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Abstract

Main conclusion The dead husk is a vital component of the dispersal unit whose biochemical properties can be modi-
fied following exposure to drought. This might affect seed performance and fate, soil properties and consequently
plant biodiversity.

Abstract We investigated the effects of extreme drought on the dispersal unit (DU) properties of winter wild oat (Avena
sterilis L.) in the Mediterranean ecosystems focusing on a commonly ignored component of the DU, namely the dead floral
bracts (husk). DUs were collected from a climate change experimental research station in the Judean Hills, Israel, simulating
extreme drought and from two additional sites differing in the rainfall amounts. Our results showed that drought conditions
significantly affected A. sterilis reproductive traits displaying reduced DUs and caryopses weights. The husk contributes
profoundly to seed performance showing that germination from the intact DUs or the intact florets 1 was higher, faster and
more homogenous compared to naked caryopses; no effect of drought on germination properties was observed. The husk
stored hundreds of proteins that retain enzymatic activity and multiple metabolites including phytohormones. Changes
in rainfall amounts affected the composition and levels of proteins and other metabolites accumulated in the husk, with a
notable effect on abscisic acid (ABA). The husk of both control and drought plants released upon hydration substances that
selectively inhibited other species seed germination as well as substances that promoted microbial growth. Our data showed
that the dead husk represents a functional component of the DU that have been evolved to nurture the embryo and to ensure
its success in its unique habitat. Furthermore, drought conditions can modify husk biochemical properties, which in turn
might affect seed performance and fate, soil microbiota and soil fertility and consequently plant species diversity.
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Introduction

Recent findings highlighted previously unrecognized fea-
tures in plant sexual reproduction whereby plants inherit to
their offspring elaborated characteristics such as nutrition,
growth factors and defense molecules, which are embed-
ded within the dead organs enclosing embryos (DOEEs,
reviewed in Raviv et al. 2018). The maternally derived
DOEEs including seed coat, pericarps as well as floral
bracts of the dispersal unit in grasses (e.g., glumes, lemmas
and paleae, will be referred to as husk) store and release
upon hydration hundreds of proteins (e.g., active hydro-
lytic enzymes, reactive oxygen species (ROS) detoxifying
enzymes) and other substances that could contribute to seed
persistence in the soil as well as to germination and seedling
establishment (Raviv et al. 2017a, b, 2018; Godwin et al.
2017). The maternally derived DOEEs can act in multiple
ways to ensure timely germination and to support growth
and development of seedling. The pericarp and the seed
coat as well as floral bracts and their accessories may func-
tion as mechanical barriers for water absorption (Cousens
et al. 2010), gaseous exchange (Adkins et al. 2002; Xuejun
et al. 2012) and radicle protrusion (Miyajima 1996) or as a
storage for substances that are released upon hydration and
either inhibit or promote seed germination (Kawaguchi et al.
1997; Sari et al. 2006) or affect microbial growth (Raviv
et al. 2017b; Godwin et al. 2017; Prakash et al. 2018). In
addition, they serve in seed dispersal and anchorage in the
soil (Booth and Schuman 1983; Elbaum et al. 2007).

The effect of the husk/pericarp on seed germination is
variable and species dependent. Several reports highlighted
the negative effect of the husk on germination as husk/
pericarp removal improved seed germination of Aegilops
kotschyi Boiss (Wurzburger and Leshem 1969), Zinnia ele-
gans (Ogawa and Iwabuchi 2001), Aegilops cylindrica (Fan-
drich and Mallory-Smith 2006), Cladium jamaicense (Webb
et al. 2009), the crucifer Lachnoloma lehmannii (Mamut
et al. 2014), Sinapis alba (Godwin et al. 2017) and Atriplex
centralasiatica (Wang et al. 2019). On the other hand, multi-
ple reports have shown that germination from the intact dis-
persal unit significantly improved germination and seedling
establishment compared to naked seeds. This was described
for Atriplex polycarpa (Sankary et al. 1972), Eurotia lanata
(Booth and Schuman 1983), wild emmer wheat (Triticum
turgidum ssp. dicoccoides, Raviv et al. 2017a), Brachypo-
dium hybridum (El-Keblawy et al. 2019) and japonica rice
(Oryza sativa L., Ueno and Miyoshi 2005). The pericarp
of Hedysarum scoparium was shown to contribute to seed
longevity and seedling establishment in arid environments
(Hu et al. 2009).

As aresult of global climate change, the frequency and
severity of abiotic stresses are expected to increase leading
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to higher drought disaster-affected areas around the world
(Li et al. 2009; IPCC 2018). In particular, climate change
is predicted to affect the Mediterranean basin by increasing
the incidence, duration and severity of droughts, together
with prolonged dry spells and intensification of summer
heat waves (Lionello et al. 2014; Spinoni et al. 2014). A
continuous reduction in annual rainfall as well as short-
ening of the wet season have already been noted in the
eastern Mediterranean region (Ziv et al. 2014). A recent
study has shown that vulnerability of plant biomass pro-
duction under different climate change scenarios in Israel
increases with increasing aridity (Golodets et al. 2015).
Additionally, changes in precipitation regime and extremes
(increased drought or altered seasonality) are likely to
have strong effects on Mediterranean ecosystems at dif-
ferent organizational levels, from ecosystem function level
to individual plant traits levels (Alon and Sternberg 2019).
Thus, most work related to plant behavior in response to
climate change focused on phenological and physiological
processes that eventually affect plant population dynamics
and diversity. Nevertheless, the most important factor in
determining dynamics and diversity of plants is the dis-
persal unit (Huang et al. 2016) whose properties (particu-
larly the maternal component of the DU) have not been
sufficiently studied under climate change-induced adverse
environmental conditions. Considering that all DOEEs are
maternally derived, it is likely that exposure of mother
plants to stress conditions in the course of flowering and
seed maturation might have an impact on the composi-
tion of substances accumulated within DOEEs. This in
turn might have an impact on DOEE properties and their
capabilities to support the seed during storage in the soil,
germination and establishment.

