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Abstract

Climate change produces more frequent and intense drought events during seed development
that can affect seed quality. Germination is critical to ensure plant growth and reproductive
success but it can be impacted by various abiotic stresses. Here, we studied the effect of
drought stress during sunflower seed development on the germination of the progeny. We
applied different scenarios of drought stress during seed development in sunflower inbred
lines and hybrids and assessed seed germination of the progeny. Drought stress during seed
development provided tolerance to water, hypoxic, cold and salt stresses during seed
germination and also induced lower dormancy. We established that the induction of these
traits was not transgenerational but maternally transmitted and could be reproduced in
sunflower hybrids. Drought stress during seed development decreased pericarp thickness and
induced higher leakage of soluble electrolytes from pericarp but it also modified embryo
metabolism. A metabolomics analysis showed that ABA, oligosaccharides and polyphenols
accumulated differently in drought stress seeds and could also participate in the seed tolerance
to abiotic stress conditions during germination. Altogether our results reveal an adaptative
process that allows sunflower plants exposed to drought stress during their reproductive stage
to produce seeds with higher fitness. Besides bringing novel insight on natural adaption of
plant populations to climate change, these results may have implications for the seed industry
through the production of seeds resilient to higher climatic variability during the

establishment of sunflower crop.
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1. Introduction

In the context of global warming, water stress on plants is likely to become more intense and
to affect more geographic areas (Pachauri et al., 2014). Climate models predict increased
plant evapotranspiration and lower soil moisture levels in a nearby future (IPCC, 2019). For
crop plants, as sunflower, water stress, in combination with heat stress, could potentially
decrease yields from 5 to 20 % in southern parts of Europe in 2030, according to climatic
predictions (Debaeke et al., 2017). Besides this effect on whole plant fitness, climate change
is also expected to modify the pattern of seed development on the mother plant, which will in
turn modify seed germinative properties (seed vigour) and seed dormancy. Both traits (i.e.
seed vigour and dormancy) control the germination process and drive seedling emergence in
the field. Seed vigour is defined as the properties of seeds to germinate rapidly and
homogenously in wide environmental conditions (ISTA, 1999), whereas dormancy is an
intrinsic seed property that prevents germination in apparently favourable environmental
conditions (Bewley, 1997). The dispersal units of sunflower are achenes and they display a
physiological dormancy (Baskin and Baskin, 2004) that results from an inhibitory action of
the envelopes (pericarp and seed coat) and from the embryo itself (Corbineau et al., 1990).
The pericarp-seed coat imposed dormancy mostly affects germination above 20-25°C while
embryo dormancy prevents germination below 15°C (Corbineau et al., 1990). Thus the
germination process of sunflower seeds is strongly sensitive to a combination of extrinsic
factors, such as water, light, oxygen and temperature and intrinsic factors such as dormancy.
For example Saux et al. (2020) have shown that lowering water availability had a marked
impact on sunflower seed germination. Gay et al. (1991) demonstrated that germination of
whole achenes was strongly inhibited when oxygen tension was below 10 %.

Because plants are sessile organisms exposed to variable environments throughout their
life or between generations, their phenotypic plasticity has been widely studied (Galloway,
2005).In particular, phenotype of the progeny can be modified by the environment
experienced by the mother plant (Roach and Wulff, 1987). For example, in Arabidopsis
thaliana, cool temperatures during seed maturation induce strong primary dormancy (Chiang
et al., 2011; Donohue et al., 2007) while high temperatures reduce dormancy and negatively
affect the final seed yield (Huang et al., 2014). In wheat, higher levels of dormancy were
obtained in grains from plants grown at lower temperatures (Walker-Simmons and Sesing,
1990). Several studies have also shown that seed vigour could be positively influenced by

abiotic stress during seed development (Finch-Savage and Bassel, 2016). The maternal effect



is defined as the causal influence of the maternal genotype or phenotype on the offspring
phenotype (Wolf and Wade, 2009). The mechanisms involved in maternal effect in plants on
the offspring are not completely understood because they can be mediated by the seed coat,
which is a maternal tissue, by the triploid endosperm, with two-thirds of its genotype of
maternal origin, or can result from a maternal effect on embryo provisioning during seed
development. In addition to maternal effect, which concerns a single generation, the so-called
transgenerational effect can occur on the progeny that did not experience any stress during its
development (Heard and Martienssen, 2014). This effect is characterized if a phenotypic
memory of an initial environmental stress can persist over multiple generations. It is supposed
to result from a pre-programming of offspring phenotypes via epigenetic mechanisms such as
histone modification or DNA methylation (Bruce et al., 2007; Wolf and Wade, 2009).
Transgenerational effect has been demonstrated in the context of various biotic and abiotic
stresses in plants, such as drought stress in Brassica napus L. (Hatzig et al., 2018). In
Arabidopsis, for example, progeny issued from a warm parental environment (heat stress)
showed faster germination rates, growth of root elongation, higher leaf biomass and increased
seed production in different temperatures compared to seeds from plants grown in cold
environment (cold stress) (Blodner et al., 2007). Recently it also been shown that spaceflight
could affect the growth of future generations through changes in epigenetic modifications (Xu
et al.,, 2021). Yin et al. (2019) summarized 139 studies about transgenerational effect and
suggested possible transgenerational effects in many cases that can have an impact on the
responses of plants to changing environments.

