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Abstract

Conserving the genetic richness embedded in plant genetic resources is of paramount
importance for the selection of the high-yielding, improved varieties of the future. In the
context of climate change, biodiversity conservation becomes a tool not only for crop
improvement in breeding programmes, but also in reforestation and habitat restoration
actions. Ex situ conservation within germplasm banks is considered as one of the most
effective and convenient strategies for ensuring preservation and availability of this
genetic richness. In particular, seeds can be stored in relatively small spaces and with low
economic efforts, and their viability can be preserved for the long-term, at the same time
providing a good sample of the genetic diversity within the conserved taxon and gene
pool. It follows that the study of seed longevity, i.e., the ability of seeds to remain viable
over time, allows the optimization of conservation techniques and viability monitoring,
e.g., clarify differences among different species or accessions of the same species.
Therefore, reliable artificial ageing techniques, as well as molecular and physiological
markers associated to seed longevity can be used in quality control, to find materials more
vulnerable to seed ageing and that therefore need more frequent monitoring and
regeneration/recollection. The aim of this thesis was to study the different eco-
physiological and molecular aspects of seed longevity, still poorly explored, in crops and
wild relatives. The investigation focused on the following crop species: maize, garden
pea (Pisum sativum L.) and wheat wild relatives, analysed in the context of seed banking.
The different experimental systems were selected in order to obtain a wider picture of
some common physiological processes involved in shaping seed longevity, i.e., oxidative
stress in terms of antioxidant activity, ROS accumulation, oxidative damages and
protective mechanisms. The different seed accessions were studied with a
multidisciplinary approach, from the analyses of germination profiles and seed phenotype
to the exploration of nuclear/nucleolar ultrastructure and gene expression. The obtained
results enlarged the current knowledge about the ageing behaviour and mechanisms
under genebank conditions, underlining the effectiveness of cold storage in preserving
PGRs for the long term in all the three projects, involving material conserved in two of
the world’s major seed banks (IPK and CIMMYT). In the maize and wheat wild relatives’
projects, it emerged the need of applying different viability monitoring intervals based
on the accessions’ characteristics (i.e., grain type in maize and morph in wheat wild
relatives). The accuracy of artificial ageing as a predictive tool for longevity rankings
was questioned by the results obtained comparing ageing in cold storage and artificial
ageing in wheat wild relatives, adding novel information to the emerging literature on the
topic. These results emphasize the current need for new ageing methods (alternative to
cold storage and AA) and/or molecular and physiological hallmarks for fast and accurate
predictions of seed lifespan and rankings in storage. Moreover, the biochemical,
molecular and structural hallmarks used in this thesis improved the characterization of
the seed longevity of the considered accessions in both the wheat wild relatives and the
garden pea. Features related to the oxidative stress status and the antioxidant response
correlated with the germination capability after storage, further strengthening the
prominent role of ROS and ROS buffering in shaping seed longevity. In this work we
tested approaches still poorly used in this research field, such as the measurement of
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alternative ageing hallmarks (e.g. proline, reducing sugars) and the ultrastructural
analysis of chromatin compaction and genome integrity. In particular, the preliminary
results obtained with the TEM techniques appear very promising, and their application
to larger and different experimental systems could add a deeper level of detail to studies
about the seed longevity dynamics. Indeed, multidisciplinary approaches are fundamental
in the characterization of such a multi-faceted biological process.
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1. Introduction

1.1 Food security, climate change and seed conservation

Climate shifts, rises in temperature and higher occurrences of extreme weather events
marked the last few centuries at the global level, due to progressive industrialization and
expansion of the world’s population (Anderson et al., 2020). From the preindustrial
period (1850 ca.) to present, land surface temperature has increased by 1.41 °C, with a
1°C-increase recorded in the last 30 years whereas by the end of this century it is
predicted to increase by other 2.6-4.8 °C (Anderson et al., 2020; Leisner, 2020). Changes
in precipitation events and drought periods can occur spatially and temporally, thus
affecting seasonality and, eventually, regional climates (Anderson et al., 2020; IPCC,
2015; Orlowsky & Seneviratne, 2012): seasonal precipitation and evaporation are
becoming more variable, with an increase of mean evaporation in all the projected
scenarios (Konapala et al., 2020). By the end of the 21st century, the global land area in
extreme terrestrial water storage drought is predicted to double due to climate change,
and projections based on the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment estimate that more than 233 million people will suffer from water demands
that exceed surface-water availability (Florke et al., 2018; Pokhrel et al., 2021).
Obviously, the food and agriculture sectors are majorly hit by the consequences of
climate change, at the same time being major drivers of water and land consumption,
causing massive deforestation and producing 20-35 % of the total anthropogenic
greenhouse gases (GHG) (Clapp et al., 2018). Climate change, apart from increasing
temperatures and the occurrence of extreme weather events, affect agricultural systems
by altering the relationships among crops, pests, pathogens and weeds, directly by
reducing pollination and increasing the ground-level ozone concentrations, but also
indirectly by altering ecosystems and reducing biodiversity (Myers et al., 2017). Even
though significant agricultural losses are expected worldwide, tropical areas and Africa
are predicted to be the most affected by the negative impacts of climate change; these are
often coincident with underdeveloped economic areas, highly dependent on agriculture
and marked by land and water over-exploitation, undernutrition, and micronutrient
deficiency (FAO, 2015; IPCC, 2015). Moreover, considering the constant increase of the
global human population and the ongoing environmental changes, keeping up with the
global food demand is a major challenge of this century (Myers et al., 2017). Climate
change implications on food and nutrition security range from harvested area to food
prices, posing at risk the accessibility and availability of the main staple crops: for
instance, maize (Zea mays L.) production declines in most regions in most climate
scenarios, and its price is predicted to rise by 42 up to 131% between 2010 and 2050
(Wiebe et al., 2019). To face all the challenges posed by climate change, adaptation and
mitigation strategies need to be adopted. Agriculture and forestry play a major role, with
focuses on GHG emissions reduction, diversification and sustainable intensification for
higher production efficiency, water use optimization (Wiebe et al., 2019). A form of
sustainable intensification is breeding new crop varieties able to cope with harsher or
different climatic conditions, exploiting plant genetic diversity; this is complicated by the
reduction of both genetic diversity and biodiversity caused by genetic erosion, selection
operated on few traits of interest, and agricultural practices such as monoculture (Bhanu,
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2017; Dempewolf et al., 2014). New breeding varieties require quality improvement and
tolerance to various abiotic and biotic stresses: these genetic traits, in order to be explored
and utilized, should be conserved in the form of germplasm resources (Bhanu, 2017). Ex
situ conservation within genebanks is considered as one of the most effective strategies
for ensuring preservation and availability of this genetic richness (Li & Pritchard, 2009).
Worldwide there are >1750 genebanks, conserving >7.4 million accessions: the largest
number of ex situ seed accessions are represented by wheat (7riticum spp.), rice (Oryza
sativa L.), barley (Hordeum vulgare L.) and maize, accounting for the 77% of the total
cereal and pseudo-cereal holdings. Among legumes, >138k accessions of common bean
(including subspecies) and 98947 accessions of peas (including landraces, commercial
cultivars, mutant or genetic stocks, and breeding lines). are currently conserved
(https://www.genesys-pgr.org/, Coyne et al., 2020). The main genebanks belonging to
CGIAR (Consortium of International Agricultural Research Centres) and conserving the
largest collections of staple crops (FAO, 2010) are listed in Table 1.1



https://www.genesys-pgr.org/

Table 1.1: List of the main CGIAR seed banks conserving crop genetic resources.

Genebank Crop Global Accessions
collections (%) | (N°)
CIMMYT (International Maize Wheat 13 > 140 000
and Wheat Improvement Center) | Maize 8 > 28 000
IRRI (International Rice Research | Rice 14 > 130 000
Institute)
ICRISAT (International Crops Sorghum 16 >42 000
Research Institute for the Semi- Pearl Millet | 33 > 24000
Arid Tropics) Chickpea 20 > 20000
Groundnut | 12 > 15 000
ICARDA (International Center for | Lentil 19 -
Agricultural Research in the Dry Faba Bean | 21 -
Areas) Vetches 16 -
CIAT (International Center for Beans 14 > 37000
Tropical Agriculture) Cassava 17 > 6000

The Svalbard Global Seed Vault, built under the Norwegian permafrost to resist even a
nuclear war, was designed to protect duplicates of plant genetic material conserved in
genebanks located worldwide and it now conserves more than 1 million seed samples
(Asdal & Guarino, 2018). The Millennium Seed Bank (MSB), developed and managed
by the Royal Botanic Gardens (RBG Kew, UK), is the world’s largest seed bank and
the MSB Project is the largest ex sifu plant seed conservation program for wild species,
involving 96 countries and territories and conserving > 98 000 seed accessions (data
accessed in April 2021) (Liu et al., 2018).

1.2 Plant genetic resources and seed banks

Plant genetic resources for food and agriculture (PGRFA or PGRs) are defined as “any
genetic material of plant origin of actual or potential value for food and agriculture (FAO
2009)”. They are among the most important natural resources, and their preservation is
of paramount importance in order to treasure this richness. /n situ conservation (i.e., in
the natural habitat) represents a dynamic form of conservation, as it allows species to
evolve in their original place and to retain a higher genetic diversity compared to seed
bank accessions. Ex sifu conservation (i.e., outside the natural habitat) consists in
sampling, transferring, and storing a population sample of a certain species away from
the original location where it was collected. However, even if ex situ conservation of
genetic resources is easy, cost effective and increase the accessibility of these resources;
in situ conservation has the advantage of allowing species to evolve in their original place
and to retain a higher genetic diversity compared to seed bank accessions. Several ex situ
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conservation strategies are employed for different crops, e.g. in vitro storage, seed
banking, field genebanks, DNA banks. The most used strategy is conventional seed
banking, as it allows the storage of thousands seed accessions in relatively small spaces
and with low economic efforts; seed collections can provide a good sample of the genetic
diversity within the crop gene pool, usually remaining viable for the long-term (Li &
Pritchard, 2009). However, conventional seed banking, namely drying and subsequent
freezing at -15/-18°C, is efficient only when conserving orthodox seeds, i.e. seeds that
are desiccation tolerant to very low moisture contents (MC) (Roberts, 1973). Storage of
orthodox seeds increases logarithmically with decreasing water contents, with a limit
beyond which no further gain in storability is reached (Ellis & Roberts, 1980). Under
ideal conditions, orthodox seeds can retain their ability to germinate for years, decades
or centuries. On the contrary, recalcitrant seeds are characterized by short post-harvest
lifespans and sensitivity to desiccation, while intermediate seeds are desiccation tolerant
that retain their germinability for short periods under conventional seed bank conditions
(Black & Pritchard, 2003; Roberts, 1973). These non-orthodox seeds (or seed parts, e.g.
embryonic axes) can be efficiently conserved by exploiting cryogenic technologies, that,
despite being far more expensive than conventional freezing, represent a safer and
cheaper alternative to tissue culture, greenhouses, or field plantings (Walters et al., 2013).
All the conservation techniques currently employed for PGRs ex situ conservation are
described, with detailed standards and guidelines, by the FAO Commission on Genetic
Resources for Food and Agriculture (FAO, 2014). Ex situ seed conservation in genebanks
can be divided into seven main activities: acquisition, seed drying, seed storage, viability
monitoring, regeneration, characterization, and distribution. Following acquisition and
seed drying, the storage phase is critical for an optimal conservation of genetic resources.
Temperature and RH need to be set in order to maximize seeds’ lifespan an minimize the
costs for the conservation facilities. For long-term conservation, it is recommended to
store dried seed accessions at a temperature of -18 = 3 °C. In addition to the long-term
(‘base’ collection), some banks have duplicate samples in an active short-medium term
collection stored at a temperature range between -5 and 10 °C. Seed conserved in this
‘active’ collection are generally employed for regeneration, distribution and
characterization, not to decrease the stocks conserved in the base collection. Viability
monitoring, i.e. germination tests performed before and during storage, is fundamental
for the correct management of a seed bank. Indeed, seed germination of stored accessions
must be tested at regular intervals to understand the loss of viability in storage and to plan
re-collection or schedule regeneration activities. Seed germination is generally tested
using standard protocols (ISTA, 2019) with light and temperature-controlled incubators,
using agar or filter paper as the germination medium. International standards recommend
that initial germination percentage should exceed 85% for crop seed accessions stored
for conservation purposes. Moreover, seed multiplication is required when seed longevity
declines, i.e. germination drops below 85% of the initial value, or when the quantity of
seeds has been depleted due to frequent use of the accession. A sufficient number of seeds
needs to be used for regeneration activities in order to maintain the genetic variability
within the accessions and ‘trueness to type’ of the regenerated material must be assessed.
Beside some morphological and agronomical traits, trueness to type evaluation can be
performed through molecular and physiological descriptors, e.g. RAPD, AFLP,
microsatellites and genotyping techniques such as genotyping by sequencing or Diversity
Arrays Technology sequencing - DArTseq (Borner et al., 2000; Chen et al., 2016).
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1.3 Plant genetic resources, from endangered and wild species to crops

The definition and classification of PGRs started with the work by Harlan & de Wet
(1971), where the bases of the gene pool concept were established and are nowadays
globally recognized by breeders. There are three major gene pools based on the degree
of sexual compatibility: Primary Gene Pool (GP-1) comprising the domesticated crop
and the its closed wild forms with which the crop can cross producing fertile hybrids;
Secondary Gene Pool (GP-2) which includes less closely related species, from which
gene flow, even if difficult, is still possible using conventional breeding techniques;
Tertiary Gene Pool (GP-3) which includes species from which gene transfer to the crop
is impossible without the use of "rather extreme or radical measures" (Hammer & Teklu,
2008).

PGRs can be also grouped in the following biological/agronomic categories:

e (ultivated materials, consisting of:
- Landraces (or primitive cultivars): “dynamic populations of a cultivated plant
that have historical origin, distinct identity and lacks formal crop improvement,
as well as often being genetically diverse, locally adapted and associated with
traditional farming systems” (Camacho-Villa et al., 2005);
- Old cultivars: sometimes known as obsolete cultivars, refers to cultivated
varieties which have fallen into disuse;
- Modern cultivated varieties (modern cultivars): agronomic varieties in current
use and newly developed varieties;
-Special stocks: such as advanced breeding lines (i.e. pre-released varieties
developed by plant breeders), mapping populations, CRISPR-edited lines and
cytogenetic stocks.

o Crop wild relatives (CWR): wild plant species that are genetically related to
cultivated crops. CWR are not only the wild ancestors of the domesticated plant
but also other more distantly related species.

Another category of PGR of significance are the neglected crops, also referred as
underutilized or orphan crops: “crop species that have been ignored by science and
development but are still being used in those areas where they are well adapted and
competitive” (Hammer & Teklu, 2008). Among PGRs, CWRs represent the bulk of
genetic diversity in crop gene pools. Given their relatively close relationships to a crop
species and their adaptation to a wide diversity of habitats and range of environmental
conditions, they are invaluable resources for plant breeding and improvement, through
the introgression of genes into crop varieties to overcome biotic (e.g., pest resistance) and
abiotic (e.g., drought tolerance) stresses, also in relation to climate change (Dempewolf
et al., 2014; Nigel Maxted et al., 2006). Indeed, both CWRs and landraces are used to
overcome the loss of genetic diversity that accompanies crop evolution and selection of
modern cultivars. Genetic erosion, i.e., the loss of genetic diversity and variation within
a crop, can be classified at the crop, variety and allele levels, with general reductions in
allelic richness and evenness (Wouw et al., 2010). In order to perform the introgression,
the following actions should be undertaken: i) CWR can be selected first based on
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phenotypic, genotypic, or collection geographic data and are used in targeted crossing,
and the evaluation is done in the offspring, or ii) a wide range of wild and domesticated
species are crossed and selection of the trait of interest is made directly on the progeny
in the domesticated background (Dempewolf et al., 2017). Some examples of successful
CWR use in crop improvement can be found in Table 1.2.



Table 1.2: Examples of CWR use for crop improvement, from http://www.cropwildrelatives.org and
Coyne et al., 2020

Crop Donor species Trait US $worth
Tomato Lycopersicon 2.4% increase in 250 million
peruvianum (L.) solids content

Mill.
Peanut Arachis batizocoi Resistance to the 100 million/year
Krapov. & W.C. root knot nematode
Gregory, A.
cardenasii Krapov
& W.C. Gregory,
A. diogoi Hoehne
Maize Tripsacum Resistance to corn | --
dactyloides L. blight, US$1,000

million economic
loss in the 1970s
Bread and durum | Triticum dicoccoides |Increased protein

wheat (Korn. ex Asch. & content
Graebn.) Schweinf.

Potato Solanum demissum  |Resistance to -
LindL. potato blight

Pea Pisum fulvum Sibth. |Bruchid resistance |--
& Sm.

Other single gene-controlled traits have been introduced from CWR to confer virus
resistance in rice, powdery mildew resistance in wheat (7riticum aestivum L.) and
Fusarium and nematode resistance in tomato (Lycopersicon esculentum Mill.), as well as
different genes from wild Brassica oleracea L. have been used to increase the anti-cancer
properties in broccoli (http://www.cropwildrelatives.org).

Apart from plant resistance to biotic and abiotic stresses, other traits are lost with
domestication. The ‘domestication syndrome’, i.e., plant traits that mark the divergence
of domesticated crops from their wild progenitors, often regards reproductive traits that
affect yield, such as seed size and number or shattering at maturity (e.g., wheat) (Iriondo
etal., 2018; Nave et al., 2016). For instance, when selecting crops for ready and uniform
germination, dormancy (i.e., the inability of viable seeds to germinate under optimal
environmental conditions) needs to be reduced or eliminated. Among the seed traits lost
in this process diaspore heteromorphism is certainly one of the most frequent. Diaspore
heteromorphism is the production by the same individual of two or more seed/fruit types
(Baskin & Baskin, 1998). The difference between morphs can reside in different
morphological traits, such as shape, colour and thickness of the seed coat, mass, as well
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as in eco-physiological traits such as stress tolerance, longevity, dormancy, soil
persistence and/or dispersal (Gianella et al., 2020). Heteromorphism is considered one of
the main bet hedging strategies in flowering plants. The so-called ‘bet hedging’ strategy
describes the adoption of a reproductive strategy that maximizes the long-term fitness to
ensure survival when coping with an unpredictable environment or in the presence of
fluctuating natural selection (Gianella et al., 2021). For instance, wild relatives of wheat
show heteromorphism in terms of dormancy, longevity and antioxidant activity,
possessing seed traits completely lost in their cultivated sister species. Moreover, CWRs
as well as all native plants are gaining attention also for their value in revegetation and
rewilding programmes, e.g., for ecological restoration, the process of assisting and
managing the recovery of ecological integrity. Planting keystone species can indeed
facilitate the immigration of other species to the restoration site and several wild relatives
can serve the purpose also for their intrinsic adaptations to ruderal or harsh habitats
(Maxted et al., 2007). In this context, ex situ conservation is the best tool for keeping
these invaluable genetic resources viable and available for the long term, allowing them
to be studied, used and distributed for agricultural and ecological purposes. One of the
biggest CWR collecting efforts was concluded this year: the Global Crop Diversity Trust
and the Millennium Seed Bank of the Royal Botanic Gardens, Kew embarked in 2011 on
a global, long-term project to collect, conserve, and initiate the use of CWRs. This 10-
year project, funded by the Government of Norway, was called ‘‘Adapting Agriculture
to Climate Change’’ and focused on wild relatives of 29 crops of major importance for
food security (Miiller et al., 2021).

1.4 Seed longevity: definition and research approaches

Seeds are exceptional examples of long-lived eukaryotes: radiocarbon dating sets the age
of some still viable seeds at about 2000 and 1300 years ago (Phoenix dactylifera L. and
Nelumbo nucifera Gaertn., respectively) (Walters, 1998). Seed longevity is defined as the
viability, or ability to germinate, retained by seeds over a period of dry storage (Rajjou
& Debeaujon, 2008). Moreover, germination must be followed by the development of
normal seedlings able to establish and complete their development into normal plants
(Bewley et al., 2013). The assessment of seed longevity is functional to guarantee the
viability of a seed collection within a seed bank over this period, mainly predicting when
collections should be recollected/regenerated and avoiding repetitive viability assays if
the seed number is low (Colville & Pritchard, 2019; Niedzielski et al., 2009; C Walters,
2003). Longevity estimates are usually obtained through artificial aging (AA) or
controlled deterioration (CD) tests. These tests exploit high temperatures (40—-60°C) and
RH (75%—100%) to accelerate the natural processes of ageing and the resulting data can
be used to compare the estimated storage periods of different species and seed lots
(Delouche & Baskin, 1973; Newton, 2009; Powell & Matthews, 1981). In general, there
is a wide range of temperature/RH combinations during storage conditions that are used
by laboratories and they are named in different ways, such as ambient or natural ageing,
AA or CD (Zinsmeister et al., 2020). The electrical conductivity (EC) test for seed quality
is based on the leakage of solutes caused by damage to lipidic membranes, which can be
measured through electrodes and it is used to assess damage during aging, as EC is known
to be negatively correlated with seed vigour (Ozden et al., 2017; Powell, 1986). Elevated
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partial pressure of oxygen (EPPO) storage is another method that mimics ageing under
seed bank conservation, elevating the pressure to 18 kPa using scuba diving tanks. It has
been developed to avoid the use of high temperature and RH, thereby reducing their effect
on seed deterioration, even though pressure itself has detrimental effects on seed vigour
(Groot et al., 2012; Nagel et al., 2016). Both RH and temperature affect seed longevity
in different ways at the species and population level: several species and genotypes show
different behaviours under different storage conditions or ageing methods (Zinsmeister
et al., 2020). Indeed, the accuracy of AA methods is being questioned, in particular when
estimating ranks and profiles of seeds conserved within seed banks in cold storage (Buijs
et al., 2020; Ozden et al., 2017; Roach et al., 2018; Schwember & Bradford, 2010). This
also because the storage conditions will determine the type of ageing reactions: storage
over water vapor at 100% relative humidity (RH) and 42-45°C will allow both the
resumption of respiration, as seeds are progressively imbibing, and a heat stress leading
to protein denaturation, whereas storage at 75% RH at 35°C does not allow respiration to
occur because the cytoplasm is too viscous to allow molecular mobility. Thus, the
different method used in different studies, even though used on the same species, make
difficult the comparison, especially when studying the molecular processes driving seed
ageing (Zinsmeister et al., 2020). Additionally, only a few seed longevity studies were
performed on seed material under long-term conservation (cold storage between —15 and
—20 °C), as well as few comparative studies between AA and seed ageing in seed banks
are available (Desheva, 2016; Hay et al., 2013; Walters et al., 2005). Also, since most
seed banks have a relatively short-term history, declines in seed viability of the conserved
accessions are unlikely to be detected (van Treuren et al., 2018). Indeed, often monitoring
data have right-skewed distributions, making predictions difficult or inaccurate, as many
assumptions need to be done in order to plot the distribution of seed mortality over time.
The viability equations widely used to model seed ageing rates assume that seed deaths
are normally distributed over time (Ellis & Roberts, 1980; Roberts, 1973), because they
were developed using crop species with homogenous germination profiles and
characteristic peaks of mortality. Wild collections are, on the contrary, quite
heterogenous in their seed traits, and often their ageing rates are not well-fitted by the
viability equations; indeed, differences in flowering, maturation and dormancy are often
observed among individuals in wild populations, and these genetically regulated traits are
known to contribute to seed ageing profiles (Walters, 2003). According to Ellis &
Roberts (1980), the loss of seed viability during storage generally follows a sigmoid
pattern. Seed viability during storage is determined by transforming the viability
percentage through link functions, among which the Probit function is the most
commonly used and it assumes normality. Hay et al. (2014) proposed the use of the GLM-
Probit, using the binomial distribution with germinated seeds as response and sown seeds
as scale factor. With the diverse range of possible distribution families and link functions,
one must take care in selecting the model, but it is generally not appropriate to analyze
the cumulative germination data with Probit analysis because the observed germination
counts at successive time-points during ageing are not independent (Hay et al., 2014).
Other studies use ordinary least square analyses, and efforts are being made in order to
provide more robust tools, and in particular link functions, in order to avoid the
disregarding of model assumptions. Recently Logit (GLM), Cauchy-SSF (OLS), and
Cauchy (GLM) functions were found to estimate seed longevity more robustly than the
Probit function also in crop species, and Logit is being preferred over Probit as it allows
for a more reliable estimate/prediction of viability loss especially in the tails of the
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distribution (i.e., < 10 % or >80 % germination) (e.g., de Faria et al., 2020; dos Santos et
al., 2019; Guzzon et al., 2021; Ozden et al., 2017). Other models exploit the Avrami
kinetics, which describe co-operative reactions based on visco-elastic properties,
adapting it to different equations in order to calculate time coefficient (introduced by
Walters, 1998). However, also the Avrami models are being questioned, in particular
being less plausible than other models in predictions of seed survival when considering
after-ripening, i.e., complex enzymatic and biochemical process that certain plant
embryos must undergo before germination in apparently mature seeds, often exploiting
temperature and RH in a manner similar to ageing (Bewley et al., 2013; Trapp et al.,
2012). In conclusion, further research is needed to improve the different methodologies
used to mimic seed ageing and to model the survival rates used in different comparative
studies. Additional studies need to be performed in order to obtain a standardized,
efficient method to predict seed longevity.

1.5 Seed longevity and environment during development, maturation and
storage

Longevity acquisition is regulated by hormonal and maternal factors and is under strong
influence of the environment, during both maturation and storage. In general, longevity
is developed during maturation, after the acquisition of desiccation tolerance, and the
process spans between seed filling and weeks after storage (i.e. after-ripening) depending
on the species. The environmental conditions that influence longevity include light,
temperature, drought, and salinity, while temperature and water availability are the main
driving factors (Zinsmeister et al., 2020, Fig. 1.1). These conditions are experienced by
the seed or the mother plant, and longevity can vary also in different populations of the
same species adapted to different habitats (Leprince et al., 2017). For instance, alpine
plants from cool, wet climates are shorter-lived than those from warm, dry climates
because of the low average temperature of the post-dispersal environment in alpine
locations (Ellis et al., 1993; Mondoni et al., 2014). Indeed, longevity might be a long-
term adaptation to arid environments, with possible selective pressures on future
generations. Alternatively, intraspecific variations in longevity might represent
phenotypic plasticity mediated by the mother plant as a response to the environment, as
demonstrated in studies where mother plants were grown in greenhouses manipulating
temperature and water availability, and significant differences in longevity in the
offspring were observed (Zinsmeister et al., 2020). Indeed, the maternal-derived tissues
of seeds can contribute to longevity, in particular the seed coat, the pericarp and the
endosperm. The latter is a triploid tissue that can develop into a storage organ or into a
thin layer around the embryo that can control germination, it has an increased dosage of
the maternal genome, and its association with seed ageing has been demonstrated
(Probert et al., 2009; Tausch et al., 2019). Transgenerational effects on seed longevity are
not limited to the manipulation of temperature and water availability, but they also have
been observed when taking in consideration ozone-induced oxidative stress and
endophyte symbiosis, the latter increasing seed moisture content with a consequent
detrimental impact on longevity (Ueno et al., 2020). Indeed, moisture content, partly
influenced by relative humidity, is the major factor regulating seed ageing together with
temperature and oxygen pressure (Sano et al., 2016; Walters, 1998, Fig. 1.1).
Temperature can affect longevity, increasing or decreasing it, depending on species and
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genotype. The mechanisms by which temperature acts on seed ageing at the maternal and
zygotic levels are not yet fully understood, even if some studies demonstrated that it
changes the seed coat (maternal tissue) permeability and it is probably involved in the
hormonal regulation of seed dormancy (Zinsmeister et al., 2020). Also, water availability
during seed maturation can positively or negatively influence seed longevity, either
blocking or accelerating seed maturation and thus the acquisition of desiccation tolerance
and then longevity. The plasticity that allows seeds to regain longevity depends on the
degree of seed maturation itself at the time when water scarcity is experienced by the
plant (Ellis & Yadav, 2016). Another factor that affects seed longevity in different
manners is light. During maturation, seeds need to dismantle chloroplasts and degrade
chlorophyll molecules, and the exposition to light can trigger chlorophyll production
instead of facilitating its degradation. Indeed, failure in chlorophyll degradation in mature
seeds is concomitant to a reduced shelf life. The photoperiod in which seeds are produced
has an effect on seed longevity, as well as the intensity and the type of the light received
by the plant (Zinsmeister et al., 2020). Finally, nutrient availability and thus the macro-
and micro-nutrients uptake of the mother plant can alter the final germination
performance in the offspring, as well as vigour and longevity (Nagel et al., 2015).

As already mentioned, RH and temperature play a fundamental role in determining the
seeds shelf-life during storage. Indeed, consistent relationships among temperature, RH
and seed longevity have originated some basic rules for seed storage, a commonly used
practical rule for seed storage (known as James’ Rule) is that the temperature (in
Fahrenheit) plus the RH of the air (in percent) should total less than 100 for satisfactory
seed storage. For example, if the RH is 50%, the storage temperature should be no greater
than 50°F (10°C) for commercial (medium term) storage. Harrington’s Rule states that
storage life will approximately double for each 10°F (5.6°C) decrease in temperature and
each 1% decrease in seed moisture content for temperatures between 0 and 40°C and
moisture contents between 5 and 14%” (Bewley et al., 2013). In general, the combination
of low temperature and low moisture content is fundamental in order to extend longevity
in orthodox seeds. At threshold water contents that range between 0.03 and 0.07 g H.O
g! DW (dry weight), the tendency of increased longevity associated with drying is
arrested: at lower moisture contents, longevity is unaffected or decreases for the
excessive drying. Given the quantitative relationships between moisture content and the
protection against ageing-induced damage, longevity is considered as a manifestation of
desiccation tolerance (Walters, 2015). On the other hand, drying is not possible for the
conservation of recalcitrant seeds, that cannot tolerate the classical drying and cooling
approach as they often possess large, fleshy organs and thick covering layers sur-
rounding the embryo as mechanisms to resist water loss. In this case, rather than
desiccation tolerance, longevity is a manifestation of desiccation avoidance (Walters,
2015). Other abiotic and biotic factors can affect seed lifespan during storage, e.g.,
oxygen pressure and fungal/insect infestations, that in turn depend on, and act together
with, temperature and relative humidity in the storage environment (Bewley et al., 2013)

1.6 Seed ageing physiology: the seed glassy state and the role of oxidative
stress

Seed physiology, and all the biological processes implied, differ enormously depending
on the hydration state, i.e., dry seeds stored at different RH or imbibed seeds. In ideal
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storage conditions, below 50% RH, integrated cellular processes, including respiration,
ATP generation, transcription, translation, and enzyme activity, are either completely
blocked or can be active but slowed down in the fraction of hydrated cells within the
seed. On the contrary, in many studies of AA, where RH is above 50%, seeds are partially
hydrated and enzyme activity and some metabolic reactions are possible (Bewley et al.,
2013). The seed hydration state is indeed involved in regulating the chemical-physical
properties of the cytoplasm: during desiccation, cytoplasm changes its state from fluid to
solid, forming the so-called “glassy state”, where cellular components are stabilized and
the molecular mobility is severely restricted, an indispensable requirement for
desiccation tolerance development (Buitink & Leprince, 2008). When seeds are imbibed,
the cytoplasm becomes fluid again, allowing molecular mobility and repair processes
(Sano et al., 2016). The formation and stabilization of the glassy state depends on
temperature and moisture content, that can alter the properties of different
macromolecules. Among these molecules forming the glassy state, non-reducing
oligosaccharides (5-10% of the dry mass), i.e., sucrose and raffinose family
oligosaccharides (RFOs), replace water during desiccation and maintain lipids in a fluid
state, thereby protecting membranes (Ballesteros et al., 2020; Sano et al., 2016). About
50% of the seed dry matter is composed of proteins, of which up to 20% contain
intrinsically disordered proteins (IDPs), such as late embryogenesis abundant (LEA) and
heat-shock proteins (HSP). LEAs undergo desiccation-induced folding during cell
drying, suggesting differential functions under different imbibition states: as cells dry
(<95% RH) LEAs form a gel together with sugars and ions, encapsulating other cell
structures such as cell organelles for stabilization and protection (Ballesteros et al., 2020).
On the other hand, heat-shock proteins (HSPs) are chaperones that stabilize
neosynthesized proteins to enable correct folding, contributing to seed longevity by
protecting proteins against oxidative damage and also by refolding proteins damaged by
seed ageing (Sano et al., 2016b). The glassy state prevents damages induced by auto-
oxidative processes and in particular RFOs could possess specific antioxidant activity
possibly by scavenging hydroxyl radicals (Sano et al., 2016). Indeed, oxidative stress
mediated by reactive oxygen species (ROS), affecting lipids, cell membranes, DNA,
RNA and proteins, is considered as the main cause of seed deterioration during ageing
(Bailly, 2004; Kurek et al., 2019; Rajjou & Debeaujon, 2008). Auto-oxidative processes
that comprise the Amadori and Maillard reactions, lipid peroxidation and protein
carbonylation are usually not catalysed by enzymes, thus require highly mobile
molecules, ROS, that can diffuse through the cytosol and reach relatively distant targets
(Ballesteros et al., 2020). Indeed, dry, mature seeds are quiescent, with little or null
metabolic activity in terms of respiration and reserve mobilization from glyoxysomes,
the two main ROS sources in metabolically active plant tissues (Bailly, 2004). Therefore,
autoxidation is the main cause of ROS accumulation during ageing, and it acts as a
progressive cascade during storage, producing peroxides, hydroperoxides, carbonyl and
nitrosyl groups that can in turn react with other molecules, also forming adducts
(Zinsmeister et al., 2020). Among the oxidation damages, lipid peroxidation is observed
in aged seeds of a wide range of plant species, and it is measured through its by- and
downstream products, e.g., malondialdehyde, propanal, butanal, hexanal, or by means of
lipidomics and oxylipidomics (Bailly, 2004; Wiebach et al., 2020; Zinsmeister et al.,
2020). Indeed, even little modifications in phospholipid composition during storage can
drastically change the chemical-physical properties of the membrane upon imbibition,
leading to embryonic damages and cell/seed death (Zinsmeister et al., 2020). It follows
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that in order to extend their longevity, seeds need to prevent ROS accumulation and to
scavenge them upon imbibition, exploiting their reserve of enzymatic and non-enzymatic
antioxidants accumulated during maturation and development, also influenced by the
mother plant environment (Sano et al., 2016). Among enzymatic antioxidants, superoxide
dismutases, catalases, glutathione and ascorbate peroxidases, and
monodehydroascorbate, dehydroascorbate and glutathione reductases are the most used
by seeds, and they can act in the cytosol, mitochondria or choroplasts (Bailly, 2004).
Other proteins that have ROS scavenging and signalling functions in seeds are
thioredoxins, peroxiredoxins and glutaredoxins. The main non-enzymatic ROS
scavenging mechanisms in seed metabolism involve seed storage proteins and low
molecular weight antioxidants, such as polyphenols, tocopherols (Vitamin E), ascorbate
and glutathione (Sano et al., 2016). Reduced glutathione (GSH) is a major regulator of
the intracellular redox environment due to its abundance and negative redox potential.
The measurement of oxidized glutathione (glutathione disulfide, GSSG)/GSH redox
couple and the determination of the half-cell reduction potential (EGSSG/2GSH) are used
as markers of seed longevity (Nagel et al., 2015; Roach et al., 2018). Also seed storage
proteins (SSPs) contribute to ROS buffering, acting as primary targets of oxidation due
to their affinity to ROS and their relative abundance, thereby protecting indirectly other
cellular components necessary for the survival of the embryo (Sano et al., 2016). Another
target of oxidation with a fundamental role in regulating seed longevity is RNA. A
reduction in total RNA and in RNA integrity is associated with seed ageing, and in
particular 18S and 25S rRNA degradation can be used as a seed longevity marker (Sano
et al., 2020). Moreover, during storage, transcripts are broken by ROS attack at random
bases, and the number of breaks is length-dependent: short mRNAs, often related to the
transcriptional and translational machineries, remain mostly intact during storage, thus
underlining the fundamental role of these biological processes for the germination
process initiated with imbibition. Among different species subjected to natural and AA,
significant reductions in transcripts of genes related to programmed cell death,
antioxidants, seed storage proteins, heat shock transcription factors, and the glycolytic
pathway are observed (Sano et al., 2020; Zinsmeister et al., 2020). Even though RNA is
more vulnerable to oxidation because of its single-stranded structure, also DNA can be
damaged by ROS accumulation during ageing (Kranner et al., 2010; Sano et al., 2015,
2020). DNA and RNA fragmentation can accumulate in aged seeds also as a consequence
of programmed cell death (PCD), while strand breaks in DNA are primarily caused by
ROS, directly with desaturation of deoxyribose units or indirectly, by covalent
modifications of bases (the most common is the hydroxylation of the C-8 position of
guanine, resulting in 7,8-dihydro-8-oxoguanine (8-0xoG)) (Biedermann et al., 2011;
Bray & West, 2005). Indeed, OGG]1, an apurinic/apyrimidinic DNA glycosylase/lyase
that removes oxidatively damaged guanosines from DNA, is associated with seed
longevity in Arabidopsis thaliana (L.) Heynh., and more generally, base excision repair
(BER) is probably the main repair system used by seeds for ageing-associated DNA
damage, together with repair enzymes such as ligases IV and VI, involved in strand
breaks repair, and poly(ADP)polymerase 3 (PARP3) (Chen et al., 2012; Kurek et al.,
2019; Waterworth et al., 2010, 2015). In general, seed ageing is concomitant with DNA
damage accumulation, in terms of abasic sites, base modification, single strand breaks
(SSBs) and double strand breaks (DSBs) (Cordoba-Caiiero et al., 2014; Waterworth et
al., 2015). Moreover, changes in nuclear/nucleolar structure can occur in aged seeds,
often showing pyknotic phenotypes and reductions in heterochromatin density (Yan et
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al., 2016). Finally, oxidation can alter protein synthesis, enzymatic activity and protein
structure, e.g. transport protein receptors or ion channels, thus resulting in modified
fluidity and extensive cellular dysfunction. Transcription factors, phosphatases and
antioxidant enzymes are the most frequent targets of protein oxidation during ageing:
their activity can be altered or blocked, leading to further oxidative stress and the inability
to activate the metabolic processes necessary for germination, eventually resulting in seed
death (Lehner et al., 2008; Sharma et al., 2012). Oxidation of methionine to methionine
sulfoxide caused by ROS is one of the major forms of damage found in aged organisms
and methionine sulfoxide reductase (MSR) activity is used as a seed longevity marker
(Sano et al., 2016) (See Fig. 1.1. for a schematic representation of the physiology of seed
longevity).