With the aim of studying for the first time maternal
growing effects of extreme drought and changes in rainfall
patterns on the composition and level of substances stored
within DOEEs, we selected natural populations of wild oat
grass (Avena sterilis, Gramineae) growing in Israel. Avena
sterilis has a wide distribution in Israel, from Mt. Hermon
in the north to the Arava valley in the south and from the
coastal plain in the west to the Jordan valley in the east
(Feinbrun-Dothan and Danin 1998). It is an annual plant,
from the Mediterranean-Irano-Turanian phytogeographical
region that flowers during the spring time from March to
May. The inflorescence of A. sterilis is a panicle of spikelets
and at maturity the rachilla disarticulates below the lower-
most floret only, leaving the conspicuous empty glumes on
mother plants and thus generate the dispersal unit, which is
composed of several florets (three—five), each may contain
a single caryopsis enclosed by the dead lemma and palea.
Each of the two basal florets (designated floret 1 and floret
2) has a dorsal awn while the upper florets are awnless. It is
well documented that germination of caryopses within the
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dispersal unit of A. sterilis is dependent on their position,
whereby the first, basal floret germinates in the first year
and the second and third florets in the second and the third
years (Volis 2014).

We selected a long-term ecological research (LTER)
site in the Judean Hills in Israel simulating extreme reduc-
tion in rainfall (drought conditions) from 675 mm (winter
2018-2019) to 180 mm (rainout shelters) as well as two sites
along the precipitation gradients (727 mm and 155 mm) for
studying the effect of rainfall amounts on the dispersal unit
properties of A. sterilis. We employed various methodolo-
gies with the aim of exploring variation in DU (focusing on
the husk) properties including germination assays, micro-
bial growth assays, in-gel assays, as well as proteomics and
metabolomics. Our data illuminated the significant effect of
drought conditions on progeny DU of winter wild oat high-
lighting the elaborated function of the husk as a reservoir
for beneficial proteins and substances that can affect seed
performance and fate, soil properties and consequently plant
biodiversity.

Materials and methods

Field sites and LTER design

Dispersal units (DUs) of Avena sterilis L. were collected on
May 2019 from a climate change experimental research sta-
tion simulating extreme drought and changes in rainfall dis-
tribution. This LTER Station is located at the Judean Hills,
Israel (Matta LTER, N 310 42’ E 350 3'; 620 m a.s.1.). It
receives an average of 540 mm annual precipitation (Israel
Meteorological Service, IMS). Soil at the study site is terra
rossa, developed on hard limestone and chalk. The vegeta-
tion consists of dwarf shrubs (dominated by Sarcopoterium
spinosum) that cover approximately 20% of the area, and
herbaceous annuals growing mostly in open areas and partly
beneath shrubs. Annuals cover up to 80% of the open areas
(~20% rocks and stones) and include approximately 80%
of all species. Herbaceous plants (mostly annuals) account
for 70% of the above-ground primary production (Sternberg
et al. 2011). In general, the study area is characterized by
high plant species richness, most of which is accounted by
annual plants. A. sterilis is a common species growing at
the site.

This study assessed an extreme drought scenario of 66%
rainfall reduction following the Drought-Net protocols (https
://drought-net.colostate.edu). Drought was achieved using
rainout shelters that covered with greenhouse plastic sheets
an area of 10X 10 m. Rainout shelters reduced 66% of the
long-term rainfall (540 mm). Changes in rainfall distribution
were simulated by three irrigation events of 60 mm each
(adding up to 180 mm), and monthly regularly distributed

during the main rainfall season (December, January and Feb-
ruary) using sprinklers located on the roof of the rainout
shelters. Sprinklers used drizzle heads to reduce drops size
and prevent any potential runoff generation. Drought plots
were replicated five times. Rainout shelters were constructed
during summer 2018, before the start of the rainfall sea-
son. Additionally, five plots of 10X 10 m served as ‘control’
plots, and received natural rainfall and ambient conditions.
Rainfall during the study period (October 2018—April 2019)
was 675 mm. In addition, we collected DUs from two natu-
ral populations of A. sterilis growing on red soil (hamra) at
Chafetz Haim site (CH, 31°47' N 34°46’ E) characterized
with 727 mm rainfall (CH727), and near Beer Sheva (BS,
31°18' N 34°47' E) on loessial soil with 155 mm rainfall
(BS155).

Dispersal unit measurements, extraction of husk,
in gel assays and statistical analysis

Measurement of the weight of the DUs and the caryopses
were performed using an analytical balance. Husk was
ground into fine particles and extracted (100 mg) in 1 mL
of water or phosphate-buffered saline (PBS) by incuba-
tion overnight at 4 °C with gentle shaking. Samples were
centrifuged at 16,000 g and the supernatant was collected
and sterilized by passing through 0.22-pm PVDF filter unit
(Millex-GV, Merck Millipore, Tullagreen, Carrigtwohill,
IRL) and used in germination assays, bacterial growth and
enzymatic activity assays. In-gel nuclease, chitinase and pro-
tease assays were performed essentially as described (God-
win et al. 2017). Statistical analysis (unpaired ¢ test) was
performed using the GraphPad QuickCalcs Web site: https://
www.graphpad.com/quickcalcs/ttest1/?Format=C (accessed
November 2019) or using the Microsoft Excel platform. All
assays were repeated at least three times and representative
results are shown.

Germination assays

Germination of A. sterilis DUs and separated caryopses were
performed in pots containing red sandy soil in a net-house in
Midreshet Ben Gurion during January (average temperature
during the experiment period 15 °C day/7 °C night; n=12).
We daily inspected germination, that is, the emergence of
the seedling from the soil and calculated the rate and the
final percentage of germination. In addition, we performed
growth chamber germination experiments of DUs versus
caryopses under conditions of 16 °C day/8 °C night and
photoperiod of 14/10 h light/dark. The number of DUs and
caryopses used in these experiments are indicated in Fig. 2.

The effect of extracts obtained from caryopses and husks
on germination of heterologous seeds (Sinapis alba L. and
Brassica juncea L.) was performed in a Petri dish on a blot
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paper and on red sandy soil supplemented with water or
with husk extracts. Germination was performed in the dark
at 22 °C, inspected daily and photographed. Seeds of S.
alba were collected from natural populations growing near
agricultural fields at northern Negev (31°, 26, 42" N; 34°,
39', 37" E). B. juncea seeds were purchased from the local
market. All germination experiments were repeated at least
three times and representative results are displayed.

