighter than expected by their seed size. The wild progenitors of crops displayed

the same trend, indicating that deviations cannot be solely attributed to artificial selection dur-

ing or after domestication.
� The evolution of seeds with small coats in crops likely resulted from a combination of var-

ious pressures, including the selection of wild progenitors with coats smaller than other wild

plants, further decreases during early evolution under cultivation, and indirect selection due to

the seed coat-seed size allometry.

Introduction

Most agricultural crops have larger seeds with thinner seed coats
than their wild progenitors (Harlan et al., 1973; Larson
et al., 2014). Larger seeds increase yields, have better nutritional
quality, and are better adapted to seed burial during sowing
(Sadras, 2007; Purugganan & Fuller, 2009; Garibaldi
et al., 2021). Thin coats reduce physical dormancy, allow predict-
able germination and establishment of crop stands, and easiness
of cooking, which are advantages for the farmer and consumer
(Sm�ykal et al., 2014; Fuller & Allaby, 2018). The timing and
rates of emergence, and selection pressures on seed size and coats
in crops have been discussed profusely (Kluyver et al., 2013,
2017; Fuller et al., 2023). However, both traits are rarely investi-
gated together in the domestication literature, that is increased
size and loss of physical dormancy are generally assumed to
evolve independently in crop seeds. But seed and coat sizes evolve
co-ordinately in wild species (Venable & Brown, 1988; Casas
et al., 2017; Chen et al., 2020). This suggests that larger and non-
dormant seeds might have been co-selected in crops, without
need to invoke different selection pressures for each trait
separately.

Physical dormancy in seed plants depends partly on seed size.
Seed size and dormancy can be regarded as different adaptations
to similar selection pressures, such as seasonality, environmental
heterogeneity, and crowding (Venable & Brown, 1988; Casas
et al., 2017). Indeed, theoretical models predict covariation of
both traits (Venable & Brown, 1988). This concurs with empiri-
cal and comparative data. For example, evolutionary divergences
in dormancy tend to associate with divergences in seed size
(Rees, 1997). Small seeds typically persist for longer in the soil,
which is facilitated by physical dormancy (Eriksson & Eriks-
son, 1997; Bekker et al., 1998), and invest more in physical
defence (Fricke & Wright, 2016). In legumes, physical dormancy
is less prevalent among larger seeded species (Casas et al., 2017).
At the developmental level, the rate of growth of integument
cells – the maternal tissue of the flower that will mature into the
seed testa – influences seed size (Garc�ıa et al., 2005). Interest-
ingly, larger seeds tend to have less biomass allocation to their
coats than expected given their size – that is coat and kernel
weights scale allometrically with a slope < 1 (Wu et al., 2019;
Chen et al., 2020). This suggests that pleiotropy or genetic link-
age may pose constraints to the free variation of kernel and coat
sizes (He et al., 2023).
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The allometric scaling between coat and kernel sizes might be
relevant to the evolution of nondormancy in crops. Given the
allometry, it is plausible that selection for large seeds triggered
the evolution of reduced investment in the seed coat and thus
decreased physical dormancy as a correlated trait. In the archaeo-
logical series that report data for both traits, they tend to evolve
in parallel. As seeds get larger, seed coats (an archaeological proxy
for physical dormancy) get thinner (Smith, 1989; Bruno &
Whitehead, 2003; Murphy & Fuller, 2017). This is circumstan-
tial evidence that both traits might have coevolved during domes-
tication. Improved germinability of crops might thus be a
correlate of selection for large seeds, rather than a trait directly
targeted by ancient farmers. However, it is not known whether
crops fit to the allometric evolution of kernel vs coat sizes
reported for wild plants. If they fit, a parsimonious explanation
for the evolution of reduced dormancy is its correlated evolution
with seed size. If crops deviate from the allometry, then it is more
plausible that nondormancy and larger seeds might have evolved
partially independently in crops, and that different pressures
might have selected for each trait separately or at different times.

Here, we explored whether a large set of 34 herbaceous crops
fit the kernel-coat biomass allometric scaling observed in wild
plants (as described for 940 wild species in Chen et al., 2020). To
further investigate how and when lightweight coats emerged in
crops, we studied whether the wild progenitors of crops fit the
allometry and how their seeds compare with those of early land-
races and with recent cultivars. If crop wild progenitors had coats
lighter than expected by the allometry, it would indicate that the
choice of certain wild species for domestication, instead of others,
facilitated the evolution of lightweight seed coats in crops. Com-
paring wild progenitors with early landraces, and landraces with
recent cultivars, will inform on whether early domestication and
recent breeding, respectively, had a role in the development of
lightweight seed coats in crops. Our questions are as follows: (1)
Do the seeds of crops and their wild progenitors fit the
coat-kernel biomass allometry observed across wild plants? and
(2) How strongly early selection of wild progenitors, further
domestication, and recent breeding affected biomass allocation
between seed coats and kernels in current crops?