In sunflower, seed developmental conditions have been shown to have an effect on seed
dormancy at harvest. Bodrone et al. (2017) showed that high temperatures during seed
development decreased embryo dormancy but increased achene dormancy and Lachabrouilli
et al. (2021) showed that faster seed desiccation during late maturation phase induced lower
achene dormancy. However, the effect of water stress on sunflower mother plant, a highly
probable environmental cue in the context of global warming, on seed vigour and dormancy
has not been investigated yet. In addition, nothing is known about possible transgenerational
effects of stress for this species. The aim of this work was to characterized the effects of a
drought stress occurring after flowering of the mother plant on the physiological properties of
the progeny and to identify the relative roles of embryo and maternal tissues (i.e. pericarp

mainly) in this process.



2.Material and methods
2.1. Seed production

Sunflower (Helianthus annuus L.) seeds were obtained from hybrid or line plants
cultivated on Phenotoul-Heliaphen platform at Auzeville-Tolosane (INRAe Toulouse, France)
(Gosseau et al., 2019). All plants were grown in pots (15 1, Sopparco) filled with soil
Proveen PAM2. During the plant development 4 fertilizations were applied with 1 1 of
Peter's Professional (N-K-P 17-07-27 at 0.8 g/l + Hortilon 0.46 g/1) per plant. Several seed
production protocols were set-up as follow.

Plants from XRQ genotype were either fully irrigated till harvest [Fraction
of Transpirable Soil Water (FTSW) maintained to a value of 1 (Sinclair et al., 2005), watered
plants (W)] or were drought-stressed 2 d before flowering till maturity by holding irrigation
until a FTSW value of 0.2 (stressed plants, S), as already described by Gosseau et al. (2019).
The value of FTSW for drought stress was chosen accordingly to Gosseau et al. (2019)
because it resulted in visible drought stress on sunflower plants but it did not prevented seed
formation and development. Drought stress was also applied from flowering to the beginning
of maturation [10 days after flowering (daf)] (early stress,E), from the beginning (10 daf) to
the end (25 daf) of the maturation phase (Middle stress, M) and from the end of maturation
phase (25 daf) to harvest (Late stress, L) (Fig. 1). In all cases water stress corresponded to a
FSTW value of 0.2. Seeds resulted from self-fertilization and were all harvested at the same
time.

Seeds from different genetic crosses were also produced to study the parental origin of
acquired tolerance and the potential impact of cytoplasmic sterility genes. Sunflower XRQ/A
(sterile cmsPET]1 line) plants were crossed with sunflower PSC8 plants. Each parental plant
was subjected to either S or W conditions, as previously described (Fig. 1) and resulting seeds
were harvested simultaneously.

To determine the paternal and maternal components in response to drought stress,
XRQ/A (sterile cmsPET1 line) plants, stressed or not, were crossed with XRQ/B (fertile
cmsPET1 maintainer line) plants, also stressed or not, which gave 4 possibilities of crossing.
Seeds were harvested simultaneously.

At last, in order to study the transgenerational effect of drought stress on seed
physiology, the same growing and self-fertilizing scheme was repeated for 3 generations,
obtaining 3W and 3S seeds from XRQ plants grown either in well-watered (W) or in drought
stress (S) conditions, respectively. At the last generation (i.e. the 4"), we applied drought

stress to the mother plants of seeds issued from well-watered plants, thus giving 3WS seeds,



and reciprocally, thus giving 3SW seeds. The same water regime was also maintained in the
last generation to 3W and 3S seeds, giving 4W and 4S seeds, respectively.

After harvest, all seeds were dried at 26°C for 48 h. They were then stored in a cold
room at 3°C with a hygrometry of 30 % relative humidity (RH). After 6 months of storage, all

seeds were non-dormant.
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Fig. 1. Schematic representation of the experimental design showing the different drought stress scenarios
applied during sunflower seed development. W, well-watered condition (FTSW=1); S, drought stress
(FTSW=0.2) during entire seed development; E (Early), M (Middle), and L (Late) applications of drought
stress (FT'SW=0.2), as indicated by the time scale below the figure. The changes in seed moisture content

of W seeds during seed development is indicated at the top of the figure.

2.2. Characterization of seed development

Impact of water stress on plants on yield and biomass traits have been determined as a
function of the water stress indicator sFTSW, which integrates the fraction of transpirable soil
water over time (Gosseau et al., 2019). Number of seeds was determined for each plant and
thousand kernel weight (TKW) was calculated by (seed dry weight / seed number)*1000.
Plant biomass (stems, leaves, flower head, seeds) was measured after drying during 48h at

80°C. Seed dry weight was measured after seed cleaning and further drying at 80°C during

(@)



24h.drying during 24h at 120°C and. The relative root mean square error (rRMSE) was
calculated by R for each graph.

2.3. Germination assays

Germination assays were performed with 3 replicates of 25 seeds (achenes) or naked
seeds (i.e. seeds without pericarp) obtained from 8 plants. Whole achenes or naked seeds were
placed at 20°C in darkness in 9 cm Petri dishes one layer of cotton wool moistened seeds with
distilled water, with a solution of polyethylene glycol (PEG 8000) giving a defined water
potential value indicated in the text (according to Michel and Kaufmann, 1973) or with 300
mM NaCl. PEG and NaCl concentrations were chosen after preliminary experiments showing
that these concentrations were decreasing seed germination speed without decreasing
markedly final seed germination rates (i.e. remaining above 80 %). Since seed sensivity to
PEG varied among the seed batches we also adapted the PEG concentrations to each seed
production, since -1.0 MPa, for example, might in some case induce a too strong inhibitory
effect on seed germination. Germination in atmospheres with different oxygen tensions was
performed as described by Gay et al. (1991).