Bacterial growth assay

The assay was performed essentially as described (Patton
et al. 2006). Briefly, Escherichia coli (ATCC 10,978) were
grown overnight on LB medium at 37 °C, the culture was
diluted, transferred to 25% LB broth and grown at 37 °C to
0.03-0.05 optical density (ODsqs; Epoch, Biotek, Winooski,
VT, USA). To a 150 pL aliquot of the culture 50 pL of LB
(control 1), PBS (control 2), ampicillin (final concentra-
tion 50 pg/mL), caryopsis extracts (50 pL) or 50 pL filtered
(through 0.22 pm) husk extract (three replicates per treat-
ment) was added in a flat-bottom 96-well microtiter plate.
Plates were incubated in the dark using a spectrophotom-
eter (Synergy 4, Biotek) and reads (ODsy5) were taken in
intervals of 30 min in a course of 12 h. The average OD for
each blank replicate at a given time point was subtracted
from the OD of each replicate treatment at the correspond-
ing time point and standard errors were calculated for each
treatment at every time point. Bacterial growth experiments
were repeated three times using different husk extract
preparations.

Proteome analysis

Proteome analysis of A. sterilis husk was performed by the
proteomic services of The Smoler Protein Research Center
at the Technion, Israel. Husk proteins extracted with PBS
(three replicates each treatment) were digested with trypsin
followed by separation and mass measurement on LC-MS/
MS on LTQ-Orbitrap Protein identification and quantifica-
tion were done using MaxQuant, using Triticum proteins
from UniProt as a reference. Further bioinformatic analysis
was performed as follows:

We started from protein-level LFQ-normalized inten-
sities and used our in-house R script, with some more
help from Excel and Partek Genomics Suite. The analysis
included quality assessment of the raw and LFQ-normal-
ized intensities and filtering out proteins marked as con-
taminant, reversed and only identified by site followed by
Log, transformation of the LFQ intensities. Only proteins
having at least two non-zero replicates in at least one of
the treatment groups were retained. Differentially present
(DP) proteins were identified after statistical testing with
Limma. The statistical model tested the contrast between
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treatments. A protein was considered differentially present
(DP) if it has passed the following cutoffs in at least eight
of the ten imputed datasets: unadjusted P value <0.05 and
linear fold change < — 2 or>2 (where minus sign indicates
down-regulation). Proteins having non-zero LFQ values in
at least three samples (out of six, regardless of treatment
group) were submitted to GO analyses using BINGO. As a
background for enrichment analysis, we used Triticum pro-
teins downloaded from Uniprot.

Phytohormone analysis

Avena husks were chopped into small pieces and ground
into fine powder in liquid nitrogen. Phytohormone extrac-
tion was done essentially as described in Fukumoto et al.
(2013). Approximately 50 mg of each sample was taken
and 1 mL of ethylacetate spiked with internal standards (IS)
(D3-JA, D3-JA-Ile, D6-ABA, D4-SA) was added. Suspen-
sions with ceramic beads were homogenized for 45 s in a
ball mill FastPrep 24 (MP Biomedicals, Santa Ana, CA,
USA) set to 5.0 intensity level. Samples were centrifuged
at 16,000 g, 4 °C for 15 min, and cleared supernatants were
transferred into new 2-mL microcentrifuge tubes. Pellets
were re-extracted with 0.5 mL ethylacetate without IS,
vortexed at room temperature for 5 min, and centrifuged
as before. Supernatants from both extractions were com-
bined and dried under vacuum. Before LC-MS analysis, dry
extracts were dissolved in 300 pL 70% MeOH, and then
diluted with 1.7 mL of 84 mM ammonium acetate buffer,
pH 4.8, and passed through pre-conditioned solid phase
extraction columns (3 mL size, Bond Elut-C18, 200 mg,
Agilent Technologies, Santa Clara, CA, USA). After brief
drying of columns with air, samples were eluted by hand
using a syringe with 800 pL 85% methanol. Eluents were
spun in a microcentrifuge and 10 pL cleared supernatant was
applied on a triple quadrupole LC-MS/MS 6410 (Agilent
Technologies), using previously reported instrument param-
eters and conditions (Fukumoto et al. 2013). Peak area of
each endogenous phytohormone and internal standard was
calculated using MassHunter Qualitative Analysis software
(Agilent). Phytohormone concentrations were calculated by
comparing peak areas of endogenous phytohormone to that
of deuterium-labeled internal standards and expressed in per
g dry-weight of sample.

Metabolite analysis

Extraction and quantification of primary metabolites were
performed using GC-MS method essentially as described
(Lisec et al. 2006). Briefly, plant tissues were ground in
liquid nitrogen and the samples (40 mg) were extracted in
1.4 mL of 100% methanol with ribitol (12 pg) supplemented
as an internal standard. The samples were homogenized for
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2 min, incubated at 70 °C with shaking for 10 min. The
samples were centrifuged at 4 °C for 10 min at 12,000 g. The
supernatant was taken and vigorously mixed with 0.7 mL
chloroform and 1.5 mL water. The phases were separated by
centrifugation at 2000 g for 15 min and 150 pL of the upper
polar phase was sampled and dried in vacuum concentrator
at RT. The dried samples were sequentially derivatized with
methoxyamine hydrochloride and N-methyl-N-trimethylsi-
lyl-trifluoroacetamide (MSTFA). The derivatized samples
were diluted (1/10) with dichloromethane and metabolites
were analyzed with an Agilent 7890A-GC/240-MS instru-
ment (Agilent Technologies). One microliter of each diluted
sample was injected in split mode (1:10) into the injector
port of the GC instrument held at 230 °C via an auto-sam-
pler. Carrier gas (He) flow rate was set to 1 mL/min. Chro-
matography was performed on a HP-5SMS capillary column
(5% phenyl methyl silox, 30 mx 250 pm X 0.25 pm) (Agilent
Technologies). The GC oven temperature was programmed
at 60 °C for 3 min, followed by a 5 °C/min ramp to 300 °C
and a final 5 min heating at 300 °C before returning to initial
conditions. Mass spectra data were collected in full scan
mode in mass range m/z 40-750. Metabolites were identi-
fied by comparing their fragmentation patterns with those
of Mass Spectral Library (National Institute of Standards
and Technology, Gaithersburg, MD, USA). Co-injection
with authentic standards was performed to confirm tentative
identifications. Quantification of metabolite concentration
was done based on standard curves generated for each target
compound and external standards.