Materials and Methods

Collection of data

To investigate the evolution of seed kernel vs seed coat biomass
distribution in crops, in comparison with crop wild progenitors
and other wild plants, we put together a database with 1954 indi-
vidual records of kernel and seed coat data. This database
included 1079 observations on crops and their wild progenitors
(for 34 species of domesticated crops and 22 species of crop wild
progenitors) and 875 observations on other species of
wild plants.

To build our database, we used a published compilation,
searched for additional data in the primary literature, and mea-
sured seeds in the laboratory to generate new unpublished data.
Specifically, for wild species we used the Chen et al. (2020)

database, which holds 1120 records of coat and kernel mass of
940 wild species. Records in Chen et al. (2020) were collapsed
per species. The vast majority of these records corresponded
unambiguously to wild species. However, those records in Chen
et al. (2020), which botanical name might indicate an unclear
domestication status (i.e. botanical names that matched cultivar
names or the names of recognized wild progenitors of crops as
listed in Milla (2020a)) or overlapped with our records for crops
and their wild progenitors, were removed from that source. The
Chen et al.’s (2020) database thus filtered included data of 875
wild species.

As regards crops, we gathered data for a total of 34 crop spe-
cies, combining literature data (c. 8% of the raw data) and labora-
tory measurements (c. 92% of the raw data) as follows. Data for
domesticated accessions of bread wheat (Triticum aestivum),
black seed (Nigella sativa), pigeon pea (Cajanus cajan), cultivated
species of the genus Vigna other than V. unguiculata (i.e. V. angu-
laris, V. radiata, and V. subterranea), lima bean (Phaseolus luna-
tus), narrowleaf lupin (Lupinus angustifolius), white lupin
(Lupinus albus), rapeseed (Brassica napus and B. rapa), vetch
(Vicia sp.), and winged bean (Psophocarpus tetragonolobus) were
retrieved from the primary literature (sources available at doi: 10.
5281/zenodo.10973414). Fifteen other crops were investigated
more in depth, so we measured in the laboratory seeds of at least
two contrasting accessions of their wild progenitors, two acces-
sions of landraces, and two accessions of modern varieties. Land-
races are traditional domesticated genotypes that have not
undergone modern scientific breeding, while modern varieties are
the result of recent breeding programmes, often involving scienti-
fic methods and technologies. These crops were sunflower
(Helianthus annuus), soybean (Glycine max), sorghum (Sorghum
bicolor), peas (Pisum sativum), oats (Avena sativa), maize (Zea
mays), linseed (Linum usitatissimum), lentils (Lens culinaris), fava
bean (Vicia faba), cowpea (V. unguiculata), common bean (Pha-
seolus vulgaris), chickpea (Cicer arietinum), black medick (Medi-
cago lupulina), barley (Hordeum vulgare), and amaranth
(Amaranthus cruentus). For an additional set of six crops, we were
only able to obtain seeds of wild progenitor and landrace acces-
sions – sesame (Sesamum indicum), rye (Secale cereale), grass pea
(Lathyrus sativus), and borage (Borago officinalis) – or of wild pro-
genitor and modern cultivar accessions – peanuts (Arachis hypo-
gaea), and narrowleaf lupin (Lupinus angustifolius). The botanical
identity of the most likely wild progenitor of each crop was taken
from the Crop Origins database (Milla, 2020a,b). The specific
number of accessions per crop, accession identifiers, and botani-
cal identities of the accessions are available at doi: 10.
5281/zenodo.10973414.

For each of the accessions measured, we dissected 5 to 10
seeds. Each seed was separated into kernel and coat, and then,
both fractions were oven-dried and weighed separately to the
nearest 0.001 mg. of dry mass. To achieve comparability among
sources and species, we adopted a comprehensive interpretation
of the seed coat as the rigid, outer layer safeguarding the reserves
and embryo within, regardless of the specific anatomical tissues
contributing to the coat, following Moles (2005) and Chen
et al. (2020). This implies that not only the testa sensu stricto –
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that is the seed tissues deriving from the maternal integuments –
are included in the coat, but also any other tissues intimately
adhered to the dispersed seed – for example pericarp and adher-
ing paleas and lemmas in cereal caryopses. Laboratory measure-
ments were conducted between November 2022 and June 2023.