Naked seeds were also germinated at 20°C on a PEG solution containing extracts of
pericarps (obtained after imbibing 60 pericarps in 15 ml of PEG -0.7 MPa for 24 h) or directly
on a bed of pericarps extracted from W seeds and placed between the PEG solution and the
seeds (bedding assay).

A seed was considered as germinated when the radicle pierced the envelopes (seed

coat and pericarp) (whole seeds) or when embryonic axis elongated (naked seeds)

2.4. Electrolyte leakage measurements

Solute leakage of seed pericarp seed was estimated by measurements of electrolyte leakage
with 3 replicates of pericarps obtained with 20 seeds. Conductimetry was measured with a
microcomputer conductometer (K220, CONSORT Bioblock) after soaking pericarps during 3
h in 10 ml of distilled water at 20°C. The total electrolyte leakage of pericarps was obtained
after boiling pericarps in water at 80°C for 20 min and it was used to express relative
conductivity (Bailly et al., 1996). Results are expressed in uS by g of dry pericarp or as

percentage of total leakage and correspond to the means of 3 replicates + SD.

2.5. Measurement of phenolic compounds



Phenolic compounds were extracted from 0.1g of pericarp in 3.5ml of ethanol 70 % (v/v). The
extracts were mixed with 1ml of Folin-Ciocalteu reagent and 1ml of Na,CO3 20 % (w/v) and
heated at 40°C for 30min.(Caboni et al., 1997) Absorbance of samples was read at 760 nm by
spectrophotometer (Genesys 10S UV_Vis Thermo Scientific). The total phenolic content in
each extract was calculated using a standard curve obtained with gallic acid. Results are
expressed as milligrams of total phenolic equivalents per g of pericarp. Measurements are

means of 3 replicates+ SD.

2.6. Microscopy

Transversal cross sections of pericarps were performed in the equatorial area of the seeds
using a cryostat Leica CM3050S and sections were observed with a microscope AXIOZOOM
V16 ZEISS apotome 2 at a magnification of 258X. Pericarp thicknesses and area of

phytomelamin layer were measured with 10 samples using Fiji Image J 1.53c software.

2.7. Metabolomic analysis
Liquid chromatography (LC) MS-MS was performed with 5 replicates of 50 mg of naked

seeds. The extraction was done in 800 pl methanol: water =7:3 and 20 pl of internal standards
(d3-Leucine , 13C9-Phenylalanine , d5-Tryptophan , 13C3- Progesterone) . The mixture

was ground in a Tissue grinder (50 Hz, 5min) followed by ultrasonic treatment with water
bath at 4°C for 30min and keep in the refrigerator at -20°C for 1h. Subsequently, the samples
were centrifuged at 4°C for 15 min at 14000 rpm, filtered and placed in a vial (1.5ml) for LC-
MS analysis. Twenty pl of each sample was mixed into a Quality Check sample to evaluate
the repeatability and stability of LC-MS analysis. A LC-MS system consisting of Waters
2D UPLC (Waters, USA) and Q Exactive high resolution mass spectrometer (Thermo Fisher
Scientific, USA) was used for metabolite separation and detection.
A Hypersil GOLD aQ column (100*2.1 mm, 1.9 um, Thermo Fisher Scientific, USA) was
used and the mobile phase consisted of solvent A (water + 0.1% formic acid) and solvent B
(acetonitrile + 0.1% formic acid). The flow rate was 0.3 ml/min. The column oven was
maintained at 40°C. The injection volume was 5 pl. Q Exactive mass spectrometer (Thermo
Fisher Scientific, USA) was used to obtain MS1 and MS2 data. The MS scan method was in
the range of m/z 150-1500, The MS1 resolution was 70,000, AGC was 1e%, and the maximum
injection time was 100 ms. According to the precursor ion intensity, Top 3 ions were selected

for MS2 analysis, MS2 resolution was 35,000, AGC was 2e5, maximum injection time was



50 ms, and collision energy were set as: 20, 40 and 60 eV. The parameters of ESI were sheath
gas of 40 1/min, aux gas of 10 I/min, spray voltage(|KV|) of 3.80 in positive ion mode and of
3.20 in negative ion mode, capillary temperature of 320°C and aux gas heater temperature of
350°C. Raw data collected by LC-MS/MS was imported into Compound Discoverer 3.1
(Thermo Fisher Scientific, USA) for data processing, which mainly included peak extraction,
retention time correction within and between groups, adduct ion combination, missing value
filling, background peak labeling and metabolite identification. Finally, the molecular weight,
retention time, peak area and identification results were derived. Metabolites were identified
using BGI Library and mzCloud database. Multivariate statistical analysis and univariate
analysis were used to select the groups of metabolites. The clustering analysis was performed
for differential metabolites using log2 conversion, zero-mean normalization and euclidian

distances.