Results

Effect of rainfall amounts on A. sterilis dispersal unit
properties

Dispersal units (DUs) of A. sterilis (Fig. 1a) were collected
on May 2019 from the experimental LTER site simulating
extreme reduction in rainfall from 675 mm (Control, C675
plots) to 180 mm (rainout shelters; drought, D180 plots) as
well as two sites along the precipitation gradients displaying
727 mm (Chafetz Haim, CH727) and 155 mm (Beer Sheva,
BS155). The average weight of the DUs collected from the
D180 plots was significantly reduced compared to control
plots (Fig. 1b). Since each DU contain multiple florets, each
can give rise to production of a caryopsis (Fig. 1c), we also
measured the effect of drought on the weight of each cary-
opsis within the DU showing a significant reduction in cary-
opsis weight at each position of the DU (Fig. 1d). About half
of the DU collected from D180 plot lacked the caryopsis at
position 3 and in both treatments, the presence of caryopses
at position 4 was dramatically reduced. Likewise, the weight
of DUs collected from CH727 was significantly higher than

those collected from BS155 (Fig. 1e). The weight of cary-
opses collected from CH727 site was significantly higher
than those collected from BS155 displaying 1.7-, 2-, and
2.5-fold for caryopsis 1, 2 and 3, respectively (Fig. 1f). Thus,
the results showed that reduction in precipitation will have
a significant effect on reproductive traits in natural popula-
tions of A. sterilis.

The effect of rainfall amounts on progeny seed
germination

Next, we examined the effect of rainfall on germination
capacity of progeny seeds comparing between Avena DUs
derived from C675 and D180 plots. Accordingly, DUs were
dissected into floret 1 and caryopsis 1 (floret 2 is essentially
dormant, Volis 2014) and sown in pots containing red sandy
soil during the winter (January, average temp day/night
15/7 °C). Germination, that is emergence of the coleoptile,
was evident 10 days after sowing (DAS) showing that floret
1 from both control and drought plots were germinated at
high percentages (100% and 92%, respectively). A reduction
in germination was observed for the naked caryopses derived
from floret 1 collected from C675 (58% germination) and
D180 (42% germination) plots (Fig. 2a). This demonstrates
the beneficial impact that the husk (lemma and palea) have
on germination and seedling emergence. Moreover, careful
inspection of the rate of germination revealed (Fig. 2a) that
germination from the intact DU is essentially homogenous
compared to the naked caryopsis; high emergence of F1
seedlings were observed at 10 DAS for C675 (100%) and
D180 (83%). At the same time (10 DAS), germination of
naked caryopses 1 was lagging behind the florets, displaying
42% and 8.3% germination for caryopses derived from C675
and D180 plots, respectively. We repeated this experiment
(Fig. 2b, c) using a controlled growth chamber under similar
growth conditions (16 °C/8 °C day/night; 14/10 h photo-
period) and found similar results, that is, germination from
the DU is higher, faster and more homogenous than from
the naked caryopses. Yet we could not detect significant dif-
ferences in final emergence (Fig. 2d) or in emergence index
(Fig. 2e; Kader 2005) between C675 and D180 suggesting
that the beneficial effect of the husk is preserved in DUs
regardless of maternal growth conditions.

Similar promoting effect of the husk on germination rate
was observed with wild emmer wheat (Triticum turgidum
ssp. dicoccoides) collected at Tabgha near the sea of Gali-
lee, whose DU (the spikelet) contains two florets, upper and
lower. Commonly, the upper floret that contains larger grain
than the lower floret is promptly germinated, while the lower
floret often remains dormant in the first year (Nave et al.
2016). We analyzed germination properties of the intact
DU comparing it to the dissected upper and lower florets
and the naked caryopsis derived from them. Results showed
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(Supplementary Fig. S1) that the final germination percent-
age of the intact DU and the upper floret was the highest dis-
playing 87% and 80% germination, respectively; the naked
caryopsis derived from the upper floret had a slightly lower
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germination (67%). We observed 33% and 7% germination
for the lower floret and its naked caryopsis, respectively.
Most noticeable, however, is the rate of emergence from soil,
which was faster and more homogenous for the DU and the
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«Fig. 1 Significant decline in seed weight of natural population of A.
sterilis following reduction in availability of water. a The DU of A.
sterilis composed of florets (F1-F3 are visible). Awns on the lemmas
of the two lower florets (F1 and F2) are indicated. b Average weight
of the DU in control uncovered plots (C675) and rainout shelter plots
(D180). ¢ Florets separated from the DU (upper panel) and their
caryopses (lower panel). d Average weight of caryopsis at different
floret location within the DU. e, f Analysis of natural populations
of A. sterilis along precipitation gradient at Chafetz-Haim (CH727)
and Beer Sheva (BS155). e Average weight of DU, f average weight
of caryopsis (caryol—caryo4) at different floret location. Numbers
at the bottom of each column indicate the number of DUs or cary-
opses analyzed. Vertical bars represent the standard deviation. Note,
DU weight was taken without owns. Differences are statistically sig-
nificant as determined by two-tailed P value using unpaired t test with
Graphpad software

upper floret and more diverse for naked upper caryopsis and
the lower floret (Figs. Sla, S1b).

The effect of husks on seed germination
of heterologous species

The finding that germination from the intact DU or the floret
is largely improved over germination from the naked cary-
opsis prompted us to investigate for the presence of poten-
tial germination promoting substances in the husk. We per-
formed a preliminary experiment to examine the effect of
husk and caryopsis aqueous extracts of A. sterilis DU (C675
plot) on germination of Sinapis alba seeds. Interestingly,
extracts obtained from the husk of floret 1 (HuskF1) and flo-
ret 2 (HuskF2) significantly inhibited Sinapis seed germina-
tion. The effect of extracts derived from caryopsis 1 (caryol)
and caryopsis 2 (caryo2) were essentially indistinguishable
from that of water (cont/H,O) (Supplementary Fig. S2).

We investigated the effect of maternal environment on
husk germination inhibitory properties. To this end, we
analyzed the effect of husk extracts from C675 and D180
DUs on seed germination of S. alba and Brassica juncea
in comparison to germination in water. Interestingly, husk
extracts of both C675 and D180 displayed selective germi-
nation inhibitory effect, that is, husk extracts derived from
C675 and D180 inhibited seed germination of S. alba but
not of B. juncea (Fig. 3a). Notably, S. alba seed germination
could be partially recovered within 48 h following washing
and incubation in water (Fig. 3b). Thus, we could not detect
a clear effect of maternal environment on husk germination
inhibitory properties and the effect of D180 was indistin-
guishable from that of C675.

Similar results were obtained when germination experi-
ments were performed on red sandy soil. Germination of
B. juncea was not affected by husk extract derived from
C675 and D180, while germination of S. alba was strongly
inhibited (Supplementary Fig. S3). Sinapis alba seeds were

only marginally recovered after 48 h following washing and
incubation on red sandy soil irrigated with water (Fig. S3).