Phylogeny of the study species

To carry out the comparative analyses described in the Data ana-
lyses of the Material and Methods section, we developed a phyloge-
netic tree for the 1942 species in the database. Botanical names in
the database were harmonized following the World Flora Online
using the functions WFO.match and WFO.one of the WORLDFLORA

R package (Kindt, 2020). To develop the phylogeny, we employed
the ‘GBOTB.extended.WP.tre’ (https://github.com/megatrees/
plant_20221117/tree/main) megatree as a baseline, as described in
Jin & Qian (2022). This megatree is a time-calibrated molecular
phylogeny encompassing 74 531 plant species. It is an enhanced
version of the previously established GBOTB.extended phylogeny
(Smith & Brown, 2018). We pruned ‘GBOTB.extended.WP.tre’
to include only the taxa from our database using the phylo.maker
function from the V.PHYLOMAKER R package (Jin & Qian, 2019),
with the specification scenario = 3. Scenario 3 places the tip for a
new genus between the family root node and basal node. This phy-
logeny did not include the wild progenitors of crops. Since many
wild progenitors share binomial with their corresponding cultivated
derivatives, we took the wild progenitors into the phylogeny a pos-
teriori as follows. First, we retrieved the antiquity of cultivation for
each crop, as the best possible surrogate of divergence time between
the wild progenitor and the cultivated varieties, from the Crop Ori-
gins database (Milla, 2020a,b). Then, we inserted the wild progeni-
tors as sister edges of their crops, at a height so that the node
separating the wild progenitor from its crop is the antiquity of culti-
vation of the crop. Insertions were done using the function bind.tip
from the PHYTOOLS package in R (Revell, 2012). This tree had 931
tips and 811 internal nodes, with 56 unresolved nodes, thus achiev-
ing a high level of phylogenetic resolution, at 93.1%. Since the ana-
lyses below are robust to soft polytomies (Grafen & Hamilton,
1989), the phylogeny was used as such. The phylogeny was pruned
to the taxa involved in each of the analyses described below
using the function drop.tip from the APE package in R (Paradis
et al., 2004).

Data analyses

Allometric analyses Seed mass, kernel mass, and coat mass data
were collapsed to species arithmetic means for allometric ana-
lyses. Crop species and their direct wild progenitors were consid-
ered as different species, even if they shared binomials.
Allometric analyses of interspecific data can be carried out using a
diversity of line-fitting approaches (Shingleton, 2019). In this
project, we opted to use phylogenetically explicit phylogenetic
generalized least squares (PGLS) models, following advice from
the recent literature on allometry and the comparative method
(Hansen & Bartoszek, 2012; Kilmer & Rodr�ıguez, 2017; Shin-
gleton, 2019). Our PGLS models had seed coat mass as the

response variable, kernel mass as the fixed effects predictor, and
the phylogenetic tree of the species involved as the covariance
matrix of the generalized squares regression, weighed for the phy-
logenetic signal of the residuals of the regression (Symonds &
Blomberg, 2014). We run three different PGLSs, one for the set
of wild species, another for the set of crop species, and another
for the set of crop wild progenitors. To test whether the PGLS
slopes were isometric (slope = 1), we calculated a test statistic for
the PGLS slope against 1, and computed the probability of this
statistic to follow a t-distribution under the null hypothesis that
the slope is 1. Similarly, to test whether the crops and wild
progenitors follow the same scaling slope than wild species, we
proceeded the same way, but using the slope of the wild species
as reference value for the test. PGLSs were implemented with the
pgls function of the CAPER R package (Orme, 2018). Deviations
from the allometry were computed as the raw residuals in the
y-axis of each species from the baseline fit line (i.e. from the fit
line of the 875 wild species in the compilation). We chose this
metric of deviation, instead of an orthogonal deviation from the
fit line (Chen et al., 2020), because the questions at hand were on
the modifications of crop seed coats, not on changes on all com-
ponents of seed size taken together. The former are best measured
by a deviation in the y-axis, while the later would be better mea-
sured using an orthogonal deviation.