2.8. Statistics
Statistical analyses were performed using the OriginPro software version 9.1 (Seifert, 2014).
Tukey tests with a p.value= 0.05 were used for analyzing germination data, and the number of

replicates are indicated within the legends.

3. Results

3. 1. Effect of maternal water stress on the mother plant

Fig. 2 shows the effect of the drought stress scenarios shown Fig. 1 on the pattern of seed
development on planta. Seed moisture content (MC) decreased continually from flowering to
harvest (60 daf). Differences in seed MC caused by the water stress scenarios were visible at
the first time-point only, i.e. at 10 daf. At this time-point, seed MC of S (stress during the
entire seed development) and E (early stress) seeds was close to 4.5 gH,0.gDW-! whereas it
was close to 6 gH,0.gDW! for seeds that developed on non-stressed plants (W), middle- and
late-stressed plants (M, L) (Fig. 2a). At the second (25 daf) and last (60 daf) time points, seed
MC was roughly similar in all seed lots, i.e. close to 1-2 gH,0.gDW™! and 0.4 gH,0.gDW!,
respectively (Fig. 2a). Seed fresh weight increased from flowering till ca 30 daf and decreased
until harvest in all conditions (Fig. 2b). As expected, during seed development, seed fresh
weight was lower in seeds from stressed plants (S and E) than in seeds issued from other
categories. At harvest, seed fresh weight was close to 0.8 g for all seed lots. At last, water
stress applied on the mother plant at any stage (S, E, M, L) did not modify seed dry weight

during development, when compared to well-watered plants (W) (Fig. 2 c).



We confirmed the impact of drought stresses on seed production using the sum average
daily water deficit, expressed as SFTSW (Supplementary Fig. S1). Stressed plants had higher
values of sFTSW. The S plants had a sFTSW value around 30 whereas W plants had the
lower sFTSW value, close to 11. L plants had a sSFTSW value close to the one of W plants,
and E and M plants displayed intermediate SFTSW values, close to 20 (Supplementary Fig.
S1). The major effects of drought stress were observed on the plant biomass, as previously
reported (Gosseau et al., 2019) with a negative impact of stress on the plant dry weight
(Supplementary Fig. S1c). In contrast, the impact of water stress on the progeny (thousand
seed weight, seed number and seed weight) was less important, highly variable and not

statistically significant.

3.3. Effect of maternal environment on seed dormancy and vigour

We first assessed the effect of maternal stress on seed dormancy. Immediately after harvest,
W and S seeds were dormant, i.e. they poorly germinate at 20°C (Fig. 3a). S seeds, however,
were less dormant than E, M, L and W seeds, as shown by their higher germination (Fig. 3a).
After 6 months of storage in ambient temperature all seeds were no dormant and fully
germinated at 20°C (Fig. 3b).

We also investigated the effect of the maternal environment on seed vigour ftraits,
using non-dormant seeds only (i.e. stored for 6 months, their germination at 20°C on water is
shown in Fig. 3b). When seeds came from well-watered plants (W) their germination was
dramatically inhibited by water stress since only ca 45 % of W seeds were able to germinate
in the presence of PEG -0.7 MPa (Fig. 4a). In contrast, S seeds, produced by drought stressed
plants, fully germinated within 5 d in this condition (Fig. 4a). When the drought stress was
applied early (E) or lately (L) on the mother plants, it did not significantly modify seed
germination when compared to W seeds. However, applying drought stress during seed
maturation phase (M) had a beneficial effect on seed germination under water stress, even
though it was not as pronounced as for S seeds (Fig. 4a). Because many abiotic stress
responses share common physiological and molecular pathways in plants (Ben Rejeb et al.,
2014; Koyro et al., 2012), we investigated whether drought stress applied on the mother plant
could also improve seed germination in other penalizing conditions, i.e. under cold stress, salt
stress and hypoxia. When non-dormant seeds were imbibed for 24 h at 5°C and then
germinated at 20°C, germination of W seeds decreased to ca 80 % (Fig. 4b). This negative
effect of a cold period on seed germination was cancelled in S, E, L and M seeds (Fig. 4b). In

the presence of 300 mM NaCl, germination of W, E, M and L seeds decreased to ca 70 %

10



whereas S seeds germinated to 84 % (Fig. 4c). Finally, we also assessed seed germination in

hypoxia by germinating seeds under 3 and 5 % oxygen (Fig. 4d). Germination of S seeds was

only partially inhibited in hypoxia since they germinated to 75 % in 3% oxygen and to 82 %

in 5 % oxygen (Fig. 4d). In contrast W seeds only germinated to 16 and 58 % in 3 and 5 %

oxygen, respectively (Fig. 4d). When water stress on the mother plant was applied at the early

(E) or maturation (M) stages it improved seed
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Fig. 2. Changes in water content (a), fresh weight (b), dry weight (c) of seeds produced under the different
scenarios of water stress shown Fig. 1. Mother plants (XRQ genotype) were grown in well-watered
condition (W, constant FTSW=1) or under drought stress (FTSW=0.2) during the early (E), middle (M) and
late (L) phase of seed maturation and from flowering to harvest (S). (d) Germination at 20°C in the
presence of a -0.7 MPa PEG solution of W, E, M, L and S seeds. Means + SD of 3 replicates. Statistics
were made using Tukey’s test with alpha=0.05.

