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Abstract

Hybridisation between crops and their wild relatives may promote the evolution
of weeds. Seed germination and dormancy are the earliest life-history traits
and are highly influenced by the maternal parent. However, the ecological role
of the maternal effect on seed traits in the evolution of crop–wild hybrids
has received little attention. In this study, we test the relative importance
of maternal and hybridisation effects on seed traits of the first generation
of crop–wild sunflower hybrids (Helianthus annuus). Seed germination was
tested in two wild populations with contrasting dormancy, two cultivated
materials and their reciprocal crosses at four different times after harvest and
three different temperatures. Seed germination at each of the four times, after
ripening response and secondary dormancy were recorded along with four
morphological traits. Additionally, the pericarp anatomy was analysed with
light and scanning electron microscopy. We observed strong maternal effects
on all seed traits. Seed germination, morphology and pericarp anatomy differed
largely between the crop and wild seeds and these traits in the crop–wild
hybrids resembled their female parent. Slight but significant hybridisation
effects were observed in germination, mainly in seeds produced on wild plants.
Crop hybridisation changed seed germination, the after ripening response
and secondary dormancy in the crop direction. Morphological and anatomical
traits associated with domestication strongly correlated with the observed
differences in seed germination and dormancy in crop–wild sunflower hybrids.
The large maternal effects along with the evolutionary divergence in seed traits
were responsible for the large phenotypic differences observed in crop–wild
hybrids with the same genetic composition. Wild-like seed traits of hybrids
suggest that there are no barriers to crop gene introgression at the seed level
whereas crop-like seed traits could be strongly selected against, conditioning the
selection of traits expressed later in the life cycle and in the next generations.

Introduction

Hybridisation followed by gene introgression (i.e. per-

manent allele incorporation from another gene pool)

between crop species and their wild relatives has implica-

tions in natural population dynamics, such as a reduction

in their genetic diversity, crop-gene assimilation and an

increase in invasiveness or weediness (Ellstrand et al.,

1999; Ellstrand & Schierenbeck (2006); Mercer et al.,

2014). Similarly, hybridisation between crops and their

wild relatives could hasten the evolution of feral forms,

which may constitute self-maintained populations of

noxious weeds from domesticated ancestors (Warwick

& Stewart, 2005; Bagavathiannan & Van Acker, 2008;

Ellstrand et al., 2010). Here we define weeds as those

populations that interfere with agriculture, competing
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with the crop for resources, while wild populations are
those that grow and reproduce away from the agricul-
ture environments, whether natives or not (Ellstrand
et al., 1999, 2010). Therefore, increased weediness is the
higher ability of a population to invade agricultural fields.
Hybridisation occurs in sexually reproductive plants
when the flowering of crop and wild plants coincides spa-
tially and temporally, and in the case of insect-pollinated
species, they share pollinators (Ellstrand et al., 1999).
Natural hybridisation between crops and their wild
relatives has been documented in most of the world’s
important food crops and in several cases it has impli-
cations in weed evolution (reviewed in Ellstrand et al.,
1999, 2013). During the domestication process, con-
scious selection by early farmers as well as unconscious
selection as a result of agricultural practices shaped crop
phenotypes from their wild ancestors (Hancock, 2012;
Meyer & Purugganan, 2013). Such change from wild to
crop forms was typically driven by the selection on small
number of quantitative trait loci (QTL), each one with
large effect on the phenotype (Hancock, 2012; Meyer
& Purugganan, 2013). Domesticated sunflower exhibits
the typical domestication syndrome, that is, large seeds,
loss of dormancy, determinate growth, monocephalic
inflorescence, non-shattering and an increase in repro-
ductive allocation and seed yield (Purugganan & Fuller,
2009; Presotto et al., 2011; Meyer & Purugganan, 2013).
However, genetic analysis in sunflower has demonstrated
that a large number of QTLs, with minor effects, control
these traits (Burke et al., 2002; Wills & Burke, 2007).

The F1 crop–wild hybrids usually have intermediate
values in most of the traits in which their parents differ
(Mercer et al., 2007; Presotto et al., 2011). Following
hybridisation, some early life-history traits in hybrid pop-
ulations, like seed traits, strongly depend on the maternal
parent (Roach, 1987; Snow et al., 1998; Weiss et al.,
2013; Alexander et al., 2014; Mercer et al., 2014; Pre-
sotto et al., 2014; Pace et al., 2015). The maternal parent
mainly affects seed traits through the tissues surrounding
the developing embryo, especially the pericarp (Roach,
1987). These tissues begin their development regardless
of the embryo fertilisation and may have great influence
on seed size, seed morphology and finally on seed dor-
mancy and germination. Seed dormancy is defined as an
innate seed property, which impedes germination under
environmental conditions that are otherwise favourable
for germination (Finch-Savage & Leubner-Metzger,
2006). While seed requirements prevent germination in
unfavourable environments, seed dormancy is a much
more complex mechanism avoiding seed germination in
environments only ephemerally favourable (Willis et al.,
2014). Thus, seed dormancy plays a crucial ecological role
in natural populations of several plant species, mainly

in spring annuals, contributing to persistent soil seed
bank formation which is a key feature for dispersal over
time, survival under unfavourable conditions, and the
establishment of self-maintained populations (Alexander
& Schrag, 2003; Montesinos-Navarro et al., 2012). Addi-
tionally, as seed dormancy and germination are two of
the earliest life history-traits expressed in the life cycle
they may be strongly selected for during the colonisation
of novel habitats, conditioning the selection of other
traits expressed later in the life cycle (Huang et al., 2010;
Chiang et al., 2013; Willis et al., 2014). In crop cultivars,
selection for more rapid and uniform germination and
more effective seedling competition has decreased seed
dormancy and seed-coat thickness and has increased
seed size (Hancock, 2012). As well as other domestication
traits, in sunflower, seed dormancy is controlled by sev-
eral QTLs, with minor effects (Burke et al., 2002; Gandhi
et al., 2005; Wills & Burke, 2007). In this sense, a compre-
hensive analysis of seed dormancy, including whole seed
and embryo dormancy, found 43 seed dormancy QTLs
across six linkage groups (Brunick, 2007) displaying the
high complexity of seed dormancy in sunflower.