To test whether crops and their wild progenitors deviate from
the allometry more than other wild plants, we ran an additional
PGLS analysis with the residuals of each species as the response
variable and their domestication status (i.e. crops vs wild progeni-
tors vs other wild species) as a fixed effects factor. Differences
among the three categories of species were tested using the phylA-
NOVA function of the PHYTOOLS R package (Revell, 2012).

Analyses of the effects of evolution under domestication To
investigate the effects of ancient domestication and recent breeding
on crop seeds, we used the subset of crops for which we had data
of at least two accessions of both wild progenitors and landraces
(to investigate domestication effects) or of landraces and modern
cultivars (to investigate the effects of recent breeding). To compare
allocation to seed coats among the different domestication statuses,
the seed-to-coat mass ratio (dry mass of coat/dry mass of whole
seed; seed coat ratio (SCR), hereon) was used, as it is the common-
est metric of relative allocation of seed biomass to the coat (Daws
et al., 2006). To assess the magnitude and direction of the effects
of domestication and recent breeding on SCR for each crop species
separately, we used the Hedges’ G metric for effect sizes (Hedges
et al., 1999). For the effects of domestication, Hedges’ G was cal-
culated as the difference in means between landraces and wild pro-
genitors of each crop divided by the pooled SD of the two groups
and multiplied by a correction factor for sample size (Hedges
et al., 1999). The effects of recent breeding on SCR were com-
puted in the same way but taking the difference between modern
cultivars and landraces. Hegde’s G effect sizes and their 95% confi-
dence intervals (CI) were calculated using the cohen.d function of
the EFFSIZE R package (Torchiano, 2020).

To investigate the overall effects of domestication and recent
breeding on SCR across crop species we performed a linear
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mixed-effect model (LMMs), using the lme function in the NLME

R package (Pinheiro et al., 2020). The model included SCR as a
response variable, and domestication status (wild progenitor vs
landrace vs modern cultivar) as fixed effects predictor. Accession
identity, nested within crop species, was included as a random
effects factor over the intercept. The residuals of the model were
checked for normality, and for homoscedasticity across domesti-
cation statuses. Statistical significance of the fixed factor was esti-
mated by using the anova.lme function with marginal sums of
squares in the NLME R package (Pinheiro et al., 2020). The
amount of variance explained by the models was evaluated using
the r.squaredGLMM function from the MUMIN R package (Bar-
ton, 2015). Multiple comparisons tests among domestication sta-
tuses were applied with false discovery rate control and using the
glht function in the MULTCOMP R package (Hothorn, 2016).

Visualization of data and results was developed using GGPLOT2,
GGBREAK, and PATCHWORK R packages (Wickham, 2011;
Pedersen, 2019; Xu et al., 2021). We used CHATGPT v.3.5
(OpenAI, 2023) to streamline and refine drafts of R code.

Results

Variation in seed size, and kernel and coat sizes among the
study species

The species included in our compilation encompassed a wide
range of variation in their seed sizes, and in the allocation of bio-
mass to seed kernels and coats. Seed sizes (mg) spanned seven

orders of magnitude across the 931 species included in our ana-
lyses, from 0.01 mg of the smallest-seeded species, Clidemia
octona (Melastomataceae), to the 82 000 mg of the largest-
seeded Idiospermum australiense (Calycanthaceae). This excludes
the tiniest seeds on earth, which can weigh down to c. 0.001 mg,
but otherwise includes seeds of most sizes, from very small to the
largest ones (Moles, 2005). Crops and their wild progenitors also
showed a wide variety of seed sizes, spanning c. 25% of the varia-
tion found among the other wild species of the compilation,
despite being much fewer species – 56 species of crops plus wild
progenitors vs 875 species of other wild species (Fig. 1). For most
of the crops, wild progenitors had smaller seeds than their domes-
ticated counterparts (Supporting Information Fig. S1). The pro-
portional allocation of biomass to coats was also highly variable
among the 931 species, ranging from Eremophila gilesii (Scrophu-
lariaceae), which allocated 98% of the seed biomass to the coat,
to Couma catingae (Apocynaceae), which allocated only 0.01% to
the coat. The sizes of whole seeds, kernels, and coats of crops and
their wild progenitors were within the boundaries of variation
found across other wild plants and did not expand further from
the phenotypic space set by wild species (Fig. 1).