Hundreds of proteins are released from husks
upon hydration: proteome analysis

We investigated the protein composition in the husk of A.
sterilis collected from the LTER station comparing C675
with D180. Husk proteins extracted from A. sterilis DUs
(C675 and D180) were subjected to proteome analysis using
LC-MS/MS on LTQ-Orbitrap followed by identification and
quantification by MaxQuant, using Triticum proteins from
UniProt as a reference (Table S1). Implementing the cut-
offs (No. peptides > 1) we identified 455 proteins that were
released from the husk of A. sterilis (Table S2). Among
these proteins the level of 162 proteins was changed by at
least two-fold.

Functional categorization for biological process revealed
that among the proteins recognized in this category, 127
proteins are related to oxidation—reduction process and
54 proteins are involved in response to stimulus (Fig. 4a).
Many of the categories displayed over twofold enrichment
including protein folding and response to various stimuli
(Fig. 4b). Molecular function analysis highlighted several
groups of proteins including hydrolases (121 proteins),
oxireductases (114 proteins) and peptidases (35 proteins)
(Fig. 4c). Multiple hydrolytic enzymes listed in the pro-
teome data (Table S3) include nuclease S1, a homolog of
the Arabidopsis BEN2, BIFUNCTIONAL NUCLEASE 2
(ENDO?2 encoded by At1g68290) involved in leaf senes-
cence and cell death (Granot et al. 2015). Also, we identified
chitinases, which might be involved in chitin catabolism and
in response to biotic stresses (reviewed in Grover 2012), as
well as multiple peptidases (Table S3). Other protein groups
include heat shock proteins (HSP16.9; HSP101), reactive
oxygen species (ROS) detoxifying enzymes (superoxide
dismutases, catalase and peroxidases) as well as cell wall
modification enzymes (pectinesterase and [3-galactosidase)
(Table S3). Comparing the proteins extracted from the husk
derived from C675 and D180, we identified 36 differentially
present (DP) proteins that passed the cutoff (P value < 0.05)
(Table 1). Among them, 5 proteins were downregulated and
31 proteins were upregulated in D180 husks, many of which
are proteins involved in response to stress.

Analysis of hydrolase activities

The proteome data highlighted certain protein groups
released from Avena husk including nucleases, chitinases
and proteases (Table S3). To examine the effect of rainfall
amounts on their enzymatic activities we performed in gel
assay comparing hydrolytic activities released from the
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Fig.2 Emergence rate of A. sterilis seedlings arise from the intact
florets or naked caryopses derived from plants grown at C675 and
D180 plots. a—c Repeated germination/emergence experiments. Ger-
mination was performed on red sandy soil at a net house during Janu-
ary 2020 (Av. day/night temp 15/7 °C) (a) or in a growth chamber set
to 16/8 °C and photoperiod of 14/10 h light/dark (b, c). The rate of
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at a given day after sowing (DAS). FI floret 1, CI naked caryopsis
of F1. d Final percentage of germination/emergence. e Germination
(i.e., emergence) index (GI, Kader 2005) of the various components
of the DU. Different letters indicate statistically significant differences
between treatments (P <0.05; Student’s unpaired ¢ test)
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Fig.3 The husk of A. sterilis a
DU possesses allelopathic
substances that specifically
inhibit seed germination of S.
alba but not of B. juncea. a The
husk of Avena DUs collected
from plants grown at C675 or
D180 plots were extracted with
water and applied for germina-
tion of S. alba and B. juncea
seeds in comparison to water
(H,0). Germination capacity
was monitored after 96 h. b
Germination recovery of S. alba
seeds preincubated for 96 h in
husk extracts following washing
and incubation for 48 h in water.
Final percentage of germination
is given in brackets

B. juncea

S. alba

b S. albarecovery
48h in water

husk obtained from plants grown at high (C675, CH727)
and low (D180, BS155) rainfall conditions. The analysis
of hydrolase activities (Fig. 5a, Expl and Exp2) showed
that reducing water availability both in the LETR station
(D180) or in the site near Beer Sheva (BS155) had a nota-
ble effect on hydrolase activities released from the husk.
Accordingly, we found changes in the pattern and activity
of nucleases and proteases under drought conditions but
no notable effect on chitinase activity (Fig. 5a). The pro-
teome data also listed HSP proteins in the husks (Table 1
and Supplemental Table S3) including HSP70 and the
small HSP16.9, which was elevated 25-fold in D180. The
proteome data were confirmed by immunoblotting using
antibodies to HSP70 and HSP17.6 showing a significant
increase in level of small HSPs in D180 husks (Fig. 5b).

Husk D180

e\

Husk C675

Husk C675

Effect of precipitation on the accumulation
of phytohormones and primary metabolites
in the husk of A. sterilis

Husk derived from A. sterilis plants grown at the LTER
plots C675 and D180 or from natural population at Chafetz
Haim (CH727) and Beer Sheva (B155) were subjected to
phytohormone analysis using liquid chromatography—mass
spectrometry (LCMS). This analysis revealed that the
husk stores several phytohormones and growth regulators
including ABA, SA and JA. Most notable is an increase
in ABA level in husk derived from plants experiencing
drought, namely D180 and BS155 (Fig. 6).

SA and JA and its conjugated derivative JA-Isoleucine
(JA-Ile) were accumulated in the husk with no notable
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Fig.4 Gene ontology (GO) categorization of proteins released from
the husk of A. sterilis DU. a Functional categorization for biological
process. GO categories involved in response to various stimuli, pro-
tein folding, proteolysis and oxidation-reduction process are high-
lighted yellow, black, purple and red, respectively. b Enrichment of
GO categories for biological process. n number of husk’s proteins

effect of precipitation on their level, except in plot A where
SA showed elevated level (sixfold).

GCMS analysis of metabolites showed the accumula-
tion of free amino acids in husk of A. sterilis. Interestingly,
many of the amino acids examined including serine, alanine,
leucine and proline as well as the non-protein amino acid
y-aminobutyric acid (GABA) tend to accumulate to high lev-
els in floral bracts derived from natural population of Avena
experiencing drought (BS155) (Supplementary Fig. S3).

The metabolic analysis also revealed the presence of
multiple sugars including fructose, glucose, galactose and
sucrose in husk of A. sterilis with a notable elevation in
floral bracts derived from BS155 (Supplementary Fig. S4).