1.7 Hormonal regulation of seed longevity, relationships and negative
association with seed dormancy and seed priming.

Dormancy and longevity possess distinct and shared signalling pathways, often related
to endogenous hormonal balance that regulates physiological dormancy (Baskin &
Baskin, 1998). Both traits contribute to seed survival and persistence, with dormancy
delaying germination after dispersal to favour seedling establishment in optimal
environmental conditions and reduce the risk of premature death (Bewley et al., 2013).
At the hormonal level, abscisic acid (ABA), either generated by the cotyledons, or
synthesized within the embryo axis, has the primary inhibitory role for seed germination,
counteracted by the promotive action of gibberellic acid (GA). Both enzymes respond to
environmental signals, and synthesis and deactivation, as well as their interaction with
other hormones (e.g., brassinosteroids, ethylene) regulate their balance and therefore the
seed entry in the germination phase (Bewley et al., 2013). The central role of ABA in
regulating seed dormancy and longevity is demonstrated in the Arabidopsis mutants aba-
insensitive3 (abi3), that show reduced dormancy, intolerance to desiccation and rapid
viability loss during dry storage, and also enhanced sensitivity to CD (Clerkx et al., 2004;
Mao & Sun, 2015). Downstream ABI3, the seed-specific heat shock factor HSFAO is
expressed during late maturation, the acquisition of dormancy and desiccation tolerance,
and possesses a central role in seed longevity-related signalling. It promotes the
accumulation of HSPs and therefore thermoresistance, proved also in longevity studies
using CD (Sano et al.,, 2016). ABA may also control water uptake and H,O,
accumulation, and therefore oxidative stress, through the modulation of aquaporins
ABI3-dependent, thus further regulating seed longevity (Mao & Sun, 2015). Auxin
signalling also acts downstream ABI3 in regulating seed longevity, enhancing the seed
lifespan by contrasting the inhibition of HSFA9 (Carranco et al., 2010). Moreover,
longevity genes of Medicago truncatula Gaertn. are enriched with auxin binding-sites,
suggesting a potential additional role of auxins in seed longevity (Righetti et al., 2015).
Despite the fact that the antagonistic action of ABA and GA in controlling dormancy and
longevity is well known, the role of GA is not yet fully clarified. Indeed, even though
gibberellin-insensitive (gai) mutants do not show losses in terms of seed viability during
storage, the accumulation of gibberellins and enzymes related to their biosynthesis was
proved to be correlated with enhanced longevity (Sano et al., 2016). Gibberellins could
act by modifying the seed coat (festa), that provides chemical and mechanical protection
to the embryo: its structure, thickness and composition are critical factors in seed
longevity (Bueso et al., 2014; Debeaujon & Koornneef, 2000). The chemical composition
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of the testa is defined during seed development by the accumulation of polyphenols,
polysaccharides, suberin and cutin within the maternal-derived tissues of the coat, that,
at the end of the maturation, are composed of dead cells (Sano et al., 2016). The maternal
origin of the seed coat implies a dependence of the chemical composition on the
environmental factors experienced during development, i.e. temperature, water and
nutrient availability, that modify the synthetic pathways through gene and hormone
activation (Zinsmeister et al., 2020). Polyphenols, divided into flavonoids, lignins and
lignans, are associated with seed longevity. Flavonoids-deficient mutants of Arabidopsis,
Brassica napus L. and Linum usitatissimum L. showed reduced longevity in long-term
storage, CD and AA, and an increased permeability to tetrazolium salt, suggesting a
potential role of these metabolites in protecting the embryo from external water and
oxygen (Clerkx et al., 2004; Debeaujon & Koornneef, 2000; Zhang et al., 2006).
Flavonoids possess antioxidant properties, thus they may scavenge ROS during seed
ageing or imbibition. The oligomeric flavonoids proanthocyanidins (PAs) elicit ABA
synthesis, thereby interacting with dormancy and longevity onset (Sano et al., 2016).
Other components of the seed coat, such as defense-related proteins, polyphenol oxidases
(PPOs, e.g. catechol oxidases and laccases), peroxidases (PODs) and chitinases (Moise
et al., 2005; Pourcel et al., 2005) can influence seed ageing. Lignin-deficient mutants
show reduced seed longevity, probably due to the enhanced seed coat permeability and
therefore the reduced mechanical protection from water and oxygen, while little or no
data about the role of lignans in shaping seed longevity is available (Sano et al., 2016).
Increased permeability of the seed coat is thought to be the primary cause of the fast seed
ageing observed in primed seeds, i.e. seeds subjected to priming treatments and
subsequently stored (Zinsmeister et al., 2020). Priming techniques are pre-sowing
treatments that improve germination rates, speed, consistency, and viability, that can be
followed by immediate sowing or by a period of storage (Paparella et al., 2015). In some
cases, primed seeds show a delayed loss of viability when stored, probably because the
repair mechanisms activated by imbibition allow them to maintain germinability for
longer periods. Other studies report that primed seeds present reduced longevity when
submitted to CD and AA tests, but this reduction in longevity compared to the unprimed
seeds could be probably due to the high temperature and RH rather than on the priming
treatment per se. The viability of primed stored seeds can be partially restored with post-
storage treatments, e.g., re-priming (Gianella et al., 2020). On the other hand, different
priming methods have been used to overcome aging-associated damage by improving the
germination rate, uniformity, and percentage. It has been suggested that the effectiveness
of these treatments depends on repair mechanisms activated during the hydration phase,
acting on nucleic acids, lipids and proteins, and also on the reactivation of transcription
and antioxidant enzyme scavenging activity. Although hydropriming and osmopriming
are the most used treatments, other compounds such as salicylic acid or metallic
nanoparticles have been used on aged seeds, with positive effects both on germination
and the seedling phenotype (Gianella et al., 2020).

1.8 Genetic and epigenetic bases of seed longevity

Despite the mechanisms of seed ageing and the acquisition of longevity are still not fully
clarified, several genetic and epigenetic factors are known to contribute to these complex
traits. Transcription factors ABI3 (ABSCISIC ACID INSENSITIVE3), FUS3
(FUSCA3), and LEC2 (LEAFY COTYLEDON2) (B3 domain family) together with
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LEC1 (LEAFY COTYLEDONI), (NFYB protein family) regulate seed maturation.
ABI3 and LECI can influence the acquisition of longevity, by forming complexes with
other proteins and acting redundantly (Zinsmeister et al., 2020). The reduction of
longevity and dormancy in abi3, lec and fis3 mutant seeds is due to their failure to acquire
desiccation tolerance and induce dormancy during late seed development (North et al.,
2010). Downstream the ABI3 function, several genes are implicated in seed longevity,
e.g. the transcription factor HSFA9 or stay-green (SGR) genes involved in the catabolism
of chlorophylls, fundamental for proper seed maturation and longevity acquisition (Sano
et al., 2016). ABI3 and LEC1 regulate, either directly or indirectly, the expression of
HSPs and LEAs, as well as SSPs that are associated with seed longevity (Sugliani et al.,
2009). The alternative splicing of ABI/3 mRNA can also contribute to differential seed
longevity profiles, with the prevalence of full-length transcripts at the beginning of seed
development when seed longevity is acquired. In the dry seed, the spliced form ABI3-f
increases and becomes prevalent. Such event is regulated by SUPRESSOR OF ABI3-5
(SUAT1 to SUA4), a RNA binding protein involved in seed longevity (Zinsmeister et al.,
2020). Alternative splicing is a frequent process in developing seeds, in particular in
genes associated with mRNA catabolism. In general, RNA processing and translation are
the functions associated with the most expressed genes during the acquisition of longevity
in M. truncatula (Verdier et al., 2013). Another gene involved in the ABA signalling
pathway, ABIS is a regulator of seed longevity in legumes, and in turn it is regulated by
DOGI1 (DELAY OF GERMINATION 1), a heme binding protein that interacts with
ABA HYPERSENSITIVE GERMINATION1 (AHGI1, a group A type 2C protein
phosphatase (PP2C)) to trigger an ABA response and dormancy. Together, DOG1, ABI3,
ABI5 and homologous ABF genes interact in the acquisition of longevity in Arabidopsis
(Zinsmeister et al., 2020). Auxin-related genes are also involved in the complex network
of seed longevity acquisition, e.g., the short-lived transcriptional repressor AUXIN-
RESPONSIVE PROTEIN 27 (HalAA27), the cis-regulatory element ARFAT (auxin
response factor binding site), and CYP79B2, involved in a minor auxin biosynthesis
pathway. Gibberellin-related proteins, such as the transcription factor HOMEOBOX25
(ATHB?2S; involved in GA biosynthesis control), or brassinosteroid (BR)-related proteins
contribute to longevity. This is the case of the Arabidopsis BR-deficient mutants
cyp85al/a2 and det2 showing increased seed longevity (Zinsmeister et al., 2020).

QTLs for seed longevity have been investigated in several species subjected to different
ageing conditions. Six Arabidopsis recombinant inbred line (RIL) populations were used
to identify loci associated with seed longevity, with several Germination Ability After
Dry Storage (GAAS) loci co-localized with DOG genes, showing an inverse correlation
between storability and dormancy (Nguyen et al., 2012). Moreover, the study underlined
a difference in longevity QTLs between the same accessions treated with long-term
storage and CD, this indicating an incomplete overlapping of the genetic and metabolic
pathways recruited in the seed response to these two ageing types (Nguyen et al., 2012),
recently confirmed by another study that reveals that the EPPO method is the most similar
to natural ageing when taking in consideration QTLs in Arabidopsis (Buijs et al., 2020).
Also in barley, EPPO and CD show partially common QTLs but also distinct
characteristic loci and genetic markers (Nagel et al., 2016). Moreover, loci associated
with AA are related to floral and seed development, seed quality (germination, dormancy
and yield), stress signalling, abiotic stress response and pathogen resistance in barley
(Nagel et al., 2015). A QTL for seed longevity was found on chromosome 1A of bread
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wheat (Triticum aestivum L.) and a QTL on chromosome 3B (QRG.ipk-3B, linked to
number of grains per ear, thousand grain weight and coleoptile length, thus to seed and
seedling vigour) of durum wheat (7Triticum durum L.) (Arif & Borner, 2019; Borner et
al., 2017). Regarding rice, within the QTL identified on chromosome 2, 45 genes
potentially relevant to seed longevity mechanisms, such as antioxidant activity and DNA
repair, were found in the japonica subspecies, and an additional QTL on chromosome 8
was recently found in a particularly long-lived variety of O. sativa (Liu et al., 2018;
Raquid et al., 2021). Another study, taking in consideration both cultivated and semi-
wild rice, unveiled that RNA modification, oxidation-reduction, protein-protein
interactions and abscisic acid signal transduction play roles in seed longevity, with
genetic markers on chromosomes 1, 3, 4 and 8 associating d-tocopherol (vitamin E) with
extended seed lifespan under AA (Lee et al., 2020). In maize, some QTLs identified after
AA are linked to the energy metabolism, stress response, signal transduction, and protein
degradation pathways (Wang et al., 2016). Interestingly, Arabidopsis, cabbage (Brassica
oleracea L.) and tomato (Solanum lycopersicum L.) showed QTLs with the potential
candidate gene GolS encoding galactinol synthase, a key enzyme in the synthesis of RFOs
involved in the glassy state formation and stabilization, crucial for the acquisition of
desiccation tolerance and longevity (de Souza Vidigal et al., 2016). The latter require a
complex regulatory network associated with metabolic shutdown and storage material
accumulation. These processes seem to be ABA-dependent in many species, and include
the ABI3, FUS2, LEC1 and LEC2 functions (Kijak & Ratajczak, 2020).

Epigenetic stability is another aspect of seed longevity that still deserve exploration, as
few data are currently available and only for a few species and ageing conditions. In
general, cytosine DNA methylation (™C) is an epigenetic modification fundamental for
the regulation of gene expression in plants (Gehring & Henikoff, 2007). This kind of
regulation allows plant cells to adapt to new conditions without affecting the DNA
sequence, and to control development and responses to various environmental stresses
(Mira et al., 2020). The DNA methylation profile changes during seed storage in Mentha
aquatica L., in terms of both new methylation marks and demethylations, that could result
in changes in gene expression (Mira et al., 2020). Also in rye (Secale cereale L.)
increased epigenetic instability is observed in both aged seeds and seedlings (Pirredda et
al., 2020). Interestingly, changes in the methylation states are detected also in plants
regenerated from stored seeds, indicating that some of these alterations could be
transmitted as adaptive transgenerational inheritance (Mira et al., 2020; Pirredda et al.,
2020). In general, an increase in global DNA methylation level could prevent DNA
damage, and therefore may contribute to desiccation tolerance, also observed when
comparing the methylation profiles, of orthodox seeds subjected to conventional and
cryogenic storage (Pérez et al., 2017; Plitta-Michalak et al., 2021). A recent study
demonstrated that aged maize seeds possess increased DNA methylation levels, with
genotype-dependent differences in methylation (Carvalho, 2020). Both the genetic and
epigenetic processes involved in shaping seed longevity still need to be studied and fully
clarified among the different plant species and ageing conditions.
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Figure 1.1 Schematic representation of the main factors, processes and biomolecules
known to influence seed longevity (Adapted from Zinsmeister et al., 2020).
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2. Aims of the work

The main goal of this PhD project was to study the different eco-physiological and
molecular aspects of seed longevity, still poorly explored, in crops and crop wild
relatives. The investigation focuses on the following crop species: maize, garden pea and
wheat wild relatives, analysed in the context of seed banking, in order to expand the
current knowledge about the dynamics of artificial and natural ageing. The experimental
activity included three distinct research lines:

Project 1 — Comparison between AA and long-term storage in heteromorphic wheat wild
relatives: Aegilops tauschii Coss., donor of the DD genome to the hexaploid bread wheat
and Triticum monococcum subsp. aegilopoides Boiss., wild relative of the cultivated
Triticum monococcum L. This activity was carried out at the Plant Biotechnology
Laboratory-DBB (University of Pavia), in collaboration with Dr. Andreas Borner (IPK-
Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany).

Project 2 - Screening of seed longevity in the CIMMYT maize collection. This activity
was carried out during an 8-months Internship at the Genebank Viability Lab of the
International Maize and Wheat Improvement Center, CIMMYT, Mexico (1st February-
30th September 2020), part the Genetic Resources Program (GRP).

Project 3 — Molecular, physiological and ultrastructural aspects of seed longevity in
Pisum sativum varieties subjected to different storage conditions. This activity was
carried out at the Plant Biotechnology Laboratory-DBB (University of Pavia), in
collaboration with Dr. Andreas Borner (IPK-Leibniz Institute of Plant Genetics and Crop
Plant Research, Gatersleben, Germany).

The different experimental systems were selected in order to obtain a wider picture of
some common physiological processes involved in shaping seed longevity, i.e. oxidative
stress in terms of antioxidant activity, ROS accumulation, oxidative damages and
protective mechanisms. The different seed accessions were studied with a
multidisciplinary approach, from the macroscopic analyses of germination profiles and
seed phenotype to the microscopic exploration of nuclear/nucleolar ultrastructure and
gene expression. Several biochemical compounds were measured in the different species,
seed accessions and imbibition/ageing timepoints, with the purpose of exploring the
ageing process over time and along with the activation of pre-germinative metabolism.
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3. Materials and methods

3.1 The wheat wild relatives
3.1.1 Plant material

Caryopses (hereafter referred to as seeds) of Ae. tauschii and T. monococcum subsp.
aegilopoides (for simplicity, hereafter referred to as 7. boeoticum) were kindly provided
by the Genebank Department of the Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Gatersleben (Germany). In both species seed longevity loss has been
investigated after 40 years of genebank bank storage at the IPK (-18 = 2°C, 8 + 2 % seed
moisture content; hereafter referred to as “SB”) and under AA condition (hereafter
referred to as “AA”), using for the latter fresh seeds produced by plants of the same
genotype held in genebank. Seed samples were regenerated at the experimental fields of
IPK in Gatersleben (latitude 51° 49° 19.74°> N, longitude 11° 17° 11.80”” E, 110.5
m.a.s.l., black soil of clayey loamy type) and the collected seed lots are hereafter referred
to as “fresh” or 0d. Seeds were extracted from the spikelets and sorted out according to
the morph as previously described (Gianella et al., 2020): the larger, basal morph ‘A’ and
the smaller, apical morph ‘B’. After the cleaning process, seeds were kept in standard
dry-room conditions at the Plant Germplasm Bank of the University of Pavia (Italy) at
15% relative humidity (RH) and15°C (ISTA, 2018) until use.

3.1.2 Germination tests and imbibition curves

Germination tests were carried out in triplicates of 20 seeds each in Petri dishes with 1%
agar as substrate. Dishes were placed in temperature- and light-controlled incubators
(LMS, Sevenoaks, UK) using a 12-h daily photoperiod (photosynthetically active
radiation 40-50 pmol m™ s!) at 20 °C (Guzzon et al., 2015). Petri dishes were checked
every 12 h for germination, and seeds scored as germinated once the radicle had reached
2 mm length. At the completion of each germination test (4 weeks after sowing), non-
germinated seeds were cut-tested to confirm whether they were empty. Imbibition curves
were determined using 6 replicates of 5 seeds, placed in Petri dishes between double filter
paper discs, moistened with dH>O and sealed in plastic bags to avoid evaporation. Seeds
were then withdrawn; the residual superficial water was removed with sterilized filter
paper and seed mass was measured at 1h-intervals until radicle protrusion was observed.
Water uptake was estimated by subtracting dry mass to the weight registered during
imbibition and expressed as increase in % (Louf et al., 2018).

3.1.3 Controlled ageing test (CAT)

Seed longevity was tested with a modified protocol for AA from Newton (2009),
according to Guzzon et al. (2018) Prior to storage, seeds were first rehydrated for 14 days
in open Petri dishes over a non-saturated solution of LiCl in a sealed electrical enclosure
box (Ensto UK, Southampton, UK) at 47% RH and 20 °C. Thereafter, seed equilibrium
relative humidity (eRH) was verified with an AWDIO water activity probe used in
conjunction with a Hygro-Palm 3 display unit (Rotronic Instruments UK, Crawley, UK).
Once the seeds had reached eRH, the initial germination was assessed using triplicates of
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20 seeds and the protocol described above. Next, seed lots were stored in the dark in a
sealed box over a non-saturated LiCl solution at 60% RH at 45 + 2 °C, placed in a
compact incubator (Binder FD53; Binder, Tuttlingen, Germany). When necessary,
aliquots of distilled water were added to the LiCl to keep the RH at the required
equilibrium, which was monitored inside the enclosure box (Tinytag View 2
Temperature/Relative Humidity Logger; Gemini Data Logger, Chichester, UK). At nine
intervals during storage, three replicates of 20 seeds per lot were extracted and viability
was tested with the same protocol as used for the preliminary germination test, until a
complete viability loss was reached.

3.1.4 ROS detection

The fluorogenic dye 2’°,7’-dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich,
Milan Italy) was used to quantify ROS levels released from dry seeds. Following
deacetylation by cellular esterases, the dye is converted to a non-fluorescent molecule
which is subsequently oxidized by ROS into the highly fluorescent 2°,7’-
dichlorofluorescein (DCF). The assay was carried as described by Forti et al. (2020) with
the following modifications. Dry seeds were incubated in the dark for 30 min with 150
ul of a 10 uM DCF-DA solution. Subsequently, three replicates (50 ul each, per seed lot)
were pipetted into 0.2 ml tubes and the emitted fluorescence was measured using the
green channel (510 £ 5 nm) of a Rotor-Gene 6000 PCR apparatus (Corbett Robotics,
Brisbane, Australia), after a single cycle of 30 s at 25°C. As negative control, three
replicates containing only DCF-DA were used to subtract the baseline fluorescence.
Relative fluorescence was calculated by normalizing samples to controls and expressed
as Relative Fluorescence Units (R.F.U.).

3.1.5 qRT-PCR

The RNA extraction was performed according to Ofiate-Sdnchez & Vicente-Carbajosa,
(2008) from dry, 1h- and 18h-imbibed seeds of Ae. tauschii, and from dry, 1h- and 14h-
imbibed seeds of T. boeoticum. Retro-transcription was carried out using the iScript
cDNA Synthesis kit (Bio-Rad, Milan, Italy), according to the manufacturer’s
instructions. qRT-PCRs were performed using SYBR Green qPCR Master Mix (2X)
(Fermentas, Milan, Italy) and a Rotor-Gene 6000 PCR apparatus (Corbett Robotics,
Brisbane, Australia). For oligonucleotide primer design, sequences were obtained from
the online database EnsemblPlants: an alignment was performed between sequences from
Ae. tauschii and T. boeoticum with the online software Multiple Sequence Alignment by
CLUSTALW in order to select common and species-specific primer oligonucleotides
used for the amplification of reference and target genes. The resulting oligonucleotide
primers are listed in Table 3.1.1.
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Table 3.1.1 List of oligonucleotide primers used for gqRT-PCR analyses.

Gene | Forward primer (5°-3°) | Reverse primer (5°-3°) | Species
Reference genes
ACT CGACAGGATGAGCAAGGA | GAGGGAGGCGAGGATGGA | Ae.
Actin GA tauschii
ACT TGCATAGAGGGAAAGCAC | AACCCAAAAGCCAACAGA | T.
G GA boeoticu
m
ARF CACCACCATCCCCACAATC | CCTCAACAACACGCTCTCT | Both
ADP-ribosylation G
factor
GAPDH CGCAGAGATTCCTTGGGGT | CACCACTTTCTTAGCACCA | Both
Glyceraldehyde-3- A CcC
phosphate
dehydrogenase
ELFI TGGTGGTTTTGAGGCTGGT | TACTTGGGAGTGGTGGCA | Ae.
Elongation Factor 1 A TC tauschii
alpha
ELF1 ATTAGGTTTGGTGGCGGG CGGTCGTTGTTGGAGTTGT | T.
A C boeoticu
m
RPT6 ATGTTGGCGAGGTTGTGA GGGCAGGATAAGGTGAAG | Both
268 protease AG C
regulatory subunit
UBI CGGTGGAGGTGGAGAGC ACGAGGTGAAGCGTGGAC | Both
Ubiquitin
Target genes
APX TCTCCTCCTTGATGGGCTC | GAAGAACTGCTCCCCGCT | Both
Ascorbate C
peroxidase
CAT AACTACCTGATGCTCCCCG | TCCTCGTCTTCTCCCTTTTT | Ae.
Catalase CcC tauschii
CAT GCGTTGTCGTTGTTCCAGA | ATCGTTGCTTCCTCCGTTC | T.
boeoticu
m
DHAR CCACACACACACAAGCAA | CCAAGGCGACCAAGGAGA | Ae.
Dehydroascorbate GT tauschii
reductase (cytosolic)
DHAR ATCACAGCAGGCATCTAA GCTCAGTATTTCCATCTTG | T.
G TT boeoticu
m
GSR ATCCTTGGTGGTTCTGGTG | GTCGTGTGCCTTTGCTTTG | Both
Glutathione sulfo- T A
reductase
MDAR ACCTTGCTCATCGCCACT GCCTTCCCATCCTTCTTTG Both
Monodehydroascorb C
ate reductase
(cytosolic)
SOD GTAAGCACAGCCACAGCC | CATCCCATCCCCCAAGTCA | Both
Superoxide T
dismutase
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To analyze the expression of genes encoding enzymes belonging to the ascorbate-
glutathione ROS scavenging pathway (ascorbate peroxidase, APX, catalase, CAT,
dehydro-ascorbate reductase, DHAR, glutathione reductase, GSR, mono-dehydro-
ascorbate reductase, MDAR and superoxide dismutase, SOD) the geometric mean of two
reference genes, was used as standard control. Quantification was carried out using the
following reference genes for the experimental conditions (AA and SB) used in this work:
ARF (ADP-ribosylation factor) and ELF (elongation factor 1-alpha) for Ae. tauschii AA
and SB seeds, ACT (actin) and ELF for T. boeoticum SB, GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) and UBI (ubiquitin) for T. boeoticum SB. Selection was
performed using the GeNorm algorithm (https://genorm.cmgg.be) (Figures 3.1.1 and
3.1.2). Oligonucleotide primers were designed with the online software Primer3Plus and
thermodynamic parameters were checked with Oligoanalyzer (Table 3.1.1). qRT-PCR
conditions were denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s and elongation
at 72 °C for 30 s. Once aspecific fluorescence was subtracted, the raw fluorescence data
obtained from the Software Rotor-Gene 6000 Series 1.7 (Corbett Robotics) were used to
retrieve PCR Efficiency (E) and threshold cycle number (Ct) for each transcript
quantification. The Pfaffl method (Pfaffl, 2001) was used for relative quantification of
transcript accumulation and the two reference genes, selected for each species in the
different ageing conditions, were used to normalize the values by calculating the ratio
between target gene transcripts and the geometrical mean of the reference genes
transcripts.
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Figure 3.1.1 Selection of reference genes for qRT-PCR analysis in Ae. tauschii SB seeds
(a) and AA seeds (b). Average expression stability values (M), calculated using GeNorm
algorithm (https://genorm.cmgg.be), of the six putative reference genes analysed in dry
and imbibed seeds throughout the tested time points of the experimental design. ACT,
actin, ARF, ADP-rybosilation factor, ELF, elongation factor 1 alpha, GAPDH,
glyceraldehyde 3-phosphate dehydrogenase, RPT6, 26S protease regulatory subunit,
UBI, ubiquitin. SB, seed bank ageing, AA, accelerated ageing.
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Figure 3.1.2 Selection of reference genes for qRT-PCR analysis in T. boeoticum SB
seeds (a) and AA seeds (b). Average expression stability values (M), calculated using
GeNorm algorithm (https://genorm.cmgg.be), of the six putative reference genes
analysed in dry and imbibed seeds throughout the tested time points of the experimental
design. ACT, actin, ARF, ADP-rybosilation factor, ELF, elongation factor 1 alpha,
GAPDH, glyceraldehyde 3-phosphate dehydrogenase, RPT6, 26S protease regulatory
subunit, UBI, ubiquitin. SB, seed bank ageing, AA, accelerated ageing.

3.1.6 Statistical analysis

Statistical analysis was carried out in SPSS 21 and Genstat 9. Origin Pro 9.1 was used to
build survival curves and heatmaps were plotted in the R software environment for
statistical computing and graphics (v. 4.1.0). The R packages used are: ‘tidyr’ (Wickham,
2021), ‘dplyr’ (Wickham, 2021) and ‘ggplot2’ (Wickham, 2016). Before analyses, data
were checked for normality and homoscedasticity (Shapiro—Wilk’s and Levene’s tests,
respectively). Probit analysis was carried out using GenStat 9 to obtain the time for
viability to fall by 50% (pso), used then as measure for seed longevity by fitting the
viability equation (Ellis & Roberts, 1980) as previously described by (Gianella et al.,
2020). Psos were compared between seed lots belonging to the same species and subjected
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to the same ageing conditions (AA or SB) using T student’s tests. A GLM with gamma
distribution, log link, was applied to compare the longevity profiles of the two morphs in
the two species when subjected to the same ageing treatment. Heatmaps represent the
Log?2 fold change (Log2FC) of the relative gene expression and ROS levels of aged seed
lots (AA and SB) compared to the controls, i.e., the maximum germination % of freshly
harvested seeds (0d de. tauschii, 21d T. boeoticum due to after-ripening).

3.2. The maize collection at CIMMYT’s genebank
3.2.1 Conservation conditions

Maize caryopses (hereafter referred to as ‘seeds’) were originally conserved in a
seedbank located at the National School of Agriculture at Chapingo (Texcoco, Mexico)
since 1943, in what can be considered the first germplasm bank of Latin America. After
that, from the 1960s to 1971, the accessions included in this study were conserved in a
temporary refrigerated seed storage facility (0 = 5 °C) located in the basement of the
National School of Agriculture at Chapingo University (Texcoco, Mexico), when they
were moved to the first CIMMYT germplasm bank at its recently built headquarters in
El Batan, Texcoco, Mexico. Here they were conserved in metallic cans with pressure lids
at 0 °C and 45 % relative humidity, with the seeds dried below 10 % of moisture content
prior to storage (CIMMYT, 1974, 1988). Starting in 1984, each seed collection was
divided, and equal halves were moved to a base chamber (—15 °C) and an active chamber
(0 °C) in metal cans. The two seed lots of the same accession conserved in the two
chambers will be hereafter identified as: the ‘active’ seed lot and ‘base’ seed lot. In the
second half of the 1980s, accessions in the base chamber were transferred to sealed
aluminum envelopes. In 1996, the whole collection was moved to the current CIMMY T
Germplasm Bank inside the Wellhausen-Anderson Plant Genetic Resources Center,
where seeds are conserved in hermetic plastic flasks at —3 + 2 °C (active chamber) and in
hermetically sealed aluminum envelopes at —15 = 3 °C (base chamber).