Seed kernel to coat allometry

Log-transformed seed kernel and coat dry mass scaled with a
slope of 0.82 for the wild species of our database (crop wild pro-
genitors excluded). This was statistically significantly different
from 0 and significantly lower than 1 (Fig. 1). This indicates an
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Fig. 1 Kernel to coat mass scaling in wild plants, and in crops and their wild progenitors. Scaling of kernel (embryo and reserve tissues) and seed coat
(outer layer safeguarding the reserves and embryo) mass in wild plants (grey, n = 875), wild progenitors of crops (yellow, n = 22) (a), and crops (blue,
n = 34) (b). The three fit lines are the result of fitting phylogenetic generalized least squares (PGLS) models to each of the three types of plants separately.
The three scaling slopes were allometric (differed from slope = 1 at P = 0.001) but did not differ significantly among each other (equal slopes at
P = 0.001). Different records of a given species were collapsed to species arithmetic means for calculating the allometries. Small semi-transparent yellow
and blue points in the background are individual measurements of crop and wild progenitor seeds, while large points are their species arithmetic means.
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allometric scaling of seed kernels and coats, with large seeds
investing proportionally less biomass in their coats. Crops and
their wild progenitors also showed allometric scaling, with a scal-
ing exponent not significantly different from that of the other
wild species (Fig. 1). Deviations – that is residuals in the y-axis –
from the 0.82 slope were ample among all species in the dataset
(Figs 1, 2). Deviations of the crops were significantly (P < 0.05)
larger than those of wild species, whereas there was a statistical
trend (P < 0.1) for the deviations of wild progenitors to be larger
from other wild species (Fig. 2). Most species of crops and their
wild progenitors showed deviations consistently skewed towards
negative scores (Figs 1, 2). This means that crops´ and wild pro-
genitors´ seeds tended to have a lower allocation to the seed coat
than expected for their seed size. Negative deviations were gener-
ally of higher magnitude for domesticated accessions of each crop

than for their wild progenitors (Fig. 2). Crops such as peanuts,
sorghum, black medick, or lentils had seed coats extremely light
for their seed size, whereas the seed coats of other crops (e.g.
amaranth, linseed, or oats) had coats only slightly lighter than
expected for their seed size (Fig. 2). A few domesticated crops
(sunflower, rye, and borage) had seed coats slightly larger than
expected by the allometry (Fig. 2).

Effects of evolution under cultivation on biomass
distribution in crop seeds

Seed coat ratios (dry mass in coats divided by total seed dry mass)
were generally smaller in domesticated accessions of the crops
than in their wild progenitors (Figs 3, 4). Hedges’ G for the
effects of domestication ranged from 1.12 in sesame to �15.58
in maize (Fig. 4). The vast majority of domestication effects on
SCR were negative and large. Fourteen, out of 17, crops had their
coats reduced during domestication by a Hedges’ G larger than
(0.8), which is a threshold for large effect sizes (Cohen, 2013).
Within those 14 crops, a few had their coats drastically reduced
during domestication, maize being the most extreme example of
this (Fig. 4), whereas for most of the other crops, the magnitude
of SCR reductions with domestication was large but not extreme
(Fig. 4). Reductions in SCR took place in the early stages of crop
evolution under cultivation, since wild progenitors had consis-
tently higher SCR than early landraces (but see sesame, cowpea,
and borage, which are exceptions to this rule; Fig. 4). By contrast,
recent plant breeding had small and inconsistent effects on SCRs
(Fig. 4). For a few crops (barley, black medick, and amaranth)
SCR increased during recent breeding, and for a few others (peas,
soybean, and chickpea) coats became even smaller at this stage.
However, for a majority of crops, recent breeding did not trigger
major changes in proportional allocation to the seed coats
(Fig. 4).