a
100 | CEe W
—— E
< 80 f M
< —w— L
c
2 60 | S
©
£
E 40 | T T T T T T a
o T4 I 111+
G 7
: TTaC
20 / bc
G T e
0 e 1L 1 ¢

0 2 4 6 8 10 12

100

80

60

40

Germination (%)

20

O b 1 1 1 1 1 1
0 2 4 6 8 10 12

Duration (days)

Fig. 3. Germination of XRQ/B dormant whole seeds (a) and non-dormant whole seeds (c) on water at 20°C in
darkness. Seeds were obtained from plants grown in well-watered condition (W), in drought stress condition
during the early (E), middle (M) and late phase (L) of seed maturation, or from flowering to harvest (S). Data are

means of 3 replicates + SD. Statistics were made using Tukey’s test with alpha=0.05.
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germination under hypoxia when compared to W seeds. However the late application of water
stress on the mother plant did not confer a better tolerance to hypoxia (Fig. 4d).

3.4 Possible involvement of pericarp in seed germination

The effects of hypoxia on seed germination (Fig. 4d) suggested that pericarp could play a role
in this response since it is well know that seed envelop structures can modulate oxygen
diffusion towards the embryo (Porter and Wareing, 1974; Werker, 1980). We therefore

investigated whether the maternal environment could modify seed germinative properties

through an effect
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on pericarp. We addressed this question by germinating W and S naked seeds in the
conditions previously described.

Pericarp removal strongly stimulated germination of dormant W seeds at 20°C on
water (Fig. 5a), since it reached almost 55 %, vs 0 % for whole seeds (see Fig. 3a).
Germination of naked dormant S seeds increased from 40 to 68 % (Fig. 3a and Fig. 5a). Non-
dormant naked W and S seeds germinated similarly under water stress (Fig. 5b), after cold
stress (Fig. 5c), on a NaCl solution (Fig. 5d) or in 3 % oxygen (Fig. 5e), and in all cases at

higher levels than whole
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grown in well-watered condition (W), in drought stress condition during the early (E), middle (M) and late phase
(L) of seed maturation, or from flowering to harvest (S). Data are the mean of 3 replicates + SD or of 2 replicates

of 30 seeds + SE (hypoxia experiment). Statistics were made using Tukey’s test with alpha=0.05
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achenes (cf. Fig. 4). This was particularly spectacular for W seeds, which indicated that their
pericarp played an inhibitory role on seed germination.

To understand the possible role of pericarp in seed germination, we investigated the
structure of pericarps from S and W seeds by microscopy (Fig. 6a and 6b). Thickness of S
pericarp (Fig. 6a) was lower than that of W pericarp (Fig. 6b), i.e. 0.99 pym vs 1.44 um
although the number of cell strata was roughly the same (4-5). The area of the pigmented sub-
epidermal layer containing phytoalexin was similar in W and S pericarps but sclerenchyma
cells of S pericarps were smaller with thicker cell walls (Fig. 6a and 6b). Further, we
measured conductivity of pericarps isolated from S and W seeds (Fig. 6¢). Electrolyte leakage
of pericarps from W and S increased similarly during their imbibition, from ca 1000 to 1300
uS.g! (Fig. 6¢). However, when expressed as a function of total electrolytes, conductivity of
pericarps from S seeds was significantly higher than the one of W seeds (Fig. 6¢), although
total electrolyte leakage was similar in both pericarps and close to 1600 uS.g”! (data not
shown). After 3 h of imbibition, almost 83 % of electrolytes had leaked from S pericarps
when only 75 % leaked from W pericarps (Fig. 6¢). Since seed conductivity often results from
phenolic compounds we measured total phenol content in pericarps (Fig. 6d). It was
significantly higher in S pericarps than in W pericarps, with 5.43 mg vs 2.88 mg of total
phenol per g of pericarp, respectively (Fig. 6d). At last we tested whether soluble compounds
from pericarp could directly influence germination and therefore play a role of pericarp in
tolerance to abiotic stresses. For this, we germinated W naked seeds (in the presence of a -0.7
MPa PEG solution) with macerate of pericarps or using a pericarp bedding assay (see material
and methods). As already shown (see Fig. 6b), removing of pericarp allowed W naked seeds
to fully germinate under water stress conditions, in contrast to whole W seeds whose
germination did not exceed 40 %. However, when naked W seeds were imbibed on a PEG
solution containing a macerate of pericarp or when placed on extracted pericarps (pericarp
beding assay) then germination declined (Fig. 6d).

We also performed a non-targeted metabolomic analysis with dry naked S and W
seeds. The objective of this study was to determine whether drought stress during seed
development had only an effect on pericarp properties or could also have an effect on embryo
per itself (Fig. 7). This analysis allowed the identification of 474 metabolites which clustered
in 4 groups with 48 and 31 classes (Supplementary Fig. S2 and S3). Out of this, 21
metabolites accumulated differently between S and W seeds. The Heat map Fig. 7 shows
metabolites that were specifically accumulated in either S or W seeds. In S seeds, complex

sugars such as stachyose, tracheloside, intermediates such as malic, isopropylmalic, quinic
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and glutamic acids and w9 insaturated fatty acids like palmitoleic (C16 w9) and linoleic acid
(C18 u9,12) accumulated. On the contrary, we observed a reduction of some aromatic amino
acids (thryptophan, phenylalanine) and precursors (shikimic acid), of furoic, isochlorogenic C

acids, of methylcytidine and interestingly of abscisic acid (ABA) in W seeds.