Cultivated sunflower was domesticated approximately
4000 years ago from wild sunflower (Helianthus annuus
L.) in the current east-central United States (Harter et al.,
2004; Blackman et al., 2011). H. annuus is a complex
taxonomical group, made up of crop cultivars, wild and
weedy biotypes, and volunteers that emerge from fallen
crop seeds and may act as noxious weeds. These make
sunflower an ideal model system for studying evolution-
ary aspects of domestication, weed evolution, crop–wild
hybridisation and crop ferality. Cultivated sunflower is
currently one of the most important oil-crops world-
wide and in some countries its production area over-
laps the distribution area of wild Helianthus species where
spontaneous hybridisation has been well documented
(Snow et al., 1998; Ureta et al., 2008; Muller et al., 2011).
H. annuus is the most widespread of the wild species.
In Argentina, it was probably introduced as a forage
crop approximately 70 years ago and it has become a
non-native invader, spreading over the central region
of the country (Poverene et al., 2008; Cantamutto et al.,
2010; Presotto et al., 2011). Sunflower exhibits non-deep
physiological dormancy (PD; Oracz et al., 2007). Seeds
with PD are water-impermeable and have a physiolog-
ical inhibiting mechanism in the embryo that prevents
radicle emergence (Baskin & Baskin, 2004). Embryos
excised from PD seeds produce normal seedlings and this
kind of dormancy can be broken with gibberellic acid
treatments, by scarification, after ripening in dry storage,
and with cold or warm stratification (Baskin & Baskin,
2004; Finch-Savage & Leubner-Metzger, 2006; Presotto
et al., 2014). In addition, covering structures can prevent
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germination by restricting the water and oxygen move-
ment, avoid the leaching of inhibitors from the embryo,
contain germination inhibitors or physically restrict the
emergence of the radicle (Baskin & Baskin, 2004).

Despite the importance of seed traits in the colonisa-
tion of novel habitats, such as non-native or agricultural
environments, few attempts have been made to explain
the ecological role (i.e. out-season germination, ability
to form soil seed banks and changes in the competitive
ability) of the maternal effect on seed traits in crop–wild
hybrids. Strong maternal effect on seed dormancy and
germination along with slight and variable hybridisation
effects have recently been reported in crop–wild sun-
flower hybrids (Weiss et al., 2013; Alexander et al., 2014;
Presotto et al., 2014; Pace et al., 2015). However, most of
the studies have focused on the crop to wild hybridisation
and shallowly explored the morphological and anatomical
traits possibly involved in seed germination differences.

In this manuscript, we investigated the dynamics of
seed dormancy, and further explored morphological and
anatomical features of the seeds possibly involved in seed
dormancy, using reciprocal crosses of wild and crop sun-
flower. The aims of this study were: (a) to quantify the
maternal and hybridisation effects on seed traits at differ-
ent times after harvest; (b) to explore seed morphological
and anatomical differences between crop–wild hybrids
and their parents; and (c) to detect morphological and
anatomical traits that might regulate seed dormancy.

Materials and methods

Plant material

For evaluating the maternal effect on seed traits, recip-
rocal crosses between wild sunflower populations (wild)
and cultivated materials (crop) were used. Wild popu-
lations were collected in central Argentina (Cantamutto
et al., 2010): Diamante (DIA; 32∘03′S, 60∘38′W) and
Colonia Baron (BAR; 36∘10′S, 63∘53′W) which were
selected for their contrasting dormancy levels (Presotto
et al., 2014). Cultivated materials were represented by
two commercial cultivars: Cacique CL (CAC; Criadero
El Cencerro) and Paraíso 104CL (PAR; Nidera Semil-
las) which were randomly selected. All the reciprocal
crosses were made, except for the cultivated materials,
which were not crossed between each other. So, 14
crosses (hereafter referred as biotypes) were characterised
according to their female and male parents and grouped
into four categories (cross types; Table 1): wild, wild–crop
(wild maternal parent), crop–wild (crop maternal par-
ent) and crop. In order to minimise the effects of the
maternal environment, all the achenes (hereafter referred
as seeds) were produced in a common garden at the

Table 1 Female and male parents used in the four different cross types. BAR:
Colonia Baron; CAC: Cacique CL; DIA: Diamante; PAR: Paraíso 104 CL. BAR
and DIA are wild populations from Argentina chosen by their contrasting seed
dormancy (BAR with high dormancy and DIA with low dormancy; Presotto
et al., 2014) while CAC and PAR are commercial cultivars randomly chosen

Biotype Cross Type Female Male

BAR Wild BAR BAR

BAR×DIA Wild BAR DIA

DIA Wild DIA DIA

DIA×BAR Wild DIA BAR

BAR×CAC Wild–crop BAR CAC

BAR× PAR Wild–crop BAR PAR

DIA×CAC Wild–crop DIA CAC

DIA× PAR Wild–crop DIA PAR

CAC×BAR Crop–wild CAC BAR

CAC×DIA Crop–wild CAC DIA

PAR×BAR Crop–wild PAR BAR

PAR×DIA Crop–wild PAR DIA

CAC Crop CAC CAC

PAR Crop PAR PAR

Agronomy Department, Universidad Nacional del Sur,
Bahia Blanca, Argentina (38∘41′38′′S, 62∘14′53′′W) dur-
ing the 2012–2013 growing season. The seeds from all
the biotypes were produced under controlled pollination
of the heads of 20–30 plants covered with paper bags at
the pre-flowering stage. At the flowering stage, heads
were emasculated in the morning and pollinated at late
afternoon with the corresponding pollen source to pro-
duce wild, wild–crop and crop–wild seeds. Despite the
natural self-incompatibility of wild sunflower, variable
selfing rates were found in invasive populations from
Argentina. In BAR population, no self-compatible plants
were found but approximately 20% of the DIA plants
were partially self-compatible (Gutierrez et al., 2014),
thus all the crosses were made on emasculated plants.
Crop seeds were produced by self-pollination, covering
the heads with paper bags at the pre-flowering stage.