3.2.2 Study accessions

Germination tests of 987 seed lots from the base chamber were carried out for this study.
Of these same accessions, 835 from the active chamber were also tested for germination.
The number of seed lots tested for the active chamber is lower than that for the base
chamber because some accessions in the active chamber did not have enough seeds to
perform the germination test. Nineteen accessions were tested only in the active chamber
since data from recent germination tests (carried out from 2016 to 2019) were available
for the base chamber. Overall, a total of 1006 accessions from the base chamber were
included in this study. One accession was tested only in the active chamber, due to lack
of seeds in the base chamber. Overall, 855 accessions from the active chamber were
tested in this experiment. The study accessions were chosen according to the following
criteria: (1) having complete passport data including storage date, collecting site
geographical information and information on the repropagation site); (2) having both
initial and monitoring germination data; (3) being representative of the different grain
types of maize (dent, floury, flint, popcorn and sweet) conserved in the CIMMYT
collection; (4) being among the oldest collections for each grain type; and (5) maximizing
the environmental range (in terms of latitude and elevation of the collecting sites) among
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the study accessions. The study accessions originated from seed collections made in 33
different countries, covering an altitudinal range from 2 to 3919 m a.s.l. Considering the
grain type of the study accessions: 363 were dent, 361 flint, 218 floury, 11 popcorn and
54 sweet. Popcorn and sweet accessions were less represented in the experiment in
concordance with their overall lower representation in the collection. The ranges of
storage dates for each grain type were as follows: dent (1965-1971), flint (1960-1974),
floury (1969-1978), popcorn (1970—1996) and sweet (1968—2002). The average age of
the accessions tested for this study was 48 years. More recent accessions of popcorn and
sweet maize were used in the study due to the scarcity of older accessions of these grain
types in the collection. The study seed lots are identified in the CIMMYT GRIN-Global
database as well as marked with a special label (Longevity project) in the conservation
chambers; those seed lots will not be substituted with new regenerations, with the hope
that researchers can continue, in the next decades, to study the viability of this set. Only
one accession was represented by seeds from its original collection. All other accessions
had been regenerated in a Mexican or US location prior to conservation (11 regeneration
locations in total). Historical initial germination data collected prior to storage were
available for the study accessions, and the average initial germination was 99%.
Moreover, results of an additional germination monitoring test were available, but only
for the active chamber, since systematic germination monitoring of seeds conserved in
the CIMMYT base chamber only began in 2012. Prior to the germination tests carried
out for this study, seed mass and moisture content of the accessions (from both the active
and base chambers) were measured. Seed mass was determined by weighing three
replicates of 20 seeds, kept in one of the dry rooms of the CIMMYT Germplasm Bank at
9-15 °C and 10-20 % RH, randomly sampled from each seed lot, using an analytical
balance (Adventurer Pro AV 8101, OHAUS, Parsippany, NJ, USA). The seed moisture
content (MC) of the accessions was tested using a moisture meter (SL95, Steinlite,
Atchison, KS, USA). The accession passport data considered in this study, besides the
historical germination data, were grain type and colour, regeneration site, co-ordinates
(latitude and longitude), elevation and climatic zone of the original collection site.
Climatic zones of the collecting sites were based on the Koppen—Geiger climatic
classification system (Bryant et al., 2017).

3.2.3 Germination tests

Three replicates of 20 seeds of each accession were sown in rolled filter paper (16.6 x
16.6 cm) moistened with distilled water. It was not possible to use a higher number of
seeds or replicates in the germination tests due to the low seed number of some
accessions. Filter paper rolls were inserted in transparent plastic trays, and the trays were
randomly dispersed in an incubator (Biotronette plant growth chamber 844, Lab-Line) at
a constant temperature of 25 °C and a 12 h photoperiod. Distilled water was added to the
trays as needed, to avoid desiccation. Germination scoring was performed 1 week after
sowing. A seed was considered to be germinated if it had developed into a normal
seedling, according to ISTA (2018) criteria. A label with a unique, identifier QR code
was attached to each paper roll. The germination scoring was performed through the app
GB zone, that is connected to the GRIN-Global genebank database, by means of QR code
scanners (two models: CS 4070, Symbol, Zebra, USA; and S740 2D, Socketmobile,
USA) connected to a laptop or tablet device. The germination experiments were
performed in March and April 2020 in the Seed Viability Laboratory of the CIMMYT
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Germplasm Bank (Texcoco, Mexico).
3.2.4 Statistical analysis

Data analysis and graphic representation were carried out in the R software environment
for statistical computing and graphics (v. 3.6.2). The R packages used for the analyses
are: ‘corrplot’ (Taiyun and Viliam, 2017), ‘dplyr’ (Wickham et al., 2021), ‘ecotox’,
‘fmsb’ (Nakazawa, 2019), ‘ggplot2’ (Wickham, 2016), ‘ggpubr’ (Kassambara, 2020),
‘Ismeans’ (Lenth, 2016), ‘kgc’ (Bryant et al., 2017), ‘multcomp’ (Hothorn et al. 2008),
‘psych’ (Revelle, 2019) and ‘statmod’ (Giner and Smyth, 2016). Before analyses, data
were checked for normality and homoscedasticity (Shapiro—Wilk’s and Levene’s tests,
respectively). Two Scheirer—Ray—Hare tests were applied to determine if mass and
moisture content differed among accessions and conservation chambers (active and
base). A Kruskal-Wallis test was used to determine if there were differences among grain
types in terms of seed mass. Pairwise comparisons were carried out with the Bonferroni
test. Multiple parameters were used to characterize seed longevity: final germination
(germinated/sown seeds at the end of the germination test); and pso and p85,
corresponding to the time for viability to fall to 50 % and 85 % of the initial value
(retrieved from historical, pre-storage data), respectively, estimated or predicted by logit
analyses. Generalized linear models (GLMs) with binomial distributions, with logit as
the link function, were carried out for pso and pss predictions of the accessions conserved
in the active chamber. Logit was preferred over probit as link function, since logit showed
a higher goodness of fit, compared by means of analysis of variance (ANOVA; y2 test)
and AIC (Akaike information criterion) scores, when compared with probit analysis (d.f.
0, deviance =—462.23, P <0.001; AIC logit—probit: —460). Moreover, logit function, as
previously observed by dos Santos et al. (2019) and de Faria et al. (2020), allows for a
more reliable estimate/prediction of viability loss when compared with probit, especially
in the tails of the distribution (i.e., < 10 % or >80 % germination), thus making it more
suitable for the pss estimation. Smaller differences between logit and probit models are
observed in the central points of the function (50% germination, pso). Longevity estimates
were filtered for those accessions that showed a final germination lower than the initial
and a pss lower than the years of storage. This was done to estimate the pss based only on
observed data and not predictions, in order to avoid unrealistic values driven by the
absence of viability loss in a significant percentage of the seed lots. Yamasaki et al.
(2020) also highlighted this issue, suggesting that only longevity estimates within the
storage period should be considered, while the reliability of a prediction extrapolated
beyond the observation period needs further data accumulation and verification,
especially considering that viability loss does not follow a linear pattern, but rather a
sigmoidal one (Walters et al., 2005). Another parameter used to characterize seed
longevity was the ageing rate (named L), calculated using the following formula:

Gi—G 1
L= =
G, Y

Where G; is the initial germination in percentage, tested before storage; Gris the most
recent germination result in percentage; and Y corresponds to the storage time
experienced by the seed accession, expressed in years. A GLM, with a binomial
distribution and logit as link function, was applied to determine the effect of the
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conservation in the two different chambers (active or base) on final germination, and a
post-hoc Bonferroni test was used for pairwise comparisons of the same seed accession
in the two conservation conditions. A Kendall’s tau b correlation test was performed on
germination in the active and base chambers, in order to assess if there was a correlation
between the decline in viability in the two chambers, and, in particular, whether the
decline in seed viability of any accession in the active chamber was similar to its decline
in the base chamber. Monitoring intervals were calculated as one third of the pss, with an
upper limit set to 40 years as suggested by the Genebank Standards for Plant Genetic
Resources for Food and Agriculture (FAO, 2014). A Kruskal-Wallis test was used to
determine if there were differences among grain types in terms of monitoring intervals.
Pairwise comparisons were carried out with the Wilcoxon rank sum test. A correlation
plot was built based on a mixed correlation matrix for both active- and base-conserved
seed lots, considering the following variables: ageing rate (L), seed mass and moisture
content, grain type and colour, and regeneration site, as well as latitude, longitude,
elevation and climatic zone (Koppen— Geiger) of the original collection sites. Moreover,
a partial correlation analysis, using Kendall’s test, was performed, for both the chambers,
in order to evaluate the relationship of each single variable with the ageing rate (L),
adjusting for the effect of the other variables. A GLM with a compound Poisson-gamma
tweedie distribution was applied to assess the effect of grain type on the ageing rate (L).

3.3 Pisum sativum accessions from the IPK collection

3.3.1 Plant material and germination tests

Seeds of four yellow pea (Pisum sativum) accessions (PIS 2, PIS 8, PIS 15, and PIS 224)
and four green pea accessions (PIS 686, PIS 706, PIS 783, and PIS 2865) were kindly
provided by the Genebank Department of the Leibniz Institute of Plant Genetics and Crop
Plant Research (IPK), Gatersleben (Germany). Yellow and green accessions were
renamed Y1, Y2, Y3, Y4 and G1, G2, G3, G4, respectively (Table 3.3.1).
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Table 3.3.1 Main features of the eight Pisum sativum L. accessions investigated in this study. Y, yellow. G,
green

Seed | Accession Seed Accession name Country Biological
lot number coat of origin status
(IPK) colour
Y1 PIS 2 Yellow - Greece Landrace
Y2 PIS 8 Yellow Nordost Kleine Germany Improved
Weille Cultivar
Y3 PIS 15 Yellow Kronenerbse Germany Improved
Cultivar
Y4 PIS 224 Yellow Sperba Germany Improved
Cultivar
Gl PIS 686 Green Fiigeder Erbse Unknown Improved
Monte Express Cultivar
G2 PIS 706 Green Mauthner-Fall Germany Improved
Express Cultivar
G3 PIS 783 Green Griline Saxa Germany Improved
Cultivar
G4 PIS 2865 Green Frogel Unknown Mutant

For each accession, both fresh (F) seeds harvested in 2019, and stored seeds, harvested
in 2001, were tested. As for stored seeds, one lot (A) was kept at cold chamber under
controlled conditions (-18 = 2°C, 8 + 2 % seed moisture content) and another lot (R) was
conserved at room temperature conditions (20 £ 2°C, 9 £+ 2 % seed moisture content).
Seed moisture content was measured using a moisture meter (Precisa XM 66,
Switzerland). For each seed lot, three replicates of 20 seeds were sown in Petri dishes
with 1% agar as substrate and then placed in a growth chamber (22 + 2°C, 70-80 % RH,
150 pmol m™ s-! photon density, 16/8 h photoperiod). Petri dishes were checked every
12 h for germination and seeds scored as germinated once the radicle had reached 2 mm
length. Germination was evaluated using the following parameters: G (germinability),
MGT (mean germination time), MGR (mean germination rate), and Z (synchronization
index), as described by Ranal & Santana (2006) (Table 3.3.2).
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Table 3.3.2 Germination parameters used in this study as reported by Ranal and Garcia de Santana (2006).
For each parameter, definition, formula, limits of measurement and unit are shown. N: total seed number;
ni: number of seeds germinated at the i observation; ti: time at the i™ observation (hours); k: time at the
end of the experiment; fi: relative frequency of germination; Cni2: combination of the seeds germinated in
the time i, two together.

Parameter Definition Formula Limits Unit
G Germinability G 0<G< %
_ (®kym) 100 | 100
_ N
MGT Mean germination MGT 0 < Hours
time B Yk ont; MGT <
T k
crG Coefficient of cvG 0<CrG %
velocity of k  fi <100
germination 25(:1 i,
* 100
MGR Mean germination MCR = e 0 < hour!
rate ~ 100 MGR <
1
Z Synchronization 1 Cy2 0<z<l1 Unit-
index =T e, less
Znilz

3.3.2 ROS detection

The fluorogenic dye 2’°,7’-dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich,
Milan Italy) was used to quantify ROS levels released from dry seeds. Following
deacetylation by cellular esterases, the dye is converted to a non-fluorescent molecule
which is subsequently oxidized by ROS into the highly fluorescent 2°,7°-
dichlorofluorescein (DCF). The assay was carried out as described by Forti et al. (2020),
with the following modifications. Dry seeds were incubated in the dark for 30 min with
500 ul of'a 10 uM DCF-DA solution. Subsequently, three replicates (50 ul each) per seed
lot were pipetted into 0.2 ml tubes and the emitted fluorescence was measured using the
green channel (510 nm) of a Rotor-Gene 6000 PCR apparatus (Corbett Robotics,
Brisbane, Australia), after a single cycle of 30 s at 25°C. As negative control, three
replicates containing only DCF-DA were used to subtract the baseline fluorescence.
Relative fluorescence was calculated by normalizing samples to controls and on the seed
mass, then expressed as Relative Fluorescence Units (R.F.U.).

3.3.3 Determination of MDA levels

Malondialdehyde (MDA) levels were quantified according to Sari et al. (2012) and Zeb
et al. (2016), with the following modifications. Dry seeds were grinded in a Retsch Mixer
Mill M 301 (Retsch-Allee, Haan, Germany) three times for 30 s at the vibrational
frequency of 30 Hz s”!. For each lot, the resulting powder was divided into three replicates
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(0.2 g each) that were resuspended with 5 ml of a H>O: 0.5 M HCIOj solution (4:1) with
2 % BHT (butylated hydroxytoluene, Sigma-Aldrich) in ethanol to precipitate proteins.
Samples were subsequently centrifuged (4°C, 10 min). MDA was determined as a
thiobarbituric acid reactive substance (TBARS), following its reaction with thiobarbituric
acid (TBA, Sigma-Aldrich) at high temperature. For each sample, an aliquot of 100 pl
was mixed with 100 pl of TBA in 1 ml dH>O and the mixture was heated in a boiling
water bath at 95°C for 60 min. Test tubes were cooled at room temperature and
absorbance was measured at 254 nm using an UV-visible spectrophotometer (UV-1800,
Shimadzu, U.K.). A standard MDA (Sigma-Aldrich) solution (100 pl, in a range of 0.025-
0.1 mg ml-1) was added in a 1 ml test tube and mixed with TBA (100 ul) as previously
described (Figure 3.3.1a).
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Figure 3.3.1 a) Malondialdehyde (MDA) standard curve measured at 254 nm using an UV-visible
spectrophotometer (UV-1800, Shimadzu, U.K.). b) The y-tocopherol standard curve measured using the
HPLC system (Kontron Instrument 420 system) equipped with a C18 column (250 x 4.6 mm, 5 mm). ¢)
Proline standard curve measured at 520 nm using an UV-visible spectrophotometer (UV-1800, Shimadzu,
U.K.). d) Glucose standard curve measured at 540 nm using an UV-visible spectrophotometer (UV-1800,
Shimadzu, U.K.).

3.3.4 Extraction and analysis of tocopherols

The extraction procedure was performed as described by Kurilich & Juvic (1999) and
Doria et al. (2009) with the following modifications. Dry seeds were grinded as
previously described. For each lot, an aliquot (0.5 g) of seed powder was added to 5 ml
of ethanol containing 0.1 % butylated hydroxytoluene (BHT, Sigma-Aldrich) and the
mixture was incubated for 10 min at 85°C. Subsequently, samples were subjected to
saponification by adding 150 pl of 80 % KOH and incubated for 10 min. After adding 3
ml of H>O, samples were placed on ice for 3 min, then 3 ml of pure hexane were added.
After shaking 10 min at 800 rpm and centrifuging at 12.000 rpm, the upper phase was
transferred into a separate test tube, and pellet was re-extracted using 2 ml hexane. The
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combined hexane fractions were washed with 3 ml of dH,O, vortexed, centrifuged for 10
min and transferred into another test tube. Hexane fractions were dried used a vacuum
evaporator and the residue dissolved in 200 pul acetonitrile:methanol : dichloromethane
45:20:35 (v/v/v) prior to injection into a HPLC system (Kontron Instrument 420 system,
Kontron Instruments, Munich, Germany) equipped with a C18 column (Zorbax ODS
column 250 x 4.6 mm, 5 pl, Agilent Technologies). The isocratic mobile phase consisted
of acetonitrile:methanol (60:40) (v/v), flow rate was 1.0 ml min-1 at room temperature
and absorbance was measured at 220 nm. As standard, y-tocopherol (Sigma-Aldrich) was
used for a calibration curve and identified in the chromatogram (Figure 3.3.1b).

3.3.5 Determination of free proline content

Free proline content was measured as described by Abraham et al. (2010) with the
following modifications. Dry seeds were grinded as previously described. The seed
powder (0.1 g) was added to 500 ul of 3 % sulfosalicylic acid (Sigma-Aldrich). Following
centrifugation at 13.000 rpm for 5 min, a 100 pl aliquot of the extract was added to 500
pl of 3 % sulfosalicylic acid: glacial acetic acid: acidic ninhydrin (1:2:2) (v/v/v). The
reaction of ninhydrin with free proline was carried out at 96°C for 60 min and stopped
on ice. Samples were then extracted with 1 ml of toluene. After 20 s vortex, phases were
allowed to separate. The upper phase was transferred to quartz cuvettes and absorbance
was read at 520 nm using an UV-visible spectrophotometer (UV-1800, Shimadzu) and
toluene as reference. A standard proline solution (100 pl, in a range of 0.001-0.1 mg ml
Y was prepared, added to a 2 ml test tube and mixed with the ninhydrin solution as
previously described (Figure 3.3.1c).

3.3.6 Spectrophotometric determination of reducing sugars

The content of reducing sugars was measured as described by Miller (1959).Dry seeds
were grinded as previously described. The seed powder (0.5 g) was added to 5 ml of
dH20, vortexed and incubated 2 h at 80°C in a water bath. After centrifugation at 3500
rpm for 15 min, the upper phase was transferred in new test tubes and the content of
reducing sugars was quantified using DNS (3,5-dinitrosalycilic acid, Sigma-Aldrich)
solution. Absorbance was read at 540 nm using an UV-visible spectrophotometer (UV-
1800, Shimadzu) and dH2O as reference. Standard solutions of glucose in the range of
0.4-1.5 mg ml! were used (Figure 3.3.1d).

3.3.7 Thermogravimetric analysis and differential scanning calorimetry

Inorganic content and thermal decomposition of the pea seed biomass were investigated
by thermogravimetric analysis (TGA) in an air and nitrogen environment, respectively,
using a Mettler Toledo TGA 1 instrument with a fixed heating rate of 20°C min™'. The
temperature range was from 25 to 800°C with a gas flow in the oven (air or nitrogen) of
4 1h!. The samples were grounded into powder and sieved to a size of 100 um. About 5
mg of sample was used in each test.

3.3.8 Nuclear staining with Toluidine Blue

Embryos excised from dry seeds of Y1 and G4 accessions were fixed with 2 %
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paraformaldehyde/0.2 % glutaraldehyde (Sigma-Aldrich) for 3 h at 4°C. Embryos were
rinsed in phosphate-buffered saline (PBS, pH 7.2) overnight, and then incubated in 0.5
M NHA4CI for 30 min at room temperature. Semithin sections (500 nm in thickness) were
cut using an ultramicrotome, embedded in acrylic LR-White resin (Agar Scientific,
Stansted, UK) and allow to harden at 60°C overnight. Toluidine blue staining was
performed by covering the tissue sections, prepared as previously described, with a drop
of the die and incubating for 5 min at 100°C. Sections were then washed thoroughly with
dH20 to remove die excess, airdried, mounted in Mowiol (Sigma Aldrich) and finally
imaged using Zeiss Axioskop 2 plus microscope.

3.3.9 Immunodetection of YH2AX foci

In order to detect the occurrence of YH2AX foci in the nucleus, sections prepared as
previously described were subjected to indirect immunohistochemical reaction by
incubating them with the primary antibody Phospho-Histone H2A.X (Ser139) Polyclonal
Antibody from rabbit (ThermoFisher Scientific, Milan, Italy) according to the Supplier’s
suggestions and subsequently with a secondary antibody coupled with 12 nm colloidal
gold grain. Sections were stained by EDTA regressive technique and observed with a
Jeol JEM-2100Plus electron microscope equipped with a 30 mm objective aperture and
operating at 80 kV. Images were submitted to morphometric analyses using the software
ImagelJ (https://imagej.nih.gov/ij). The results are expressed as mean values + SEM. For
each sample, 10 nuclei were scored for the presence of YH2AX foci. The density of foci
was calculated as follows: 100 squares (each one with an area of 400 nm2) were identified
and the number of foci per single area was counted. The measurement was performed
considering 10 cells for each sample and 10 squares per single cell.

3.3.10 Statistical analysis

Statistical analysis was performed in IBM SPSS 21.0 and in R environment for statistical
computing and graphics (studio version 4.0.2). The following packages were used:
‘dplyr’ (Wickham et al., 2021), ‘ggplot2’ (Wickham, 2016), ‘corrplot’ (Wei & Simko,
2017), ‘multcomp’ (Hothorn et al., 2008), and ‘Ismeans’ (Lenth, 2016). After checking
data for normality and homoscedasticity, GLMs were applied to evaluate the effect of
accession, type of conservation, their interaction on different variables (germination
parameters, ROS levels, chlorophyll content, tocopherols, MDA, free proline, reducing
sugars); post-hoc Tukey’s or Bonferroni tests were used to perform multiple
comparisons. A two-way ANOVA was used to determine the effect of accession and
conservation on the temperature of glass transition (Tg). A heatmap was used to represent
the Log2 fold changes (Log2FC) between fresh (F) and aged (A, R) seeds in terms of
mean MDA, tocopherols, free proline and reducing sugars contents. Correlations were
performed with Pearson or Kendall’s Tau-b tests. Statistical analysis to quantify the
occurrence of YH2AX foci in the nucleus was performed using the two-tailed paired
Student’s t test.
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4. Results

4.1 Wheat wild relatives
4.1.1 Imbibition and germination

Fresh seeds of Ae. tauschii and T. boeoticum were subjected to imbibition and
germination tests in order to select the appropriate timepoints for subsequent analyses.
Both species showed the quickest water absorption in the time interval between
imbibition and 1 h of soaking (Figure 4.1.1).
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Figure 4.1.1 Imbibition curves of (a) de. tauschii and (b) T. boeoticum seeds. Seeds were imbibed with
dH20 on filter paper, then withdrawn 1 hour-intervals until radical protrusion was observed. Water uptake
was estimated by subtracting dry mass to the weight registered during imbibition after residual superficial
water was removed, and then expressed as increase in %.
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Thus, the 1 h-interval was selected in order to analyze the ROS content and gene
expression after the activation of the pre-germinative metabolism induced by water
absorption. 1h imbibition is also the endpoint of the so-called ‘abrupt imbibition’ in
wheat, corresponding to the embryo water uptake, followed by the water absorption in
the other seed parts (Lev & Blahovec, 2017). Another time point was selected,
corresponding to two hours before the first radicle protrusions were observed for Ae.
tauschii (18 hours after imbibition) and for 7. boeoticum (14 hours after imbibition). This
was done in order to select an appropriate timepoint for the analysis of the late stage pre-
germinative metabolism, while avoiding the comparisons among different phenological
states (seeds vs radical protrusions). Unlike Ae. tauschii, which did not show any after-
ripening requirement, both morphs of 7. boeoticum reached the maximum germination
percentage after 21 days of AA treatment. Therefore, this timepoint was chosen as control
for the subsequent analyses, while 0 days was chosen as control for Ae. tauschii. See
Table 4.1.1 for the controls and ageing intervals of the different seed accessions tested
in this study.

Table 4.1.1: a) ageing intervals of the Ae. tauschii and T. boeoticum seed accessions tested in this study:
seeds were tested fresh, artificially aged, AA (method: controlled ageing test, CAT) and aged in cold
storage (SB, seed bank). d=days; y=years. b) harvest year of the accessions aged in the cold chambers.
Control=seed lots used as controls in the molecular analyses, fresh (0d) for Ae. tauschii, after-ripened (21d)
for T. boeoticum.

a) Ae. tauschii (AE 278) | T. boeoticum (TRI 10061)
Ageing time

Control (d) 0 21

Artificially aged, AA (d) | 14, 21, 29, 35, 42, 49, 56, 14, 21, 28, 35, 42, 49, 56,
63,70 63,70

Aged in cold storage, SB | 10, 11, 17, 19, 40 14,17, 38

)

b) Ae. tauschii (AE 278) T. boeoticum (TRI 10061)

Cold-stored accessions 1978, 1999, 2001, 2007, 1980, 2002, 2005
2008

4.1.2 SB and AA

Pso was calculated for the two species in the SB and AA conditions and the survival
curves fitting the viability equations are represented in Figure 4.1.2.
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Figure 4.1.2 Survival curves fitted by probit analysis of Ae. tauschii a) AA seeds, b) SB seeds, and T.
boeoticum ¢) AA seeds, d) SB seeds. AA = AA, SB = ageing in seed bank conditions (cold storage)

When subjected to AA, both species showed significant differences in terms of pso among
morphs: Ae. tauschii, A =39.66 d, B =49.55 d, P < 0.05, Figure 4.1.2a; T. boeoticum,
A=37.02d,B=51.49d,P<0.001, Figure 4.1.2¢. In SB conditions, Ae. tauschii showed
no differences among the two morphs (A = 27.76 y, B = 27.49 y, P = 0.665, Figure
4.1.2b), while the two morphs of T. boeoticum showed significantly different longevity
profiles (A =38.95y, B=55.66y, P <0.001, Figure 4.1.2d). Thus, 4e. tauschii morphs
showed different longevity profiles when subjected to SB and AA. Also, the two species
showed similar lifespans when subjected to AA (GLM, species*morph Wald Chi-
squared=3.071, P=0.08), while both morphs of 7. boeoticum were largely longer-lived
than those of Ae. tauschii during SB storage: the species*morph interaction had a
statistically significant effect on pso (Wald Chi-squared=27.402, P<0.001), with morph
A and B of T. boeoticum significantly longer-lived than morph A and B of Ade. tauschii,
respectively (Bonferroni post hoc, both P<0.001).

4.1.3 ROS accumulation in aged seeds

ROS content was evaluated in AA and SB seeds, and the accumulation relative to the
controls was represented by means of heatmaps in Figure 4.1.3 (AA) and Figure 4.1.4
(SB). Hereafter, when referring to ‘lower’ or ‘higher’ contents, “increase” or “decrease”,
a statistically significant difference was found (P < 0.05).
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Figure 4.1.3 Heatmaps representing the Log2 fold-changes, i.e, ratios, of ROS levels and relative gene
expression in a) Ae. tauschii and b) T. boeoticum artificially aged (AA) seeds compared to the fresh controls
(a, 0d; b, 21d). In b), ROS levels and gene expression were compared to controls also for 0d seeds, i.e., before
after-ripening. APX, ascorbate peroxidase; CAT, catalase; DHAR, dehydroascorbate reductase; GSR,
glutathione sulfo-reductase; MDAR, mono-dehydroascorbate reductase; SOD, superoxide dismutase. a) 39d,
39 days of AA, corresponding to the pso of morph A. 49d, 49 days of AA, corresponding to the pso of morph
B. b) 0d, fresh, dormant seeds before the AA treatment. 37d, 37 days of AA, corresponding to the pso of
morph A. 51d, 51 days of AA, corresponding to the p5S0 of morph B.
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Figure 4.1.4 Heatmaps representing the Log2 fold-changes, i.e., ratios, of ROS levels and relative gene
expression in a) Ae. tauschii and b) T. boeoticum seeds aged in seed bank conditions (cold storage, SB)
compared to the fresh controls (a, 0d; b, 21d). APX, ascorbate peroxidase; CAT, catalase; DHAR,
dehydroascorbate reductase; GSR, glutathione sulfo-reductase; MDAR, mono-dehydroascorbate reductase;
SOD, superoxide dismutase. a) Ae. tauschii: T78, seed accession harvested and stored in 1978; T99, 1999
seed accession; T08, 2008 seed accession. b) 7. boeoticum: B80, 1980 seed accession; B02, 2002 seed
accession; B05, 2005 seed accession.

In both species, ROS accumulation was observed along with AA compared to the controls
(Figure 2a, b) at 1h after imbibition in both morphs, while at the end of the pre-
germinative metabolism a significant decrease was observed except for aged seeds A of
T. boeoticum. Also, in dry seeds of Ae. tauschii a higher ROS accumulation was observed
when compared to the controls (Figure 4.1.3a), while in 7. boeoticum both fresh and
aged seeds showed lower ROS levels compared to the after-ripened controls (Figure
4.1.3b). Regarding SB, a very strong ROS accumulation was observed in both morphs of
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Ae. tauschii, slightly less evident in morph B and maximum at the beginning of the pre-
germinative metabolism (Figure 4.1.4a). In 7. boeoticum SB seeds the highest increase
was again observed at 1 h after imbibition, while ROS levels showed a decrease in the
late stages of pre-germinative metabolism in the more recent seed lots (Figure 4.1.4b).
Thus, a more consistent pattern among timepoints and imbibition states was observed
during SB ageing, while AA conditions showed more variables consequences in terms of
ROS accumulation. In general, in all the ageing conditions a higher ROS accumulation
was observed after the activation of the pre-germinative metabolism (1 h after
imbibition), while at the late stage a lower level was observed in 7. boeoticum SB seeds
and Ae. tauschii AA seeds. Indeed, high ROS levels were observed in SB seeds of Ae.
tauschii also at 18 h after imbibition.

4.1.4 Expression profiles of genes involved in H,O; scavenging in AA seeds

Hereafter, when referring to ‘lower’ or ‘higher’ contents, “increase” or “decrease”, a
statistically significant difference was found (P < 0.05). The expression levels of the
genes belonging to the H,O» scavenging pathway were measured in AA seeds of Ae.
tauschii (Figure 4.1.3a). GSR and APX transcripts showed an increase in all the
imbibition states in the two morphs during ageing compared to the controls. CA7T mRNA
was detected at higher levels in dry seeds A at 39 and 49 d of AA (0.37 and 1.75 Log2FC,
respectively), with a subsequent increase at 1h after imbibition in both morphs followed
by a decrease in the late stage of pre-germinative metabolism. DHAR mRNA showed
lower levels in morph A dry seeds compared to the control (39d=-2.65 and 49d=-2.05
Log2FC), and little variations at 1h and 18h after imbibition in both morphs compared to
the controls. Also, the SOD transcript showed little variation at the late stage of
imbibition, while accumulation was observed at 1h in both morphs (in the range of 0.6-
0.7 Log2FC). The MDAR gene showed very variable expression profiles in the different
morphs, imbibition stages and ageing timepoints.

In T. boeoticum (Figure 4.1.3b) dry seeds at 0d, i.e. before the after-ripening in the
incubator, only MDAR (2.88 Log2FC) and DHAR (0.36 Log2FC) genes showed higher
expression levels compared to the controls, while the other four genes revealed lower
transcripts levels (in the range —0.67 to -1.74 Log2FC). At 1h after imbibition seed A and
B 0d showed generally lower gene expression levels compared to the control (-0.14 to -
1.82 Log2FC). At 14 h after imbibition, seed A showed higher transcript levels for all the
tested genes except APX, while seed B showed only upregulation of DHAR gene (3.10
Log2FC). At pso of seed A, 37d, both morphs at the dry state showed lower transcript
levels compared to the control, while in seed A higher expression levels were observed
at both the start and the end of the pre-germinative metabolism, with a notably higher
expression of GSR at 14 h (11.37 Log2FC). Morph B showed a higher quantity of SOD
transcripts at 1h after imbibition, and an upregulation of DHAR and CAT genes at 14 h.
At pso of seed B, 514, little variation was observed in dry seeds compared to the controls,
except for MDAR gene, more expressed in morph B (3.09 Log2FC). At 1h after
imbibition transcript levels were higher in seed B and lower in seed A compared to the
controls, while, on the contrary, at 14 h gene expression was higher in seed A (especially
for GSR and CAT genes) and lower in seed B.
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4.1.5 Expression profiles of genes involved in H,O; scavenging in SB seeds

The expression levels of the genes involved in the H»>O, scavenging pathway were
measured in SB seeds of Ae. tauschii (Figure 4.1.4a). Notably, both APX and SOD gene
expression patterns were consistent with the ROS levels measured in aged seeds.
Compared to the controls, APX transcript levels resulted lower (in the range -2.87 to -
9.05 Log2FC) whereas SOD transcript levels were higher (in the range 1.27 to 3.79
Log2FC), proportionally decreasing or increasing, respectively, along with ROS levels
and imbibition states. In dry seeds, CA7, DHAR (only morph A) and MDAR genes
showed lower expression levels compared to the controls, while GSR showed higher
transcript levels. At 1 h after imbibition, expression decreased in the oldest seed lots
compared to the fresh controls, except for the more recent seed lots (T0S, 2008), that
showed higher levels especially in morph B, and except for the GSR gene, more expressed
also in the T99 (1999) seed lots (0.63-0.82 Log2FC). GSR was also highly expressed at
18 h after imbibition, while DHAR and CAT genes revealed lower expression levels
except for morph B of the T99 and TOS8 seed lots. Also, the MDAR gene showed higher
expression levels but with a more variable trend in the different morphs of the aged seed
lots.

In T. boeoticum (Figure 4.1.4b) dry seeds aged in SB conditions, SOD and GSR transcript
levels were lower compared to the controls, while the MDAR gene showed higher
expression levels. CAT and APX transcript levels showed low variations compared to the
controls, except for morph A of the oldest seed lot (B80, 1980), that showed higher
expression levels (APX=2.31 and 2.69 CAT=Log2FC). DHAR gene expression was
generally lower except for morph B of the 2002 seed lot (B02). At 1H after imbibition,
lower transcript levels were observed compared to the controls, except for CAT in morph
A of the1980 and 2002 seed lots, SOD and DHAR in the morph B of 1980 and 2002 seed
lots, respectively, and for DHAR in morph B of the 2002 lot and morph A in the 2005 lot.
At 14 h after imbibition, higher GSR and CAT transcript levels were observed more
evident in morph A (3.15 to 9.42 Log2FC). DHAR and SOD mRNA levels were lower in
all the aged seed lots, except for SOD in morph B of the 2002 seed lot. MDAR gene
expression was higher in the more recent seed lot (B05) compared to the controls
(A=1.64, B=1.91 Log2FC).

In Ae. tauschii a consistent pattern of the GSR gene expression among ageing treatments
and imbibition states was observed. In 7. boeoticum the expression pattern is similar
among imbibition states, in particular in the higher expression of GSR and CAT at 18 h
after imbibition.

4.2. The maize collection at CIMMYT’s genebank
4.2.1 Seed mass and moisture content

Seed mass differed among accessions (d.f. 841, H = 4844.662, P < 0.001), ranging from
1.43 + 0.05 to 14.53 + 0.15 g in the different study accessions. Seed mass was not
significantly different between the seed lots of the same accession conserved in the two
chambers (d.f. 841, H=99.64, P = 1). Seed mass was different among grain types (d.f.
4, H = 1091.7, P < 0.001); the highest values of seed mass were detected in floury
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accessions (mean seed mass 7.3 + 1.2 g), followed by dent (6.6 = 1.5 g), flint (4.7 + 1.2
g), sweet (4.7 + 0.9 g) and popcorn (2 + 0.4 g). Moisture content differed among
accessions and between chambers (respectively d.f. 841, H=3110.262, P <0.001; d.f. 1,
H=982.336, P <0.001), ranging from 4.98 to 15.16 % (average = 9.42 + 1.95 %) in the
base chamber and from 5.15 to 15.48 % (average = 11.00 £ 1.46 %) in the active chamber.