3.2. Characteristics of stress tolerance inheritance

Lastly it was important to decipher the genetic bases of the transmission of germinative traits
by the mother plant to the offspring. This was achieved by studying the effect of different
schemes of crosses on the induction of water stress tolerance only. Following the first
observations obtained with seeds of XRQ/B line produced by self-fertilization, we checked
whether the maternal effect on inherited tolerance to water stress (Fig. 8a) could also be
observed in the context of hydrid production. To test this hypothesis, we crossed male-sterile
plants (XRQ/A) with restorer plants (PSC8/R) that were well-watered (W) or stressed (S) or.
from flowering to harvest (S). When each parent was stressed, hybrid seeds germinated to 80
% in the presence of -1.0 MPa PEG solution, when only 43 % of seeds produced by well-
watered parent plants germinated (Fig. 8a).

We next determined whether the better tolerance to water stress in S seeds was
transmitted by the maternal gamete and/or by the paternal gamete. For this, we combined
water stresses in parent plants using cmsPET1 XRQ/A female plants and XRQ/B maintainer
male plants (Fig. 8b). As observed previously, seeds obtained from stressed male and female
plants (XRQ/A S x XRQ/B S) had the highest germination rate on a solution of -1.0 MPa
PEG solution (58 %) whereas when parent plants were well watered (XRQ/A W x XRQ/B W)
seed germination was lower (Fig. 8b). When male plants only were stressed (XRQ/A W x
XRQ/B S) seed germination was the same as for seeds obtained from non-stressed plants
(XRQ/A W x XRQ/B W). In contrast, when female plants only were stressed (XRQ/A S x
XRQ/B W), resulting seeds displayed a faster germination and an intermediate final
germination (Fig. 8b).

Finally, to determine if the induction of water stress tolerance was transgenerational or
only resulting from a maternal effect, we grew plants for 3 successive years with or without
water stress (at each generation plants issued from W or S seeds were grown without or with
water stress, respectively, giving 3W and 3S seeds). The last year the same experimental
protocol was applied, giving 4S and 4W seeds but in addition 3W plants were stressed (giving
3WS seeds) and 3S plants were well watered (giving 3SW seeds). Germination of the

resulting seeds was assessed on a PEG solution and it showed that seeds were able to fully
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germinate under water stress only when they were produced by a plant that had been stressed

during seed development at the last generation (Fig. 8c).
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are indicated within the figures. Data are the mean of 3 replicates of 25 seeds + SE. Statistics were made using

Tukey’s test with alpha=0.05.

4. Discussion

On the Heliaphen Phenotyping platform, pattern of sunflower seed development reproduced
the dynamics of water content and seed dry weight changes already observed for seeds of this
species ( Rondanini et al., 2006; Lachabrouilli et al., 2021). The time from flowering to
harvest lasted ca 60 days and was associated with a relatively constant rate of water loss (Fig
2a). Achene fresh weight increased rapidly during early grain-filling and peaked at ca 35 daf
when seed mass maturity was reached at ca 40 daf (Fig. 2), what is similar to what was
observed by Lachabrouilli et al. (2021). Application of water stress on the mother plant had a
limited and transient effect on these characteristics and was only visible for E and S seeds at
the first time point (10 daf). Water stress (FSTW=20) applied continuously after flowering
(i.e. S condition) had a unpredictable effect on the components of the yield at harvest, as
estimated by TSW, seed dry weight and seed number per plant when compared to control
plants, that was considered as being not significant (Supplementary Fig. S1). In contrast, as
already shown by Gosseau et al. (2019), drought stress had a negative effect on whole plant
biomass.

As already reported (Donohue, 2009; Ferniandez Farnocchia et al., 2019; Penfield,
2017), the maternal environment had an effect on seed dormancy. At 20°C, a temperature at
which sunflower seed dormancy can be expressed (Gay et al., 1991; Lachabrouilli et al.,
2021), germination was not complete, which revealed dormancy (Corbineau et al., 1990).
Seeds issued from constantly drought stressed plants (S) were clearly less dormant than seeds
from the other stress regimes (Fig. 3a). In particular, early, middle or late drought stress did
not induce a phenotype of dormancy compared to well-watered plants (W). This suggests that
faster seed desiccation during seed filling, as shown Fig. 2a, is likely to play an important role
in the establishment of sunflower seed dormancy. Interestingly, Lachabrouilli et al. (2021)
also demonstrated that rapid sunflower seed desiccation on the mother plant was associated
with lower dormancy, which is in agreement with our findings. In Lolium perenne, whose
seeds also display a physiological dormancy, high temperature during seed filling reduced
dormancy (Ferndndez et al., 2021). In our conditions, after 6 months of dry storage, all seed
batches became non-dormant as shown by their full germination at 20°C (Fig. 3b).