Germination experiments

Germination experiments were carried out in a com-
pletely randomised experimental design at different
times: immediately (t1); at 2 weeks (t2); 6 months (t3);
and 18 months (t4) after harvest and different temper-
atures at a single time point (10∘C, 20∘C and 30∘C). To
simulate winter conditions naturally occurring at the
field, the seeds used in t3 were placed in tri-laminar
aluminium bags, to protect seeds from humidity, in
a growth chamber at 5∘C during 6 months. For dry
inducing secondary dormancy, seeds released from the
growth chamber were dry conditioned for 1 year at room
temperature (t4). During all four times the seeds were

Ann Appl Biol 171 (2017) 237–251 239
© 2017 Association of Applied Biologists



Maternal effects on seed traits F. Hernández et al.

placed on filter paper and moistened with distilled water
at constant 20∘C with a 12 h photoperiod; they were
counted periodically (2–3 days intervals) during 16 days.
The incubation temperature was chosen according to a
previous study where the effect of hybridisation on seed
germination was tested at different times after harvest
with temperatures from 5∘C to 30∘C (Presotto et al.,
2014). In such study, hybridisation effects were only
detected at 20∘C and 25∘C. In addition, at the end of the
current experiment, germination of seeds from 3 years
after harvest, dry stored during this period, was tested
at three incubation temperatures (10∘C, 20∘C and 30∘C)
with a 12 h photoperiod for testing the effect of tempera-
ture on the seed germination at a single time point. Light
was provided by fluorescent lamps (60 μmol m−2 s−1). For
each experiment, the proportion of germinated seeds
was calculated as the ratio between the total germinated
seeds at the end of the experiment (day 16) and the total
viable seeds, while the proportion of seed dormancy was
calculated as the difference between the total viable seeds
and the germinated ones. Seed viability was obtained
using a tetrazolium test on non-germinated seeds for all
the replicates at the end of each experiment (ISTA, 2004).

Morphological and anatomical experiments

Ten dried seeds of each of the 14 biotypes were used
to determine seed size and form. Length, width and the
length/width ratio were recorded. Width was measured
on the basal third of the seed. In addition, seed weight
was recorded for each of the 14 biotypes by weighing
five independent samples of 50 seeds. In order to eval-
uate the anatomical features of the seed pericarp that was
possibly involved in seed dormancy, cross sections of peri-
carps from the two wild populations (DIA and BAR), one
cultivar (PAR) and their reciprocal crosses were observed
under a scanning electron microscope (SEM). The cross
sections were obtained by cutting half entire seeds by
hand under a stereo microscope. For pericarp softening,
seeds were previously imbibed (12 and 3 h for wild and
crop maternal plants, respectively). Cuts were fixed fol-
lowing Croce & Parodi (2013). Then, cross sections were
fixed in 2.5% glutaraldehyde-water in cacodylate buffer
at 5∘C for 2 h immediately after cutting and they were
dehydrated in a graded acetone series up to 80%. Sam-
ples were finally critical point dried during 1 h, coated
with gold and observed with a Jeol 35 CF SEM. Addi-
tionally, pericarp cross sections of one wild population
(BAR), one cultivar (PAR) and their reciprocal crosses
were observed under a light microscope. Cross sections
of the pericarps were obtained following Andrade et al.

(2015). Entire seeds were then fixed in formalin/acetic
acid/alcohol (FAA) solution, embedded in paraffin wax

and processed using conventional techniques for cutting
(10 μm) and staining (safranin–fast green). All sections
were mounted in glycerine/water (1:1). Photographic
observations and recordings were made using a Nikon
Labophot-2 microscope (Nikon Corp., Tokio, Japan) with
an attached Nikon Coolpix 4500 camera and ocular
micrometer (Nikon Corp., Tokio, Japan).

Statistical analysis

Analysis of variances (ANOVAs) were performed with
generalised linear mixed models (GLMM) using PROC
GLIMMIX (SAS University edition; SAS Institute Inc.,
Cary, NC), unless otherwise specified. GLMM were cho-
sen because they are the recommended tool for analysing
non-normal data with random effects (Bolker et al.,
2009). Because of the natural non-normal distribution
of the proportion data, all the models were adjusted
using Beta distribution instead the normal one (Bolker
et al., 2009; Montesinos-Navarro et al., 2012). Signifi-
cance of fixed effects was tested using quasi-Newton
pseudo-likelihood estimation and reported by the F and
P values. Meanwhile, significance of random effects was
tested removing each random factor one at a time and
comparing −2 Log pseudo-likelihood of the nested mod-
els with 𝜒2 tests (Bolker et al., 2009; Montesinos-Navarro
et al., 2012) using the COVTEST GLM option (SAS Uni-
versity edition). Non-significant random effects were
removed from the model while significance of each ran-
dom effect of the final model was tested using Wald tests
and reported by Z and P values. When the main fixed
effect was significant, least square means were compared
using orthogonal contrast. All the means in the text are
reported with their standard error.

Maternal effects on seed germination traits

One ANOVA was fitted for each germination time.
Female, male and female by male interaction effects
were considered as fixed effects. The after ripening effect
on seed germination was calculated as the difference in
seed germination between t2 and t1. The maternal effect
was calculated by using the female and male effect ratio
from the ANOVA’s output (Ffemale/Fmale), values close to
1 indicate no maternal effect while the larger the ratio,
the larger the maternal effect.

Cross type and crop hybridisation effects on seed traits

Due to the greater importance of cross type than indi-
vidual combinations, the biotypes were pooled in four
different cross types: wild, wild–crop, crop–wild and
crop (Table 1). For seed germination, all the times were
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analysed jointly. In the ANOVA, the cross type effect was
considered as fixed, whereas the biotype within the cross
type, time and cross type by time interaction effects were
considered as random. The interaction term was broken
down using orthogonal contrasts. The cross type effect
on the after ripening response, calculated as above, was
evaluated. The cross type effect was considered as fixed,
whereas the biotype within the cross types was considered
as random. Similarly, to evaluate whether crop hybridisa-
tion affects seed traits, the cross type (including wild and
wild–crop hybrids) was included as fixed effect, whereas
the biotype within the cross type, time and cross type by
time interaction effects were considered as random.

Maternal effect on seed morphological traits

We performed a multivariate analysis of variance
(MANOVA) on the four traits (length and width of
the seed, length/width ratio and seed weight) to evaluate
the maternal effect on seed morphological traits. Female,
male and female by male interaction effects were consid-
ered as fixed. MANOVA was evaluated using the Wilks’
Lambda test criterion. Following any significant effect
in MANOVA, we used principal component analysis
(PCA) using a correlation matrix to avoid scale effects to
produce principal components (PCs) that explained the
multivariate variation in seed morphology. In addition,
to evaluate the overall relationship between germination
and morphological seed traits, we ran a PCA on six
seed germination traits: germination at each of the four
times, after ripening response and dry-induced secondary
dormancy. PCA was run using PROC PRINCOMP (SAS
University Edition) with mean values of each of the 14
biotypes as the input data set. Linear regression between
seed morphological and germination traits was run using
PROC REG (SAS University Edition). The anatomical
traits considered as quantitative (middle layer thickness
and number of cell layers) were recorded by eye in at
least three independent samples from light microscopy
and the means were compared using an unpaired t-test
and reported with their standard error.