4.2.2. Final germination: active and base chambers

The final germination data obtained from the experiment showed significant differences
among accessions, the two conservation chambers (active and base) and their interaction
(Table 4.2.1).

Table 4.2.1 Analysis of deviance of generalized linear model (GLM) with binomial distribution and logit
link function: model effects on germination percentage of 835 maize accessions conserved in 2 different
chambers.

Df | Deviance | Resid. Df | Resid. Dev | P value
Accession 834 10003.77 4173 9868.27 | <0.001
Chamber 1 3261.02 4172 6607.25 <0.001
Accession*Chamber 834 2923.84 3337 3678.53 <0.001

Among the 835 accessions tested from both active and base chambers in this experiment,
284 showed a significant difference in germination between the two chambers (34.01 %
of'total). Of the 284 statistically significant pairwise comparisons, 275 accessions showed
a higher germination in the base chamber (96.83 % of the comparisons). The remaining
nine accessions, with a better performance in the active chamber, accounted for only 3.17
% of comparisons. Considering all accessions tested in this experiment from both
chambers, the average germination was 92.1 £ 9.1 % for the seed lots conserved in the
base chamber and 81.4 + 16.3 % for the seed lots conserved in the active chamber (Figure
4.2.1).
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Figure 4.2.1 Density plot representing the frequency of seed lots showing different values of germination
percentage on a continuous scale, divided by conservation chamber (active and base). Dashed lines represent
the average germination percentage for the two chambers (intercept).

In the base chamber, 84.5 % of the seed lots showed a final germination percentage above
the threshold of 85 % of the initial germination value (FAO, 2014), while in the active
chamber the final germination of 53 % of the seed lots was above this threshold.
Moreover, in the active chamber, we detected twice the number of seed lots in the final
germination range between 70 and 85 % of the initial compared with the base chamber,
and about seven times the number in the base chamber between 50 and 70 %. Only four
seed lots below 50 % of the initial germination were found in the base chamber
(accounting for 0.4 % of the total), while 44 seed lots were found in the active chamber
(5.2 %, Table 4.2.2).

Table 4.2.2 Frequencies of the tested accessions in active and base chambers divided into 4 classes based on
germination % ranges.

Germination % % of acc. Active % of acc. Base
>85% 53 84.5
70-85% 27.3 12.8
50-70% 14.6 2.2
<50% 5.2 0.4
Total 100 100

Considering the 835 accessions tested for both the active and base chambers, 47.8 and
13.9 % of the seed lots in the active and base chambers, respectively, showed a final
germination below the 85 % threshold of the initial germination and therefore need
regeneration (FAO, 2014). Based on a Kendall’s test, a positive correlation was found
between the germination of the seed lots of the same accession in the active and base
chambers (Tau b = 0.35, P < 0.01), indicating a similar behaviour, in terms of viability
loss, of the same accession conserved in the two different chambers.
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4.2.3 P50 and Pss

The pso and pss predictions were performed only for the active chamber for which
historical data on seed germination were available. Three viability data points were
available and used in the analysis: initial germination, an intermediate point
(corresponding to a viability monitoring test performed between 1985 and 2011,
depending on the accession) and the germination data obtained from the current
experiment. Of the total 855 active accessions, logit analysis successfully predicted pss
and pso for 400 accessions (46.78 % of the total). pss spanned between 4.2 and 54.4 years,
with an average of 37.6 years; p50 values of the same accessions were between 16.5 and
91 years, with an average of 60 years. The observed differences among accessions in
longevity estimates were statistically significant (d.f. = 854, residual deviance =
8245.112, P <0.001). Due to the fact that reliable longevity estimates (pss and pso) could
not be calculated for all of the accessions, the ageing rate (L) was selected as the longevity
indicator for subsequent analyses, making it possible to also include accessions that did
not show a decrease in terms of germination across time (L = 0).

4.2.4 Correlations

Correlation plots were made for both ‘active’ and ‘base’ seed lots, based on mixed
correlation matrices (Figure 4.2.2).
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Figure 4.2.2 Correlation plots of active and base chambers. Coefficients of correlation are represented by
numbers in the lower part of the graph, and by colours in the upper part. Continuous variables: elevation
(Elev), ageing rate (L), latitude (Lat), longitude (Long), moisture content (MC) and mass. Polytomous
variables: Koppen—Geiger climatic zone (CZ), grain colour (G.Colour), type (G.Type) and regeneration site
(Reg.Site). Correlations among geographical variables are indicated as NA.

Correlations between L and all the other variables were statistically significant (P <0.5),
except for moisture content in the base chamber (P = 0.23). The ageing rate L showed
the strongest correlation with the polytomous variable ‘grain type’ consistently in both
conservation chambers (Figure 4.2.2). The partial correlation analysis confirmed that the
variable with the strongest correlation with L was grain type, followed by seed mass.
Correlations with geographical coordinates were also significant, and a cautious
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interpretation of this correlation is reported in the Manuscript (section 7, page 97), as
accessions were collected in different years and in limited areas within the same country.

4.2.5 Effect of grain type

Since grain type showed the strongest correlation with the ageing rate (L), a GLM was
performed to understand how L differed among the grain types. Grain type showed a
significant effect on the ageing rate L both in the active (d.f. 4, residual deviance =
162.7146, P <0.001) and in the base chamber (d.f. 4, residual deviance = 223.7943, P <
0.001). In particular, in the active chamber, flint and floury seeds, without significant
differences between them (P = 0.22), showed the lowest L, and therefore the lowest loss
of seed viability across time, when compared with dent seeds (P < 0.001). In the base
chamber, flint seeds showed the lowest L (P < 0.001), while floury and dent seeds did
not show differences (P = 0.32). Overall, flint seeds showed a lower ageing rate when
compared with the other grain types in terms of both the average and mode of the ageing
rate L (Figure 4.2.3).
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Figure 4.2.3 Violin and box plots representing the ageing rate (L) in the three most represented grain types,
in both the active and base chambers. Letters above violins represent statistically significant differences.

In this latter analysis, only the three major grain types, floury, flint and dent, were
considered since the sample sizes were much lower for sweet and popcorn in the set of
accession used in this study (see ‘Study accessions’ in Materials and Methods 3.2.2).

4.2.6 Monitoring intervals

Viability monitoring intervals were calculated as one-third of the pgs, with a maximum
interval of 40 years between monitoring points, for all the active seed lots, as suggested
by FAO (2014). For this calculation, no filter on the pss was applied; all the psss,
extrapolated from the logit model, were employed in this analysis, since, following FAO
(2014) a maximum interval of 40 years is adopted, even when pgs is >120 years. The
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average viability monitoring interval for the accessions conserved in the active chamber
is 17.5 = 7.7 years. Monitoring intervals (measured in years) were significantly different
among the three main grain types, flint, dent and floury (d.f. = 2, Kruskal-Wallis y 2 =
80.30, P < 0.001), as follows: flint accessions (20.3 = 9 years, P < 0.001), significantly
longer than dent (14.6 + 4.9 years) and floury (18.0 + 7.6 years; P <0.001). The difference
in monitoring intervals between dent and floury was also significant (P < 0.01).

4.3 Pisum sativum accessions from the IPK collection

4.3.1 Germination profiles reveal genotype-dependent changes in pea seed
longevity

Germination tests were performed with seeds from the yellow (Y1, Y2, Y3, Y4) and
green (G1, G2, G3, G4) pea accessions (Figure 4.3.1a).
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Figure 4.3.1 a) Seed lots used in this study. Y, yellow. G, green. F, harvested in 2019 (fresh). A, harvested
in 2001 and kept in cold storage (aged). R, harvested in 2001 and conserved at room temperature conditions.
b) Germination percentage of the 8 pea accessions (fresh seeds; seeds aged in cold storage and at room
temperature conditions). ¢) ROS levels measured in dry pea seeds using the DCF-DA fluorescent dye. Letters
above bars represent statistically significant differences (GLM with Tukey post-hoc test, P < 0.05) within the
same accession. R.F.U., relative fluorescence unit. ROS, reactive oxygen species. DCF-DA, dye 2°,7°-
dichlorofluorescein diacetate. Asterisks represent statistically significant differences between aged and fresh
seeds within the same accession (** = P < 0.01). d) Kendall’s Tau-b correlation between ROS levels and
germination profile of dry seeds from the yellow (Y1, Y2, Y3, Y4) and green (G1, G2, G3, G4) accessions.

Both fresh seeds (F) and seeds stored under different environments (A, cold chamber; R,
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room-temperature conditions) were analyzed (Figure 4.3.1b). No significant difference
in terms of germination percentage was observed between F and A seeds in all the tested
accessions. However, significantly lower germination percentages were observed in R
seeds when compared to F (P < 0.01), with the exception of G4 variety. The latter
conserved nearly 100 % germination in F, A and R conditions, revealing an impressive
longevity profile (Figure 4.3.1b). Accessions and storage conditions (F, A and R) had a
statistically ~ significant effect on germination percentage, as did the
accession*conservation interaction (P < 0.01) (see Table 4.3.1 for the corresponding
Wald y-squared values and d.f.).

Parameter | Factors Wald y-squared d.f. | Pvalue
Accession 1842.469 6 | <0.001
G Conservation 146.002 2 | <0.001
Accession*Conservation 1482.498 14 | <0.001
Accession 71.755 6 | <0.001
MTG Conservation 13.539 2 | <0.001
Accession*Conservation 97.988 14 1 <0.001
Accession 148.311 6 | <0.001
MGR Conservation 455.482 2 1 <0.001
Accession*Conservation 137.744 14 | <0.001
Accession 4.98 6 0.546
VA Conservation 7.151 2 0.007
Accession*Conservation 15.025 14 0.02
Accession 438.199 6| <0.001
MC Conservation 1845.743 2|1 <0.001
Accession*Conservation 398.148 13 ] <0.001
Accession 42.261 6 | <0.001
ROS Conservation 246.989 2 1 <0.001
Accession*Conservation 78.308 14 | <0.001

Overall, MGT and MGR showed a significant increase in A and R seeds when compared
to F while Z did not show significant differences among accessions or conservation
conditions (Table 4.3.1). In order to figure out any possible effects related to chlorophyll
content on seed germination, chlorophyll a and b levels were measured in dry and
imbibed seeds of the green pea accessions. No correlation was found between chlorophyll
a and b total contents or their ratio and germination percentage.

4.3.2 Increased ROS levels correlate with seed deterioration

ROS accumulation was determined in yellow and green pea seeds and the different
conditions, namely fresh seeds (F) and seeds stored in cold chamber (A) or at room
temperature (R) were analyzed (Figure 4.3.1¢). In the yellow accessions (Y1, Y2, Y3,
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Y4) and in the green accession G3, the F seeds showed a higher ROS content, compared
to A seeds whereas F and R seeds shared similar ROS content (P < 0.05). When
considering the different storage conditions, R seeds showed a significantly (P < 0.05)
higher ROS content compared to A seeds in all the tested accessions, except for G4. The
latter showed similar ROS levels in F, A and R seed lots (Figure 4.3.1¢). Overall, ROS
content in aged seeds (both A and R) showed a negative correlation with germination
percentage (Tau-b: -0.76) (Figure 4.3.1d). Additional measurements were carried out on
seeds collected at 24 h and 48 h of imbibition. ROS contents detected in seeds at 24 and
48 h of imbibition showed a negative correlation with germination percentage (Tau-b: -
0.57, -0.59, respectively). Accessions, storage conditions (F, A and R) and their
interaction had a statistically significant effect on ROS content (P < 0.01) (See Table
4.3.1 for the corresponding Wald y-squared values and d.f.). Given the exceptional
behaviour of G4 in terms of seed longevity and ROS profiles, this accession was selected
for subsequent evaluations. The G1 and Y1 accessions, showing an intermediate (about
40 % germination in R seeds) and low (about 10 % germination in R seeds) longevity
profile, respectively, and the Y2 accession whose R seeds did not germinate were also
chosen for this study.

4.3.3 Wrinkled seed longevity correlates with reduced lipid peroxidation and
enhanced tocopherols content

In-depth analyses were carried out to assess oxidative damage at the level of lipid
membranes in Y1, Y2, G1 and G4 accessions showing contrasting longevity profiles.
MDA contents were measured as hallmark of lipid peroxidation. Results are shown in
Figure 4.3.2 as heatmap where values represent the Log2 FC of MDA levels monitored
in A and R seeds compared with F seeds.

Accession
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Figure 4.3.2 Levels of malondialdehyde (MDA), tocopherols, free proline, and reducing sugars in dry seeds
of the yellow (Y) and green (G) pea accessions. F, harvested in 2019 (fresh). A, harvested in 2001 and kept
in cold storage (aged). R, harvested in 2001 and conserved at room temperature conditions. Heatmaps
represent changes of relevant metabolites in A and R seeds, compared to F seeds. For each metabolite, the
mean values are available in Figure 4.3.3. Asterisks represent statistically significant differences between
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fresh and aged seeds within the same accession, showed by the post-hoc Bonferroni test (* =P < 0.05; ** =
P <0.01).

Mean values are available in Figure 4.3.3a.

A B

-
o
-
—
=

MDA (pg/g f.w.)
N
—_ 2

Tocopherol (mg/g F.W.)
< Py h
H

=)
o
—
.
-

F AR FAR FAR F AR FAR FAR FAR FAR
Y1 Y2 G1 G4 Y1 Y2 G1 G4
Accession Accession

o
=)
@
8
—_
—_—

N
S
.
=
!
——

1Y
2

=
—
o
——

Free proline (pg/g f.w.)
-~ -]
S 3
Reducing sugars (mg/g F.W.)

F AR F AR F AR F AR
Y1 Y2 G1 G4

Accession F AR F AR F AR F AR
Y1 Y2 G1 G4

Accession

Figure 4.3.3 Levels of A) malondialdehyde (MDA), B) tocopherols, C) free proline, D) reducing sugars
measured in pea seeds of the yellow (Y1, Y2) and green (G1, G4) accessions. F, fresh seeds harvested in
2019. A, seeds harvested in 2001 and kept in cold storage. R, seeds harvested in 2001 and conserved at room
temperature conditions. Asterisks above bars represent statistically significant differences, comparisons
made between F and A/R seeds (GLM with post-hoc Bonferroni test, * P < 0.05, ** P < 0.01) within the
same accession.

Lipid peroxidation, measured in terms of MDA contents, was significantly higher in A
seeds of Y1 (P <0.01), G1 (P <0.01), and G4 (P < 0.05). It was also significantly higher
inRseedsin Y1 (P<0.01), Y2 (P<0.05)and G1 (P <0.01) accessions with the exception
of G4 (Figure 4.3.2, MDA). In this accession, characterized by high seed longevity, the
estimated MDA content of R seeds (1.7 £ 0.11 pg/gFW) was similar to that found in F
seeds (1.66 + 0.06 pug/gFW) (Figure 4.3.3a). Accessions, storage conditions (F, A, R) and
their interaction had a statistically significant effect on MDA levels (Table 4.3.2).

Table 4.3.2 Results of the generalized linear models (GLMs) performed on the levels of biochemical
compounds MDA (malondialdehyde), tocopherols, free proline, and reducing sugars measured in the four
selected accessions in their three conservation states. F, fresh seeds, harvested in 2019. A, seeds harvested in
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2001 and kept in cold storage. R, seeds harvested in 2001 and conserved at room temperature. Y, yellow. G,
green.

MDA content showed a negative correlation with germination (Tau-b: -0.52; P < 0.01)
(Figure 4.3.4a).

Parameter Factors Wald y-squared | d.f. P value
Accession 177.029 3.000 | <0.001
MDA Conservation 139.220 2.000 | <0.001
Accession*Conservation | 54.472 6.000 | <0.001
Accession 349.369 3.000 | <0.001
Tocopherol Conservation 69.546 2.000 | <0.001
Accession*Conservation | 43.455 6.000 | <0.001
Accession 24.779 3.000 | <0.001
Proline Conservation 46.787 2.000 | <0.001
Accession*Conservation | 77.307 6.000 | <0.001
Accession 2097.451 3.000 | <0.001
Reducing sugars | Conservation 517.180 2.000 | <0.001
Accession*Conservation | 272.290 6.000 | <0.001
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Figure 4.3.4 Kendall’s Tau-b correlations between germination percentage and a) malondialdehyde (MDA),
b) tocopherols, ¢) free proline, and d) reducing sugars contents of seeds from the yellow (Y1, Y2) and green
(G1, G4) accessions, in both fresh and aged (cold storage, room temperature conditions) seeds.

The reduced levels of lipid peroxidation detected in the R seeds of G4 suggest for the
presence of protective mechanisms, unique to this accession.

The total tocopherols content was determined in order to assess the possible contribution
to the seed antioxidant response. Results are shown in Figure 4.3.2 as heatmap where
values represent the Log2 FC of tocopherols content monitored in A and R seeds
compared with F seeds. Mean values are available in Fig. 4.3.3b. In all the tested
accessions, no significant difference in terms of total tocopherols content was observed
in A seeds compared to F seeds. A significant (P < 0.01) decrease was found in R seeds
of Y1 and Y2, compared with F seeds. No significant (P = 1) decrease in total tocopherols
content was detected in both G1 and G4 seeds stored at room temperature conditions (R),
compared to F seeds. In the long-lived G4 accession, the estimated total tocopherols
content of F seeds (1.58 £ 0.11 mg/gFW) was similar to that found in A (1.62 = 0.16
mg/gFW) and R seeds (1.62 £ 0.14 mg/gFW) (Figure 4.3.3b). Accessions, storage
conditions (F, A and R) and their interaction had a statistically significant effect on
tocopherols levels (Table 4.3.2). Total tocopherols content was positively correlated to
germination (Tau-b: 0.58; P < 0.01) (Figure 4.3.4b), suggesting for a role of these
antioxidant compounds in the high-longevity profile of the wrinkled seeds.
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4.3.4 Increased free proline content is a stress-induced hallmark of pea seed
deterioration

Proline accumulation, typically observed in planta under oxidative stress conditions, has
been also reported during prolonged seed storage (Kong et al., 2015). In order to further
assess the metabolic response of the Y1, Y2, G and G4 varieties showing contrasting
longevity profiles, the free proline content was measured. Results are shown in Figure
4.3.2 as heatmap where values represent the Log2 FC of proline levels monitored in A
and R seeds compared with F seeds. Mean values are available in Figure 4.3.3¢c. The
metabolite amount was significantly higher only in R seeds of Y1 (P <0.05) and Y2 (P
<0.01), compared to F. The estimated amount of free proline was 149.34 + 0.84 pug/gFW
(R seeds, Y1) and 150.18 + 3.05 ug/gFW (R seeds, Y2) (Figure 4.3.3¢). Variety, storage
conditions (F, A, R) and their interaction had a statistically significant effect on proline
levels (Table 4.3.2). A negative correlation with germination percentage was observed
(Tau-b: -0.61; P < 0.01) (Figure 4.3.4¢), thus strengthening the role played by this low-
molecular weight osmolyte as hallmark of seed ageing.

4.3.5 High levels of reducing sugars are found in wrinkled seed

Considering the documented role of reducing sugars in seed deterioration (Murthy & Sun,
2000) the levels of these metabolites were measured in the Y1, Y2, G1 and G4 accessions
showing contrasting longevity profiles. Results are shown in Figure 4.3.2 as a heatmap
where values represent the Log2FC of reducing sugars monitored in A and R seeds
compared with F seeds. Mean values are available in Figure 4.3.3d. A significant (P <
0.01) reduction of reducing sugars was observed in the R seeds of Y1, Y2, and Gl
accessions. In G4, showing the highest longevity in R seeds, the estimated total reducing
sugars content of F seeds (26.19 + 0.41 mg/gFW) was similar to that found in A seeds
(28.61 = 1.72 mg/gFW) and R seeds (29.40 £ 1.32 mg/gFW), being these levels
significantly higher than those observed in the other accessions (Figure 4.3.3d).
Accessions, storage conditions (F, A, and R) and their interaction had a statistically
significant effect on the reducing sugars contents (Table 4.3.2). A positive correlation
with germination percentage was observed (Tau-b 0.58; P < 0.01) (Figure 4.3.4d), thus
suggesting a relationship between the availability of reducing sugars and seed longevity
in wrinkled seeds.

4.3.6 Thermodynamical properties of the pea wrinkled seeds suggest for the
presence of low molecular weight components

Temperatures of glass transition (Tg) were measured using differential scanning
calorimetry. Even though Tg was significantly different among accessions (F = 28.634;
d, f=3; P < 0.01) and conservation states (F = 6.597; d, f = 2; P < 0.01), no clear
association with longevity was observed. Indeed, Tg was not significantly correlated with
germination percentage (Tau-b = - 0.04, P = 0.806). Moisture content was measured in
all the pea accessions, for the different conservation conditions (F, A, R). Although the
accession*conservation interaction showed a significant effect on moisture content, no
significant differences among accessions were consistent with their longevity profiles
(Table 4.3.1). Moisture content was also evaluated by thermogravimetric analysis
(Figure 4.3.5).
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Figure 4.3.5 Weight loss (%) TG curves for dry seeds of the yellow (Y) and green (G) pea accessions.

The moisture content of the pea dry seeds was 10+ 1 %, visible as a weight loss close to
100°C. TGA measurements were made both in air and in nitrogen atmosphere.
Interestingly, under nitrogen atmosphere, curves showed a thermal decomposition profile
including two steps: the first one occurred close to 250°C and the second one, more
evident, was detected at 300°C. In order to better evidence the differences in composition
between seeds, curves were translated to match the same dry weight at 170°C. This point
was chosen because at this temperature the loss of water was completed, and thermal
decomposition had not started yet. As shown in Figure 4.3.5, it is evident that those
curves corresponding to the G4 seeds in the three different tested conditions started to
lose material close to 200°C. This is indicated by the different slope observed for the G4
seeds in the range 200-300°C. This profile might correspond to the decomposition and/or
evaporation of relatively small molecules exclusively found in the wrinkled seeds.
Periodic acid-Schiff (PAS) staining combined with transmission electron microscopy
was used to localize the occurrence of polysaccharides in the pea embryo axes. The
progression of the oxidation reaction within polysaccharides, and the consequent
generation of aldehyde groups, is delayed in these high molecular weight polymers,
featuring the occurrence of dark-stained dots. By contrast, oxidation is accelerated when
low molecular weight oligosaccharides are the predominant substrates, resulting in
staining of weak intensity. As for the G4 wrinkled seeds, in the cytoplasm of cell embryos
the PAS reaction highlighted the occurrence of dots of low intensity (Figure 4.3.6, a and
b) whereas dark-stained dots were observed in the PAS-treated Y1 cells (Figure 4.3.7).
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Figure 4.3.6 Transmission electron microscopy analysis of sections of dry embryos excised from the G4
wrinkled seeds and subjected to periodic acid-Schiff (PAS) staining for 30 min in order to localize the
occurrence of polysaccharides versus oligosaccharides in the pea embryo axes. (a) Cytoplasm region of a
PAS-stained cell showing the distribution of some proplastids (pp, arrows). (b) Enlarged section of a PAS-
stained cell showing a proplastid (pp) surrounded by several lipid bodies (Ib) and the occurrence of weak
dots inside the proplastid (arrow), resulting from the PAS mediated oxidation of polysaccharides. (c)
Negative control (osmium ammine staining, without periodic acid treatment): enlarged section of a cell
showing a proplastid (pp) and the surrounding lipid bodies (Ib, arrow).
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Figure 4.3.7 Transmission electron microscopy analysis of sections of dry embryos excised from the Y1
seeds and subjected to periodic acid-Schiff (PAS) staining for 30 min in order to localize the occurrence of
polysaccharides versus oligosaccharides in the pea embryo axes. (a) Cytoplasm region of a PAS-stained cell
showing the distribution of some proplastids (pp), surrounded by several lipid bodies (Ib) and the occurrence
of intense precipitates inside the proplastid (arrow), resulting from the PAS mediated oxidation of
polysaccharides. (c) Negative control (osmium ammine staining, without periodic acid treatment): enlarged
section of a cell showing a proplastid (pp).

Dark dots reflect the ongoing oxidation of polysaccharides in the Y1 cells while the poor
signal detected in the G4 sample indicates that the same process was already concluded.
The different reactivity hereby observed might reflect for different carbohydrate
composition profiles in the seeds of the two pea accessions, particularly the occurrence
of low molecular weight oligosaccharides in the G4 seeds, as suggested by the TGA
measurements.

4.3.7 The high longevity profile of the wrinkled seeds features expanded
heterochromatic areas and reduced occurrence of YH2AX foci

To assess the impact of almost 20 years of storage at room temperature on the nuclear
architecture of the wrinkled seeds, the nuclear compartment was explored in the G4
embryos. A comparison was made with the Y1 embryos. Preliminary nuclear staining
with Toluidine Blue carried out on sections of pea embryo axes revealed consistent
nuclear shrinkage, with an expansion of the area of heterochromatin domains, in the
wrinkled seeds (Figure 4.3.8, a and b).
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Figure 4.3.8 Nuclear staining with Toluidine Blue. Ultrastructural profile of Y1 a) and
G4 b) nuclei of embryo axis excised from seeds stored at room temperature (Y1-R, and
G4-R). Ultrastructural changes in chromatin distribution highlighted in Y1 ¢) and G4 d)
nuclei subjected to osmium ammine staining for TEM analysis. hc, heterochromatin. ec,
euchromatin. nu, nucleolus. n, nucleus.

In order to investigate changes in chromatin distribution that might represent
ultrastructural hallmarks related to the high-longevity profile of the G4 accession,
sections of pea embryo axes underwent osmium ammine staining for TEM analysis. The
ultrastructural profile of Y1 and G4 nuclei is shown in Figure 4.3.8 (¢ and d). In the Y1
nuclei, large heterochromatin areas are visible, as expected when dehydration occurs
(Figure 4.3.8c, hc, arrows), as well as regions of decondensed euchromatin (Figure
4.3.8¢, ec). Some of these condensed heterochromatin regions are located close to the
nucleolus. In the G4 nuclei, chromatin condensation patterns were remarkably enhanced,
covering the entire nuclear area (Figure 4.3.8d, hc). Such an unusual expansion of the
packed chromatin might be indicative of an effective strategy driving genome
maintenance in the G4 accession, possibly limiting long-term DNA damage
accumulation in these extremely long-lived seeds. To assess this hypothesis, the
distribution of YH2AX foci was investigated.

Upon DNA damage, ATM phosphorylates the histone variant H2AX on Ser139 (Burma
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et al., 2001) and such modification (YH2AX) can spread for up to 1 Mb away from the
break site, acting as a platform to recruit the DNA repair enzymes (Iacovoni et al., 2010).
In order to map the YH2AX foci in the Y1 and G4 pea nuclei, immunocytochemical and
TEM analyses were performed, using an antibody raised against the human histone
variant H2AX on Ser139. Representative examples of the distribution of YH2AX foci in
the nuclei of R seeds, in both Y1 and G4 accessions are shown in Figure 4.3.9 (a and b).

Figure 4.3.9 Distribution of YH2AX foci in the nucleus of embryo axis excised from seeds stored at room
temperature: a) Y1-R and b) G4-R. Detection of YH2AX foci was performed by immunocytochemical and
TEM analyses. n, nucleus. nu, nucleolus

The estimated density of YH2AX foci, expressed as n° foci per 400 nm?2 of nuclear area,
was significantly higher (P < 0.05) in the Y1 nuclei (1.6), compared to G4 nuclei (1.1).
Thus, the limited genotoxic impact exerted by long-term storage on the wrinkled seeds
might be the consequence of the highly compacted chromatin conformation previously
described.
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5. Discussion

Even though seed longevity is currently one of the main focus of seed biology, many
aspects concerning its underlying mechanisms still remain unexplored or not sufficiently
clarified. Indeed, given the importance of seed lifespan for food security, habitat
restoration and biodiversity conservation, current studies are focusing on seed longevity
at the intra- and inter-specific level, as well as in optimal vs. stressful storage conditions,
and at different levels of analysis, i.e., eco-physiological, genetic, and molecular
processes. In this context, the present work focused on the analysis of seed longevity in
crops and wild relatives, with the aim of expanding the current knowledge about the
dynamics of artificial and natural ageing in seed bank, long-term storage.

Few studies addressed the existing differences in longevity profiles between different
accessions of the same plant species, and still fewer data are available when considering
different morphs belonging to the same genotype (Gianella et al., 2021; Guzzon et al.,
2021). Understanding how these biological entities age in seed bank conditions is crucial
for the definition of appropriate monitoring and regeneration intervals in order to secure
the invaluable richness of the plant genetic resources (PGRs) we are conserving for the
future of our planet and the tomorrow’s human generations. Intra-crop and intra-genotype
comparisons were performed in maize, garden pea and wheat wild relatives. The wheat
wild relatives experiment confirmed the presence of heteromorphism in terms of seed
longevity (Gianella et al., 2020; Guzzon et al., 2018), but for the first time it was observed
that the two morphs age differently also in seed bank (and not artificial) ageing
conditions. This finding highlighted different needs in terms of viability monitoring also
within the same genotype. Regarding the maize project, the seed viability and longevity
estimates were significantly different among accessions considered, e.g., the p50 varied
from 16.5 to 91 years. Within a large seed bank such as CIMMYT’s, where the
experiments took place, it is of particular importance to identify group of accessions that
show different longevity profiles, in particular the ones that mostly require regeneration
efforts, in order to optimize human resources and funding allocations (Hay et al., 2013).
In the pea project, even though involving few accessions, significant differences were
found, thus confirming the differential behaviour in terms of seed ageing within the same
crop species. Indeed, in both the yellow and green pea accessions, seed viability was
maintained in the samples kept under cold storage conditions whereas a significant
decrease occurred in the samples maintained at room temperature, except for the G4
accession. According to the seed bank database, the G4 accession was classified as a
mutant of the pea variety named ‘Frogel’. Among the different accessions, the observed
decline in seed viability varied, spanning between complete (0% germination),
intermediate (40%) or null (100%).

The second level of analysis was the comparison of the longevity profiles among different
ageing conditions, namely cold storage (base chamber, -18°C; active chamber, 3 °C),
room conditions and artificial ageing (AA). In the wheat wild relatives project, different
behaviours were observed when the two species were subjected to seed bank ageing and
AA. Morph B of T. boeoticum was significantly longer-lived than morph A in both
conditions. Differently, Ae. tauschii did not show significantly different pso values among
morphs when aged in cold storage, while morph B was significantly longer-lived when
subjected to AA. These differences in the longevity estimates and slope of the curves
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detected between the two ageing conditions can be due to several factors, such as the
different number of time-intervals between storage conditions or environmental factors
at regeneration stage that influenced seed heteromorphism and longevity. Nevertheless,
the possibility that these differences are due to the fact that AA and cold storage affected
seed survival in different ways cannot be ruled out (Walters et al., 2010; Colville &
Pritchard, 2019). It follows that predictions made with AA should be used with caution
to infer ranks of longevity under cold-storage and, therefore, to make subsequent decision
on seed bank management (e.g., change seed processing methodologies, prioritization of
accessions for regeneration and/or viability monitoring). Maize seed accessions
conserved at CIMMYT genebank for up to 60 years showed a very high viability, higher
than previously reported from maize accessions stored in similar conditions (Walters et
al. 2005; Nagel and Borner 2010; Yamasaki et al. 2020). Given that, the germination
percentage of the accessions conserved in active conditions was significantly lower and
more variable than that observed in samples stored in the base chamber. The positive
correlation between the germination profiles of the same accession in the active and in
the base collection highlights an accession-specific behaviour in terms of viability loss.
This indicates that the conservation conditions are the cause of the steeper decline in
viability observed in the active chamber, where temperature and RH are higher compared
to the base. Regarding the pea accessions, no significant decline in the final viability was
observed in seeds conserved in cold storage for 20 years. On the contrary, all the
accessions except G4 showed a pronounced viability loss when conserved at room
conditions. This underlines the importance and effectiveness of cold storage in preserving
PGRs: even though not all the different genotypes survived to 20 years in conditions of
‘natural’ ageing, the germination performance was optimal for all the accessions
conserved in cold storage.

Among the seed traits correlating with seed longevity, morphology was a leitmotif in all
the three projects composing this thesis. Seed dimensions were correlated with longevity
in both maize and wheat wild relatives. In previous studies we demonstrated that different
morphs of the same species respond differently to AA in several wheat wild relatives,
with smaller seeds possessing higher longevity, dormancy and antioxidant profiles
(Guzzon et al., 2018; Gianella ef al., 2020). These seed traits are known as part of a bet-
hedging evolutionary strategy that provides smaller seeds with a longer soil persistence
(Arshad et al., 2019; Gianella et al., 2021), thereby reducing the risk of germination
failure over time. The results of the experiment carried out for this thesis show for the
first time that differences in seed longevity due to heteromorphism may occur also in
seeds held under genebank conditions, which may have important implications for the ex
situ conservation practices. In the maize project, the ageing rate (L) of the study
accessions correlated with seed-related traits, namely seed mass and grain type. The
ageing rate was positively correlated with seed mass, a trait that showed a great variation
among the studied accessions, meaning that larger seeds aged faster than smaller ones
(Fig. 2). This has been observed in other cereal crop gene pools such as rice (Rao et al.,
1996) and the aforementioned wheat wild relatives. The biological bases for this inverse
correlation in maize are not fully clarified yet and further research is needed to verify this
observation. In the pea experiments, even though seed mass was not correlated with
longevity, the role played by seed colour was the first research question raised at the
IPK’s seed bank, as green seeds seemed to possess a longer lifespan. However, in the
pool of accessions considered in this study, a variable pattern was encountered, and a
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possible role of chlorophyll content in shaping the different longevity profiles was ruled
out. Results hereby provided evidence that the outstanding viability retained by G4 seeds
after 20 years of room storage is associated more with the seed coat wrinkled phenotype
rather than its colour.