A moderate drought stress continuously applied to the mother plants from flowering to

harvest (S seeds) induced a dramatic stimulation of germination of non-dormant seeds under
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water stress, when compared to seeds obtained from well-watered plants (Fig. 4a). The
beneficial effect of the drought stress required that it was applied within a proper time
window to induce water stress tolerance at the germination stage. This time window, which
ran from 10 daf to 25 daf, roughly corresponded to the beginning of the seed filling phase.
Earlier or later stresses had no significant effect on the induction of water stress tolerance,
which suggests that this trait was acquired during seed filling but not during the late
maturation phase, in contrast to what was shown for seed longevity (Leprince et al., 2017).
Interestingly, drought stress on the mother plant also induced tolerance to other abiotic
stresses to the offspring. In particular it induced a better germination after cold stress, under
salt stress and in hypoxia, if it was applied continuously after flowering (Fig. 4). Indeed, the
time-window of drought stress application that induced stress tolerance depended on the
nature of the stress. Tolerance to cold stress was acquired during any regime of drought stress,
tolerance to salt stress required a constant water stress during seed filling (S seeds) and
tolerance to hypoxia was not induced if drought stress was applied lately (L condition). This
demonstrates that the mechanisms and signaling pathways involved in the tolerance to
different stresses are specific and are timely induced during the seed developmental program.
The relationship between pre-germination cues with post-germination environments has
already been shown in various contexts (D’Aguillo et al., 2019). For example, the quantity
and quality of light during seed maturation can influence seed germination of the next
generation (Vayda et al., 2018). Heat stress, often concomitant to drought stress, can induce
thermotolerance in the next generation in wheat seeds (Wang et al., 2016). The effect of
drought stress during seed development on seed vigour is already documented but in some
cases it has been shown to be detrimental for the progeny (Hatzig et al., 2018; Wijewardana et
al., 2019) whereas some other studies have shown an opposite effect (Matzrafi et al., 2021;
Van Dooren et al., 2020). Drought stress was also shown to improve germination of the
progeny under water stress conditions in rice (Zheng et al., 2017) and Brassica napus L
(Hatzig et al., 2018). The induction of tolerance to various stresses by a single stress applied
on the mother plant, as evidenced here, has already been shown by Lui et al. (2017) in
Brassica rapa where cold acclimation conferred tolerance to heat stress to the progeny.
Similarly, in wheat, seeds collected from drought stressed plants had better tolerance against
salt stress (Tabassum et al., 2017). To our knowledge, the effect of maternal environment on
seed sensivity to hypoxia has not been demonstrated yet.

Pericarp removal had a dramatic effect on seed germination properties (Fig. 5), and it

is worth noting that it generally conferred the phenotype of whole S seeds, i.e. lower

22



dormancy and higher vigour, to naked W seeds. Sunflower seeds display a physiological
dormancy (Baskin and Baskin, 2004) that includes an inhibitory action of the envelopes
(pericarp and seed coat), which is mostly expressed at 20-25°C, and an embryo dormancy,
which generally prevents germination below 15°C (Corbineau et al., 1990). Removal of
pericarp increased germination of dormant seeds but it did not exceed 70 %, which suggests
that the observed dormancy resulted from the additive effect of both embryo dormancy and
pericarp coat imposed dormancy (Lachabrouilli et al., 2021). This also demonstrates that
embryo dormancy can be expressed at high temperature, even though it is generally reported
to be expressed at low temperature (Corbineau et al., 1990; Bodrone et al., 2017). The
specular increase in W seeds germination after pericarp removal (Fig. 3a and Fig. 6a) suggests
that the inhibitory action of the pericarp was much higher in W seeds than in S seeds, thus
bringing a first line of evidence of a direct effect of the maternal environment on pericarp
properties. Here we also show that pericarp strongly repressed germination of non-dormant W
seeds under stress conditions (water stress, cold, salt stress, hypoxia) and that the maternal
environment suppressed this inhibitory effect, as shown by the germination of whole S seeds
(Fig. 6). The role of seed covering structures on non-dormant seed germination is also well
documented, mostly with regards to water and oxygen diffusion from the imbibition medium
to the embryo (Grafi, 2020; Magnée et al., 2020; Huss and Gierlinger, 2021). However the
effect of pericarp on seed germination under cold or salt stress is not documented to our
knowledge.

Sunflower seed pericarp is a maternal tissue formed by the fusion of the ovary tissues
and part of the receptacle (Schneiter et al., 1997). Our results show that the acquisition of
stress tolerance and low dormancy in the offspring of drought stressed plants involved the
pericarp. Transverse sections of pericarps allowed identifying their histological structures
(Fig. 6). Pericarps from S seeds were much thinner than pericarps from W seeds, which
resulted from smaller sclerenchyma cells with thick cell walls, but the general organization
appeared to be the same, including a phytomelanin pigmented layer, and sclerenchyma areas
in between parenchyma rays (Denis et al., 1994; Lindstrom et al., 2021). This suggested
however that drought stress during seed development had a significant effect on sclerenchyma
cells enlargement and cell wall deposition. Thickness of seed coats are known to be
environmentally responsive in many species (Baskin and Baskin, 1998; Mousseau and Fox,
1998) and the effect of growing environment conditions on sunflower pericarp anatomy has
already been demonstrated elsewhere (Lindstrom et al., 2021). Conductivity measurements