Results

Strong maternal effect on seed dormancy and after
ripening response

There were significant female, male and female by male
interaction effects on seed dormancy (Table 2). How-
ever, the female effects were much larger than male
or female by male interaction effects at all of the four
times evaluated (Table 2) and under the three tempera-
tures tested (Fig. 1B). Immediately after harvest (t1), seed
germination was relatively high in wild, low in crop and

Table 2 Analysis of variance (ANOVA) for seed germination at each of the
four evaluated times. Different times are immediately (t1); 2 weeks (t2);
6 months (t3) and 18 months (t4) after harvest. Two wild populations (BAR
and DIA) and two commercial cultivars (CAC and PAR) were used as both
female and male parents in 14 of the 16 possible combinations (biotypes;
Table 1). Data were analysed with generalised linear mixed models, models
were adjusted using a Beta distribution. All the main effects (female, male
and female by male interaction) were considered as fixed while residuals were
considered as random

Seed Germination

Source of Variation d.f. F P

Time 1

Female 3 52.88 <0.0001

Male 3 6.19 0.0014

Female×male 7 4.01 0.0019

Time 2

Female 3 107.77 <0.0001

Male 3 6.66 0.0006

Female×male 7 15.96 <0.0001

Time 3

Female 3 83.26 <0.0001

Male 3 6 0.0017

Female×Male 7 2.46 0.033

Time 4

Female 3 186.55 <0.0001

Male 3 5.64 0.0024

Female×Male 7 3.59 0.0041

intermediate in their hybrids; but this trend was reversed
at t2, and maintained at t3 and t4 (Fig. 1A). At t1, the
female effect was 8.5-fold higher than the male effect
showing a strong maternal effect. Crop hybridisation
decreased seed germination on wild plants (0.25±0.08 vs
0.12± 0.04, for wild and wild–crop seeds, respectively)
whereas seeds produced on crop plants exhibited very
low germination regardless of the pollen source (approxi-
mately 3% for both crop and crop–wild hybrids; Fig. 1A).
At t2, the maternal effect was almost twice that at t1
(16.1; Table 2), seed germination of crop–wild hybrids,
produced in both senses resembled their female parents
(Fig. 1A). At t3 and t4, seeds produced on crop plants
exhibited no dormancy, whereas in seeds produced on
wild plants, the germination was higher in wild–crop
hybrids than in the wild seeds (0.80± 0.08 vs 0.58±0.12
at t3 and 0.45± 0.12 vs 0.35±0.13 at t4, for wild–crop
and wild, respectively; Fig. 1A). In addition, using seeds
of 3 years after harvest, different incubation temperatures
did not alter these results. Female effect was at least
15.6-fold higher than the male effect. Seeds produced on
crop plants exhibited no dormancy at any of the incu-
bation temperatures (Fig. 1B) whereas in seeds produced
on wild plants, the germination was higher in wild–crop
hybrids than in the wild seeds at all the three tempera-
tures (0.77±0.04 vs 0.53±0.06 at 10∘C, 0.48± 0.09 vs
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Figure 1 Seed germination across different times after harvest (A) and different temperatures (B). Crop–wild hybrids are denoted as crop–wild and wild–crop
cross types to indicate the maternal parent. The bars represent mean proportion of germinated seeds of each cross type incubated at constant 20∘C (A) and
constant 10∘C, 20∘C and 30∘C (B). All the seeds were incubated under neutral photoperiod. Standard error bars indicate variability within each cross type.
Different times are immediately (t1); 2 weeks (t2); 6 months (t3) and 18 months (t4) after harvest. Seeds with 3 years after harvest, dry stored during this period
at room temperature were incubated at constant temperatures of 10∘C, 20∘C and 30∘C during 16 days.

0.33± 0.12 at 20∘C and 0.16±0.04 vs 0.04± 0.02 at 30∘C,
for wild–crop and wild, respectively; Fig. 1B).

In order to analyse the impact of short and long-lived
dormancy, typical of crop and wild materials, respec-
tively, we included the after ripening response as a vari-
able (the difference of seed germination between t2 and
t1). There were significant female and female by male
interaction effects (F = 135.17; P<0.0001 and F = 12.68;
P< 0.0001) on the after ripening response, with no sig-
nificant male effect (F =0.74; P= 0.5331). The female
effect was 182.7-fold higher than the male effect. In addi-
tion, there was a significant cross type effect (F = 5.69;
P= 0.0155). The after ripening response was much higher
in the crop than in wild seeds (contrast crop versus wild:
F = 6.56; P=0.0283), whereas the crop–wild hybrids
response was similar to their female parents (contrasts:
F = 0.03; P=0.8637 and F =0.06; P= 0.811 for crop ver-
sus crop–wild and wild versus wild–crop, respectively).
This differential response confirmed the differences in the
type of dormancy rather than the level between seeds of
crop and wild plants.

Strong maternal effect on the seed morphological
and anatomical traits

In the MANOVA, we found significant female, male and
female by male interaction effects on seed morpholog-
ical traits (Table 3). In the ANOVA, the female effect
was significant and much stronger than the male and
female by male interaction effects in each of the four vari-
ables. Female effect was 14.9-fold higher than the male
effect in the MANOVA (Table 3). There was a significant
cross type effect for length (F = 197.06; P<0.0001), width

Table 3 Multivariate analysis of variance (MANOVA) for two sets of traits.
Morphological set including seed length, width, weight and length by width
ratio. Germination set including seed germination at each of the four times,
the after ripening response and dry-induced secondary dormancy. Different
times are immediately (t1); 2 weeks (t2); 6 months (t3) and 18 months (t4)
after harvest. Two wild populations (BAR and DIA) and two commercial
cultivars (CAC and PAR) were used as both female and male parents in 14
of the 16 possible combinations (biotypes; Table 1)

Trait Set Effect d.f.