Oxidative stress levels and the seed antioxidant response were explored in both the
experimental systems of wheat wild relatives and pea seeds. The conditions applied to
AA or cold storage affect the cytoplasmic viscoelastic properties and the biochemical
processes taking place within it, in turn influencing the physiological pH and the redox
state (Nagel et al., 2015). Oxidative stress is considered as the main cause of seed ageing,
and it arises due to an imbalance between the accumulation of ROS, also functioning as
signalling molecules, and the cellular antioxidant capacity. The latter plays an essential
role in order to avoid cellular damages induced by the oxidative reaction that affect
nucleic acids, lipids and proteins (Kurek et al., 2019). In the wheat wild relative study,
the oxidative stress status was explored in order to compare AA and ageing in cold
storage. The two studied species did not show similar patterns in terms of ROS
accumulation within the same ageing conditions. In the dry state, in Ae. fauschii an
increase in ROS levels was observed, compared to the fresh controls in both ageing
treatments, while 7. boeoticum showed generally lower ROS levels in the comparison
with the after-ripened controls. ROS accumulation in the after-ripened controls could be
due to the fact that after-ripening was performed within the ageing box (45°C, 60% RH),
and even if germination was higher, the conditions of high temperature and RH used for
AA could have triggered ROS production. Indeed, the conditions that determine the loss
of dormancy during after-ripening are the same, i.e., increased temperature and RH, and
it is considered as the first stage of seed ageing in seeds with primary dormancy (Bewley
et al.,, 2013). Indeed, ROS levels are generally higher in non-dormant seeds than in
dormant seeds (Bailly et al., 2008). No consistent patterns of ROS accumulation were
observed between morphs, in terms of response to ageing treatments and timepoints as
well as imbibition states. A and B did not show consistent ROS accumulation. Ae.
tauschii showed lower ROS contents in morph B only at the dry state of SB aged seeds.
The possibility that a differential imbalance between ROS accumulation and antioxidant
capacity, might occur in the two morphs, linked to their different lifespan, cannot be ruled
out. Also, a different antioxidant capacity that could rescue seeds from irreversible
oxidative stress could explain the lower ROS accumulation in morph B compared to
morph A at the end of pre-germinative metabolism. Indeed, this was observed in T.
boeoticum in both ageing conditions, and in the AA seeds of Ae. tauschii. In these three
conditions a dimorphism in longevity was observed, with morph B significantly longer-
lived than morph A. This antioxidant response could be linked partly to a differential
endowment of antioxidant molecules accumulated during maturation and then depleted
with ageing, but also to a differential production of newly synthesized molecules during
pre-germinative metabolism (Bewley et al., 2013; Sano et al., 2016). A general increase
of ROS accumulation was observed at 1 h of imbibition, the first stage of pre-germinative
metabolism, in all the species and ageing treatment combinations compared to the dry
seed lots. This observation is in agreement with the finding that water uptake during seed
imbibition triggers metabolism resumption, and the conversion of oxygen into superoxide
and H,O; at the level of mitochondria (Bailly et al., 2008). The comparative analysis of
the eight pea accessions confirmed the inverse correlation between ROS levels and seed
longevity. As for the fresh seeds (F), all the tested accessions displayed ROS contents
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varying within a limited range. Indeed, ROS production in fresh seeds during post-harvest
storage has been documented (Bailly et al., 2008). The low ROS levels observed in seeds
aged for about 20 years under controlled conditions (A), compared to fresh seeds, well
correlated with the high germinability profiles of all the investigated accessions. The
long-term storage at room temperature conditions (R) resulted in significant ROS
accumulation in all the yellow and green pea accessions showing a drop in germination,
except for G4. This finding posed the question about the mechanisms underlying the
ability of G4 wrinkled seeds to control ROS levels.

Following imbibition, all the biological processes associated with germination are
reactivated, including respiration, reserve mobilization, DNA synthesis and repair,
translation and degradation of stored mRNAs, transcription and translation of newly
synthesized mRNAs (Bewley et al., 2013). In the wheat wild relatives project, transcript
levels of genes coding for the enzymes with ROS scavenging activity or belonging to the
glutathione-ascorbate pathway were evaluated in aged seeds at the dry state and during
pre-germinative metabolism triggered by imbibition. The lowest variations compared to
the controls were at 1 h after imbibition. A general decrease in transcript levels was
observed at this stage compared to the dry seeds, as expected for the initial period of
phase II of germination, when transcripts are degraded or translated in order to generate
the ROS scavenging enzymes (Bewley et al., 2013). Considering all the six genes
analysed, no clear pattern between morphs was observed. This could be due to several
reasons, e.g., different kind of ROS produced and accumulated, similar levels of
oxidative stress, different enzymes needed at the same timepoint of imbibition (thus
different genes need to be expressed). At the late stage of pre-germinative metabolism,
an increase in transcript levels was detected, compared to controls, suggesting that
storage and AA might require higher antioxidant activities. When taking in consideration
the expression of single genes among ageing treatments, GSR showed a consistent pattern
among all the imbibition states in Ae. tauschii, while in T. boeoticum both GSR and CAT
showed consistent profiles at 18 h after imbibition in the two ageing treatments. The
GSH/ GSSG redox couple is a viability marker associated with seed longevity in barley
(Nagel et al., 2015; Roach et al., 2018). Glutathione scavenging activity is particularly
important in seeds with lower oil contents like cereals, as it is water-soluble compared to
other lipid-soluble antioxidants (e.g., tocopherols) (Nagel et al., 2015). The consistent
expression of GSR detected in this study could be linked to the enzymatic activity
necessary to the GSSG to GSH re-conversion in the glutathione-ascorbate pathway.
Moreover, GSR and CAT activity has been reported to be higher in the late stage of pre-
germinative metabolism in sunflower for H>O. scavenging and limitation of lipid
peroxidation (Bailly, 2004). In the maize project, a GWAS is in progress, taking in
consideration the 6 longevity parameters used in the study: germination (active and base),
L (active and base) and pss and pso. Preliminary results indicate that 120 genes are
annotated by all the significant SNPs, and the SNPs were mainly annotated in transcript
regions. Following Gene Ontology analysis, results show that most genes are involved in
intracellular processes, especially related to the nucleus and cytoplasm (intracellular and
intracellular part), including organized structures of distinctive morphology and function
occurring within the cell, i.e., nucleus, mitochondria, plastids, vacuoles, vesicles,
ribosomes and the cytoskeleton. Further analyses are ongoing with the aim of clarifying
the specific pathways in which these genes are involved. One issue encountered in these
analyses was that the results of the prediction of the trait performance by the significant
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SNPs, to report how much phenotypic variance the significant SNPs could cover, was
low (<15%). This might indicate a low heritability of these traits that are known to be
greatly influenced by environmental factors during regeneration and storage. It will be
important to evaluate whether these factors can be incorporated into analysis to account
for G x E x M (Genome X Environment X Management) and subsequently enhance
prediction accuracies. Overall, these preliminary results further underline the complexity
of the biological and environmental framework that must be considered when dealing
with seed longevity studies.

In this thesis, oxidative stress-linked hallmarks were further investigated in the pea
experimental system. To address the research question about the exceptional longevity
of G4 and the observed limited oxidative damage, specific metabolites associated with
the seed ability to scavenge the toxic free radicals were measured. The investigation was
restricted to four pea accessions, namely Y1, Y2, G1, and G4, showing contrasting
germination and ROS profiles. ROS-driven oxidation mainly targets polyunsaturated
fatty acids, generating lipid peroxides responsible for membrane disruption, further ROS
production and, after additional degradation into reactive compounds, cross-linking with
proteins and nucleic acids (Gaschler & Stockwell, 2017). Similar levels of lipid
peroxidation were detected in both F and R seeds of the G4 variety, confirming its unique
long-term oxidative stress resilience, in contrast with the progressive enhancement of
lipid peroxidation observed during ageing in all the other pea varieties. The G4 seeds
displayed the highest levels of the lipophilic antioxidant tocopherols, known for their
ability to interact with polyunsaturated acyl groups and scavenge lipid peroxyl radicals
(Fritsche et al., 2017), independent on their conservation state (F, A, R). Thus, it appears
that there was no need to exploit the tocopherols pool in G4 seeds, since lipid
peroxidation did not overcome a critical damage threshold. In the G1 accession,
characterized by a low tocopherols content (approximately 50% less, compared to G4),
longevity was compromised following long-term storage at room temperature conditions.
The comparative analysis showed that tocopherols were utilized by the Y1 and Y2
varieties to face ROS toxicity, however this was not sufficient to avoid the dramatic drop
in germinability observed in R seeds. Among other non-enzymatic antioxidants, free
proline is an efficient ROS scavenger and a compatible osmolyte involved in the response
to various abiotic stresses such as drought or salinity (Hayat et al., 2012; Liang et al.,
2013). Increased free proline content contributed to oxidative stress adaptation in oat
(Avena sativa L.) seeds with higher moisture content, stored for up to one year (Kong et
al., 2015). A similar free proline content was detected in both G1 and G4 accessions, in
all the tested treatments (F, A, R) whereas a significant accumulation occurred in the Y1
and Y2 seeds stored under room temperature conditions (R). This finding corroborates
the role of free proline as a seed-specific oxidative damage marker for the first time
during long-term ageing under seed bank conditions. Future in-depth gene expression
studies might help defining the role of proline in the longevity response of wrinkled
seeds. The fresh seeds of the G4 accession displayed significantly higher levels of
reducing sugars, compared to Y1, Y2, and G1, and this is a characteristic of the wrinkled
seed phenotype (Stickland & Wilson, 1983). The reducing sugars content of A and R
wrinkled seeds did not decrease upon long-term storage, differently from what occurred
in Y1, Y2, and G1. Reducing sugars participate in non-enzymatic protein glycosylation
(Maillard reaction) that, together with lipid peroxidation, is indicative of the biochemical
deterioration associated with seed ageing (Murthy & Sun, 2000). Evidently, the low ROS
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content of G4 seeds prevented the occurrence of this type of damage whereas reducing
sugars are engaged in the Maillard process triggered by the oxidative environment of Y1,
Y2, and G1 seeds. The research question that arises from the reported data is how the G4
seeds can maintain constitutive low ROS levels despite 20 years of storage, considering
that ROS are continuously generated in an oxygenic environment and the activity of ROS
scavenging enzymes is restricted in the glassy state of dry cytoplasm (Nagel et al., 2019).
In such environment, the dry seed exploits the pool of available antioxidant compounds
to withstand oxidative deterioration, as hereby observed for the Y and G accessions. The
study of mechanical properties within the dry cytoplasm of pea embryonic axes has
revealed low molecular mobility over a broad range of moisture contents and
temperatures, possibly due to steric hindrance between adjacent macromolecules, and
such features might contribute to seed longevity (Ballesteros & Walters, 2019). However,
there is scanty information concerning the mechanical properties of the dry cytoplasm in
wrinkled pea seeds and their possible role in longevity. Results of this multidisciplinary
investigation, aimed at dissecting the high-longevity phenotype of G4 seed, point at their
ability to maintain a reducing cellular environment. The TGA profiles recorded in the G4
seeds, independent on treatments, suggested for the presence of relatively small
molecules. Indeed, in wrinkled pea seeds carrying mutations at the » and b loci,
alterations in the starch biosynthetic pathway result in pleiotropic effects such as
accumulation of the raffinose family oligosaccharides (Gawlowska et al., 2017),
previously associated with membrane stability (Crowe et al., 1992). At the moment, we
cannot rule out the possibility that G4 seeds use specific low molecular-weight
antioxidant molecules, e.g., glutathione and L-ascorbic acid, as redox buffer to maintain
ROS within a threshold critical to ensure longevity. It has been reported that mutations
at the r locus altering seed composition and hygroscopic properties, can affect seed
longevity (Lyall et al., 2003). However, to our knowledge, this is the first study providing
evidence of high longevity under long-term storage conditions in a wrinkled seed
accession.

Structural peculiarities linked to the glassy state are thought to influence the viscoelastic
properties of the cytoplasm, therefore influencing the molecular mobility and the ability
to buffer ROS accumulation (Buitink and Leprince, 2008; Ballesteros & Walters, 2011).
The latter is expected to restrict genotoxic damage but certainly some structural
rearrangements within the nucleus might also provide protection against nucleic acid
deterioration (Lee et al., 2020). In the pea project, almost all the nuclear area of the G4
accession is filled with heterochromatin. Chromatin condensation occurring upon severe
water loss might be promoted by increased levels of cations and changes of histone
variants. In addition, larger nucleoprotein grains and thicker fibrils, found in nuclei of
quiescent embryo cells, disappeared at the onset of germination (Deltour, 1985; Washio,
2014). This aspect is still poorly explored in the context of seed longevity and the G4
accession might provide a unique working system for further investigations on the
dynamics of nuclear architecture in response to desiccation. According to Bhattacharyya
etal. (1993), the high sucrose content of pea wrinkled seeds enhances the embryo osmotic
potential, increasing water up-take during seed development. Subsequently, during
desiccation, excess water is lost causing the wrinkled phenotype. These shrinkage
dynamics might lead to a tighter chromatin conformation useful for genome maintenance
(Bhattacharyya et al., 1993). The G4 seeds aged at room temperature also showed a
significantly lower frequency of the YH2AX foci, compared to the Y1 seeds. It has been
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reported that chromatin compaction protects DNA from damage, but it also blocks the
expansion of H2AX phosphorylation (Cann & Dellaire, 2011; Nair et al., 20127). It is
possible that the high-longevity profile of tee G4 seeds and the associated resilience to
genotoxic stress were positively influenced by such chromatin dynamics. Results hereby
obtained in the pea seeds are in agreement with those described in both yeast and
mammalian cells revealing that the YH2AX foci at double strand break sites were formed
at lower levels in heterochromatin, when compared to euchromatin (Cowell et al., 2007;
Kim et al., 2007). On the other hand, the protective effect of chromatin compaction might
be related to non-histone chromatin proteins that physically shield the genomic DNA
(Falk et al., 2008).

In the maize project, grain type was the trait more strongly correlated with the longevity
rate (L).. Flint accessions were the longest lived among the three main grain types (dent,
flint, floury). This confirmed the observation of Bewley and Black (1994) that seeds of
flint varieties are longer-lived when compared to other grain types. Grain-type is a
qualitative trait based mainly on the seed coat morphology and endosperm texture: grains
of varieties of flint maize have mostly hard, glassy endosperm compared to the softer and
starchier endosperms typical of dent and floury varieties (Zilic et al., 2011). Several
landraces can show intermediate appearance between two different grain types.
Therefore, more quantitative measures will be needed to study the effect of the grain type
on seed longevity and eventually organize viability monitoring intervals of accessions of
different grain types showing different longevity estimates. We can therefore hypothesize
that the higher seed longevity detected in flint varieties could be due to structural (i.e.
glassy endosperm) or physiological (e.g. seed coat, antioxidant capacity) peculiarities,
but further investigations, e.g. metabolomic and antioxidant profiling, and analyses of
visco-elastic properties of the endosperm, will be performed to clarify the biological basis
of the differences in seed longevities detected among grain types.

In conclusion, different aspects of seed longevity were dissected, and the obtained results
enlarged the current knowledge about the ageing behaviour and mechanisms under
genebank conditions. The effectiveness of cold storage in preserving PGRs for the long
term was evidenced in all the three projects, involving material conserved in two of the
world’s major seed banks (IPK and CIMMYT). Although conservation in base chambers
proved to be more effective, and therefore less resource-consuming, than that in active
chambers, different viability monitoring intervals should be applied based on the
accessions’ characteristics (i.e., grain type in maize and seed morphs in wheat wild
relatives). The accuracy of AA as a predictive tool for longevity rankings was further
questioned by the results obtained comparing cold storage ageing and AA in wheat wild
relatives, adding novel information to the emerging literature on the topic. These results
underline the current need for new ageing methods (alternative to cold storage and AA)
and/or molecular and physiological hallmarks for fast and accurate predictions of seed
lifespan and rankings in storage. The biochemical, molecular and structural hallmarks
used in this thesis improved the profiling of the considered accessions in both the wheat
wild relatives and the garden pea projects. Features related to the oxidative stress status
and the antioxidant response correlated with the germination capability after storage,
further strengthening the prominent role of ROS and ROS buffering in shaping seed
longevity. In this work we tested approaches still poorly used in this research field, such
as the measurement of alternative ageing hallmarks (e.g., proline, reducing sugars) and
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the ultrastructural analysis of chromatin compaction and genome integrity. In particular,
the preliminary results obtained with the TEM techniques appear very promising, and
their application to larger experimental systems could add a deeper level of detail to
studies about the seed longevity dynamics. Indeed, multidisciplinary approaches are
fundamental in the characterization of such a multi-faceted biological process.

68



6. References

Abdur M., Arif R, Borner A. Mapping of QTL associated with seed longevity in durum
wheat (Triticum durum Desf). J Appl Genet. 2019; 60(1), 33-36.
https://doi.org/10.1007/s13353-018-0477-y

Abraham E, Hourton-Cabassa C, Erdei L, Szabados L. Methods for determination of
proline in plants. In: Sunkar R, ed. Plant stress tolerance: methods and protocols.
Springer New York Dordrecht Heidelberg London. 2010. 316-331.

Anderson R, Bayer PE, Edwards D. Climate change and the need for agricultural
adaptation. Curr Opin Plant Biol. 2020; 56, 197-202.
https://doi.org/10.1016/j.pbi.2019.12.006

Arshad W, Sperber K, Steinbrecher T, Nichols B, Jansen VAA, Leubner-Metzger G,
Mummenhoff K. Dispersal biophysics and adaptive significance of dimorphic
diaspores in the annual Aethionema arabicum (Brassicaceae). New Phytol. 2019; 221,
1434-1446.

Asdal A, Guarino L. The svalbard global seed vault: 10 Years - 1 million samples.
Biopreserv and Biobank. 2018; 16(5), 391-392.
https://doi.org/10.1089/bi0.2018.0025

Bailly C. (2004). Active oxygen species and antioxidants in seed biology. Seed Sci Res.
2004; 14 (2), 93-107. https://doi.org/10.1079/SSR2004159

Bailly C, El-Maarouf-Bouteau H, Corbineau F. From intracellular signaling networks to
cell death: the dual role of reactive oxygen species in seed physiology. C R — Biol.
2008; 331, 806-814. https://doi.org/10.1016/j.crvi.2008.07.022

Ballesteros D, Walters C. Solid-state biology and seed longevity: a mechanical analysis
of glasses in pea and soybean embryonic axes. Front Plant Sci. 2019, 10, 920.

Ballesteros D, Pritchard HW, Walters C. Dry architecture: Towards the understanding of
the variation of longevity in desiccation-tolerant germplasm. Seed Sci Res. 2020, 30
(2), 142-155. https://doi.org/10.1017/S0960258520000239

Baskin CC, Baskin JM. Seeds: ecology, biogeography, and evolution of dormancy and
germination. Elsevier. 1998.

Bewley JD, Bradford KJ, Nonogaki H, Hilhorst HWM. Seeds Physiology of
Development, Germination and Dormancy, 3rd Edition. Springer. 2013.

Bhanu AN. (2017). Assessment of genetic diversity in crop plants - an overview. Adv
Plants Agric Res. 2019; 7(3): 0025. https://doi.org/10.15406/apar.2017.07.00255

Bhattacharyya MK, Smith AM, Ellis THN, Hedley C, Martin C. The wrinkled-seed
character of pea described by Mendel is caused by a transposon-like insertion in a

69


https://doi.org/10.1007/s13353-018-0477-y
https://doi.org/10.1016/j.pbi.2019.12.006
https://doi.org/10.1089/bio.2018.0025
https://doi.org/10.1079/SSR2004159
https://doi.org/10.1017/S0960258520000239
https://doi.org/10.15406/apar.2017.07.00255

gene encoding a starch-branching enzyme. Cell. 1990; 60, 115-122.

Biedermann S, Mooney S, Hellmann H. Recognition and repair pathways of damaged
DNA in higher plants. In Chen C, ed. Selected Topics in DNA Repair. InTech Open.
2011. 201-236. https://doi.org/10.5772/21380

Black M, Pritchard HW. Desiccation and survival in plants. Drying without dying. In:
Black M, Pritchard, HW, eds. Annals of Botany Vol. 91, Issue 1. Oxford University
Press. 2003. https://doi.org/10.1093/aob/mcg004

Borner A, Chebotar S, Korzun V. Molecular characterization of the genetic integrity of
wheat (Triticum aestivum L.) germplasm after long-term maintenance. Theor App!
Genet. 2000; 100(3—4), 494-497. https://doi.org/10.1007/s001220050064

Borner A, Nagel M, Agacka-Motdoch M, Gierke PU, Oberforster M, Albrecht T, Mohler
V. QTL analysis of falling number and seed longevity in wheat (Triticum aestivum
L.). J Appl Gen. 2017; 59(1), 35-42. https://doi.org/10.1007/S13353-017-0422-5

Bray CM, West CE. DNA repair mechanisms in plants: crucial sensors and effectors for
the maintenance of genome integrity. New Phytol. 2005; 168(3), 511-528.
https://doi.org/10.1111/J.1469-8137.2005.01548.X

Bryant C, Wheeler NR, Rubel F, French RH. kgc: Koeppen—Geiger climatic zones. R
package version 1.0.0.2. 2017. https://CRAN.R-project.org/ package=kgc.

Bueso E, Mufioz-Bertomeu J, Campos F, Brunaud V, Martinez L, Sayas E, Ballester P,
Yenush L, Serrano R. ARABIDOPSIS THALIANA HOMEOBOX25 uncovers a role
for gibberellins in seed longevity. Plant Physiol. 2014; 164(2), 999-1010.
https://doi.org/10.1104/pp.113.232223

Buijs G, Willems LAJ, Kodde J, Groot SPC, Bentsink L. Evaluating the EPPO method
for seed longevity analyses in Arabidopsis. Plant Sci. 2020; 301, 110644.
https://doi.org/10.1016/]j.plantsci.2020.110644

Buitink J, Leprince O. Intracellular glasses and seed survival in the dry state. C R-Biol.
2008; 331(10), 788—795. https://doi.org/10.1016/J.CRVI.2008.08.002

Burma S, Chen BP, Murphy M, Kurimasa A. ATM phosphorylates histone H2AX in
response to DNA double-strand breaks. J Biol Chem. 2001; 276, 42462-42467

Camacho-Villa TC, Maxted N, Scholten M, Ford-Lloyd B. Defining and identifying crop
landraces. Plant Genet Resour. 2005; 3(3), 373-384.
https://doi.org/10.1079/per200591

Cann KL, Dellaire G. Heterochromatin and the DNA damage response: the need to relax.
Biochem Cell Biol. 2011; 89, 45-60.

Carranco R, Espinosa JM, Prieto-Dapena P, Almoguera C, Jordano J. Repression by an

70


https://doi.org/10.1111/J.1469-8137.2005.01548.X
https://doi.org/10.1016/J.CRVI.2008.08.002
https://doi.org/10.1079/pgr200591

auxin/indole acetic acid protein connects auxin signaling with heat shock factor-
mediated  seed  longevity.  PNAS.  2010; 107(50),  21908-21913.
https://doi.org/10.1073/PNAS.1014856107

Carvalho RF. Heterochromatic knobs gene-like effects on flowering time, and the seed
aging epigenetic-genetic program in maize. Biblioteca Digital de Teses e Dissertacdes
da Universidade de Sao Paulo. PhD thesis. 2020.
https://doi.org/10.11606/T.11.2020.TDE-14012021-140924

Chen H, Chu P, Yuliang Z, Li Y, Liu J, Ding Y, Tsang EWT, Jiang L, Wu K, Huang S.
Overexpression of AtOGG1, a DNA glycosylase/AP lyase, enhances seed longevity
and abiotic stress tolerance in Arabidopsis. J Exp Bot. 2012; 63(11), 4107-4121.
https://doi.org/10.1093/jxb/ers093

Chen J, Zavala C, Ortega N, Petroli C, Franco J, Burguefio J, Costich DE, Hearne SJ.
The development of quality control genotyping approaches: A case study using elite
maize lines. PLoS ONE. 2016; 11(6), 1-17.
https://doi.org/10.1371/journal.pone.0157236

CIMMYT. Proceedings: World-wide maize improvement in the 70's and the role for
CIMMYT. Texcoco: International Maize and Wheat Improvement Center
(CIMMYT). 1974.

CIMMYT. Recent advances in the conservation and utilization of genetic resources.
Proceedings of the Global Maize Germplasm Workshop. Texcoco: International
Maize and Wheat Improvement Center (CIMMYT).1988.

Clapp J, Newell P, Brent ZW. The global political economy of climate change,
agriculture and food systems. J Peasant Stud. 2018; 45(1), 80-88.
https://doi.org/10.1080/03066150.2017.1381602

Clerkx EJM., Vries HB-D, Ruys GJ, Groot SPC, Koornneef M. Genetic differences in
seed longevity of various Arabidopsis mutants. Physiol Plant. 2004; 121(3), 448—461.
https://doi.org/10.1111/J.0031-9317.2004.00339.X

Colville L, Pritchard HW. Seed life span and food security. New Phytol. 2019; 224(2),
557-562. https://doi.org/10.1111/nph.16006

Cordoba-Canero D, Roldan-Arjona T, Ariza RR. Arabidopsis ZDP DNA 3’-phosphatase
and ARP endonuclease function in 8-0x0G repair initiated by FPG and OGG1 DNA
glycosylases. Plant J. 2014; 79(5), 824-834. https://doi.org/10.1111/tpj.12588

Cowell IG, Sunter NJ, Singh PB, Austin CA, Durkacz BW, Tilby MJ. GammaH2AX foci
form preferentially in euchromatin after ionising-radiation. PLoS ONE. 2017; 2,
e1057.

Coyne CJ, Kumar S, von Wettberg EJB, Marques E, Berger JD, Redden RJ, Ellis THN,
Brus J, Zablatzka L, Smykal P. Potential and limits of exploitation of crop wild

71


https://doi.org/10.1371/journal.pone.0157236
https://doi.org/10.1111/tpj.12588

relatives for pea, lentil, and chickpea improvement. Legume Sci. 2020; 2: e36.
https://doi.org/10.1002/1eg3.36

Crowe JH, Hoekstra FA, Crowe LM. Anhydrobiosis. Annu Rev Physiol. 1992; 54, 579-
599.

de Faria RQ, dos Santos ARP, Amorim DJ, Cantao RF, da Silva EAA, Sartori MMP.
Probit or Logit? Which is the better model to predict the longevity of seeds? Seed Sci
Res. 2010; 30(1), 49-58. https://doi.org/10.1017/S0960258520000136

de Souza Vidigal D, Willems L, van Arkel J, Dekkers BJW, Hilhorst HWM, Bentsink L.
Galactinol as marker for seed longevity. Plant Sci. 2016; 246, 112-118.
https://doi.org/10.1016/J.PLANTSCIL.2016.02.015

Debeaujon I, Koornneef M. Gibberellin requirement for Arabidopsis seed germination is
determined both by testa characteristics and embryonic abscisic acid. Plant Physiol.
200; 122(2), 415-424. https://doi.org/10.1104/PP.122.2.415

Delouche JC, Baskin CC. Accelerated aging techniques for predicting the relative
storability = of seed lots. Seed Sci  Technol. 1997,  427-452.
https://ir.library.msstate.edu/bitstream/handle/11668/13316/F-
4.pdf?sequence=1&isAllowed=y

Deltour R. Nuclear activation during early germination of the higher plant embryo. J Cell
Sci. 1985; 75, 43-83.

Dempewolf H, Baute G, Anderson J, Kilian B, Smith C, Guarino L. Past and future use
of wild relatives in crop breeding. Crop Sci. 2017; 57(3), 1070-1082.
https://doi.org/10.2135/CROPSCI2016.10.0885

Dempewolf H, Eastwood RJ, Guarino L, Khoury CK, Miiller JV, Toll J. Adapting
agriculture to climate change: a global initiative to collect, conserve, and use crop
wild relatives. Agroecol Sustain Food Syst. 2014; 38(4), 369-377.
https://doi.org/10.1080/21683565.2013.870629

Desheva G. The longevity of crop seeds stored under long-term condition in the National
Gene Bank of Bulgaria. Agric. 2016; 62(2), 90—100. https://doi.org/10.1515/AGRI-
2016-0010

Doria E, Galleschi L, Calucci L, Pinzino C, Pilu R, Cassani E, Nielsen E. Phytic acid
prevents oxidative stress in seeds: evidence from a maize (Zea mays L.) low phytic
acid mutant. J Exp Bot. 2009; 60, 967-978.

dos Santos ARP, de Faria RQ, Amorim DJ, Giandoni VCR, da Silva EAA, Sartori MMP.
Cauchy, cauchy—santos—sartori—faria, logit, and probit functions for estimating seed
longevity in  soybean.  Agron  J. 2019; 111(6), 2929-2939.
https://doi.org/10.2134/agronj2018.11.0700

72


https://ir.library.msstate.edu/bitstream/handle/11668/13316/F-4.pdf?sequence=1&isAllowed=y
https://ir.library.msstate.edu/bitstream/handle/11668/13316/F-4.pdf?sequence=1&isAllowed=y
https://doi.org/10.1515/AGRI-2016-0010
https://doi.org/10.1515/AGRI-2016-0010
https://doi.org/10.2134/agronj2018.11.0700

Ellis RH, Hong TD, Jackson MT. Seed production environment, time of harvest, and the
potential longevity of seeds of three cultivars of rice (Oryza sativa L.). Ann Bot. 1993;
72(6), 583-590. https://doi.org/10.1006/ANB0O.1993.1148

Ellis RH, Roberts EH. Improved equations for the prediction of seed longevity. Ann Bot.
1980; 45(1), 13-30. https://doi.org/10.1093/oxfordjournals.aob.a085797

Ellis RH, Yadav G. Effect of simulated rainfall during wheat seed development and
maturation on subsequent seed longevity is reversible. Seed Sci Res. 2016; 26(1), 67—
76. https://doi.org/10.1017/S0960258515000392

Falk M, Lukasova E, Kozubek S. Chromatin structure influences the sensitivity of DNA
to gamma-radiation. Biochim Biophys Acta. 2008; 1783, 2398-2414.

FAO. International treaty on plant genetic resources for food and agriculture. Rome:
FAO. 2009

FAO. The second report on the state of the world’s plant genetic resources for food and
agriculture. Commission on Genetic Resources for Food and Agriculture, Food and
Agriculture Organization of the United Nations, Rome. 2010.

FAO. Genebank standards for plant genetic resources for food and agriculture. 2014.
FAO. Climate change and food systems: global assessments and implications for food

security and trade. 2015. http://www.fao.org/policy-support/resources/resources-
details/en/c/435192/

Florke M, Schneider C, McDonald RI. Water competition between cities and agriculture
driven by climate change and urban growth. Nat Sustain. 2018; 1(1), 51-58.
https://doi.org/10.1038/s41893-017-0006-8

Forti C, Ottobrino V, Bassolino L, Toppino L, Rotino GL, Pagano A, Macovei A,
Balestrazzi A. Molecular dynamics of pre-germinative metabolism in primed eggplant
(Solanum  melongena L.) seeds. Hortic Res. 2020, 7(1), 8&7.
https://doi.org/10.1038/s41438-020-0310-8

Fritsche S, Wang X, Jung C. Recent advances in our understanding of tocopherol
biosynthesis in plants: an overview of key genes, functions, and breeding of vitamin
E improved crops. Antioxidants. 2017; 6, 99.

Gaschler MM, Stockwell BR. Lipid peroxidation in cell death. Biochem Biophy Res
Comm. 2017, 482, 419-425.

Gawlowska M, Swiecicki W, Lahuta L, Kaczmarek Z. Raffinose family oligosaccharides
in seeds of Pisum wild taxa, type lines for seed genes, domesticated and advanced
breeding materials. Genet Resour Crop Evol. 2017; 64, 569-578.

Gehring M, Henikoff S. DNA methylation dynamics in plant genomes. Biochim Biophys

73


https://doi.org/10.1017/S0960258515000392
http://www.fao.org/policy-support/resources/resources-details/en/c/435192/
http://www.fao.org/policy-support/resources/resources-details/en/c/435192/
https://doi.org/10.1038/s41438-020-0310-8

Acta - Gene  Struct  Expression. 2007, 1769(5-6), 276-286.
https://doi.org/10.1016/J.BBAEXP.2007.01.009

Gianella M, Balestrazzi A, Pagano A, Miiller JV, Kyratzis AC, Kikodze D, Canella M,
Mondoni A, Rossi G, Guzzon F. (2020). Heteromorphic seeds of wheat wild relatives
show germination niche differentiation. Plant Biol. 2020; 22(2), 191-202.
https://doi.org/10.1111/plb.13060

Gianella M, Bradford KJ, Guzzon F. Ecological, (epi)genetic and physiological aspects
of bet-hedging in angiosperms. Plant Reprod. 2021; 34, 21-36.
https://doi.org/10.1007/s00497-020-00402-z

Gianella M, Pagano A, Forti C, Guzzon F, Mondoni A, de Sousa Aratjo S, Macovei A,
Balestrazzi A. Molecular aspects of seed priming as a means of progress in crop
improvement. In Tuteja N, Tuteja R, Passricha N, Saifi SK, eds. Advancement in Crop
Improvement Techniques. Woodhead Publishing. 2020; 89-100.
https://doi.org/10.1016/B978-0-12-818581-0.00006-1

Giner G, Smyth GK. statmod: probability calculations for the inverse Gaussian
distribution. R J. 2016; 8, 339-351.

Groot SPC, Surki AA, de Vos RCH, Kodde J. Seed storage at elevated partial pressure
of oxygen, a fast method for analysing seed ageing under dry conditions. Ann Bot.
2012; 110(6), 1149-1159. https://doi.org/10.1093/aob/mcs198

Guzzon F, Gianella M, Velazquez Juarez JA, Sanchez Cano C, Costich DE. Seed
longevity of maize conserved under germplasm bank conditions for up to 60 years.
Ann Bot. 2021; 127(6), 775-785. https://doi.org/10.1093/ao0b/mcab009

Guzzon F, Miiller JV, Abeli T, Cauzzi P, Ardenghi NMG, Balestrazzi A, Rossi G,
Orsenigo S. Germination requirements of nine European Aegilops species in relation
to constant and alternating temperatures. Acta Bot Gall. 2015; 162(4), 349-354.
https://doi.org/10.1080/12538078.2015.1088793

Guzzon F, Orsenigo S, Gianella M, Miiller JV, Vagge I, Rossi G, Mondoni A. Seed
heteromorphy influences seed longevity in Aegilops. Seed Sci Res. 2018; 28(4).
https://doi.org/10.1017/S096025851800034X

Hammer K, Teklu Y. Plant genetic resources: Selected issues from genetic erosion to
genetic engineering. J Agric Rural Dev Trop Subtrop. 2008; 109(1), 15-50.