revealed that the level of electrolyte leakage was timely similar in both S and W seeds but that
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a more important fraction of electrolytes leaked from S pericarps during their imbibition (Fig.
6¢). This suggests that a rapid removal of chemicals from pericarp of whole S seeds could
help their faster germination. Phenolic content of S pericarps was nevertheless higher than the
one of W pericarps, when expressed per g FW™' (Fig. 6). However, if one considers the
difference of thickness between S and W pericarps (Fig. 6), then the amount of soluble
phenolics surrounding the embryo was roughly similar in pericarps of both categories of
seeds. Interestingly the pericarp bedding assay and germination of naked seeds with pericarp
extracts (Fig. 6d) confirmed that pericarps of W seeds, in particular, contained compounds
that inhibited germination. We therefore propose that pericarps of S seeds would release more
rapidly inhibitors of germination in the imbibition media, which would in turn allow a better
germination of dormant seeds at 20°C and of non-dormant seeds under various stresses.
Alternatively the chemical composition of pericarps of S and W seeds could also differ, S
seeds containing lower amounts of inhibitory compounds, and this will have to be further
investigated. This is in agreement with the studies of Khadka et al. (2020) and Swetha et al.
(2021) who showed that the maternal environment had an effect on thechemical composition
of pericarps of Anastatica hierochuntica and Brassica juncea, respectively. Phenolic
compounds, present in the pericarp of sunflower seeds, have been frequently cited as being
good candidates for inhibiting seed germination (Reigosa Roger et al., 1999). Phenolics are
easily oxidized (Devlin and Harris, 1984) and can in turn cause oxygen limitation to the
embryo, thus decreasing germination. Other inhibitory compounds cannot be excluded, such
as ABA, which was the major component of the pericarp of dry seeds from sunflower plants
grown under drought (Andrade et al. 2009).

The balance of maternal versus embryonic control of germination is up to date poorly
characterized. If our results unambiguously showed the role of pericarp in the induction of
low dormancy and stress tolerance to the offspring, one could not exclude that this maternal
effect might also include a role of maternal provisioning on metabolite and hormone contents,
or proteins and transcripts within the embryo. We indeed identified metabolites that
specifically accumulated in either W or S embryos during seed development, which
demonstrates that water stress on the mother plant had also an effect on the embryo
characteristics per se. Even though it is too speculative to attribute a direct role to the
accumulated metabolites in the germination phenotypes of S and W seeds, the accumulation
of some compounds may have a biological sense. For example, stachyose, which accumulated
in S seeds, belongs to raffinose-family oligosaccharides (RFOs) which are known to

accumulate during seed late maturation (Baud et al., 2002) and have the role to protect
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biological from desiccation-related damage (Hincha et al., 2003) and in seed longevity
(Angelovici et al., 2010). Stachyose has been shown to accumulate in Coffea arabica seeds
under water deficit, high salt, and heat stress (dos Santos et al., 2011; Santos et al., 2015). The
fatty acids palmitoleic and linoleic also accumulated in embryos of S seeds. Specific
accumulation of fatty acids in oil crops such as sunflower could be interesting specific food or
industrial usages and will require further investigation. A set of metabolites was also
specifically found in embryos of W seeds and among them we noticeably identified ABA
(Fig. 7). Sunflower seed dormancy depends on ABA metabolism (Bianco et al., 1996;
Bodrone et al., 2017), which is synthetized ca 2 weeks after flowering (LePage-Degivry et al.,
1990), and the higher content of ABA in W seeds is in agreement with the higher dormancy
phenotype highlighted for these seeds (Fig. 3).

Since a genetic component has already been shown to be involved in inheritance of
seed traits (Alvarez et al., 2021; Donohue, 2009), we studied the relative importance of
gametes using male sterile, maintainer, and restorer plants. Our results showed that the
acquisition of water stress tolerance at the germination stage could be obtained for a
commercial hybrid and was not dependent of the cytoplasmic origin (Fig. 8). Beside genetics,
we studied whether paternal and/or maternal environments contribute to the acquisition of this
tolerance. We carried out reciprocal crosses with male and female plants that were either
stressed or not and concluded that the maternal environment was solely controlling the
acquired tolerance as unstressed plants never produced water stress tolerant seeds. This is in
accordance with the literature since most studies have demonstrated that environment elicits
maternal effects (Donohue, 2009; Dyer et al., 2010; Galloway, 2005; Mousseau and Fox,
1998) and that the paternal effect on seed germination was often reported as being not
statistically significant (Baskin and Baskin, 2019). We also performed a multigenerational
experiment, in which drought stress, or none, was repeated over three generations before plant
growing conditions were inverted for an additional generation. This confirmed our previous
results and showed that growing plants under drought stress during the last generation was the
prerequisite to provide seed tolerance to water stress. This shows that the offspring phenotype
resulted from a maternal effect and not from a transgenerational effect, similarly to results
obtained in Arabidopsis (Ganguly et al., 2017; Van Dooren et al., 2020).

In conclusion, we demonstrate that water stress during sunflower seed development
induced seed tolerance to various abiotic stresses and reduced dormancy in the progeny at the
germination stage. Our results show that these phenotypes result from the maternal

environment but are not transgenerational because they did not persist over subsequent
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generations. This mechanism could be an adaptation to improve the offspring fitness and
permit seed germination in sub-optimal conditions thus ensuring successful establishment of
the next generation. Our data also bring new insights about the relative roles of maternal
tissues and embryo physiology in germination tolerance to abiotic stresses. Future studies will
aim to determine how these both components interact together to drive the germination

process.
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