Wilks’

Lambda F P

Morphological Female 12 0.0011 130.40 <0.0001

Male 12 0.2040 8.74 <0.0001

Female×male 28 0.0738 6.61 <0.0001

Germination Female 18 0.0004 88.16 <0.0001

Male 18 0.0755 8.72 <0.0001

Female×male 42 0.0109 6.82 <0.0001

(F =164.22; P< 0.0001) and seed weight (F = 101.25;
P<0.0001), while no significant length by width ratio
was found (F =3.04; P=0.0795). The biotype within the
cross type effect improved the null model in all of the
four variables (Table S1, Supporting information). Crop
seeds were larger (0.81± 0.04 vs 0.59±0.10 cm), wider
(0.39±0.04 vs 0.26± 0.04 cm) and heavier (43.8± 2.9
vs 18.5±7.1 mg seed−1) than the wild seeds whereas
the wild seeds exhibited a greater length by width ratio
than the crop ones (2.28±0.06 vs 2.12± 0.09). Although
slight changes in length, width and weight of the seeds
of crop–wild hybrids were produced in the male parent
direction, no significant contrasts were detected between
the wild and wild–crop seeds, nor between the crop and
crop–wild seeds for any of the four variables (Table S1).
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Figure 2 Pericarp anatomy observed with scanning electron microscopy of crop (A), wild (B) and crop–wild hybrids (C and D) seeds. Images shown correspond
to Paraíso 104CL (PAR) as crop (A), Colonia Baron (BAR) as wild (B), and their reciprocal crosses (PAR×BAR as a crop–wild; C and BAR× PAR as a wild–crop;
(D). H, hypodermis; ML, middle layer; pf, polygonal fibres; PL, phytomelanin layer. Lower case abbreviations indicate sub-structures.

In addition, clear differences in the anatomy of the crop
and wild pericarps were observed. The greatest differences
were observed in the middle layer. In wild pericarps, the
middle layer consisted of 9.9± 0.7 cell layers with thick
and strongly sclerified walls (Figs 2B and 3B), whereas
the middle layer of crop pericarps consisted of 6.3±0.7
cell layers with thin and much less sclerified walls (Figs
2A and 3A). In addition, parenchymatic rays and inner
compressed cell layers were impregnated with phytome-
lanin in the wild pericarp but not in the crop pericarps
(Fig. 3A and Fig. 3B).

Although the pericarp of crop–wild hybrids resem-
bled their female parent (Figs 2 and 3), slight changes in
the male parent direction were observed. Crop hybridi-
sation affects the middle layer, decreasing the num-
ber of cell layers (7.3± 1.2 vs 9.9± 0.7 in wild–crop
and wild, respectively; t =4.78, P=0.0014), the thickness
(194.7±4.6 μm vs 217.1±18.0 μm for wild–crop and
wild, respectively; t = 2.07, P= 0.0725) and the cell wall
sclerification, mainly of the innermost cell layers (Fig. 3B

and Fig. 3D). In the same way, wild to crop hybridis-
ation affects the middle layer decreasing the thickness
(183.3±8.2 μm vs 232.0± 10.9 μm for crop–wild and
crop, respectively; t = 8.45, P=0.0001) and increasing the
cell wall sclerification (Fig. 3A and Fig. 3C). In addition, in
crop–wild hybrid pericarps, the parenchymatic rays and
inner compressed cell layers were impregnated with phy-
tomelanin as in the wild seeds (Fig. 3).

Crop hybridisation effects on seed traits

When wild–crop hybrids were compared with their wild
counterparts, no significant differences were found in
seed dormancy (F = 0.05; P=0.8285). Similarly, when
tested at the three incubation temperatures, no cross
type (F = 1.04; P=0.4160) nor cross type by temperature
interaction effects (F =1.92; P= 0.1605) were detected.
Although the mean seed germination of wild–crop
hybrids generally changed in the crop direction (Fig. 1A
and Fig. 1B), such differences were explained by a large
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Figure 3 Pericarp anatomy observed with light microscopy. Images shown correspond to Paraíso 104CL (PAR) as crop (A), Colonia Baron (BAR) as wild (B), and
their reciprocal crosses (PAR×BAR; C and BAR× PAR; (D). BL, black layer; H, hypodermis; ICCL, inner compressed cell layers; ML, middle layer; pf, polygonal
fibres; PL, phytomelanin layer; pr, parenchymatic rays. Lower case abbreviations indicate sub-structures.

within cross type variability random effect (Z = 1.69;
P= 0.0454). These results highlight the importance of
including contrasting materials as random effects in
overall comparisons in order to clarify the differences in
arithmetic means. To unravel the biotype within cross
type variability in seed dormancy we ran one ANOVA
for each time and each temperature with the biotype as
fixed effects, and we compared each wild population with
their derived crosses to crop using orthogonal contrasts.
The biotype effect was significant in all four times but
the response was variable among times and between
populations (Fig. 4A). Immediately after harvest, crop
hybridisation affects seed dormancy in DIA but not
in BAR populations, whereas the opposite effect was
observed in all three remaining times (Fig. 4A). Except
for DIA at t2, all the significant changes in seed germi-
nation were produced in the crop direction (Fig. 4A).

Furthermore, with the exception of DIA at 20∘C and
BAR at 30∘C, crop hybridisation significantly increased
(P< 0.05) seed germination in both populations at each of
the three temperatures (Fig. 4B). In addition, wild–crop
hybrids exhibited a higher dry-induced secondary dor-
mancy than wild seeds (0.35±0.05 vs 0.24± 0.04 for
wild–crop and wild, respectively).

Relationship between seed morphological and seed
germination traits

Principal component analysis of the four morphologi-
cal variables resulted in a composite variable designated
as seed morphology PC1, which captured 79.65% of
the total variation. Higher values of seed morphology
PC1 represented higher values of length, width and seed
weight, with loadings of 0.54, 0.55 and 0.51, respectively,
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Figure 4 Crop hybridisation effect on seed germination at different times after harvest (A) and different temperatures (B). The bars represent mean proportion of
germinated seeds of each biotype incubated at constant 20∘C (A) and constant 10∘C, 20∘C and 30∘C (B). All the seeds were incubated under neutral photoperiod.
Standard error bars indicate variability within each biotype. Different times are immediately (t1); 2 weeks (t2); 6 months (t3) and 18 months (t4) after harvest.
Seeds with 3 years after harvest, dry stored during this period at room temperature were incubated at constant temperatures of 10∘C, 20∘C and 30∘C during
16 days. Within each time and temperature, each wild population [Colonia Baron (BAR) and Diamante (DIA)] is compared with their two wild–crop hybrids [(A)
Paraíso 104CL (PAR) and Cacique CL (CAC) cultivars used as male parents] or with one wild–crop hybrid [(B) CAC cultivar used as male parent] using orthogonal
contrasts. When significant the contrast: *P <0.05; **P <0.01; ***P <0.0001.