Harlan JR, de Wet JMJ. Toward a rational classification of cultivated plants. Taxon.
1971; 20(4), 509-517. https://doi.org/10.2307/1218252

Hay FR, de Guzman F, Ellis D, Makahiya H, Borromeo T, Hamilton NRS. Viability of
Oryza sativa L. seeds stored under genebank conditions for up to 30 years. Genet
Resour Crop Evol. 2013; 60(1), 275-296. https://doi.org/10.1007/s10722-012-9833-
7

74


https://doi.org/10.1016/J.BBAEXP.2007.01.009
https://doi.org/10.1016/B978-0-12-818581-0.00006-1
https://doi.org/10.1080/12538078.2015.1088793

Hay FR, Mead A, Bloomberg M. Modelling seed germination in response to continuous
variables: use and limitations of probit analysis and alternative approaches. Seed Sci
Res. 2014; 24(3), 165-186. https://doi.org/10.1017/S096025851400021X

Hayat S, Hayat Q, Nasser A, Wani AS, Pichtel J, Ahmad A. Role of proline under
changing environments. Plant Signal Behav. 2012; 7, 1456-1466.

Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric models.
Biom J. 2008; 50, 346-363.

lacovoni JS, Caron P, Lassadi I, Nicolas E, Massip L, Trouche D, Legube G. High-
resolution profiling of gammaH2AX around DNA double strand breaks in the
mammalian genome. EMBO J. 2010; 29, 1446-1457.

Intergovernmental Panel on Climate Change. Climate Change 2014: Synthesis Report.
Contribution of Working Groups I, II and III to the Fifth Assessment Report of the
IPCC. 2015.

Iriondo JM, Milla R, Volis S, Rubio de Casas R. Reproductive traits and evolutionary
divergence between Mediterranean crops and their wild relatives. Plant Biol. 2018;
20, 78-88. https://doi.org/10.1111/plb.12640

ISTA. International rules for seed testing. Bassersdorf, Switzerland, International Seed
Testing Association. 2019.

Kassambara A. ggpubr: ‘ggplot2’ based publication ready plots. R package version 0.4.0.
2020. https://CRAN.R-project.org/package=ggpubr.

Kijak H, Ratajczak E. What do we know about the genetic basis of seed desiccation
tolerance and longevity? Int J Mol Sci. 2020; Vol. 21, Page 3612, 21(10), 3612.
https://doi.org/10.3390/1JMS21103612

Kim JA, Kruhlak M, Dotiwala F, Nussenzweig A, Haber JE. Heterochromatin is
refractory to gamma-H2AX modification in yeast and mammals. J Cell Biol. 2007;
178, 209-218.

Konapala G, Mishra AK, Wada Y, Mann ME. Climate change will affect global water
availability through compounding changes in seasonal precipitation and evaporation.
Nat Comm. 2020; 11(1), 1-10. https://doi.org/10.1038/s41467-020-16757-w

Kong L, Huo H, Mao P. Antioxidant response and related gene expression in aged oat
seed. Front Plant Sci. 2020; 6,158.

Kranner I, Chen H, Pritchard HW, Pearce SR, Birti¢ S. Inter-nucleosomal DNA
fragmentation and loss of RNA integrity during seed ageing. Plant Growth Regul.
2010; 63(1), 63—72. https://doi.org/10.1007/S10725-010-9512-7

Kurek K, Plitta-Michalak B, Ratajczak E. Reactive oxygen species as potential drivers of

75


https://doi.org/10.1017/S096025851400021X
https://doi.org/10.1111/plb.12640
https://doi.org/10.3390/IJMS21103612
https://doi.org/10.1038/s41467-020-16757-w

the seed aging process. Plants. 2019;8(6), 174. https://doi.org/10.3390/plants8060174

Kurilich C, Juvik J. Quantification of carotenoid and tocopherol antioxidants in Zea
mays. J Agric Food Chem. 2009; 47, 1948-1955

Lee JH, Kim EW, Croteau DL, Bohr VA. Heterochromatin: an epigenetic point of view
in aging. Exp Mol Med. 2020; 52, 1466-1474.

Lee J-S, Kwak J, Hay FR. Genetic markers associated with seed longevity and vitamin E
in diverse Aus rice varieties. Seed Sci Res. 2020; 30(2), 133-141.
https://doi.org/10.1017/S0960258520000173

Lehner A, Mamadou N, Poels P, Come D, Bailly C, Corbineau F. Changes in soluble
carbohydrates, lipid peroxidation and antioxidant enzyme activities in the embryo
during ageing in wheat grains. J Cereal Sci. 2008; 47(3), 555-565.
https://doi.org/10.1016/J.JCS.2007.06.017

Lenth RV. Least-squares means: the R package Ismeans. J Stat Sofiw. 2016; 69, 1-33.

Lev J, Blahovec J. Imbibition of wheat seeds: Application of image analysis. Infern
Agrophys. 2017; 31, 475-481. https://doi.org/10.1515/intag-2016-0072

Leisner CP. Review: Climate change impacts on food security- focus on perennial
cropping systems and nutritional value. Plant Sci. 2020; 293, 110412.
https://doi.org/10.1016/j.plantsci.2020.110412

Leprince O, Pellizzaro A, Berriri S, Buitink J. Late seed maturation: drying without
dying. J Exp Bot. 2017; 68(4), 827-841. https://doi.org/10.1093/JXB/ERW363

Li D-Z, Pritchard HW. The science and economics of ex situ plant conservation. Trends
Plant Sci. 2009; 14(11), 614—621. https://doi.org/10.1016/J. TPLANTS.2009.09.005

Liang X, Zhang L, Natarajan SK, Becker DF. Proline mechanisms of stress survival.
Antiox Redox Signal. 2013; 19, 998-1011.

Liu U, Breman E, Cossu TA, Kenney S. The conservation value of germplasm stored at
the Millennium Seed Bank, Royal Botanic Gardens, Kew, UK. Biodiv Conserv. 2018;
27(6), 1347-1386. https://doi.org/10.1007/s10531-018-1497-y

Liu W, Pan X, Li Y, Duan Y, Min J, Liu S, Sheng X, Li X. Detection and validation of
QTLs associated with seed longevity in rice (Oryza sativa L.). Plant Breed. 2018;
137(4), 546-552. https://doi.org/10.1111/PBR.12611

Louf J-F, Zheng Y, Kumar A, Bohr T, Gundlach C, Harholt J, Poulsen HF, Jensen KH.
Imbibition in plant seeds. Phys Rev. 2018; 98, 042403.

Lyall TW, Ellis RH, John P, Hedley CL, Wang TL. Mutant alleles at the rugosus loci in
pea affect seed moisture sorption isotherms and the relations between seed longevity

76


https://doi.org/10.3390/plants8060174
https://doi.org/10.1016/J.JCS.2007.06.017
https://doi.org/10.1016/J.TPLANTS.2009.09.005

and moisture content. J Exp Bot. 2003; 54, 445-450.

Mao Z, Sun W. Arabidopsis seed-specific vacuolar aquaporins are involved in
maintaining seed longevity under the control of ABSCISIC ACID INSENSITIVE 3.
J Exp Bot. 2015; 66(15), 4781-4794. https://doi.org/10.1093/jxb/erv244

Maxted N, Kell SP, Ford-Lloyd B, Iriondo JM, Turok J, Dulloo E. Crop wild relative
conservation and use. 2007. CABL.

Maxted N, Ford-Lloyd B, Jury S, Kell S, Scholten M. Towards a definition of a crop wild
relative. Biodiv Conserv. 2006; 15(8), 2673-2685. https://doi.org/10.1007/s10531-
005-5409-6

Miller GL. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar.
Anal Chem. 1959; 31(3), 426—428. https://doi.org/10.1021/ac60147a030

Mira S, Pirredda M, Martin-Sanchez M, Marchessi JE, Martin C. DNA methylation and
integrity in aged seeds and regenerated plants. Seed Sci Res. 2020; 30(2), 92—100.
https://doi.org/10.1017/S096025852000002 1

Moise JA, Han S, Gudynaitg-Savitch L, Johnson DA, Miki BLA. Seed coats: Structure,
development, composition, and biotechnology. In Vitro Cell Devel Biol — Plant. 2005;
41(5), 620—644. https://doi.org/10.1079/IVP2005686

Mondoni A, Orsenigo S, Dona M, Balestrazzi A, Probert RJ, Hay FR, Petraglia A, Abeli
T. Environmentally induced transgenerational changes in seed longevity: maternal
and  genetic influence.  4nn  Bot. 2014; 113(7), 1257-1263.
https://doi.org/10.1093/A0OB/MCU046

Miiller JV, Cockel CP, Gianella M, Guzzon F. Treasuring crop wild relative diversity:
analysis of success from the seed collecting phase of the ‘Adapting Agriculture to
Climate Change’ project. Genet Resour Crop Evol. 2021; 0123456789.
https://doi.org/10.1007/s10722-021-01229-x

Murthy UMN, Sun WQ. Protein modification by the Amadori and Maillard reactions
during seed storage: roles of sugar hydrolysis and lipid peroxidation. J Exp Bot. 2000;
51,1221-1228.

Myers SS, Smith MR, Guth S, Golden CD, Vaitla B, Mueller ND, Dangour AD, Huybers
P. Climate Change and Global Food Systems: Potential Impacts on Food Security and
Undernutrition. Annu  Rev  Public  Health. 2017, 38(1), 259-277.
https://doi.org/10.1146/annurev-publhealth-031816-044356

Nagel M, Borer. The longevity of crop seeds stored under ambient conditions. Seed Sci
Res. 2010; 20, 1-20.

Nagel M, Kodde J, Pistrick S, Mascher M, Borner A, Groot SPC. Barley seed aging:
genetics behind the dry elevated pressure of oxygen aging and moist controlled

71


https://doi.org/10.1007/s10722-021-01229-x
https://doi.org/10.1146/annurev-publhealth-031816-044356

deterioration. Front Plant Sci. 2016; 7, 388.
https://doi.org/10.3389/FPLS.2016.00388

Nagel M, Kranner I, Neumann K, Rolletschek H, Seal CE, Colville L, Ferndndez-Marin,
B, Borner A. Genome-wide association mapping and biochemical markers reveal that
seed ageing and longevity are intricately affected by genetic background and
developmental and environmental conditions in barley. Plant Cell Environ. 2015;
38(6), 1011-1022. https://doi.org/10.1111/pce.12474

Nagel M, Seal CE, Colville L, Rodenstein A, Un S, Richter J, Pritchard HW, Bérner A,
Kranner I. Wheat seed ageing viewed through the cellular redox environment and
changes in pH. Free Radic Res. 2019; 53, 641-654.

Nair N, Shoaib M, Storgaard Sorensen C. Chromatin dynamics in genome stability: roles
in suppressing endogenous DNA damage and facilitating DNA repair. Int J Mol Sci.
2017; 18, 1486.

Nakazawa M. fmsb: functions for medical statistics book with som demographic data. R
package version 0.7.0. 2019. https://CRAN.R-project.org/package=fmsb.

Nave M, Avni R, Ben-Zvi B, Hale I, Distelfeld A. QTLs for uniform grain dimensions
and germination selected during wheat domestication are co-located on chromosome
4B. Theor Appl Genet. 2016; 129(7), 1303—-1315. https://doi.org/10.1007/s00122-
016-2704-4

Newton R, Hay F, Probert R. Protocol for comparative seed longevity testing. Technical
Information Sheet_01. London, Royal Botanic Gardens Kew. 2009.

Nguyen T-P, Keizer P, Eeuwijk F, Smeekens S, Bentsink L. Natural variation for seed
longevity and seed dormancy are negatively correlated in Arabidopsis. Plant Physiol.
2012; 160(4), 2083. https://doi.org/10.1104/PP.112.206649

Niedzielski M, Walters C, Luczak W, Hill LM, Wheeler L], Puchalski J. Assessment of
variation in seed longevity within rye, wheat and the intergeneric hybrid triticale. Seed
Sci Res. 2009; 19(4), 213-224. https://doi.org/10.1017/S0960258509990110

North H, Baud S, Debeaujon I, Dubos C, Dubreucq B, Grappin P, Jullien M, Lepiniec L,
Marion-Poll A, Miquel M, Rajjou L, Routaboul JM, Caboche M. Arabidopsis seed
secrets unravelled after a decade of genetic and omics-driven research. Plant J. 2010;
61(6), 971-981. https://doi.org/10.1111/j.1365-313X.2009.04095.x

Onfate-Sanchez L, Vicente-Carbajosa J. DNA-free RNA isolation protocols for
Arabidopsis thaliana, including seeds and siliques. BMC Res Notes. 2008; 1(1), 93.
https://doi.org/10.1186/1756-0500-1-93

Orlowsky B, Seneviratne SI. Global changes in extreme events: Regional and seasonal
dimension. Clim Change. 2012; 110(3—4), 669—696. https://doi.org/10.1007/s10584-
011-0122-9

78


https://doi.org/10.1111/pce.12474

Ozden E, Albayrak Delialioglu R, Hussein S, Demir I. Prediction of germination of
commercially available seed lots by regression models developed by artificial and
natural ageing and electrical conductivity in leek. Seed Sci Technol.2017; 45(2), 465—
474. https://doi.org/10.15258/sst.2017.45.2.01

Paparella S, de Sousa Araujo S, Rossi G, Wijayasinghe M, Carbonera D, Balestrazzi A.
Seed priming: state of the art and new perspectives. Plant Cell Rep. 2015; 34(8),
1281-1293. https://doi.org/10.1007/S00299-015-1784-Y

Pérez J, Araya-Valverde E, Garro G, Abdelnour-Esquivel A. Analysis of stress indicators
during cryopreservation of seeds of landrace maize (Zea mays). Cryo Letters. 2017;
38(6), 445-454.

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic Acids Res. 2001; 29(9). https://doi.org/10.1093/nar/29.9.¢45

Pirredda M, Gonzalez-Benito ME, Martin C, Mira S. Genetic and Epigenetic Stability in
Rye Seeds under Different Storage Conditions: Ageing and Oxygen Effect. Plants.
2020; 9(3), 393. https://doi.org/10.3390/PLANTS9030393

Plitta-Michalak BP, Naskret-Barciszewska MZ, Barciszewski J, Chmielarz P, Michalak,
M. Epigenetic integrity of orthodox seeds stored under conventional and cryogenic
conditions. Forests. 2021; 12(3), 288. https://doi.org/10.3390/F12030288

Pokhrel Y, Felfelani F, Satoh Y, Boulange J, Burek P, Gédeke A, Gerten D, Gosling SN,
Grillakis M, Gudmundsson L, Hanasaki N, Kim H, Koutroulis A, Liu J, Papadimitriou
L, Schew L, Miiller Schmied H, Stacke T, Telteu CE, Wada Y. Global terrestrial water
storage and drought severity under climate change. Nat Clim Change. 2021 11(3),
226-233. https://doi.org/10.1038/s41558-020-00972-w

Pourcel L, Routaboul J-M, Kerhoas L, Caboche M, Lepiniec L, Debeaujon I.
TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative
polymerization of flavonoids in Arabidopsis seed coat. Plant Cell. 2005; 17(11), 2966.
https://doi.org/10.1105/TPC.105.035154

Powell AA. Cell membranes and seed leachate conductivity in relation to the quality of
seed for sowing. J Seed Technol. 2006; 10(2), 81-100.

Powell AA, Matthews S. Evaluation of controlled deterioration, a new vigour test for
small seeded vegetables. Seed Sci Technol. 1981; 9(2), 633-640.

Probert RJ, Daws MI, Hay FR. Ecological correlates of ex situ seed longevity: a
comparative study on 195 species. Ann Bot. 2009; 104(1), 57-69.
https://doi.org/10.1093/aob/mcp082

Rajjou L, Debeaujon 1. Seed longevity: survival and maintenance of high germination
ability of dry seeds. C R — Biol. 2008; 331(10), 796-805.
https://doi.org/10.1016/J.CRVI1.2008.07.021

79



Ranal MA, Garcia de Santana, D. How and why to measure the germination process?
Braz J Bot. 2006; 29(1), 1-11. https://doi.org/10.1590/S0100-84042006000100002

Rao NK, Hanson J, Dulloo ME, Ghosh N, Nowell D, Larinde. Manual of seed handling
in genebanks. Handbook for genebank No.§8. Bioversity International, Rome, Italy.
2006.

Raquid R, Kohli A, Reinke R, Dionisio-Sese M, Kwak J, Chebotarov D, Mo Y, Lee J-S.
Genetic factors enhancing seed longevity in tropical japonica rice. Curr Plant Biol.
2021; 26, 100196. https://doi.org/10.1016/J.CPB.2021.100196

Revelle W. psych: procedures for personality and psychological research, Northwestern
University,  Evanston,  Illinois, = USA.  2019.  https://CRAN.Rproject.
org/package=psych Version =1.9.12.

Righetti K, Vu JL, Pelletier S, Vu BL, Glaab E, Lalanne D, Pasha A, Patel R, Provart NJ,
Verdier J, Leprince O, Buitink J. Inference of longevity-related genes from a robust
coexpression network of seed maturation identifies regulators linking seed storability
to biotic defense-related pathways. Plant Cell. 2015; 27(10), 2692-2708.
https://doi.org/10.1105/tpc.15.00632

Roach T, Nagel M, Borner A, Eberle C, Kranner I. Changes in tocochromanols and
glutathione reveal differences in the mechanisms of seed ageing under seedbank
conditions and controlled deterioration in barley. J Environ Exp Bot. 2018; 156, 8—
15. https://doi.org/10.1016/j.envexpbot.2018.08.027

Roberts EH. Predicting the storage life of seeds. Seed Sci Technol. 1973; 1, 499-514.
http://ci.nii.ac.jp/naid/10030093916/en/

Sano N, Ono H, Murata K, Yamada T, Hirasawa T, Kanekatsu M. Accumulation of long-
lived mRNAs associated with germination in embryos during seed development of
rice. J Exp Bot. 2015; 66(13), 4035—4046. https://doi.org/10.1093/JXB/ERV209

Sano N, Rajjou L, North HM. Lost in translation: physiological roles of stored mRNAs
in seed germination. Plants. 2020, 9(3), 347. https://doi.org/10.3390/plants9030347

Sano N, Rajjou L, North HM, Debeaujon I, Marion-Poll A, Seo M. Staying alive:
molecular aspects of seed longevity. Plant Cell Physiol. 2016; 57(4), 660—-674.
https://doi.org/10.1093/pcp/pcv186

Sari A, Kursat M, Civelek S. Determination of MDA levels in the plant (some Salvia L.
Taxa growing in Turkey). J Drug Metabol Toxicol. 2012; 3, 3.

Schwember AR, Bradford KJ. Quantitative trait loci associated with longevity of lettuce
seeds under conventional and controlled deterioration storage conditions. J Exp Bot.
2010; 61(15), 4423—4436. https://doi.org/10.1093/jxb/erq248

Sharma P, Jha AB, Dubey RS, Pessarakli M. Reactive oxygen species, oxidative damage,
80


https://doi.org/10.1590/S0100-84042006000100002
https://doi.org/10.1016/J.CPB.2021.100196

and antioxidative defense mechanism in plants under stressful conditions. J Bot. 2012;
1-26. https://doi.org/10.1155/2012/217037

Stickland RG, Wilson KE. Sugars and starch in developing round and wrinkled pea seeds.
Ann Bot. 1983; 52, 919-992.

Sugliani M, Rajjou L, Clerkx EJM, Koornneef M, Soppe WJJ. Natural modifiers of seed
longevity in the Arabidopsis mutants abscisic acid insensitive3-5 (abi3-5) and leafy
cotyledon1-3 (lec1-3). New Phytol. 2009; 184(4), 898-908.
https://doi.org/10.1111/5.1469-8137.2009.03023.x

Taiyun W, Viliam S.R package ‘corrplot’: visualization of a correlation matrix. 2017.
https://github.com/taiyun/corrplot.

Tausch S, Leipold M, Reisch C, Poschlod P. Dormancy and endosperm presence
influence the ex situ conservation potential in central European calcareous grassland
plants. AoB PLANTS. 2019; 11(4), 1-12. https://doi.org/10.1093/AOBPLA/PLZ035

Trapp A, Dixon P, Widrlechner MP, Kovach DA. Scheduling viability tests for seeds in
long-term storage based on a Bayesian multi-level model. J Agric Biol Environ Stat.
2012; 17(2), 192-208. https://doi.org/10.1007/S13253-012-0085-Y

Ueno AC, Gundel PE, Seal CE, Ghersa CM, Martinez-Ghersa MA. The negative effect
of a vertically-transmitted fungal endophyte on seed longevity is stronger than that of
ozone transgenerational effect. J Environ Exp Bot. 2020; 175, 104037.
https://doi.org/10.1016/J. ENVEXPBOT.2020.104037

van Treuren R, Bas N, Kodde J, Groot SPC, Kik C. Rapid loss of seed viability in ex situ
conserved wheat and barley at 4°C as compared to -20°C storage. Conserv Physiol.
2018, 6(1). https://doi.org/10.1093/conphys/coy033

Verdier J, Lalanne D, Pelletier S, Torres-Jerez I, Righetti K, Bandyopadhyay K, Leprince
O, Chatelain E, Vu BL, Gouzy J, Gamas P, Udvardi MK, Buitink J. A regulatory
network-based approach dissects late maturation processes related to the acquisition
of desiccation tolerance and longevity of medicago truncatula seeds. Plant Physiol.
2013; 163(2), 757-774. https://doi.org/10.1104/pp.113.222380

Walters C. Understanding the mechanisms and kinetics of seed aging. Seed Sci Res.
1998; 8(02). https://doi.org/10.1017/S096025850000413X

Walters C. Optimising seed banking procedures. In: Smith RD, Dickie JB, Linington SH,
Pritchard HW, Probert RJ, eds. Seed Conservation: Turning Science into Practice.
London, Royal Botanic Gardens, Kew., 723—743. 2003.

Walters C. Orthodoxy, recalcitrance and in-between: describing variation in seed storage
characteristics using threshold responses to water loss. Planta. 2015; 242(2), 397—

81


https://doi.org/10.1155/2012/217037
https://doi.org/10.1111/j.1469-8137.2009.03023.x
https://doi.org/10.1007/S13253-012-0085-Y
https://doi.org/10.1104/pp.113.222380

406. https://doi.org/10.1007/s00425-015-2312-6

Walters C, Berjak P, Pammenter N, Kennedy K, Raven P. Preservation of recalcitrant
seeds. Science, 2013, 339(6122), 915-916). https://doi.org/10.1126/science.1230935

Walters C, Wheeler LM, Grotenhuis JM. Longevity of seeds stored in a genebank:
species characteristics. Seed Sci Res. 2005; 15(1), 1-20.
https://doi.org/10.1079/SSR2004 195

Wang B, Zhang Z, Fu Z, Liu Z, Hu Y, Tang J. Comparative QTL analysis of maize seed
artificial aging between an immortalized F2 population and its corresponding RILs.
Crop J. 2016; 4(1), 30-39. https://doi.org/10.1016/J.CJ.2015.07.004

Washio K. The chromatin structure and seed function of land plants. /nt J Plant Biol Res.
2014; 2, 1015.

Waterworth W, Bray CM, West CE. The importance of safeguarding genome integrity
in germination and seed longevity. J Exp Bot. 2015; 66(12), 3549-3558.
https://doi.org/10.1093/JXB/ERV080

Waterworth WM, Masnavi G, Bhardwaj RM, Jiang Q, Bray CM, West CE. A plant DNA
ligase is an important determinant of seed longevity. Plant J. 2010; 63(5), 848—860.
https://doi.org/10.1111/5.1365-313X.2010.04285.x

Wei T, Simko V. R package “corrplot”: visualization of a correlation matrix (version
0.84). 2017.

Wickham H. ggplot2: elegant graphics for data analysis. Springer-Verlag New York.
2016.

Wickham H. Tidy messy data [R package tidyr version 1.1.3]. 2021. https://CRAN.R-
project.org/package=tidyr

Wickham H, Frangois R, Henry L, Miiller K. A grammar of data manipulation [R package
dplyr version 1.0.7]. 2021. https://cran.r-project.org/package=dplyr

Wiebach J, Nagel M, Borner A, Altmann T, Riewe D. Age-dependent loss of seed
viability is associated with increased lipid oxidation and hydrolysis. Plant Cell
Environ. 2020; 43(2), 303-314. https://doi.org/10.1111/PCE.13651

Wiebe K, Robinson S, Cattaneo A. Climate change, agriculture and food security. in
sustainable food and agriculture. Elsevier. 2019.

Wouw M, Kik C, Hintum T, van Treuren R, & Visser B. Genetic erosion in crops:
concept, research results and challenges. Plant Genet Resour. 2010; 8(1), 1-15.
https://doi.org/10.1017/S1479262109990062

Yamasaki F, Domon E, Tomooka N, Baba-Kasai A, Nemoto H, Ebana K. Thirty-year

82


https://doi.org/10.1016/J.CJ.2015.07.004
https://doi.org/10.1111/j.1365-313X.2010.04285.x

monitoring and statistical analysis of 50 species’ germinability in genebank medium-
term storage suggest specific characteristics in seed longevity. Seed Sci Technol.
2020; 48, 2, 269-287.

Yan HF, Mao PS, Sun Y, Li ML. Impacts of ascorbic acid on germination, antioxidant
enzymes and ultrastructure of embryo cells of aged Elymus sibiricus seeds with
different moisture contents. Int J Agric Biol. 2016; 18(1), 176-183.
https://doi.org/10.17957/1JAB/15.0092

Zeb A, Ullah F. A simple spectrophotometric method for the determination of
thiobarbituric acid reactive substances in fried fast foods. J Anal Methods Chem.
2016; 1-5.

Zhang XK, Yang GT, Chen L, Yin JM, Tang ZL, Li JN. Physiological differences
between yellow-seeded and black-seeded rapeseed (Brassica napus L.) with different
testa characteristics during artificial ageing. Seed Sci Technol. 2006; 34(2), 373-381.
https://doi.org/10.15258/SST.2006.34.2.13

Zilic S, Milasinovic M, Terzic D, Barac M, Ignjatovic-Micic D. Grain characteristics and
composition of maize specialty hybrids. Span J Agric Res. 2011; 9, 230-241.

Zinsmeister J, Leprince O, Buitink J. Molecular and environmental factors regulating

seed longevity. Biochem J. 2020; 477(2), 305-323.
https://doi.org/10.1042/BCJ20190165

83


https://doi.org/10.17957/IJAB/15.0092
https://doi.org/10.15258/SST.2006.34.2.13

7. Original manuscripts

7.1 Research articles

Gianella M, Balestrazzi A, Pagano A, Miiller JV, Kyratzis AC, Kikodze D, Canella M, Mondoni A, Rossi
G, Guzzon F. Heteromorphic seeds of wheat wild relatives show germination niche differentiation. Plant
Biol. 2020; 22(2), 191-202. https://doi.org/10.1111/plb.13060

Plant Biol ogy ISSN 1435-8603

RESEARCH PAPER

Heteromorphic seeds of wheat wild relatives show germination
niche differentiation

M. Ciial"lella‘g A. Balestrazzi', A.Pagano’, J. V. Muller?, A. C Kyratzis®, D. Kikodze, M. Canella®,
A Mondoni®, G.Rossi® & F. Guzzon® (3
Wdldcg-rdlmuqyi Spallaroan”, Ursvessty of Pawa, Pava, tay
Milerrium Seed Banic. Cormenaton Scence Depastrment, Royal Botanc Garders: Kew, Wakshu st Flace, LI
Vegetable Crops Sector, Agrauitual Research Institute of Cyprus, Ncosa, Cyprus
sttute of Boaary, e S Unnvemity, his, Georga
Departnent of farth and & Soences, Lr y of Pawa, Favia, Raly

Mazeand What rgr 7t Carter (CIVMMYT), Texcom, Estado de Mesico, Mesam

[P -

L™

Keywords

Aaglops. anvaedars; conrolied ageng tes.
functonal tais; seed dmorphis seed
germiraton; seed longewty.

ABSTRACT

® Crop wild relatives are fundamental gentic resources for crop improvement. Wheat
wild relatives often produce heteromorphic seeds that differ in morphological and
physiological traits. Several Agrilops and Triticum species possess, within the same spi-
kelet, a dimorphic seed pair, with one seed being larger than the ather. A amprehen-

Hippo Guzon, Internatonal Maze and sive analysic i needed to undemstand which trits are involved in seed dimorphism

Whant Impovenent Center (CIMAYT), and if these aspects of variation in dimorphic pairs are functionally rdated.

Texcom, Estado de Mexco S6237, Mexa. * To this end, dispersal units of Trisam wnirtu and five Aguilops species were X-rayed

emai- { guzodiagarorg and the different seed hs weighed. Germination tests were carried out on seals,
both dehulled and left in their dispersal units. Controllad tests were performed
to detect differences in mdha*vqmmmdmpl&ﬂn‘:l‘du antiexidant profile
was assessed in terms of antioxidant ¥ and ion of selected
antioxidant genes. We medP!‘..hm;mupseadﬂmrph iunnswmhfp:lwmsolg!-
mination traits, longevity estimates and antiocidant profile.

o Different seed morphs differed significantly in terms of mam, final germination, ger-
mination timing, longevity estimates and antioxidant profile in most of the tested spe-
cim. Small seeds germinated dower, had lower germination when left in their dispersal
units, a higher antioxidant patential and were longer-lived than large seeds. The
antioxidant gene exprassion varied between morphs, with different patterns across
species but not dearly reflacting the phenotypic observations.
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INTRODUCTION

Seed heteromarphy is defined as the praduction of different
types of seeds by the same individual. The difference between
morphs can reside in different morphological traits, such as
shape, cdour and thickneas of the seed cost, mass, 25 well 2 in
mphndnpdmﬂnwhcuhrmmd:umunim.
dor mancy, sall persi e di l or gene expi (Matilla
e al, 2005). Soumduadk‘mwphyuﬂeﬂemﬁw
al strategies with an evolutionary significance, e g, a different
germination hm‘xm:ﬂﬂl with soil persistence allows the

id of ¢ b siblings in relatively short-
lived species with "smull or absent dispersal areas (Venable &
Burquez, 1989). The scaled germination of different seed
morphs, ing seedling emergence over several sasons, is
therdfore linked with the so-callal et hedging strategy’, which
occurs when an individual has 10 lower its variance in fimas
between years in order to maximise its long-term fitness (Seger
& Brockmann, 1987; Olofson et al, 2009); this enhances species
survival in envi ents with unpredictable climate conditions

(Matilla et al. 2005; Volis, 2016). Seed heteromorply is often
present in crop wild relatives (CWR, a glossary can be found in
the Data $1) of important cereals such as oat (Avena s L),
rve (Seale cereale L) and bread whest (Triscum asthum L)
(Hutchinson, 1984 Volis, 2016 Guzzon personal olwervation).
tends to be eliminawed by means of antifidal selection for uni-
form and resdy germination and yield; heteromarphy is ussally
controlled by few major loci and their modification results in
monomorphism within crops (Nave & al, 2016).

Several wild species in the genera Agilops L and Triticum L
show seed heteromorphy (Datta, Evenari, & Gutterman, 1970;
van Sageren, 1994 Kilian et al, 201 1; Marcussen et al, 2014;
Digkirici, Kansu, & Onde, 2016). Aeglops is a genus of annual
grasses that comprises 23 spedes mdiu five setions. The

Triticum includes six spedes arranged in three sections
van Skageren 1994). Aegilops and Triticwm are so simiar in
several traits that they are sometimes grouped in the same
genus by some txonomists (Paersen o al. 2006). These two
genera indude the mo#t eonomically important what wild

At Bidkogy € 2079 Geman Socsty o Ma Soences and The Aoys | B anicd S aoety of T Me Tedand. 1
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relatives (WWR), and the ex stu conservation of ther seeds is
fundamen tal to safeguand sgrobiodiversity with the aim of pre-
serving wseful trits for crop improvement (Dempewolf o al,
A014; Wm':r]\e&'r ef al, 201 4). Indesd, several H.r'i'qk amd
Triticum species have been wed a5 gene donors in plant bresd-
ing to improve resistance to biotic and abictic streses (Chhu-
rlcj:dd'..M'.Mmoddd..m: Eillian ef al, 201 1; Redden
o al, 2015) and, a8 more recently found, to Bclitate the
antioxidant rsponse to water stress (Ahmadi et al, 218).

The seed heteromorphy of these WWR is generally charae
terised by the presence of two caryopses (the dry indehiscent
fruits with the pericarp adherent to the seed coat, typical of
grases) per spikdet, one birge and one small In many species,
the twos differ in the colowur of their seed coat, one
Iﬂ'!‘h’hhﬂbﬂuﬂbﬂ'tm 1989, Dru'.}.'ml].ﬂm
mination phenology also differs between sibling seeds in Aegi-

s and Triticum. In many species, the and brighter seed
:’l‘lﬁ:l'ﬂ'bﬂ early after d:i;)ﬂ!ll. while mh amd darker
seed may germinate even more than 1 year bter (Onnis of al,
1995; Volis, 2016 Guezon ef al, J18), probably die to sec
ondary dormancy caused by a watker-soluble inhibitor in the
glumes (Wurzburger & Leshem, 1967; Datta et al, 1970; Fan-
drich #& Mallory-Smith, 2005). The dday in the germinstion of
one morph reduces the competition among sibling seedlings
and spreads germination over two conseartive yarms, therehy
improving diversity and chances of recruitment success | Nave
o al, 216). More mecently, Gurron et al (2018) highlighted
significant differences in longevity across sesd morphs in sev-
eral Argiops species when exposed to a controlled ageing test
(CAT), with the smaller seed being consistently kenger-lived
than its larger sibling, thereby confirming previous dhserva-
tions in T, assthum (Calued & al, 2004) and reinfordng the
hypothesisof a correlation between seed longevity and sodl seed
Innkp:m'm ic.ﬂmcma‘rbe reasonable levels of come
spondence of longevity estimates obtained through CAT with
field seed persistence [ Long ef al. 2008).

hﬂﬁ:m:em:]mﬂiu}nwrcpm‘bed:mgm
Iaticon between seed longevity and the antioxidant system (Zhu
& Chen, 2007; Demirkaya ef al. 2010 Bewley et al, 2001 % Dond
et al, A13). In fact, during storage and agang, seeds produsce
ROS (reactive oxygen species) through auto-cxidation reae
'I:iml:l.Tuumh‘td:mvpnﬂuodhr Rmr\dn.:mch]\m
evolved a complex system of detoxification that involves both
an enrymatic and a non-ensymatic response (Bailly, 2004).
Humw.dmir‘rnhm]wmdﬂmadam.]ﬂihufmﬁnr
idant enrymes and antioxddant molecules decrease, leading to
ks of viahility, mainly camsed by biochemical interactions
between ROS and hological macromolecules ke lipids, pro-
teins and medeic acids (Yin et al, 2007 Wang ef al, 2018).
Cn.ncrmquﬂﬂ]'r, the pmm'h']!"l‘r that lucrvui'r differences acnss
seed morphs (see above) could be due to related differences of
antioxidant system cannot be mulad out.