Substances released from the husk of A. sterilis
promote bacterial growth

Germination could be a vulnerable stage in the plant life
cycle, as the embryo germinates into a potentially hostile
environment populated with multiple types of microorgan-
isms, some of which are pathogenic. Previously, we have
shown that substances released from A. hierochuntica seeds
or from S. alba pericarps strongly inhibited or promoted,
respectively, bacterial growth (Godwin et al. 2017; Raviv
et al. 2017b). We thus sought to examine the effect of sub-
stances released from A. sterilis husk on growth of the
Gram-negative bacteria Escherichia coli. E. coli was grown
in a flat-bottom 96-well microtiter plate in LB medium
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identified in a given category. N Total number of husk’s proteins. x
number of gene-encoding proteins annotated to a given category in
the Avena genome. X Total number of gene-encoding proteins in
the Avena genome. ¢ Categorization for molecular function. Func-
tional categorization and GO term enrichment were performed using
BiNGO (Maere et al. 2005)

supplemented with PBS, ampicillin (50 pg/mL) or with
substances released from caryopsis 1, caryopsis 2 and the
husk of floret 1 and floret 2. Plates were incubated in the
dark using a Synergy 4 spectrophotometer (Biotek) and
reads (ODsqg5) were taken at 30 min intervals in a course
of 12 h. Results showed (Fig. 7) that growth of E. coli was
accelerated significantly in the presence of husk extracts
derived from floret 1 or floret 2 of the Avena DUs collected
from control C675 plots. No effect on bacterial growth was
observed in the presence of extracts derived from caryopsis
1 or caryopsis 2 (Fig. 7a). As expected ampicillin completely
inhibited growth of the bacteria. Although, extracts derived
from C675 and D180 F1 husks both accelerated bacterial
growth, improved bacterial growth was observed with D180
husk extract (Fig. 7b).

Discussion

Due to global warming, it is predicted that water scar-
city will increase leading to elevation in drought disaster-
affected area in multiple regions of the world (Li et al.
2009). In natural ecosystems, climate warming together
with extreme whether events, which are steadily increasing
in frequency as well as other land practices such as graz-
ing are predicted to have a serious effect on the structure
and composition of plant communities via promoting loss
of plant species, shifting species dominance and enabling
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Table 1 Differentially present (DP) proteins in the husk of DUs obtained from A. sterilis grown in the Mata LTER under control (C675) versus
drought (D180) conditions that passed the cutoff of unadjusted P value <0.05 and fold change (FC)>2

Protein ID Protein name Related to At P value FC (D180/C675) Category
AOA446NLI4  Chitin-binding type-1 protein AT3G12500 0.0186 40.3 Response to stress
A0A446Y5T8  Thioredoxin domain-containing protein AT3G26060 0.000112 30.6 Response to stress
Q41561 Heat-shock protein 16.9C (Fragment) AT1G53540 0.0233 24.9 Response to stress
P16347 Alpha-amylase/subtilisin inhibitor AT1G73260 0.0264 21.6 Response to stress
A0A446VDO01  Far upstream element-binding protein 2 AT2G25970 0.000227 214 Gene expression
AOA446TIH9  Globulin-1 S allele/cupin AT3G22640 0.0393 18.5 Response to stress
A0A446MKB7 HMA domain-containing protein AT1G12520 0.000141 17.8 Response to stress
MT7YRX7 Putative invertase inhibitor AT5G45430 0.00808 16.8 Response to stress
AO0A446JNB6  Cellulase domain-containing protein AT5G42100 0.0247 11.8 Carbohydrate process
A0A446YDBS NTF2 domain-containing protein AT1G27970 0.0153 11.1 Transport
AO0A446NKK9 WD REPEATS containing protein AT2G19520 0.016 9.58 Response to stress
AOA3B6ELYY9 Nucleosome assembly protein 1 AT2G19480 0.00177 7.91 Response to stress
AO0A446I1E1 NAD(P)-bd_dom domain-containing protein AT2G37660 0.00991 6.52 Response to stress
A0A446]J2G0  Pyruvate orthophosphate dikinase AT4G15530 0.0206 5.75 Metabolic process
QSI7KS Ribosomal protein P1 AT5G24510 0.047 5.41 Biosynthesis
AO0A3B6QJV8  M20_dimer domain-containing protein AT4G17830 0.0374 5.15 Biosynthesis
TIMVG6 REVERSIBLY GLYCOSYLATED POLYPEPTIDE AT5G15650 0.0246 4.95 Response to chemical
2
AO0A446JFN9  V-type proton ATPase subunit C AT1G12840 0.0365 4.84 Biosynthesis
AO0A446M8N1  PsbP domain-containing protein AT1G06680 0.0416 4.62 Response to stress
AO0A446RR77  LOXS5/Lipoxygenase 5 AT3G22400 0.0165 3.69 Response to stress
AOA446L1H5  Aldo_ket_red domain-containing protein AT1G10810 0.0111 3.69 Redox process
A0A446T632  HATPase_c domain-containing protein AT5G55200 0.0154 3.49 Response to light
Q7XYD3 Oxygen-evolving complex (Fragment) AT4G21280 0.0488 3.43 Photosynthesis
A0A446U6WS5 Homolog heat-shock protein GrpE AT4G26780 0.0137 3.28 Response to stress
A0A446NZY4 SBP1 aminotransferase-like AT4G16050 0.0236 3.27 Biological process
A0A446M3M4  Proteasome subunit alpha type AT1G16470 0.039 3.25 Response to chemical
A0A446M832  lipid-binding plant phosphoribosyltransferase AT4G11610 0.0367 2.83 Biological process
AOA3B6ML72 Cysteine synthase AT3G22460 0.0279 2.74 Response to chemical
AOAO077RVD7  Nucleic acid-binding, OB-fold-like protein AT2G33845 0.0457 2.7 Biological process
AOA446PFCO  Chain A, Triosephosphate isomerase AT2G21170 0.0413 2.19 Biosynthesis
A0A446JM02  Aminotran_1_2 domain-containing protein AT4G16050 0.0454 2.15 Biological process
AOA3B6TYRY Abscisic aldehyde oxidase AT2G27150 0.0248 -2.39 ABA biosynthesis process
A0A446VV22  KH domain-BINDING TO TOMV RNA 1 AT5G04430 0.0197 —-247 Gene expression
A0A446MSI2  Glucose-6-phosphate 1-epimerase AT5G57330 0.0272 —2.69 Response to ABA
AOA446RLE8  NAD_binding_1 domain-containing protein AT1G20020 0.0167 —4.68 Response to stress
A0A446MUMY Chalcone synthase family protein AT5G13930 0.0316 -123 Response to stress

The related Arabidopsis gene ID is given. Fold change between DUs from D180 and C675 plots is presented; (—) indicates downregulation. Cat-
egory was dissected based on gene ontology (GO) annotations of the Arabidopsis genes using GO at TAIR

species invasion (Hellmann et al. 2008; MclIntyre et al.
2015; Romén-Palacios et al. 2020). Most studies related
to plant behavior in response to climate change focused
on phenological and physiological processes that eventu-
ally affect plant population dynamics and diversity. Yet
the most important factor in determining dynamics and
diversity of plants is the DU (Walck et al. 2011; Huang
et al. 2016; Yi et al. 2019), whose properties particularly

the maternal components of the DU, have not been suf-
ficiently studied under variable environmental conditions.