and lower values of length by width ratio, with a load-
ing of −0.37. Higher and lower seed morphology values of
PC1 represented crop-like seed morphology and wild-like
seed morphology, respectively. Therefore, the seed mor-
phology PC1 was used as a proxy of multivariate variation
in seed morphology. In addition, the PCA of the six ger-
mination traits resulted in a composite variable designated
as seed germination PC1, which captured 69.73% of the
total variation. Higher values of seed germination PC1
represented higher values of germination at t2, t3, t4 and
after ripening response, with loadings of 0.44, 0.41, 0.46
and 0.43, respectively and lower values of germination at
t1 and dry-induced secondary dormancy, with loadings of
−0.23 and −0.43, respectively. Except for the after ripen-
ing response, higher and lower values of seed germination
PC1 represent exactly the crop-like and wild-like seed ger-
mination traits, respectively. The seed germination PC1
was then used as a proxy of multivariate variation in seed
germination traits and was plotted against seed morphol-
ogy PC1. There was a significant and strong correlation
(n=14, r2 = 0.92, P>0.0001; Fig. 5) between seed mor-
phology and seed germination PC1s, suggesting that the
maternal effects on seed germination traits are driven by
the maternally inherited seed morphology.

Discussion

In this study, we identified a seasonal pattern in seed ger-
mination and dormancy in wild seeds but not in the crop

Figure 5 Relationship between seed morphological and seed germination
traits. Both axes represent the first axes of the principal component anal-
ysis (see Materials and methods section for details). Crop–wild hybrids are
denoted as crop–wild and wild–crop to indicate the maternal parent. Higher
values of seed morphology PC1 represented higher values of length, width
and seed weight, and lower values of length by width ratio. Higher values
of seed germination PC1 represented higher values of germination at t2, t3,
t4 and after ripening response, and lower values of germination at t1 and
dry-induced secondary dormancy.

ones. Wild seed dormancy decreased after a simulated
winter and increased when seeds were exposed to dry
conditions, whereas crop seed dormancy was only strong
immediately after harvest but it was rapidly removed with
an after ripening period. In addition, neither seed dor-
mancy nor the ability to develop secondary dormancy was
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observed in crop seeds after the simulated winter (Fig. 1A
and Fig. 1B). The selection pressure against seed dor-
mancy during domestication may explain the observed
differences in seed dormancy and germination. First gen-
eration hybrids between wild and crop parents resem-
bled their female parents in seed germination traits with
only slight effects from the male parents. Next, we anal-
ysed seed features inherited from the mother plant, such
as seed size, form, weight and the pericarp anatomy.
We found large differences between crop and wild in all
seed morphological and anatomical traits (Figs 2 and 3),
which strongly correlated with the observed differences in
seed germination traits (Fig. 5). Thus, owing to the large
maternal effect found in seed morphological, anatomi-
cal and germination traits, we focused the discussion on
the evolutionary divergence between wild and crop seed
traits and their implication in seed traits of crop–wild
hybrids.

Evolutionary divergence between wild and crop seed
traits

The loss of dormancy has been one of the earliest selected
traits during domestication (Purugganan and Fuller
2009; Hancock 2012; Meyer and Purugganan 2013).
Wild and weedy populations with non-deep PD exhibit
seasonal patterns of seed dormancy (Baskin & Baskin,
2004; Gardarin & Colbach, 2015). Crops and their wild
relatives with non-deep PD include most of the cereals,
such as wheat, barley, sorghum, maize and rice, as well
as model organisms, such as Arabidopsis and sunflower
(Snow et al., 1998; Baskin & Baskin, 2004; Finch-Savage
& Leubner-Metzger, 2006; Li et al., 2006; Vanhala & Stam,
2006; Montesinos-Navarro et al., 2012; Shu et al., 2015).
In our study, the wild seeds exhibited variable levels
of seed dormancy immediately after harvest, ranging
between 57% and 91%. Differences in seed dormancy
between these two wild populations were consistent
across the times and the temperatures and the plausible
causes were addressed in a previous study (Presotto et al.,
2014). The after ripening period did not increase seed
germination in wild seeds (Fig. 1). After a simulated
winter, seed dormancy was decreased up to 42% and
after 1 year of dry storage, seed dormancy was increased
up to 65% (Fig. 1A). In both populations and in all
the four times and the three temperatures evaluated
a proportion of seeds remained dormant, showing the
ability of the wild populations to form persistent soil
seed banks (Fig. 1A). This seasonal pattern observed in
seed dormancy under controlled conditions has been
previously reported in seed burial experiments using wild
sunflower seeds (Snow et al., 1998; Pace et al., 2015) and
reviewed in Gardarin & Colbach (2015) using seeds of

weedy populations of several species. The seasonality
of seed dormancy is the main adaptive trait of wild
and weedy populations in spring annual species. This
avoids germination under unfavourable conditions and
contributes to the formation of a persistent soil seed bank.

In the crop, most of the seeds were dormant imme-
diately after harvest (Fig. 1A). Additionally, crop seeds
responded strongly to the after ripening treatment with
up to 58% germination (Fig. 1A). After the simulated
winter, no seed dormancy nor dry-induced secondary
dormancy, in crop seeds was observed (Fig. 1A). In addi-
tion, when dormancy of crop seeds was lost, secondary
dormancy was not expressed at any temperature (Fig. 1B)
germinating up to 90% in the first 4 days (data not
shown). A short-lived dormancy is a desirable trait in
crop production because it prevents germination on the
mother plant (pre-harvest sprouting) and allows a rapid
and uniform germination in the next season (Shu et al.,
2015). A strong initial seed dormancy, totally or par-
tially removed by an after ripening period was previ-
ously reported in cultivated sunflower (Brunick, 2007;
Andrade et al., 2015; Dominguez et al., 2016; Roselló et al.,
2016) and results were similar to those reported in other
crops, such as wheat, maize and rice (reviewed in Shu
et al., 2015). This short-lived dormancy in crop seeds may
be the result of remnant dormancy from domestication
(Dominguez et al., 2016), of conscious selection against
pre-harvest sprouting during modern improvement (Shu
et al., 2015) or a combination of both. As the loss of dor-
mancy is associated with the earliest stage of plant domes-
tication (Purugganan & Fuller, 2009; Hancock, 2012;
Meyer & Purugganan, 2013) it seems unlikely that the
sunflower crop was not fully domesticated for this trait.