Current studies }ndﬁﬂﬂﬂmm:m of vadation in
dimaorphic pairs are well charscterised. However, a more come
prehensive analysis is nesded to understand whether these
aspects are functionally relsted and the way (if any) they may
contribute to fitnes, eg, through niche differentistion
between seed morphs. To this end, we characterised seed
hetromorphy in frve Asgilops specie: Asplops  Bacormis
(Fomsk) Jaub. & Spach, Ae gfindnm Host, Ae meglem
Ray. ex Bertol, Ae faeschii Cosm, Ae triwncabis L oand in

T. wrartu Thumanjan ex Gandilyan, considering different traits
(i) anatormy of the spikelets, (i) germination response of both
seed endosed in their dispersal units and dehulled seeds, (i)
longevity wsing CAT, and () antiosddant profiles, in terms of
parental aquipment in dry caryopses and expression of selected
antiomidant genes. For three of the species (Ae birorms,
Ae fausdhn and T, wrarte) this is the st asesment of seed
]'b!bﬂ'lmu.n'p}rr Our reseanch }rrpu'r]'tu: was that dn'mn-p]'u:
pairs within the same species differ in ecophysiological traits,

hﬂﬂum:n@hmm‘p]\m:pmu:}me:mh’m
nation, longevity and antioxidant profiles, and that these trits

are functionally related to maximise niche differentiation
between seed morphs.

MATERIALS AND METHODS

Flant material

Dispersal units of the six species were collected in the wild in
Italy, Cyprus and the Republic of Georgia at the time of natural
dispermal, between May and July 2016 (Table 1), with the
exception of the spikelets of T. urartu, which were collected
frivm an accession cultivated und e common et o
at the MUSA botanic garden (Zibido San Giacoma, Italy).

Anatomical analysis of heteromaorphism
A sample of five dispersal units for each sccession was Xeray
scanned (Faxitron Biopticts, Tucon, AZ, USA) to determine
the quantity, reative position and eventual dimorphism of the
caryopses, hereafter referred to as "seeds’, within the dispersal
mﬁhﬁﬁ:dﬁaﬂﬁ*ﬂdnﬁﬁeuﬂﬁm:ﬂhm
extracted from the dispersal units and the different seed
encountered were separated and considered as differ-
ent seed lots in the following i For those two Agi-
lops species (Ae. neglecta and Ae triwncialis) whose spikelets do
not disarticulate at maturity and therdore the whole spike is
the dispersal unit, the two basal fertile spikelas were separated
from the wpper ones and the dimorphic sesd paim were
evtracted from them. After the d:nm':‘ .:-:ﬂhm
kept in standard conditionsat 15% relative humidity (RH) and
15 % (ISTA, 200 8) wntil wuse.

Seed mas was determined by weghing 20 individual seeds
for each seed morph of each speries (using individual seeds 2
replicates), kept at 15% RH, randomly sampled from each seed
lot, using a microbalance (UMT2, Mettler Tdedo, Columbus,
OH, USA).

Germination tests of dehulled seeds

Thurcp]ia‘batﬂ'zﬂmed:tﬂ'ad\:udhtmldtﬂ'ad\q:edq
extracted from their dispersal units, were sown on two byersof
soaked with 9ml distlled water, hdd in 90-mm diameter
Petri dishes. The Petri dishes were put in transparent plastic
bags to avodd evaporation and plwed in temperature and
light-controllal incul [LMSE, & ks, UK) wsing a
12-h daily photoperied (photosynthetically active radiation
050 pmol-m™ 27" at W°C, the constant temperature in
which Aegilaps species achieve the highest final germination
acconding to Gurron ef al (2015). Pari dishes were checked
every lzhﬁwwrdmﬁm.mdﬂ&mwﬂlapﬁ:ﬁbﬂl
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Table 1. Prowenance, coordinates of collecting locations, type of dispers | unit and seed mosphsof the six species uwed in this shudy.

Spction (acoordng o
‘peces Proverance Coodirates an Sageren, 1994) DisperalUnit  Seed morphe
An himmis Aot Cyprus AL LS TNIAFLFSILTE Sopss Spikeet 8,85
An cpindica  Chamboee, Maly LET AL AT M AR ETE Cindmpyram Zpikeet 8,85
Az neglects  Fortmaga, Raly AT MUN IFTE  Angion Spilee 14, 18,28 32
An taumchi Dtd#m{-'tﬂgi 41" FEF S0 N 13I2"E Uertehady SFIHH‘ a e
As tiuncie  Mdizana, Raly IS AT NIFE NTE Argilops Spike T4, 18, 248, 58
Turavtu Thida San Garoma, Maly ioitvated) 452 8"NOF FI1Z°E (Writicum gerie) Monormmn Spilodet N

ance the mdicle had madhed 2 mm length. At the completion
aof each F’m:irnﬁm st [-Iwuak: afier :.rw‘ing]. m-scn'rl:i-
mated seeds were cut-testal to confirm whether they were
empty. Non-germinated empty seeds were excluded from the
subsequent analyses

The mean time to germinstion (MTG) was caleulsted using
the formuls:

MTG =3 (sT)/N

ﬂmcni:ﬂum&utﬁm&ﬂntpﬁrn‘bﬁlﬁ%m-
secutive intervals of ime, T is the tme (in houns) between the
beginning of the test and the end of a particular interval of
measurement, and N 1 the total mmlﬂ'tld”F’l‘lﬁ:rﬂ'bﬂdﬂd!.
The MTG was cakulated using the hour of sowing = initial
time and it i expresed in howns.

Germination tests of seeds enclosed in the dispersal wnit
To determine a possible effect of the spikelet tissue on seed ger-
mintion, germinstion tests of seeds enclosed in their dispersal
units were performed. Three replicates of 20 dispersal umits of
ach species were placed on sand. For this, 500 g fine sand
(Humstridge Ganden Products) was sterilised for 1h at 103 *C
and sified. It was then put in tansparent plestic boxes of
16 em x 6 cm x 105 cm and wetted with 70 m]l water. The
plastic boxes were placed in temperature- and light-controlled
incubators (LMS, Sevenoals, UK) & previously described (12-
h daily photoperiod and 20 *C). The dispersal units were sown
resembling the natural dispersal strategy of the species, 1.2, the
dispersal units were inserted in the first em of sand, so that the
entire dis persal unit was in contact with the substrate. The only
eception was made for Ae gdmdnim and Ae. faeechis, whose
dispersal units are spikelets of cplindrical shape that were sim-
ply kxid onto the surfice of the wet snd. Seeds were considered
as germinated when radicle emergence was evident outside the
dispersal units. Seal germination was checked every 5 das In
the scoring of the germination, the dispersal units were care
fully remarved from the sund and then re-sown after the saxring
as previowdy described (inserted in the sand or lid onto the
surface). At the end of the experiment, afier 4 weeks, the dis-
Wﬂmﬁhmww:uﬂﬁd\:m&}nﬂwm
To check if the germination mabium (filter paper or wet
sand) influenced the germination of dehullad seeds | performed
mﬁbﬂ'pﬂpﬂ']md'ﬂ\egﬂnﬁaﬂmu{ﬂduﬂudinﬂu
dispersal unite (performed on snd), three replicates of 20
seeds per morph (per spedes) were extracted from their disper-
sl wrnts and st on wet sand as described above.

All tests perfrmed on freshly harvested seeds were con-
duscted in the bboratory of the Millennium Seed Bank of the
Royal Botanical Gardens, Kew, in August and September 2016
(UK.

Controlled sgeing test (CAT)
Seed longevity was tested with a maosdifi ed prowscol for artificial
ageing (Gumon ef al, M8 modified from Newton er al,
2AM¥). Prior w0 storage, seeds were first rehpdratad for 14 days
in open Pari dishes over a non-aturated solution of LiC] in a
300 % 300 % 130 mm sealed electrical enclosure box |Ensto
UK, Southampton, UK) at 47% FH and 20 *C. Thereafter, seed
equilibrium relative humidity (eRH ) was verified with an AW-
DID water activity probe wed in conjunction with a Hygro-
Falm 3 display unit (Rotromnic Instruments UE, Crawley, UK).
Once the seeds had reached eRH, the initial germinstion was
amemed wsing tophicaes of 20 seeds and the probocol deseribed
above, Mext, seed lots were stored in the dark in a sealed box
over a non-saturated Ll solution at 0% BH at 45 + 2 *C,
placed in a compact incubator [ Binder FO6%; Binder, Tuttlin-
gen, Germany). When necessary, aliquots of distilled water
were added to the LiC] to kesp the RH at the required equilib-
rium, which was monitored inside the enclosure box (Tinytag
View 2 Tmﬁhnt.fﬂdaﬁve Hmn'ﬂ:"l:p s emim Diata
Logger, Chichester, UK) (Hay o al, 2008). At three to eight
intervals during storage, three replicates of 20 seeds per kn
were extracted and viahdity was tested with the same protocol
were extracted at different time points acconding to their lifs-
pan, until a complete viabdity ks was reached [ Table 51).
The CAT was performed in the Labaratory of Seed Ecology
at the University of Pavia (ltaly) starting in September 2007
and lasting fxr 4 months

Analyses of the antioxddant asmponents

Dy seed extracts were prepaned as described by Li e al (2008).
Samples (100 mg each) were homogenised at msom tempera-
mmiﬂm]m]ﬂﬂ%m.mimlﬂbdmmﬁﬂﬂinﬂu
dark at 26 *C and stored at —18 *C. Free radical scavenging
activity was assessed a5 described by Braca ef al (2001). Ali-
qpuints of seed extracts (L1 ml each) were added to 3 ml 100
DPPH (Sigma-Aldrich, Milan, Ialy) dissohved in methamnol and
the reaction was carrial out in the dark. A alibration curve
waes bt wsing 0.1 ml ascorbic acid in the 200-0.125 mu con-
centrations. FFH reduection was measured at L= 517 am
with a spectrophotometer | Jasco, Emwn, MDD, USA). The
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antioxidan t pu'bﬂ'l'h:] was dpcreuﬂ] a5 Ascorhic Acid Eq.n'm-
lents (AME) g™ fresh weight.

Themlphum]!cmnmmmﬂ]mhgﬂu Falin-
Ciocaltew's reagent (Sigma-Aldrich). Aliquots (0.02 ml each) of
seed extracts were added to distilled water (1.58 ml) and to
&]m]ufrﬂlpﬂ_ After 8 min moubation, the resction was
neutralived with 03 ml 7.5% wiv NayOD, (Sigma-Aldrich).
Samples were then incubated in the dark for 120 min. A stan-
dard curve was built using gallic add in the 500-50 mg ™ con-
centration range. Absothane was messured at L =765 nm.
Tastal phum]!cmnmu‘.puumda Gallic Acid Equiva-
lents (GAE) mg™ ﬁd\mﬂu@mﬁchmmw
ity (SAA), defined 25 the ratio between antioxidant potential
mﬂwh]r]midtmma]mhmdmﬂﬂtpuumdaq
AAE mg” GAE

The RNA extraction was :m!ﬁngwﬂfn'be-ﬁﬂﬂ
& Vicente-Carbajosa (3008 ) from dry and 12-h imbibed seeds of
Ar. cylfindrica, Ae tawschit and Ae triundalis. Retro-transcrip-
tion was carrial out using the Serpt cDMA Synthesis kit (Bio-
Bad, Milan, Italy), according to the manufacturer's instnsctions.
GRT-PCR was performed wsing SYBR Green gPCR Master Mix
(2%) (Fermentas, Milan, Italy) and a Rotor-Gene 6000 PCR
appamtus | Corbett Robotics, Brishane, Australia). For oligonu-
dentide primer design, sequendes were obiained from the online
databuse EngemnblPlants an alj was Ieetween
sequences from Ae fmeschn and T wrante with the online soft-
ware Multiple Sequence Alignment by CLUSTALW. Tor analyse
the expression of SOD [ supersde dismustase) and APX (asaor-
h‘bepu'uu‘.ih-]s_m.ﬂu e mean of two referemee
genes, ACT (actin) and UBY (ubdquitin], was wsed a5 standand
amntrol, since they showed the most stble expression in differ-
et tissies and treatments in whest and in Agalops spp. (Kash-
kush ef al, 20% Paolscd o al, 200% Miruno ef al, 2010;
Koyama et al, 2002) Oligonucleotide primers were designed
with the onhline soffiware PrimeriFlus and thermodynamic
prameers were checked with Cligaanalyzer (Table 2). gRT-
PCR conditions were densturation at 95 *C for 155, :rmﬁl]:':rlg
at 60 *C for 305 and elongation at 72 *C fr 30 5. Once aspedfic
flsorescence was subtracted, the mw fluorescen o data obtained
from the Software Rotor-Gene 6000 Seres 1.7 (Corbett
Rolsotics) were used to retrieve PCR Efficiency | E) and threshold
ayde mumber () for each transerpt quamtification. The Piaffl
method (Pfaffl, 2001) was wed for mebtive quantiiation of
transeript accumulation and the two reference genes were wsed
hmmn:]i:ﬂu\u]uﬂlrpﬂ]mhﬁ'lgﬂwnﬁumw
transcrpts.

The DPPH e, Folin- Cioscal teir's mﬂgcn't iy amad
qRT-PCR were perfrmed at the Laboratory of Plant Biotech-
nodogy of the University of Pavia (Maly) in parallel with CAT.

Statistical analysis
Normality of distribution of varisbles was checked with
Sharpire—Wilk tests.

As seed mass was not normally distributed, non- para metric
Kruskal-Wallis tests were applisd to evaluate if the diflerences
in seal masses was significant among different species and if
the mam of the different seed kets vaned significantly within

=%
Tnﬁm:}phﬂmﬁdmﬁrgﬂﬂﬂztﬂ (V5N Inter-
mational, Oxford, UK) to dvtain the time for viabdity to fall by
50% (p50), used then as measure for seed longevity by fitting
the viabdlity equation (Ellis & Roberts, 1980

v=FK —pja.

where v is the viability in normal equivalent deviates (NEDY)
at time pr (days); K7 is the initial viahility or the interaept on the
ypaxis (MEDY), and o i the standard deviation of the normal
distribution of seed deaths in time.

To find differences in longevity between species and seed
lots, different p50 were compared wsing a generalised linear
musdd (GLM) using the statistical software SPSS 21 (Chicage,
IL, WSA). Mormal distibution and identity a8 link fanction
were applied, with post-hoe pairwise companisons between seed
lots bekonging to the same species.

The GLM were also wsed to compare other germination
pameters Wﬁrﬂﬁmﬂfﬂdﬂlﬂﬂ]ﬂ&mﬂﬂ&m&mﬂ
in the dispersml umit and MTG. Binomial distribution and
logit link function were wsed in models regarding germina-
tier; gamma distribstion with identity as link function was
used in the MTG modd. Seed kot and species were tested 2
fived factors. Pairwise axmpariions were employed to com-
pare seed kts within ies. GLM were also applied & eval-
uate the statistical significance of differences between morphs
in antivotidant profiles and gene expresion: normal distribu-
tion and identity as link function were wsed for AAE and
GAE, while for SAA and gene apression 2 gamma distribu-
tien with identity as link function was applied. Samples were
then compared with post-hoc pairwise comparisons. Correla-
using two non-parametrial teste Kendalls Tau b and Spear-
man's Rhao.

A principal components anahysis (PCA) wsing the FactoMi-
neR (L et al, 2008) e in B environment for statistical
mﬁgmﬂw}uﬂ [mnﬁu\wimliz]mpaﬁmnud

Table 2 List of oligonudeotide primes wed for qRT-AR analyses. For eadch oligonudeotide set; PCR effidency is reported. Quantification was
carried out using ACT and U1 2 reference genes for the experimental conditions {dry wernus imbilbed) used iin this wosk .. ACT, actin; U8, ulbiqui-

tin; AFX, asoosbate peroidace; 500, superadide dismutase.

Gene | A rsemby acoesson) Forwamd primer (537 Fimnarse primar (53 Effidency
ACTETTS_Msry) ChACAGGATGAGCAAGRAGA GAGERAGEIGAGRANGGA 1.78
S RS _FEIEn CGGTEEAGGTGEAGASE ACGAGETGAAGCETGEAL 182
AR (ETTS T2 o) TETCE M TIGATSGGOTE GANGARCTEITOCCOGETE 184
SO0 (FTTS_METE) ACGAGETGAAGCETGEALD TETCAGCATCANGCACCAST 174

87

it Sy © 200 Genman S ccieny for Flan Scence and The Royal Bomnical Sociey of the Mt nds



Giaredla, Balectrazri, Pagama, b ler, Eyratzs, Eoodee, Candla, Mondon, Rom & Gurzon Trade-offs in heteromonphic ssedx of the wihest wild reltive

o assess which taits better explained seal heteromaorphy
among germination and longevity pammetens, seed mass and
antioxidant profile vanables. The input data were anthmetic
means of replicates after standandi stion of variables by means
af #-score transformation,

RESULTS

Seed dimorphism

Basead om the morphadogy of the spike, the six species were
divided into two groups (Figure 1), and the identified seed
morphs were @nsidered ax different seed lots during the ger
et ExXperiment:

1 In four species (T, wrtn, Ae homs, Ae. glmdna and
Ae tausdra), the spike dimrticulstes in several spikelets at
matirity; thersfore, the spikelet is the dispesal unit of those
species. Two seed morphs were detected, seed A, the lager
one, and seed B, the smaller ome. A thind category, § (= sin
gle seed), was established in cises where just one seed was
enclosed in the spikelst.

In the other two species [Ae rz:gk'uu and Ae frwmoahs),
the spike does not disarticulate at maturity, therefore, the
whole spike can be considersd a5 the dispersal unit. In
these two spaties the following morphs were considered,
the hrge and the small seeds from the fimst basal .vpi]cele‘l
were mamed 1A and 1B, rc:'pew:lhleh_.'. while seeds from the

second spikelst were named 2A and 2B. In the exped
ments, these different seed morphs were considersd as dif-
ferent seed lots.

The relative position of the two seeds within the same spike
let haas been clarified through the X-ray scanning analysis. Inall
aix stushied species, the lower floret is cocupied by the smaller
seed | Figure 1),

Seed masm vanal significantly both among  species
Iy_z— 23516, df =5, P=0001) and within all the Species
amaong seed lots (3 = 159525, df = &, P < 00011

Larger seeds from the dimaorphic paim are defined a5 'po
mary seeds’ [morphs A, 1A, 24), while the smaller ones are
‘secondary seeds’ | morphs B, 1B, 2B).

Germination of dehulled seeds

Both the species and the seed lot had an effed on the germina
tion of dehulled sesds [ Species: Wald y_: =22a90, 4f=4,
F=0.001; seed lot: ‘Wald ;r_:— 54,602, df = 5, FF< 0L001). Mo
statistically significant difference was found between morphs in
the germination of dehulled seeds of Ae borne (A/B
P=0420, A/5 P=032, B/S F=0186), Ae glindria (A/B
P=0601, A/S P=076, B/S P=0.205) and Ae fausda (A/B
P=0063), while dehulled seals A of T. wrartu showed higher
germination percentage than seeds B (P < 0,001 ). On the other
hand, in the two species whose whaole spikes serve as the disper
sl wmit (e froemcuks and Ae rrqg-]a.'ru]. even if extracted and
dehulled, germination of sibling seeds was significandy

Ag. 1. mage of Xay sarred smpes. On the left, paces with sngle plelet ac depersl unit (8) A Wom, (8 Ae teschi, (C) A giindva, D)
T wravte. On the Aght, spedes with whole spileeas dispersal unit- (€] A, negiects, () Ar. truncisls. In Ae. negiecty and Ae. inin calis pioeiet were mamually
dmartculated 1o obtain a dearer view of the seed mophisin each spiledet. In Ar. neglectaand Ae. iniundialis note 3 thid and in Ae fnibncins alzo afourth fer
i gpikelet et seed ok 23 and 4a), not teshed In the eipesments due 1o lade of seed madesal White bars represent 1 om
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different, with a higher final germination in primary seeds (1A
and 24) than in secondary sesds (1B and 28) (P<0.001;
Egl.me.E.Tﬂ!]:.’l].

Also for the MTG, both the species and the seed lot
had an effect on  dehulled seeds  (species: Wald
= 14,583, df =4, P=<001; seed bt Wald o7 -51352,
df=5, P=0001) In T wrartu the MTG of the two
morphs did not show a significant difference (P = 0.094),
in Ae tauscho, Az cylmdrica, Ae. bworns, Ae neglecta and
Ae triundalis primary seeds showed a lower MTG than
secondary ones (F< 0050 In Ae opfindrica and Ae Bcor-
ne, seed 5 did not differ in MTG from seed A
(F=0071 and P=0500), nor from seed B (F=0129
and P=0.080) (Table 3.

Germination of seeds enclosed in th eir disperal unit

%kﬁhﬂ'ﬁdrdﬁ*ﬂ'ﬂ] ﬂirrﬂzﬁrgna‘h.n:] d'npcrnl.
significant differences in seed germination were ohserved for
all species. Both the species and the seed lot had an effect on
germination of encdosed seeds (species Wald = 35083,
df =4, P<0001; seed kot Wald ¢ =202740, d4f =5,
P<00M ). In all four species where the spikelet serves as the
dispersal unit (Ae bwornis, Az opfindrica and  Ae tauscha,
Im].:mﬂh:}uﬂd:hﬂwﬁn]wﬁ:ﬂﬁmpﬂmﬂr
vhﬂdﬂ[?ﬁﬂ.ﬂﬂll.mﬂmmﬂﬁsw
intermediste behaviour with no statistically significant differ-
ence to the other two (Fe= 0.05]). In mare detail, in the
primary seals of all species, when left in the dispersal umt, the

Ae. tauschil

T. urarfy
a

Gammination %

Treatment

M Diisp=raal unit
O behailled sead

Germilnation %

Garmination %

im e
Zeed morph

" EY
Seed marph

g 2 Gesniraton paroentges of different spedes and morpie of defulled sseds (lightgrey) and seed endosed in their deperal unit{dari gey). Difierant
[ptters abowe bars mpreent sitstally sgnifiant diferances between morpis (7 < 005
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Table 3. Mean wlues and standasd deviations of MTG and germina-

fion percentage of dehulled im alll the species and seed kots wsed
in thisstudy.
ipedes Loud Lot BTG ) ermiraton (%)
T wravtu A 2934+ 114 F-L R
B 21003 + 18668 36T+ 1041
Ae himmis A BOES £ 1756 63133+ 1155
B 16644 + 687 OO0 + B4
14 10421 + 80 8000 + B4
A cpind o A 32TI+ 489 Si1ET =289
B 6107 £ 1285 900+ 500
14 4817 £ 109 o EERS
An taumchii A 8909 £ 1086 9500 + 00
B H0S4 = 4934 TR0+ F2O
An neglecty 14 LEAEER Pt} 100,00 + 0.00
12 11595 £ 65 7000 £ 1223
F 4547 £ 263 8167 £ 1258
F-! 17+ 3350 4000+ 1323
A triuncik 1 2541+ 154 94 00 + .00
12 I+ 8119 6T+ 1578
F1 2843+ 340 94 00 + .00
F-! 18947 + 8L FF METESTT

firal i raation percentage was higher than 9%, while in the
mﬂﬂhﬂﬂfp]m%ﬂm with the exap-
tonn of Ae cylindrica B which showed a finsl germinstion per-
mhg-ud"m hkmﬂnmﬂkqfcmwhueﬂu
digpersal unit & the whole spike, differences were found
between seads 1A and 1B, and between sead 24 and 2B; in both
spikelets, the morph A had a higher germination perentige
than marph B (P < 0.001). Primary seed, 1A and 24, had a
similar final germination which was higher than 90%. Ak,
secomdary seeds, secondary seeds 1B and 2B, showed a similar
firual germination kewer than 15% ( pf> 0.05).

Mo significant differences in germination were found
between dehulled seeds sown on fiter paper and on sand
(Wald ¥* = 0.00, df = 1, P = 1L00); this allows s to rule out the

effect of the medium on the germination experiments and to
compare the two different germination experiments (1.2, with
dehulled seeds and with seeds enclosal in the dispersal unit).
A significant difference was detected betweeen the final ger-
mination of dehulled seeds (L2, extracted from their dispemsal
units) and of seeds enclosal in their dispersal wnits [Wald
o =9,567, df: 2, P < 0001). In all species, saondary seaks (B,
1B, 2B) showed ='v|:if|ﬂnt]'|c'3}bﬂ'$m11.h:ﬁ.m when dehulled
than when kept in their dispersal units (P < 0001; Figure 2).
No significant differences in the germination betwemn dehulled
seeds and seeds enclosed in thar dispenal units was detected in
primary seeds (A, 14, 24), with the exception of A Firomis,
where dehulled seed A showed 2 lower germination than the
enclosed one (F<0,001) In both species with seed § [Ae k-
cornts and Ae. ofmdrios), no significant differences in final ger-
mination were dectected between the two comditions, e,
dehulled versis enclosed in the dispersal unis (= 0051

Controlled ageing test (CAT)

The p50varied greatly in the different seed accessions (Table 4).
Days required for germination to drop by 50% ranged from
245 days in Tourarie A to 72 daysin Ae. Waome B Species and
seed lot [mﬂ].ﬁ.m’ﬂ] had a significant effect on 50 (df =4
Wald §%=330916, P<0001; 4f=5 Wald ¥°=110.085,
P=00) In Ae fawmchns o :g;mﬁﬂn't difference  was
observed in terms of p50 between the two seed morpha

In the other speces, secondary seeds were sygnificandy
longer-lived than primary cnes (< 005). In Az WMorme asd
Ae oplindrica seed 5 showed an mermediote behaviour
between seal A and B (P> 0.05).

In the species whose whole spike & the disperal unit, Ae ne-
glecto and Az trivmcinhis, seeds 2B were the longest-bved, whils
14 seeds were the shortest-lived (Table 4). In Ae trunaals, no
significant difference in p50 was ohaerved between 1A and 24,
it between 1B and 2B (P = 0L687, P =641, respectively ), while
in As those differences were significant (1AS2A
F< 0,001, 1628 F <0.035).

Tahle 4. M&E]\Hunufhrgﬂtrp.mm{pﬂ,u",mmﬁlnd wasight iin all the seed lotused for the CAT.

ipecies G Lot oS50 () a1 Ei ‘Weght{mg
L wraviy a FEL e QIss £0.008 1441 = 0L 1800+ 2557
B EARTEERT L0 £0.007 1463 = 03 1057 = 1672
As himimis - LTREETE "] Q027 £0.003 1.5 202N 41960919
2 TIO3 £ 630 003 £0.003 167 =05 33370817
5 B1E3+ 407 a3 +0003 198+ 0r 3849+ 0837
An cfindricy - 4904+ 318 0088 £0011 33me 05N B3I+ MY
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Antioridant profiles
Species and seed lots had an eflect on AAE values [Species:
Wald o = 41,672, df = 4, I < 0 ; sead lot: Wald ¥ = 60,91,
df =5, F<0.001). Significant differences in the seed antioi-
dant potential messured through the DPPH test were found in
three species {Ae. bicormis, Ae. traencialis, Ae . Ae. b
arns seed A showed a lower potential (P < 0.01) than B and 5.
In both Ae. mglacta and Ae triundals comparisons between
sibling seeds from spikelet 1 and 2 showed a statistically signifi-
cant difference in AAE, with lower levels in primary seeds (1A
and 2A) avmy tor secondary seeds (1B and 2B) (1A/1B,
P<00%; 2428, P < 00 Among the ested accessions, seed
2B showed the highest antiooddant potential in both specie.
Spedes and seed lot had an effect on GAE (Spedes Wakl
o = 18,506, df=4, P00l ssed bt Wald ¥° = 180,119,
df =5, F< 0.001). All s Ae. taischn and Ae. bicor-
ﬁﬁwiﬁmmmsinm&
total ic content. In the two spedes with a single splkelet
as the dipersal unit (Ae. glidric and T. wrartu), seed B had a
higher phenolic content than seed A (Ae glimdna AB
P<00%; T wrartu A/B P < 0L0L). In the species with the whole
spike as the dispersal unit (Az megleda and Ae triundalis),
levels of phenolic comy of small seeds (1B and 2B) wene
i than those of the lirger sibling seeds within the spikelet
(1A and 24, respectively) (F'< 0.01; Figure 3). Both spasies and
seed lot had an effect an SAA (Speciex Wald ¥° - 38493,
df =4, F<001: Seal kot Wald ° = 17,943, df =5, P 001).
Comparisons of Specific Antioxidant Activities [SA4) between
were statistically significant only in Ae rmncabs,
where 544 of seed 24 was lower than that of seed 2B and in
:mm:ﬂhﬂwﬂda}ﬁﬂmmh:ﬂﬂ
[PtMI:FJ'pn'\EJ:I.

Correlations between longevity estimates and antoxidant
prodiles

Lomgevity estimates (in terms of pS0) and the anticsidant
prodile (in terms of AAE, GAE and SAA) appeared to be pos-
tively correlatad in both non-parametric ests (Kendal's Tau
B and Spearman’s Rho, Table 52). Anticeidant potentil,
expressed as AAE, revealed a significant correlstion with ps
in bath tests (P 0.000; Tau B=0412; Rho =0580). Simi-
larly, the comelation between total phenolic compounds,
expresged ax GAE, with pS0 was significant (Tau B =0302,
P< 005 Bhe =0430, P<0001). Also, the correbition of
P50 with specific antioxidant activity (SAA) was statistically
significant (Tau B =0257, P<005 Rho=0.154, P<005).
These correlations are mepresented in two 2-axes graphs

Gene expression of APX and 50D i modulated in seed
murphs

ion profiles of SO0 and APX genes, which are molecu-
hnﬂmofﬂusedmmﬁﬁmugmmm
gated in Ae gimudrio, Ae tousthd  and  Ae rmemcmhs
Ar taneschn was selacted because of the availahility of the gen-
wme and since no differences in terms of anticoddant
activity had been detected between seeds A and B during the
ﬁﬁ]mmﬁr@htﬁﬂidmﬂhmﬁﬂ:m:w

AEE MBS NES

L T R

Fig 3 Antioxdint pofie of fe diffeent seed acemions. (4) DFFH adi-
al-savengng adivly epremsed as pg”' Feh weight (8] Totd phemalic
mntert, evaluated wsng e Folin-Clomiteu reagent method, expresed =
GAE mg " fresh weight. (C) Specific Antidant Actty is expressed =
AASGAE Different eties abowe bom mpresent Satstally sgnifiant dif-
feronces betwesn morphs comparsors Fasve been dome anly wihin e
sFmespedes.

as they showed similar antioxidant profiles in dry seals
although characterised by a different type of dispersal unit.
Expression was analysed in dry seals and 12-h shydmted
seads, to amess the equipment in terms of transeripts both
after seed maturation (dry seeds) and before germination bast
after the omset of the -germinative metabdism (12-h
imbibed seeds). The relative gene expression values are shown
in Table 53. Species and imbibition had an effect on 500D
trmmcnpt levels, while seed lot did not (speies 'Wald
=334, df=2, F<000]; imbibition: Wald ¥* =122,081,
df =1, P = 0.000; seed lot: Wald o = 0,00, df =1, P = 1L00d0).
Species, imbdbition and seed kot had an effect on APX tmn-

ipt levels (species Wald o = 6475, df =2, F< 0U05; imbi-
bitio: Wald ¥ = 16766, df =1, F<0001; seed lot: ‘Wald
F=4182, d=1, P<005). In Ae cplindrica, the level of
50D tmmscripts was significantly higher in seed B in the dry
state (F<0.05), while in imbibed seeds no significant differ-
emce was observed (P =0.573); expresmion of APX gene was
higher in imbibed seed B (P <001}, while no difference was
observed between dry seeds (P = 0.473). In Ae towsdhd a sig-
aificantly higher lavel of SO0 transeripts was detected in seed
A both dry and imbibed when axmpared to seed B (P <0.01),
whereas the APX i in imbibed seed A
(pF<001) and no difference was found between dry seeds
(P=0.213). In Ae trmemcilis SO0 gene expresion showed
statistically significant differences in imbibal seeds, with

8 Pt Bty © 0 G Sociey for Plan Sciemoe and Tha Royal Bounical Sociey of the Nt nts
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higher trmnscript levels in seed B (F< 0.05), while dry seals
showed no difference (P = 0.403). ﬂmiﬂ'ﬂﬂ&pﬂu:m
no  difference  between was found in dry seals
(P =10.491), while imbibed seed A showed a higher trancript
k\dmpwdmﬂuttﬂ':udﬂ[P{M]].Tumﬂu']imdiﬂ
E’mhmﬁnﬁhﬂpedpﬂim%m}u.ﬂu
ﬂﬁummniptlﬂdummudinﬂdﬂmﬂﬁws
uhhhdmﬂpﬂﬂmdinﬁpmlhmmw
apressm did not difler in any of the tested accesions,
except for A tausdi, where imbibed seed A revealed higher
tramsaript levels. APX gene expression, convemely, showed
varizble behaviour in the different species, mamely up-reguls-
ton in Ae opfindrica in both dry and imbibed seed B, down-
:nqu]a'l:im in Ae faschs seed B st bath stages. Finally in
Ae triundalis up-regubstion in dry seed B and down-reguls-
tion inimbibed seed B was detected.