Discussion

We showed that crop seeds generally conform to the allometric
scaling of seed kernel and coat mass and lie within the phenotypic
variation in these traits found across wild plants globally. How-
ever, within that spectrum of variation, most crops have coats
lighter than expected by their seed size. This rejects the hypoth-
esis that reduced physical dormancy in crops evolved solely as a
genetic correlate of selection for larger seeds. Interestingly, the
wild progenitors of crops, like their domesticated relatives, also
showed lighter-than-expected coats. Together, these results sug-
gest that at least three different evolutionary processes have con-
tributed to the lightweight seed coats typical of herbaceous crops
(Fig. 5): indirect allometric effects of selection for larger seeds
(see subsection Crops in the seed kernel-coat allometry below),
selection of wild progenitors with seed coats lighter-than-
expected given their seed size (see subsection Crop wild progeni-
tors had smaller coats than expected by their seed size below),
and evolution of low allocation to the seed coat during the early
stages of domestication (see subsection Biomass allocation to
coats across the different stages of crop evolution below).
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Fig. 2 Deviations from the allometry in crops and in their wild progenitors.
Crop-wise deviations (i.e. raw residuals) from the phylogenetic generalized
least squares (PGLS) allometry of wild species in Fig. 1, shown separately
for wild progenitors and for domesticated accessions of each crop. Small
points are raw data, large points are arithmetic means, and horizontal bars
are �1 SEM (SE of the mean). Crops are ordered in the y-axis by
increasing seed mass. In the upper margin of the plot, density plots of all
deviations are shown, with all domesticated crops together (blue), all crop
wild progenitors (yellow), and all other wild species (light grey). According
to the results of phylogenetic ANOVA analyses, deviations of the crops
were significantly larger (P < 0.05) than those of wild species, whereas
there was a statistical trend (P < 0.1) that deviations of wild progenitors
tended to be larger than those of other wild species.
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Fig. 4 Effect sizes of domestication and recent
breeding on seed coat mass ratios (SCR). Effect
sizes of domestication (left) and recent breeding
(right) on SCR for each crop. Points are estimates
of Hedges´ G (metric of effect size) and their
95% confidence intervals (CIs). Overlap of the
95% CI with zero was taken as evidence of
negligible effects and nonoverlap as a significant
effect. Note that x-axis breaks were introduced
between�5 and �10 to facilitate visualization of
CIs overlap with zero. Effect sizes were missing
for crops for which we did not obtain seeds of
any of the two domestication stages involved in
each of the two effects (e.g. peanuts, for which
we have data of its wild progenitor and of
modern cultivars of the crop, but not of
landraces).
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Fig. 3 Effects of evolution under cultivation for
the allocation of mass to the seed coat. (a) Effects
of domestication on seed coat ratios (SCR) (dry
mass in coats divided by total seed dry mass,
SCR). Domestication effects are taken as the
comparison between crop wild progenitors and
landraces. (b) Effects of recent crop breeding on
SCR. Effects of recent breeding are taken as the
comparison between landraces and modern
cultivars of a crop. ns, nonsignificant; ***,
P < 0.001; are statistical significances of the
overall differences among the two plant groups,
taken from false discovery rate-corrected Tukey
tests after mixed-effects linear models. Points are
arithmetic means and error bars are SEs of the
mean.
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Crops in the seed kernel-coat allometry

Our PGLS slope for wild species, the SMA slopes reported in
Wu et al. (2019), and the PGLS slopes reported in Chen
et al. (2020) are all allometric, even if ours (0.82) deviated from
isometry more strongly than Wu’s (0.88–0.93) and Chen’s
(0.89–0.91). Also, crops conformed to the allometric slopes
(Fig. 1). Several explanations might account for a negative allo-
metry between kernel and coat sizes. Small seeds may need more
investment in defence, since they can be eaten by a wider range
of seed predators, and tend to persist for longer in the seed bank
(Eriksson & Eriksson, 1997; Bekker et al., 1998; Wu
et al., 2019). Also, small seeds tend to be packaged in infructes-
cence with many seeds, and these can be targeted by large herbi-
vores as part of their foraging strategies (i.e. the so-called fruit as
foliage foraging strategy, Janzen, 1984). This may select for
strong coats in small seeds to endure the transit through animals’
guts (Spengler III & Mueller, 2019). In large seeds, more reserve
tissue is needed to attain the high seedling vigour typical of
large-seeded species (Venable & Brown, 1988; Wu et al., 2019).
High investment in reserve tissue seems also adaptive for the
seeds of crops, both as an ecological adaptation to the agricul-
tural environment – high seedling vigour and adaptation to bur-
ial – and as a consequence of human selection for high yields

(Kluyver et al., 2013; Preece et al., 2021). Importantly, none of
the crops stepped out of the global variation observed for the
relationship of kernel to seed coat masses in wild plants (Fig. 1).
Thus, evolution under cultivation did not move crops to pheno-
typic regions beyond the boundaries of variation in the wild for
these traits.