Along with loss of seed dormancy, larger seeds with
thinner and softer pericarps were selected during the
earliest stages of domestication (Purugganan and Fuller
2009; Hancock 2012; Meyer & Purugganan, 2013).
As expected, large differences in morphological traits
between crop and wild seeds were observed. Crop seeds
were 1.4-fold larger and 2.4-fold heavier on average than
wild seeds. The increased seed size due to domestication is
the rule in grain crops and this trait was probably selected
for on account of the positive correlations between seed
size and both uniform germination and early seedling
performance (Purugganan & Fuller, 2009; Hancock,
2012; Meyer & Purugganan, 2013). On the other hand,
thinner and softer pericarps were not only a byproduct of
the selection for more uniform germination and reduced
seed dormancy, but also, they were likely selected for the
ease to shell the seeds for consumption. In addition to the
expected reduction in pericarp thickness during domes-
tication (Hancock, 2012), most of the genetic gain in oil
concentration during modern breeding was reached by
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decreasing the pericarp by embryo ratio (Mantese et al.,
2006; de la Vega et al., 2007).

Next, we analysed the pericarp anatomy of one cul-
tivated material, the two wild populations and their
reciprocal crosses. The pericarp of the cultivated sun-
flower consists of an epidermis, hypodermis, a middle
layer and, in some materials, a phytomelanin layer
in between, with slight differences in the pericarp
anatomy between dormant and non-dormant inbred
lines (Andrade et al., 2015). The phytomelanin layer is
exclusive to a few tribes of the Asteraceae family (Pandey
& Dhakal, 2001) and consists in a hard, black, resistant
layer responsible for the black colour in the seeds and the
resistance against sunflower moth in cultivated sunflower
(Rogers & Kreitner, 1983; Pandey & Dhakal, 2001). In our
study, the crop pericarp exhibited the typical structure
previously reported for sunflower pericarp anatomy: a
thin hypodermis and a middle layer of parenchymatic
cells. The parenchyma cells are thin walled and loosely
packed (Figs 2 and 3; Rogers & Kreitner, 1983; Mantese
et al., 2006; Andrade et al., 2015). This structure may
impose dormancy in cultivated materials in one or more
of the following ways: decreasing the imbibition rate,
delaying the entrance of oxygen to the embryo, contain-
ing germination inhibitors or preventing the leaching
of germination inhibitors from the embryo (Baskin &
Baskin, 2014). However, it seems unlikely that such a
structure would act as a physical barrier. In contrast, the
wild pericarp anatomy showed a thicker hypodermis, a
thicker phytomelanin layer and smaller polygonal fibres
with much thicker cell walls than the crop pericarp (Figs
2 and 3). The middle layer resembled the sclerenchyma
more than the parenchyma cells. In addition to the much
thicker and lignified walls of polygonal fibres, the phy-
tomelanin layer fills the pericarp rays in the middle layer
(Fig. 3). The phytomelanin layer adopts its morphology as
it fills intercellular spaces in the pericarp, usually between
the hypodermis and the sclerenchyma (Rogers & Kreitner,
1983) but also crossing the middle layer vertically and
forming rectangular blocks (Fig. 3). These blocks may act
as a physical barrier similar to those encountered in seeds
with physical dormancy. This would partially explain the
higher imbibition of scarified versus non-scarified wild
seeds (Presotto et al., 2014) but it does not fully explain
the seasonal variation in seed dormancy. Seeds with phys-
ical dormancy are unable to germinate due to the pres-
ence of a water-impermeable seed or fruit coat, they com-
monly have non-dormant embryos and one or more lay-
ers of palisade cells, responsible for water-impermeability
(Baskin & Baskin, 2004). Germination of seeds with
physical dormancy usually occurs due to the formation
of a specialised anatomical structure on the seed or fruit
coat, acting as a water gap, through which water can

move (Baskin & Baskin, 2004, 2014). Weiss et al. (2013)
reported that the pericarp of the sunflower crop allows
imbibition by the embryo through a pericarp gap present
in most seeds from crop plants and absent in the most
seeds from wild plants, suggesting a physical mechanism
of seed dormancy. However, the seasonal pattern in seed
dormancy observed in our study (Fig. 1A) and the absence
of a palisade layer in the pericarp (Figs 2B and 3B) provide
physiological and anatomical evidence of non-deep PD
rather than physical dormancy in wild sunflower seeds.

The role of the maternal effect and domestication
in seed traits of crop–wild hybrids

In our study, seed germination of wild–crop hybrids
changed in the crop direction in all the four times and
the three evaluated temperatures (Fig. 1A and Fig. 1B).
The germination of wild–crop seeds immediately after
harvest was lower than the germination of wild seeds,
but in the three remaining times crop hybridisation
increased seed germination (Fig. 1A). Crop seed dor-
mancy is usually described as a short-lived dormancy
mainly imposed by the embryo with slight and variable
levels of seed-coat-imposed dormancy (Brunick, 2007;
Andrade et al., 2015; Dominguez et al., 2016; Roselló
et al., 2016) whereas wild seed dormancy is a long-term
dormancy mainly imposed by seed coats (Brunick, 2007).
The increased dormancy of wild–crop seeds immediately
after harvest may be explained by an additive effect of
the dormant pericarp (from wild) plus the effect of crop
and wild alleles in the embryo. After cold treatment, the
hybrid embryo could be responsible for the increased
germination of wild–crop hybrids because the surround-
ing tissues are shared between wild and wild–crop
hybrids (Fig. 1A), although hybridisation effects on
post-fertilisation events on seed pericarp, such as middle
layer sclerification and/or phytomelanin layer deposi-
tion, cannot be discarded. The increased seed dormancy
observed at higher incubation temperatures in both wild
and wild–crop hybrids (Fig. 1A) has been previously
reported (Presotto et al., 2014) and may be result of the
increased pericarp-imposed dormancy (Dominguez et al.,
2016). The increased seed germination with crop hybridi-
sation was previously reported in sunflower crop–wild
hybrids (Snow et al., 1998; Mercer et al., 2006) and other
crop–wild complexes, such as oil-seed rape (Adler et al.,
1993) and rice (Dong et al., 2011).