In Avena species, the DU constitutes of several florets
each composed of husk (lemmas and paleae) that enclosed
the caryopsis. The husks are commonly assumed to function
in dispersal and in conferring means for embryo protection
during storage in the soil and for controlling germination.
These maternally derived floral bracts appear to carry out
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Fig.5 Analysis of hydrolase activities in A. sterilis husk using in gel
assays. a In-gel assays (Expl and Exp2) for nuclease, chitinase and
protease activities were performed on proteins extracted from the
husk of Avena plants in control plots (C675), drought plots (D180)
or in natural populations along precipitation gradient from~727 mm
(CH727) to~155 mm (BS155). Protein levels loaded in each assay
are shown in the EZBlue staining in the lower panel. b Avena husks
from D180 possess high level of small HSP proteins. Proteins from
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Fig.6 LCMS analysis of the indicated phytohormones and SA recov-
ered from husk of A. sterilis population at the LTER plots (C675 and
D180, Plot A and plot E) and other sites along precipitation gradi-
ent (PG, Chfetz Haim, CH727 and BS155). Vertical bar is the stand-
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Fig.7 The husks of A. sterilis promote bacterial growth. a Analysis
of husk and caryopsis extracts of A. sterilis from C675 plot. Escheri-
chia coli was grown in a flat-bottom 96-well microtiter plate in the
presence of PBS (control), or in the presence of substances released
from the husk derived from floret 1 (F1), floret 2 (F2), caryopsis of
F1 (C1) and caryopsis of F2 (C2). b The effect of rainfall on the accu-
mulation of bacterial growth promoting substances in the husks of A.
sterilis from C675 and D180 plots. E. coli was grown in the presence

an elaborated function capable for long-term storage of
hundreds of proteins and other substances that can maintain
their activities even decades after the death of the organs
(reviewed in Raviv et al. 2018). Here we wanted to expand
our knowledge on the biological function of the husks, their
significance for germination and how the predicted reduc-
tion in precipitation, affects the composition and level of
substances accumulated within husks in natural populations
of A. sterilis.

The data presented here clearly show that reduction
in water availability had a dramatic effect on the weight
of A. sterilis DU in natural populations near Beer Sheva
(BS155) displaying a 50% decrease compared to Chafetz
Haim (CH727) as well as in the LTER site where the DU
weight in rainout shelter plots (D180) was decreased by
about 30%. Notably, in spite of a significant reduction in
caryopsis weights in LTER D180, the final germination was
not affected displaying about 80% for both C675 and D180.
Also, the germination/emergence index of C675 was similar
to that of D180, suggesting that the beneficial effects of the
husk on germination capabilities of A. sterilis caryopses are
preserved regardless of maternal growth conditions. Mul-
tiple reports have demonstrated the relationship between
seed size and germination capacity. Accordingly, many
plants may produce seeds of various sizes often depending
on their flowering time, their position on the plant, within
the inflorescence, the spike or the spikelet as well as depend-
ing on the maternal environment (Fenner 1991; Gutterman
2000; Penfield and MacGregor 2017). Although the final
germination level is not affected by seed size, the rate of ger-
mination may be affected in a species-specific manner that
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of substances released from the husks derived from floret 1 (F1) of
the DU collected at C675 (F1 C675) or at D180 (F1 D180). Ampicil-
lin (Amp, 50 pg/mL) was used as a negative control, PBS and LB are
controls and just LB was used as a reference. Bacterial growth was
monitored by measuring the ODsy5 of the culture at 30 min intervals
in the course of 12 h. Each treatment was performed in triplicates and
error bars represent the standard deviation

is, in certain species larger seeds may germinate faster than
smaller seeds and vice versa in other plant species (Hendrix
1984; Zhang and Maun 1990). Commonly the rate of seed
germination has been addressed with regard to embryo prop-
erties and its capacity to execute developmental programs
that culminate in the formation of a seedling (Finch-Savage
and Bassel 2016). Our data showed that the husks play an
important role in determining germination/emergence rate.
Germination from the intact DU or the intact floret has a
notable advantage over germination from the naked caryop-
sis irrespective of their DU size. We repeatedly found that
germination from the DU is faster, greater and more homog-
enous than germination from the naked caryopsis both in A.
sterilis and T. turgidum ssp. dicoccoides. Fast and homog-
enous germination might have implications for successful
seedling establishment and high vigor in agroecosystems.
Similarly, the husks of Brachypodium hybridum were shown
to have improved germination, germination rate index, as
well as seedling growth compared to naked caryopsis (El-
Keblawy et al. 2019). Presently, the mechanism(s) by which
the husks of wild oat and emmer wheat promote and syn-
chronize germination is not clear. Some of the mechanisms
may include mechanical effects where husks may serve as a
checkpoint for controlling inflow/outflow of water and gase-
ous or the protrusion of the radicle or chemical effect due to
inflow/outflow of substances (proteins and metabolites) that
promote or inhibit germination.