Mass of kernels and coats scaled positively, which concurs with
developmental patterns of coordinated growth of seed constituents
(Garc�ıa et al., 2005; Sundaresan, 2005). Even if this positive scaling
was a constraint to the free variation of coat and kernel mass
(PGLS R2 = 0.64), there was a wide deviation from the allometry
among individual species. In wild species, deviations were highly
varied, either positive, negative, and of different magnitudes. This
indicates that diverse mechanisms and selection forces, other than
the allometry, influence biomass distribution in the seeds. For
example, similarly large-seeded species may bear either soft- or
hard-coated seeds, depending on their ecological strategies (Baskin
& Baskin, 1998). In the linages with soft seeds, the enlargement of
reserve tissues evolves faster than that of coats, which generates con-
sistently negative deviations from the allometry (Chen et al., 2020).
Fire frequency and intensity select for coats thicker than expected
for a given seed size, while thin-coated seeds might be favoured in
dimorphic seeds to bet hedge the survival to secondary dispersal by
seed predators (Moreira & Pausas, 2012; Paulsen et al., 2013). At
the developmental level, the relative dominance of the parental and
maternal genomes during embryogenesis generates variation in seed
size and differential growth of the tissues in the seed (Sundare-
san, 2005). These and other mechanisms, together with the allome-
try, generate variation in coat and kernel mass distributions among
wild species. But deviations of the allometry in most crops were
consistently large and negative, in contrast with the combination of
positive and negative deviations found for wild species. This means
that crop seeds had similarly smaller-than-expected coats, at all
ranges of seed size. It is worth mentioning that crops and wild
plants were a widely different subsample of the seed plants. For
instance, wild plants in Chen et al. (2020) included woody plants
and plants with recalcitrant seeds, which were absent in our dataset
on crops. This heterogeneity among the two groups of plants might
partly explain biases in the magnitude and direction of deviations
for wilds and crops, which merits further research. In any case, pro-
vided systematic large and negative deviations from the allometry
in crops, their reduced coats cannot be explained solely as an allo-
metric correlate of selection for larger seeds.

It is important to note that a reduction in biomass allocation to
the coat (the metric used in this manuscript) does not necessarily
imply a decrease in coat thickness (a geometrical trait). In fact,
modelling seed geometry as spheres of diverse sizes gives that an
allometric scaling of kernel and coat sizes (taken as volumes) is
compatible with thinning, thickening, or constancy in the width of
the seed coats (Supporting Information Table S1). Assuming that
geometric volumes can be transferred to dry mass, this means that
seed coat thinning in crops cannot be attributed solely to a decrease
in biomass allocation to the coat. However, this argumentation
must be taken with care. Taking volume as mass assumes that
tissue-specific density stays constant, which may not hold, because
tissue proportions and palisade cell sizes change between coats

Fig. 5 Conceptual diagram of the mechanisms influencing the evolution of
seed coats in crops. In this paper, we report evidence that at least three
different evolutionary processes have influenced the emergence of
lightweight seed coats in herbaceous crops. Allometric effects of selection
for larger seeds (see results in Fig. 1), selection of wild progenitors with
seed coats lighter than expected given their seed size (see results in Fig. 2),
and evolution of low allocation to the seed coat during the early stages of
domestication (see results in Figs 3, 4). [Correction added on 26 May
2024, after first online publication: a labelling error in Fig. 5 has been
corrected.]
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of different thicknesses (Hradilov�a et al., 2017; Zablatzk�a
et al., 2021). Investigating changes in seed coat tissue density along-
side mass and thickness can shed light on this. Also, even if coat
thickness were partly independent from biomass allocation to the
coat, the proportionally larger kernel of large seeds has a greater
potential for imbibition, swelling and potentially breaking the coat,
which might also facilitate the release of physical dormancy.