In addition to the increase of seed germination with
crop hybridisation described above, a differential effect
according to the wild recipient population was observed
(Fig. 4A and Fig. 4B). Immediately after harvest, crop
hybridisation only affects the less dormant wild popula-
tion (DIA), however in the three remaining times crop
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hybridisation increased seed germination in the more dor-
mant population (BAR; Fig. 4A). Similar results were
found in seed burial experiments by Snow et al. (1998)
who reported increased seed germination with hybridi-
sation in the two more dormant populations, but with
no effects on the less dormant one. Such a differential
response could have implications in crop gene introgres-
sion and weed evolution. Without any change in seed
dormancy due to crop hybridisation, the relative fitness of
F1 crop–wild hybrids will depend on the later life-history
traits, such as seedling competition ability, flowering time,
biomass and seeds production. Although relative fitness
of F1 crop–wild hybrids is usually lower than in their
wild counterparts (Presotto et al., 2012), this advantage
is reduced and may even disappear under stressful con-
ditions (Mercer et al., 2007, 2014) as crop gene intro-
gression is highly environment-dependent. On the other
hand, increased germination with crop hybridisation may
apparently reduce the chance of crop gene introgression
by increasing autumn maladaptive germination and by
exposing F1 plants to intense competition with wild ones
(Alexander et al., 2014). However, maladaptive germina-
tion can be rapidly removed by selection (Huang et al.,
2010) and the increased spring germination may increase
the aggressiveness of the population. Concerning the pop-
ulations studied, they exhibit no more morphological evi-
dence of crop gene introgression than populations from
the native habitat (Cantamutto et al., 2010). In the case
of DIA, the absence of sympatry explains the absence of
crop gene introgression. In contrast, the BAR population
is sympatric with the crop, and natural crop–wild hybrids
are produced (Ureta et al., 2008). Interestingly hybridisa-
tion between the BAR population and the crop is the most
likely origin of the first weedy sunflower biotype reported
in Argentina (Casquero et al., 2013).

The traits of seeds produced on crop plants did not
change with wild hybridisation. In this study, no differ-
ences were detected between the crop and crop–wild
hybrids in any of the evaluated traits. Immediately after
harvest, the crop–wild hybrids showed a similar deep dor-
mancy as their crop parent (Fig. 1A). Two weeks after
harvest, the seed dormancy of crop and crop–wild hybrids
was very similar but varied according to the cultivated
material and the pollen donor, for example, CAC seeds
germinated up to 33%, but seed germination increased
with BAR hybridisation (66%) and decreased with DIA
hybridisation (20%). The opposite occurred in PAR, as
seeds germinated up to 82%, but in hybridisation with
BAR and DIA it decreased by up to 66% and increased
by up to 93%, respectively. So, although wild hybridis-
ation affects seed germination, no clear pattern was evi-
dent. After the cold treatment, neither seed dormancy nor
dry-induced secondary dormancy was observed in any

of the crosses produced on crop plants (Fig. 1A). More-
over, no secondary dormancy was expressed at any of
the evaluated temperatures (Fig. 1B). The rapid increase
in seed germination along with the lack of dormancy
after the cold treatment and the absence of secondary
dormancy explain why seeds produced on crop plants
did not usually persist for more than a year under field
conditions (Warwick & Stewart, 2005; Bagavathiannan
& Van Acker, 2008). The germination 2 weeks after har-
vest would be a maladaptive trait under field conditions
(Pace et al., 2015); that is, most of the seeds that germi-
nate at autumn do not survive to winter, and they do
not contribute to either the seed bank or the next gener-
ation. In addition to the morphological traits, the absence
of wild hybridisation effects on seed traits may reside
in the features of the crop seed pericarp. The anatomy
observed on crop and crop–wild hybrid seeds showed
that no apparent physical barriers exist at the pericarp
level (Figs 2 and 3). Recently, Andrade et al. (2015), com-
paring one dormant and one non-dormant inbred lines
with pericarp-imposed dormancy, noted that the hor-
monal profiles of the pericarp explained the differences
in seed dormancy, not the pericarp anatomy. Therefore in
crops with non-deep PD, even when the pericarp plays a
role in seed dormancy, such an effect seems to be medi-
ated by hormonal profiles, be of short-lived type and eas-
ily removed by an after ripening period (Andrade et al.,
2015; Shu et al., 2015; Roselló et al., 2016). Whether the
increased pericarp-imposed dormancy observed at high
incubation temperatures (Dominguez et al., 2016) and
warmer conditions during seed development (Bodrone
et al., 2017) still is mediated by hormonal profiles remains
elusive.

In spite of the apparent obscure fate of the seeds pro-
duced on crop plants under field conditions, the survival
of some seeds for only one season may be key in the
evolution of feral forms. Early life-history traits, such as
seed dormancy and germination timing, are key traits in
feral populations (Warwick & Stewart, 2005; Bagavathi-
annan & Van Acker, 2008) and can be strongly selected
for during the first stages of adaptation to new habitats
(Huang et al., 2010). Fallen seeds produced on crop plants
under field conditions may exhibit an initial strong dor-
mancy, regardless of whether they are crop–wild hybrids
or not (Fig. 1A). The after ripening period will remove
most of the seed dormancy in such seeds but germina-
tion will only occur if the germination requirements of
moisture and temperature are met. In this case, seeds that
germinated at autumn are unlikely to survive until the
next spring, the autumn germination being a maladap-
tive trait (Alexander et al., 2014). In our study, on aver-
age more than 50% of the seeds produced on the more
dormant cultivated material (CAC) remained dormant.
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Although this dormancy could have been reduced by a
longer after ripening period or by lower incubation tem-
peratures, higher temperatures during seed development
(Bodrone et al., 2017) and seed incubation (Dominguez
et al., 2016) might increase the seed dormancy expressed
at the autumn, increasing the chance of seeds survival.
On the other hand, a higher maladaptive germination of
the seeds produced on crop plants may expose crop–wild
hybrids to an intense selection for seed dormancy as the
first adaptive trait, conditioning the selection for traits
expressed later in the life cycle (Huang et al., 2010). The
rise of weedy sunflower biotypes with crop ancestry has
been reported in Argentina (Casquero et al., 2013) and in
southern Europe (Muller et al., 2011) in both cases facili-
tated by wild hybridisation. Those cases add to the weedy
biotypes reported in sorghum, rice and radish of similar
origin (Ellstrand et al., 2010) and give a warning about the
importance of crop–wild hybridisation in the rapid weed
evolution.

In summary, we found evidence of large maternal
effects on seed germination and dormancy traits imparted
by maternally inherited tissues in crop–wild sunflower
hybrids. Hybridisation between highly divergent taxa,
such as crops and their wild relatives can exacerbate the
importance of maternal effects on early life-history traits.
Crop-like and wild-like seed traits imparted by the mater-
nal parent will be likely to result in different behaviour in
the field and thus there are different selection pressures
on the first generation of crop–wild hybrids with the same
genetic composition, affecting the selection of important
traits expressed later in the life cycle and in following
generations. Further studies using synthetic and natural
crop–wild hybrids are needed to better understand which
and how seed traits are being selected in the wild.
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