The composition and level of proteins and other sub-
stances within the husk of A. sterilis may be affected by the
growth conditions (precipitation) to which parental plants
have been exposed during vegetative growth, flowering and
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seed production. Proteome analysis revealed hundreds of
proteins released from the husk of A. sterilis DU following
hydration, with a notable presence of proteins involved in
oxidation—reduction process and response to stress. Many
enzymes are stored within the husk and might be involved in
seed germination and seedling establishment including ROS
detoxifying enzymes (Richards et al. 2015) and cell wall-
modifying enzymes (Scheler et al. 2015). Many hydrolytic
enzymes such as nucleases and chitinases (Supplementary
Table S3) may facilitate germination and seedling establish-
ment by defending the growing seedling from potential soil
pathogens (Hugot et al. 2002; Sharma et al. 2011). Among
the 455 proteins identified, 145 proteins are differentially
present displaying at least twofold increase in rainout shel-
ter plots experiencing drought (D180) compared to control
plots experiencing 675 mm rainfall (C675); the increase in
the level of 31 proteins appears to be statistically significant
(P <0.05). Many of these proteins are related to response to
stress displaying remarkable increase under growth condi-
tions of reduced water availability including chitin binding
type 1 protein (40-fold increase), related to the Arabidopsis
AT3G12500 that encodes a basic chitinase (also known as
pathogenesis-related protein 3, PR3) involved in ethylene/
JA-mediated signaling pathway during systemic acquired
resistance (Chandrashekar et al. 2018). Also, a 30-fold
increase in thioredoxin domain-containing protein, a pro-
tein related to Arabidopsis AT3G26060 encoding peroxire-
doxin Q, which is induced in response to oxidative stress
(Lamkemeyer et al. 2006). The proteome data showed a
25-fold increase in small HSP16.9, related to Arabidopsis
ATI1G53540 encoding a member of the class I small heat-
shock protein (sHSP) family, which represents the major
sHSPs in maturing seeds and might have an importance
role in tolerance to multiple types of stresses including
heat, salt and oxidative stress (Sun et al. 2002). In addition,
we observed a notable increase (~21-fold) in « amylase/
subtilisin inhibitor (related to AT1G73260), a bifunctional
protein that inhibits alpha-amylase, an enzyme responsible
for starch degradation, and the activity of subtilisin-type of
serine proteases that play a role in defense against herbivores
(Arnaiz et al. 2018). It appears that reducing water availabil-
ity induces the accumulation of multiple stress responsive
proteins within the husks of the A. sterilis DU, which might
provide the seed and the seedling with a primary defense
line against both biotic and abiotic stresses.

Metabolic analysis of husks obtained from the LTER con-
trol C675 and drought D180 plots as well as from natural
population along precipitation gradients revealed the pres-
ence of JA and SA that play a major role in plant immunity
(Pieterse et al. 2012) and whose levels were not changed
significantly in response to changes in rainfall. However,
most noticeable is the elevation in ABA in husk from the
LTER D180 plots and BS155 experiencing drought. ABA
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is a well-known stress hormone whose level is commonly
increased under various stress conditions (Shinozaki and
Yamaguchi-Shinozaki 2007). Both JA and SA might be
involved in priming the germinating seeds in preparation
to biotic stresses (Worrall et al. 2012; Mauch-Mani et al.
2017). The elevation in ABA, might reflect the physiologi-
cal state of the plant being responding to water deficit to
induce stomatal closure to prevent water loss through tran-
spiration (Wilkinson et al. 2012). Although ABA is well
known for its effect on seed dormancy, we could not detect
any effect on germination of floret 1 from drought-treated
plants (D180 plots) in spite of increased ABA accumulation
in the husks. We assume that the increased level of ABA in
D180 husks (~75 ng/gDW, which is roughly equal to 3 ng
per DU) is not sufficient for inhibition of germination but
rather to allow for ABA signaling to induce stress response
(Rodriguez-Gacio et al. 2009). Although ABA appears to
antagonize the activity of JA and SA in inducing disease
resistance, the combined action of these stress regulators
at specific concentration levels may be complementary in
priming the germinating seeds for both biotic and abiotic
stresses (Mauch-Mani and Mauch 2005; Fan et al. 2009).

Interestingly, the husks of Avena DUs also release upon
hydration allelopathic substances that inhibit, in a species-
specific manner, seed germination of S. alba, but had no
notable effect on seed germination of B. juncea. Selective
allelopathy described previously (Kushima et al. 1998; Ohno
et al. 2001) may have an adaptive value as it can reduce com-
petition for resources by neighboring plant species (Evenari
1949), but at the same time permitting seed germination
of species to maintain facilitative plant-plant interaction
(Brooker et al. 2008), which might have implications for
shaping plant biodiversity and plant community.

We found that the Avena husks, but not the caryopses,
store and release upon hydration microbial growth promot-
ing substances that strongly enhanced the growth of E.
coli; caryopsis extracts had no effect on microbial growth.
Husks derived from Avena DUs from plants experienc-
ing 675 mm and drought (D180) conditions similarly
promoted growth of E. coli. Depending on the plant spe-
cies, substances released from DOEEs differentially affect
microbial growth. Thus, while strong inhibitory effect on
microbial growth was exerted by substances released from
Anastatica hierochuntica seed coat and pericarps (Raviv
et al. 2017b; Khadka et al. 2020), the pericarp of S. alba
contains substances that promoted microbial growth (God-
win et al. 2017). Inhibitory effect on microbial growth has
been reported for grains of sorghum cultivar that inhibit
growth and fermentation of Lactobacillus leichmannii
and Saccharomyces cerevisiae; the microbial inhibitor is
located in the pericarp fraction (Watson 1975). Similarly,
seeds of Abutilon theophrasti Medik released a water-
diffusible substance(s) that inhibited the growth of many
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types of bacteria and fungi (Kremer 1986). The differential
effect of DOEEs on microbial growth might be related to
the mode of interaction between plants and their unique
habitat and the co-evolution with their specific microbiota.
We assume that promoting microbial growth by substances
released from Avena husks might feedback the germinating
seeds with bacterial substances such as plant growth regu-
lators and defense inducers (Bérdy 2005) that facilitate
survival and plant growth and development.

Conclusions

Together with published data, we highlighted the impor-
tance of the DOEEs (e.g., husks) in seed biology and ecol-
ogy. The DOEEs function as a storage for hundreds of pro-
teins that retain enzymatic activities and other substances
including phytohomones, sugars and amino acids as well
as allelopathic substances and bacterial growth control-
ling substances. Obviously, the dead husk represents a
functional component of the DU that has been uniquely
evolved in each plant species to nurture the embryo and to
ensure its success in its unique habitat. Furthermore, we
showed that properties of the husks were altered as a result
of mother plant exposure to drought. We observed changes
in proteins released from the husks and in their enzymatic
activities as well as changes in phytohormones levels.
Thus, drought conditions that are expected to expand over
large areas of the world due to climate change might affect
plant diversity and population dynamics not only by modi-
fying embryo properties but also by modifying the proper-
ties of the maternally derived DOEEs (e.g., husk), which
in turn impact seed performance and fate, soil microbiota
and soil fertility (Vandvik et al. 2015; Huang et al. 2016;
Doungous et al. 2018).
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