Crop wild progenitors had smaller coats than expected by
their seed size

A majority of the crop wild progenitors had coats lighter than
expected, provided their seed sizes. This effect was larger for pea-
nuts, sesame, lentils, or sorghum, but was otherwise generalized,
except in a few crops – maize, sunflower, oats, and rye. Previous
work on the evolution of crop seed coats has focused on the
changes occurring during or after domestication, comparing
wild progenitors and cultivated varieties, or examining archaeo-
logical series across the Holocene (Smith, 1989; Jansk�a
et al., 2019). We speculate that, even if agricultural practices
had started with dormant genotypes, the wild progenitors of
crops had lower physical dormancy than other wild plants,
which provided a baseline for the evolution of the lightweight
seed coats of crops. Similar preadaptations have been advocated
earlier to explain the acquisitive physiological profile of crops
(G�omez-Fern�andez & Milla, 2024). Previous work on pulses
has also suggested that the existence of populations of pulse wild
progenitors with dimorphic individuals, harbouring both thick-
and thin-coated genotypes, was a prerequisite for their adoption
as crops (Ladizinsky, 1987; Abbo et al., 2011). Seed polymorph-
ism is widespread in plants (Silvertown, 1984), and its relevance
to domestication may extend to pseudocereals originating in the
Americas (Mueller, 2017; Belcher et al., 2023). However, this
may not generalize to other crops, which coat thinning series in
the archaeological record tend to proceed slowly and might not
predate domestication (e.g. Macrotyloma uniflorum, Murphy &
Fuller, 2017). Overall, the role of wild progenitors’ coats on the
evolution of reduced dormancy in crops still needs more
research. Further, a few of the wild progenitors had seed coats
heavier than expected by their seed size. The most remarkable
example of this is maize. The wild teosintes originating maize
had a strong seed encapsulation, which extreme reduction
happened entirely during domestication (Stitzer & Ross-
Ibarra, 2018). But for most crops, reduced physical dormancy
might have been facilitated by the choice of wild species for cul-
tivation that had coats lighter than other wild species.

Biomass allocation to coats across the different stages of
crop evolution

For most crops, we found that primitive landraces allocate less bio-
mass to their seed coats than their wild progenitors. By contrast,
landraces differed little, and idiosyncratically – that is different crop
species behaving differently – from their modern cultivar counter-
parts. This indicates that the stages of initial domestication and
early geographic spread of domesticates were key to the evolution

of crop seeds. This is in wide accordance with the archaeological
record of many crops (Smith, 1989; Murphy & Fuller, 2017;
Fuller et al., 2023). In fact, coat thinning of archaeological samples
is one of the signatures of domestication in several crops (e.g. in
American chenopods; Smith, 1989), together with other traits like
seed size and morphology (Bruno et al., 2018). Our results are also
in line with previous studies comparing contemporary accessions of
wild progenitors with cultivars (Maass et al., 2007; Sedl�akov�a
et al., 2021; Balarynov�a et al., 2022). Our contribution extends
this pattern to biomass partitioning and to types of crops poorly
covered in the seed coat vs domestication literature like linseed,
cabbage, medick, and others.

Direct human selection seems an unlikely mechanism for seed
coat thinning in early domestication. Some archaeological records
show that coats thinned gradually across millennia (Murphy &
Fuller, 2017), which may be incompatible with farmers’ timescale
for selection. Indirect mechanisms, like selection for yield, or
relaxation of natural selection (e.g. no need for resistance to endo-
zoochory, Spengler III & Mueller, 2019), might be involved. In
any case, more research should be carried to unveil the selection
forces leading to low SCRs and thin coats during the early stages
of domestication. As for modern breeding, this recent stage of
crop evolution impacted SCRs in diverse ways, probably reflecting
that modern selection on coats did not pursue advances in the
physiological performance of crops. Instead, modern breeding has
targeted seed coats for traits as diverse as seed oil content (Zhang
et al., 2018), polyphenols levels (Zhong et al., 2019; Balarynov�a
et al., 2022), seed coat pigmentation (Sm�ykal et al., 2018), seed
longevity (Tiwari & Hariprasad, 1997), postharvest endurance
(Elsadr et al., 2011), and other industrial applications (Mo€ıse
et al., 2005). Such diversification of breeding aims probably had
diverse but small effects on the allocation of mass between kernels
and coats in recent times, which is in line with our results.

Conclusions

Our analyses suggest that a collection of mechanisms is needed to
explain the seed coats of crops (Fig. 5). Crops fit the allometric
scaling slopes of kernel and coat biomass. Thus, the allometry
partially contributes to explain their lightweight coats, since crop
seeds are larger than those of their wild progenitors. Still, addi-
tional mechanisms are needed because crops had consistently
smaller seed coats than expected by the allometry. We show evi-
dence that at least two other mechanisms are at play. First, crop
wild progenitors tend to be lightweight-coated wild species, and
thus, their selection as agricultural species provided a head start
for the evolution of soft-coated seeds. Second, during early
domestication there was a further reduction of biomass allocation
to the coat, which is in line with previous archaeological evi-
dence. This work showcases that crop traits are the result of mul-
tiple evolutionary processes, and thus provides new insight on the
emergence of a key domestication trait. Furthermore, we showed
that an allometric approach is useful to address challenges in crop
biology, and suggest that applications like breeding on allometric
slopes, intercepts, and deviations from the scaling are future ave-
nues for targeting valuable trait combinations in crops.
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