ﬂwwu]vmmeq:hnﬂhmhmﬂumnuws
T1.23% [Flgur\e 5). Axs 1 (PC1), :r\epummng S548% of the
wtal variance, was mainly explained by the germination of
ﬂ&ﬂﬂud:nﬂﬁ&q}aﬂ]mthﬂummtﬁ
déhulled seeds (‘Dehulled”), by AAE and GAE Axis 2
(PCI), :mpcruﬂl'ﬁna 173 of the total vadamce, was
ecplined mosly by the Specific Antiesidant Activity
(SAA) and AAE of fresh seeds (for dgenvalues and the el
ative contributions of variables to the variance, see Fig-
ure 52). When seed lots were dustered by maorph, the 95%

e [ ] -em

. Tri = Ae, triuncialis
Tau = Ae. tauschil
Cyl = Ae. cylindrica

D5 = dry seeds
' Imb= imbibed

L

Tri Tau Cyl

I |
I VT 1rl|

DS Imb DS Imb DS Imb

APK

50D

FAg. 4. Heatrap repesentng exreson changs of antoidant genes in
dryand 1-h imbibed eds. Expression mean alues am paiablein Talke 51.
Hmtnap wlues repreent foldchanges of rarsopt levek monitomed by
gfT-FCE oorurng in seed B compared 1o seed A (3%). Bed tones reprent
genes dowrrregulated while biue tones epresnt genes up-regulaied at the
pacific ompason shied. Legend: AR, asorbate permoidase; 500, super
oooce disTutame.
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Fig & Frincimal components araiyss (FCA) usng germination and long ety
pameirs, seod mass and antoedant pofie arabies. Seed accemions

wre dustered by moph A or B, without mrsidering the positon within the

confidence level ellipses demonstraed a2 dear separtion
between morphs A and B

DISCUSSION

Ins this study, all species showed seed heteromorphy, espacially
ﬁﬂﬁirqﬁhﬂﬂﬂd dh'mm?]'ﬁm. ﬁﬂipu'hnrrsauh b-d:rla::'g_r
nificantly bigger and heavier than secondary seeds, which were
always located in the lower flomt inside the splkelet. Intrigu-
ingly, mﬂhpu'ﬂum:r\epm‘l: which had deseribed T. wrartu as
having only one sead pikelet (Nave et al, 2016), maost
tﬂ"r]'be:puhdmtﬂ' mmmld:ﬂl}buemdwlie
seeded and showed within-spikelet sead dimorphism

Primary and secomndary seeds were charactensed by different
germination paterns, longevity estimates and antioxidant pro-
files, a8 shown in the multivariste space where they dustered
separately regardless of species. [n particular, all species pri-
mary seeds when left in their dispersal unit possesed a higher
final germination than secondary seeds. The final germination
of secomdary seeds significantly improved when seeds wene
extracted from their dispersal wnits, confirming that the latter
play a crucial mle in the staggersd germination of the two
maxphs, imposing dormancy on the sexndary seads (Wirz-
burger & Leshem, 1969; Lavie ef al, 1974; Cooper, Levy, &
Lavie, 1977; Dwver, 2004). Primary seeds also showed Bster ger-
mination than secondary ones. Moreover, secondary seeds wene
losager Iived than primary ones (except i Ae. fausenr) and had
::'gl:iﬁmﬂ]r ]'mb}bﬂ'um'bﬂl't i Ao ada nt rrl.n]ﬂ:uh p:n‘l:ic-
lsted with their antivod dant activities in seeds from populstions
Mgindﬂﬂuﬂ chmate conditions [Pn.il:-u"tdd. N
Mondond of al, 2011; Dond et al, 2013}, while this study pro-
vides the first evidence of such a comrelation in seed morphs of
the same maother plants. [t is imteresting to note that in the two
species with solitary seeds (seed 5), these seeds showed inter-
mediste values between primary and secondary in several traits
l:gcmﬁaﬁ.m. ]mpw'tr estimates, MTG). A Puen'lﬂ:
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explnation for this intermaliste behaviour = that, during
maturation, e of the twoe sibling seeds fails to develop or dies
during formation; if this hypothesis is trnee, the § seed lot
would actually be asmposed of one fraction of seeds belanging
mﬂuhmhﬁﬁkﬂuuﬂwﬁmm to the B

The higher antioridant activity, longevity and dormancy
frund here in seoondary companed to primary seeds can be con-
sidered as adaptive trits rebated to the different pemistence of
these seeds in the soil after dispersal, as the btter germinate soon
after the dispersal, while the former germinste only 1 year later
(2= shown by Volis, 2016 and Guzon ef al, 2018; Dwyer, 2017;
Lewandrowski f al, 18). Indeal, semndary seeds, showing
dnhydpﬁrnﬁmrmd:h’wpnwhimmfaﬂiuﬁhmw
enhance their bngevity and survive longer in the sal (Bailly,
Mid; Jeevan Kumar o al, 2015; Sano of al, 3016). Phenols,
beside their antioxidant activity, are also related to seed imper-
meability (Marbach & Mayer, 1974 Shttery ef al, 1982), a fea-
ture that b fundamental fr seed persi e until the
onset of the appropriate cimate conditions by avalding imbdbi-
tiorn when the sodl water content 18 insufficient. Morsover, mon-
enrymatic antioxidants such as ascorbic acid or ghetathione
have been proved to be related to soil persistence and are a mar-
ker of seed longevity (Long & al, 2015 Kmnner & al, 2014).
The higher antismidant content detected in secondary seeds
could thersfore allow their longer survival within the sol seed
bk and perhaps also un der £x st storage conditions. As high-
lighted by Gurzon & al. (2018), the significant differences in
sead longevity among heteromaorphic seeds detected in most of
ﬂuuﬂmﬂtﬁlﬂr\:‘hﬁmnﬁdﬂmdﬁﬁﬂwﬂﬂdm}uam
alus likely to have different longevities under & stu seed bank
storzge, with secondary seeds being knger lival than primary
seeds. It follows that, with the sim of capturing all the pasible
adaptive traits in the seed samples (Warschefsky et al, 2014),
different seed morphs of wheat wild relatives should be held
separa tely in storage, and their viability, fom o re-ool-
lection intervals [ Hay & Probert, 2013) should follow diflerent
timings in onder to avwoid important ko of genetic resources.
However, further research about the impact on ex stu seed con-
servation of differemt longevities in heteromorphic seeds is
strategy of Agrlops and Triteum are also important to obtiin a
hmmqufﬂu eculongy of thuse species in onder to
implement sscossful i stu conserations strategies, consider.
ing that seme of the study spacies are endangered at comtinental
bevel (24, Ae doschen islimted a8 Bndangered and Ae. larns as
Vulnerable in the Eumpean Red List of Vasaular Plants, Bile
aal, 20110

We can hypothesise that the differences in size among the &if
ferent seed morphs detected in this study could be dise to differ-
developing from the first flowering spikelets as dbserved in sev-
ﬂ:]mﬂ]:]:ﬂ:iﬂ (Bvers & Millar, 2002; Nave & al, 2016). In
most angiosperms, the allocation of resources socurs after egg
frtilisation, and the quantintive dosge of diferent come
pounds can be influenced by epigenetic mechanisms sudh as
imprinted genes { Sadras & Demison, XW9; Caillesu o al, 2018).
These mechanisms could explyin the different d sage within the
endosperm of sibling seeds in terms of both non-enrymatic
antioidants and of transeripts for antiosidant enrymes
detected in this :'h.ld'r. Even if with different patterms acmmss
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species the antioxidant gene expression vaned between morphs,
which indicates the presence of a diflerential tramseription that
might contribute to the differences among seed morphs
detectal in Asgilops and Triteum. In Ae tauschn the antios-
hﬂgmummmedpuﬂﬂl:h Puirm:y:mhh.rﬂ\:inﬂw
diry and imbibed states, and this could be related to the absence
of differences in longevity between morphs detected in thisspe-
cies. This, together with the fct that primary seals are always
larger, ald indicate a greater imvestment by the mother plant
into these seeds mther than the secondary ones. The 500
expression in As. rirecihs and Ae towscha did not differ visi-
bly between murphs, neither at the dry norat the imbibed state.
Conversely, the up-regubation of APX transeription in dry see-
omadary seeds, detected both in Ae cpfindrica and Ae. triwmcabs,
could mean that a greater provision of the antioatidant enzyme
coded by this gene & needed in morph B to amure alonger hies-
pan, coherently with the increased endowment of nom-enzy-
matic antioxidants oheerved in this study. The expression of
APX in the two species at the imbdbed stage showed an opposite
behaviowr, probably indicating that the transcription of this
geme during pre- germinative metabolism i differently regulsted
at the time point chasen for the analysis.

In anmua] species with seed heteromarphism, differences in
seed mam, dormancy, longevity and polymarphic physiokogical
and genetic traits alkow the maintenance of diversity, sssure a
fitness advantage in environments with unpredictable dimate
comditions and reduce axmpetition in foca with a small digper-
=l area (De Pace et al. 201 1; Dyer, 2017; Husghes, 2018; Arshad
o al 2009}, for the first time all these raits have been stdiad
with the sime seed accessions and with several species, hugh-
lighting that primary and secondary seeds in Asgilops and Trai-
caem show a consistent shift in their recruitment miches, ikely
driven by different trade-offs in term of seed mass, dormancy,
longevity and antiosidant activity. Further experiments are
needed to explore the presence and atent of trade-off mecha-
nisms amang different seed traits in whest wild relatives. In
ﬁmnem\dh.mpupu]aﬁnuufﬂumspndﬂﬁ]]rmd
tis e analysed to better evaluate 3 ific tradt vanation in
seed hewromarphy that has aleady been olserved in the
widesprend species Aggrlops gemculata Roth (see Onns & al,
1995; Omenige ef al, 217 A better knowladge of seed
}ﬂwtnntn?}rrufvd]dvdmﬁ]] also help to darify the
domastication syndrome that led to the uniform germination
that can be observed in domesticated wheats (Mave et al
016). Further investigations are nesded also to disentangle
the effects :m‘]ﬂu:ﬂ:ﬁvei:npmhmmfﬂudihhﬁh
contributing to the fmscnating germination strategies of these
whest wild relstives, to enhance their usge in plnt breeding
programmes, considering that it i likely that different morphs
might show different behaviours also in trits of interest for
hucl:'ng [t.;_. abiotic stress resitance, Datta of al, 1970;
Orsenign et al_, 2017).
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Figure S1. Double-y avis graphs of cornela tion between king-
evity and antiosidam indry seeds.

Figure 52. Results and variable factor map of the PCA buih
with germination and antiovidant sctivity parameters of all the
seed lots.

Table 51 Time points of the viabiity tests used to build the
survival arrves of each seed lot. Time points were chosen
according to seed lots lifespan,

Tahle 52 Values of the two non-parametric tests | Kendal's
tas b and Spearman's thoe) applied to check the correlation
between longevity etimates (P50) and the anticoddant prodiles
[AME, GAE, S44)

Table 53 Relative gene expression values measured in Ae. fri-
unals, Ae fauecht and Ae. odindrim seeds A and B at the dry

SUPPORTING INFORMATION

Audditiomal supporting information may be found online in the

state and 2t 1 hof imbibition.

Data 51 Glossary of all the abl

sent in the text.

Supporting Information sectivn at the end of the article.
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# Background and Aims The long-ierm conservation of seeds of plant genetic resowrces is of key importance for
food security and preservation of agrobiodiversity. Nevertheless, there is scarce information available abowt seed
longevity of mamy crops ender germplasm bank conditions.

* Methods Through germination experiments as well as the anabysis of historical moniloring data, we studied the
decline in viability manifesied by 1000 maize (fza map sabsp. mays) seed accessions conserved for an average of
48 years at the CIMMY T germplasm bank, the largest maize seedbank in the world, ender tao oold siomge conditions:
an active (—3 " intended for seed distribution) amd a base conservation chamber (—15 *C; for long-iemm consermtion)L
% Key Resulis Seed lots siored in the active chamber had o sigmificantly lower and more variable seed gormadnation,
averzging B1.4 %, as compared with the seed lots conserved in the base chamber, averging 921 %. The avemge
seed viahility detected in this stady was higher in comparison with that found im other seed longevity studies on
maize conserved ender similar conditions. & significant difference was detecied im seed germination and longevity
estimates (e.g. py, and p,) among accessions. Comelating seed longevity with seed traits and passport data, grain
type shivaed the strongest correlation, with fling varseties being longer ved than Soury and dent fypes.

* Conclusions The more rapid boss of seed viability detecied in the active chamber suggests that the seed conser-
vation approach, based on the stomge of the same seed accessions in tao chambers with different temperatares,
might be counterproductive for overall long-term conservation and that base conditions should be applied in both.
The significant differences detected in seed longevity among accessions underscores that different viability moni-
inring and regeneration intervals shoald be applied i groups of accessions showing different longevity profiles.

Key words: Corn, ex site conservation, germination, grain type, maize, plant genetic resownces, seedbank, seed
viahility, Zea mays.

INTRODUCTION
The genetic diversity intrinsic to plant genetic resources

acressions can be stored in relatively small spaces, providing
adequate samples of the genetic diversity within plant popu-
lations and species. They will remain viable for the long term,

{PGRs), especially in crop landraces, is fundamental for the se-
lection of the high-yielding. improved cultivars of the future,
able to cope with climatic changes and pests. in order to in-
crease agricultoral production and sustainability (Guarino and
Lobell, 201 1; Vincent ef al., 2013; Warschefsky ef al, 2014). In
this scenario, it is of key imponance to conserve PGRs for the
long term, as well as to keep them readily available for users
worldwide (McCooch er al., 2013). Conservation of PGRs is
also important to prevent genetic erosion (ie. the loss of gen-
etic diversity in the form of alleles and genotypes) that has been
observed at very high percentages in the last decades in sev-
eral areas of the world (Hammer ef al, 19%96; Vetelginen ef al.,
200, van de Wouw ef al, 2010).

Ex zifu seed storage in seedbanks is considered to be one
of the most effective strategies for ensuring the conservation
and availability of plant species with orthodox seeds (ie. seeds
that can tolerate drying bo bow moisture content and subsaquent
freezing; Roberts et al, 1973). Collections of thousands of seed

but only if properly conserved (Li and Pritchard, 2009; Riviere
and Muller, 2017). Worldwide there are =1750 genebanks,
conserving =7.4 million accessions (FAOQ, 2010; Colville and
Pritchard, 2019). There have been several incidents of less than
expected longevity at conventional seed bank storage comdi-
tions (Li and Pritchard, 2009; Colville and Pritchard, 2019).
This raises the question of how well seed banks are canrying
out their mission of conserving plant genetic resowrces for the
long term.

The CIMMYT (Intermational Maize and Wheat
Improvement Center) Germplasm Bank (located at
CIMMYT’s headgquarters in Texcoco, Mexico) is the lar-
gest seedbank in the world, dedicated to conserving genstic
respurces of maize (Zea mays subsp. mays) focusing on the
tropical and sub-tropical areas of the world. The CIMMYT
Germplasm Bank stores for the long term =28 000 maize
sepd accessions, mainly landraces, but also the genetic

& The Anthor(s) 2021, Published by Oxford University Press on behalf of the Annals of Botany Company.
Al nights reserved. For permissions, pleass e-mil: jounals permissions & oup.oom.
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legacy of CIMMYT's maize breeding programme, from
the diverse pools and populations to the inbred lines
({known as CMLs or CIMMYT maize lines). It also con-
serves maize wild relatives: the ‘teosintes” that inclode all
undomesticated taxa in the genus Zea, and species from
the sister genus, Tripsacum. More than 14 000 samples of
maize seeds conserved at CIMMYT are shipped yearly to
breaders, researchers and farmers worldwide. As in many
international seedbanks, seeds of the same accessions are
conserved in two chambers under different temperature re-
gimes, called “active’ (-3 *C) and ‘base’ (-15 *C). In the
base chamber, seeds are conserved for the long term (sev-
eral decades), while in the active chamber, seed samples
are used for regeneration, distribotion and characteriza-
tion, to avoid using the stocks conserved in the base, which
is considered to be the first level of safety backup for the
collection (FAQ, 20014).

The Genehank Standards for Plant Genetic Resources for
Food and Agricoliure recommends that the regeneration or
recollection of a seed accession should occur when seed via-
bility drops below 85 5% of the initial viability. Intervals of
viability monitoring need to be calculated according to the
decline of seed viability in the target species (FAQ, 2014).
Within this framework, it emerges that understanding seed
longevity differences among accessions (see, for example,
Walters ef al., 2005; Probert ef al, 2009 Mondoni ef afl.,
2011; Guzzon et al, 20018) is crucial for the management of
ex it seed collections, as these data inform the planning of
re-collection or regeneration intervals (Walters, 2003). This
is particularly relevant for a crop soch as maize that shows,
in its diverse landraces, several adaptations to local environ-
ments and climatic conditions (Hoang et al., 2018). It has
been demonstrated that seed longevity varies significantly
across different populations of the same species, influenced
by their climate of origin (Mondoni et al., 2001, 2018; Zani
and Muller, 2017). Moreover, this high degree of local adap-
tations makes the regeneration of seed accessions of maize
landraces challenging, because each accession should be
repropagated in sites with environmental conditions that are
optimal for its growth and seed production. Therefore, under-
standing seed longevity of the conserved maize accessions is
crucial not only to carefully plan their regeneration intervals
and allocate adeguate resources to the repropagation activ-
ities, bot also to assess if the achieved repropagation success
(e the percentage of accessions with low viability that are
successfolly repropagated in the field every year]) is sufficient
to emsure the long-term conservation of high-quality seeds in
the entire collection.

Seed longevity is a complex trait, which is influenced by
saveral factors such as taxonomy, seed strocture, germination
phenology and envirommental factors, incloding climatic
conditions experienced by the seeds during the post-zygotic
phase (Fani and Muoller, 2017}, as well as temperature and
relative humidity during seed storage (Guzzon et al, 2020).
In addition, various molecular and physiological aspects
controlling protection and repair mechanisms are important
(Walters ef al., 2005; Probert er al., 2009; Mondoni & al.,
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2011; Gianella ef al., 2020). Most of the available publica-
tions on seed longevity are comparative studies among dif-
ferent species (e.g. Merritt et af, 2014; Zani and Muller,
2017; Solberg ef al., 20200, while only a few have addressed
differences in seed longevity among accessions of a single
plant species, such as Hay & al. (2013) on rice {Oryza
sativa)y; Mondoni et al (2018) on Sileme swecica; and Van
Treoren ef al. (2018) on wheat (Triticum aestivum) and
barley ( Hondewm vulgare). These latter studies revealed that
within the same taxon, different populations can show con-
siderable differences in seed longevity. Additionally, only
a few seed longevity studies were performed on seed ma-
terial under long-term conservation (cold storage between
—15 and -20 °C; Walters er al., 2005; Hay er al, 2013;
Desheva, 2016). Since most seedbanks have relatively short
histories, declines in seed viability of the conserved acces-
sions are unlikely to be detected {Van Treouren ef al., 2018).
For this reason, few empirical data on seed longevity under
germplasm bank conditions are available for many important
crop species. Interestingly, Van Treoren ef al. (Z018) foond
that barley and wheat accessions stored in active conditions
{4 °C) for 23-33 years showed a noticeable decline in seed
viability in terms of seed germination (-30 %), compared
with base conditions (—20 °C), where the same accessions
maintained very high germination (95 %). This underscores
the need to assess seed longevity under the different storage
conditions used in any germplasm bank.

In the case of maize, the data on seed longevity under
germplasm bank conditions and intraspecific differences in
seed longevity are few and contradictory. Roos and Davidson
(1992) estimated an average p,, for maize (the time for via-
bility to fall by 50 %) of 65 years, considering the loss of
viability in five maize accessions under long-term storage
at —18 °C in the USDA’s National Laboratory for Genstic
Resource Preservation in Fort Colling, Colorado, USA.
Walters i al. (2005) estimated an average p,, of 49 years
for =200 maize accessions also conserved at the USDA
genebank. Deseheva (2016) found a very small (<5 %) loss
of seed viability in 364 seed accessions stored for 23 years
at —18 °C in the Mational Genebank of Bulgarna. Yamasaki
el al. (2020) recently calculated a mean survival time {MS5T;
the estimated time for half of the seed lots to fall below 85
% of the initial germination) of 21.2 years for 3953 maize
accessions, conserved at —1 *C and 30 % relative humidity at
MNARD genebank {Japan) for up to 29 years.

The objective of this stody was to fill a tremendous gap in
our understanding of seed longevity in maize ex sifu collec-
tions under long-term conservation. The current study is, o the
best of our knowledge, one of the largest seed longevity ex-
periments, using original data {together with historical data),
ever performed. We aimed to (1) evaloate the viability of 1000
maize seed accessions conserved under germplasm bank con-
ditions for up to 60 years; (2) compare seed life span of the
same accessions conserved in the active and base chambers
of CIMMYT; and (3) investigate the relationship between
maize seed traits and seed longevity under germplasm bank
conditions.
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MATERIALS AND METHODS

Conservation comaditions

Maize caryopses (hereafter referred to as ‘seeds™) were origin-
ally conserved in 8 seedbank located at the Mational School
of Agricoliure at Chapingo (Texcoco, Mexico) since 1943,
in what cam be considered the first germplasm bank of Latin
America. After that, from the 1960s to 1971, the accessions in-
cluded in this study were conserved in a temporary refriger-
ated seed storage facility (0 +5 =C) located in the basement
of the National School of Agriculture at Chapingo University
(Texcoco, Mexico), when they were moved to the first
CIMMYT germplasm bank at its recently built headguarters in
El Batin, Texcoco, Mexico. Here they were conserved in me-
tallic cans with pressure lids at 0 *C and 45 % relative homidity,
with the seeds dried below 10 % of moisture content prior to
storage (CIMMYT. 1974, 1988). Starting in 1984, each seed
collection was divided, and equal halves were moved to a base
chamber (—15 °C) and an active chamber (0 *C) in metal cans.
The two seed lots of the same accession conserved in the two
chambers will be hereafter identified as: the “active’” seed lot
and “base’ seed lot. In the second half of the 1980s, accessions
in the base chamber were transferred to sealed aluminium en-
velopes. In 1996, the whole collection was moved to the current
CIMMYT Germplasm Bank inside the Wellhausan- Anderson
Plant Genetic Resources Center, where seeds are conserved
in hermetic plastic flasks at -3 + 2 °C {active chamber) and in
hermetically sealed aluminium envelopes at —15 + 3 °C (base
chamber).

Study socessions

Germination tests of 987 seed lots from the base chamber
were carried out for this study. Of these same accessions, 835
from the active chamber were also tested for germination. The
number of seed lots tested for the active chamber is lower
than that for the base chamber becanse some accessions in the
active chamber did not have enongh seeds to perform the ger-
mination test. Nineteen accessions were tested only in the ac-
tive chamber since data from recent germination tests (carried
out from 2016 to 20019) were available for the base chamber.
Owverall, a total of 1006 accessions from the base chamber
were included in this stody. One accession was tested oaly in
the active chamber, due to lack of seeds in the base chamber.
Orverall, B55 accessions from the active chamber were tested in
this experiment. The study accessions were chosen according
to the following criteria: (1) having complete passport data
{including storage date, collecting site geogrphical informa-
tion and information on the repropagation site); (2) having
both initial and monitoring germination data; (3) being rep-
resentative of the different grain types of maize (dent, fAoury,
flint, popcomn and sweet) conserved in the CIMMYT collec-
tion; {4) being among the oldest collections for each grain
type; and (5) maximizing the environmental range (in terms of
latitude and elevation of the collecting sites) among the study
accessions. The study accessions originated from seed collec-
tions made in 33 different countries, covering an altitudinal
range from 2 to 3919 m above sea level. Considering the grain
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type of the study accessioms: 363 were dent, 361 flint, 218
floury, 11 popcom and 54 sweet. Popcom and sweet acces-
sions were less represented in the experiment in concordance
with their overall lower representation in the collection. The
ranges of storage dates for each grain type were as follows:
dent (1965-1971), fint (1960-1974), fAoory (1965-197H),
popcorn {1970-1996) and sweet (1968-2002). The average
apge of the accessions tested for this study was 48 years. More
recent accessions of popcom and sweet maize were used
in the study due to the scarcity of older accessions of these
grain types in the collection. The study seed lots are identified
in the CIMMYT GRIN-Global database as well as marked
with a special label {Longevity project) in the conservation
chambers; those seed lots will not be substituted with new
regenerations, with the hope that researchers can continue, in
the next decades, to stody the viahility of this set. Only one
accession was represented by seeds from its original collec-
tion. All other accessions had been regenerated in a Mexican
or US location prior o conservation (11 regeneration loca-
tions in total). Historical initial germination data collected
prior to storage were available for the study accessions, and
the average initial germination was 99 %. Moreover, results
of an additional germination monitoring test were available,
but only for the active chamber, since systematic germination
monitoring of seeds conserved in the CIMMYT base chamber
only began im 2012. Prior to the germination tests carried out
for this study, seed mass and moisture content of the acces-
sions (from both the active and base chambers) were meas-
ured. Seed mass was determined by weighing three replicates
of 20 seeds, kept in one of the dry rooms of the CIMMYT
Germplasm Bank at 9-15 “C and 10-20 % relative humidity,
randomly sampled from each seed lot, using an analytical
balance {Adventurer Pro AV E101, OHAUS, Parsippany, NI,
USA). The seed moisture content (MC) of the accessions was
tested using 8 moisture meter (5195, Steinlite, Atchizon, K5,
USA). The accession passport data considered in this study,
besides the historical germination data, were: grain type and
colour; regeneration site; and co-ordinates (latitude and lon-
gitude), elevation and climatic zone of the original collection
site. The most relevant passport data and information (ac-
cession I} mumber, grain type, country of collection, final
germination in the active and base chamber, seed mass and
ageing rate) for all of the study accessions tested can be found
in Supplementary data Table 51. Climatic zromes of the col-
lecting sites were based on the Koppen—Geiger climatic clas-
sification system (Bryant ef al., 2017).

Crermination fesis

Three replicates of 20 seeds of each accession were sown
in rolled filter paper (16.6 % 16.6 cm) moistened with distilled
water. It was not possible to use a higher number of seeds or
replicates in the germination tests doe to the low seed number
of some accessions. Filter paper rolls were inserted im trans-
parent plastic trays, and the trays were randomly dispersed in
an incubator {Biotronette plant growth chamber 844, Lab-Line)
at a constant temperatore of 25 °C and a 12 h photoperiod.
Dastilled water was added to the trays as neesded. to avoid
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desiccation. Germination scoring was performed | week after
sowing. A seed was considered to be germinated if it had devel-
oped into a normal seedling, according to ISTA (2018) criteria.
A label with a unique, identifier (JR code was attached to each
paper roll. The germination scoring was performed through the
app GB zone, that is connected to the GRIN-Global genebank
database, by means of QR code scanners (two models: C5
4070, Symbol. Zebra, USA; and 5740 2D, Socketmobile,
USA) connected to a lapiop or tablet device. The germination
experiments were performed in March and April 2020 in the
Seed Viability Laboratory of the CIMMYT Germplasm Bank
{Temcoco, Mexico). Germination data obtained in this experi-
ment are available in Supplementary data Table 51.

Statistical aaabyis

Data analysis and graphic representation were camied out in
thi: B software environment for statistical comiputing and graphics
{v. 3.6.2). The B packages used for the analyses are: ‘complot”
(Thiyun and Viliam, 2017), ‘dplyr” (Wickham ef al, 2020),
‘ecotox”, ‘fmsb’ (Makarawa, 20190, ‘geplot?” (Wickham, 2016),
‘ggpubr’ (Kassambara, 2020), ‘lsmeans’ (Lenth, 3016), ‘kgc”
{Bryant et al., 2007}, “‘multcom’ (Hothom e al 2008), ‘psych”
{Revelle, 20019 and “statmod’ (Giner and Smiyth, 2016). Before
analyses, data were checked for normality and homoscedasticity
{Shapin—Wilk's and Levene’s tests, respectively).

Two Scheirer—Ray—Hare tests were applied to determine if
mass and moisture content differsd among accessions and con-
servation chambers (active and base). A Kruskal-Wallis test
was used to determine if there were differences among grain
types in terms of seed mass. Pairwise comparisons werne carried
out with the Bonferroni test

Multiple parameters were used to characterize seed lon-
pevity: final germination (germinatedfsown seeds at the end
of the germination test); and p,, and p,,. comesponding to the
time for viahility to fall to 50 % and 85 % of the initial value
{retrieved from historical, pre-storage data), respectively, esti-
mated or predicted by logit analyses_ Generalized linear models
{GLMs) with binomial distributions, with logit as the link func-
tion, were carried out for p, and p,, predictions of the acces-
sions conserved in the active chamber. Logit was preferred over
probit as link function, since logit showed a higher goodness
of fit, compared by means of analysis of varance (ANOVA;
+* test) and AIC (Akaike information criterion) scores, when
compared with probit analysis (d.f. (), dewiance =—462.23,
P < 00001; AIC logit—probit: —460). Moreover, logit function,
as previously observed by dos Santos ef al. (2019) and de Faria
et al. (2020), allows. for 8 more reliable estimate/prediction of
viability loss when compared with probit, especially in the tails
of the distribotion (Le. < 10 % or >80 % germination), thos
making it more soitable for the p,, estimation. Smaller differ-
ences between logit and probit models are observed in the cen-
tral points of the function (30 % germination, p,.). Longevity
estimates were filtered for those accessions that showed a final
germination lower than the initial and a p,, lower than the years
of storage. This was done to estimate the p,, based only on ob-
served data and not predictions, in order to avoid unrealistic
values driven by the absence of viability loss in a significant
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percentage of the seed lots. Yamasaki ef al. (2020) also high-
lighted this issue, soggesting that only longevity estimates
within the storage period should be considered, while the re-
liability of 8 prediction extrapolated beyond the observation
period needs further data accomulation and verification, espe-
cially considering that viability loss does not follow a linear
pattern, but rather a sigmoidal one {Walters et al., 2005).

Another parameter used to characterize seed longevity was
the ageing mte (named L), calculated wsing the following
formula:

_1G-G) 1

= G ¥

Where &, is the initial germination in percentage, tested before
storage; Gf'u the most recent germination result in percentage;
and ¥ coresponds to the storage time experienced by the seed
accession, expressed in years.

A GLM, with a binomial distribution and logit as link fumc-
tion, was applied to determine the effect of the conservation
in the two different chambers {active or base) on final germin-
ation, and a posi-hoc Bonferroni test was wsed for pairwise
comparisons of the same seed accession in the two conserva-
tion conditions. A Kendall's correlation test was performed on
germination in the active and base chambers, in order to assess
if there is a correlation between the decline in viability in the
w0 chambers, and, in particular, whether the decline in seed
viability of any accession in the active chamber is similar to its
decline in the base chamber.

Monitoring intervals were calculated as one third of the
P With an upper limit set to 40 years as sugpested by the
Genebank Standards for Plant Genetic Resoarces for Food and
Agriculture (FAD, 2014). A Kmuskal-Wallis test was used to
determine if there were differences among grain types in terms
of monitoring intervals. Pairwise comparisons were cafmied out
with the Wilcoxon rank sum test.

A correlation plot was built based on a mixed comelation ma-
trix for both active- and base-conserved seed lots, considering
the following variables: ageing rate {L), sead mass and moisture
content, grain type and colour, and regeneration site, as well
as latitude, longitude, elevation and climatic zone (Koppen—
Geiger) of the original collection sites. Moreover, o partial
correlation analysis, using Kendall’s test, was performed, for
both the chambers, in order to evaluate the relationship of
each single variable with the ageing rate (L), adjusting for the
effect of the other variables. A GLM with a compound Poisson-
gamma bweedie distribution was applied to assess the effect of
grain type on the ageing rate (L).

L

RESULTS

Seed mass and moistiure content

Seed mass differed among accessions (d-f. 841, H = 4844 662,
P 0.001), ranging from 1.43 £ 005 to 1453 £0.15 g in the
different study accessions {see Supplementary data Table 51}
Seed mass was not significantly different between the seed
lots of the same accession conserved in the two chambers (d_f.
841, H=99.64, P =1). Seed mass was different among grain
types (df. 4, H = 1091.7, P < 0.001); the highest values of
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sopd mass were detected in floury accessions (mean seed mass
T3+ 1.2 g), followed by dent (6.6 + 1.5 g), flint (4.7 £ 1.2 g},
swaet (4.7 + 0.9 g) and popcom (2 + 0.4 gh.

Moupisture content differed pocessions and betwean
chambers (respectively d.f 341, H=3110.262, P <0.001;
d.f 1, H=9382336, P <0.001), ranging from 498 to 15.16 %
{average = 947 + 1.95 %) in the base chamber and from 5.15
o 15.48 5% (average = 11.00 + 1.46 %) in the active chamber.

Final germination: active and base chambers

The final germination data obtained from the experiment
showed significant differences among accessions, the two con-
servation chambers (active and base) and their interaction (see
Tablz 1)

Among the &35 accessions tested from both active and basa
chambers in this experiment, 284 showed a significant difference
in germination between the two chambers (34.01 % of total).

Of the 284 statistically significant pairwise comparisons, 275
accessions showed a higher germination in the base chamber
{96.83 % of the comparisons). The remaining nine accessions,
with a better performance in the active chamber, accounted for
only 3.17 % of comparisons.

Considering all accessions tested in this experiment from
both chambers, the average germination was 92.1 + 9.1 % for
the szeed lots comserved in the base chamber and B1.4 + 16.3
% for the seed lots conserved in the active chamber (Fig. 1).
In the base chamber, B4.5 % of the seed lois showed a final

™

germination percentage above the threshold of 85 5% of the ind-
tial germination valoe (FAQ, 2004), while in the active chamber
the final germination of 53 % of the seed lots was above this
threshold. Moreover, in the active chamber, we detected twice
the number of seed lots in the final germination range between
70 and 85 % of the initial compared with the base chamber, and
about seven times the number in the base chamber between 50
and 70%. Caly four sead lots below 50 % of the initial germin-
ation were found in the base chamber (accounting for 0.4 % of
the total), while 44 seed lots were fiound in the active chamber
(5.2 5, Table 2}. Considering the 835 accessions tested for both
the active and base chambers, 47.8 and 13.9 % of the seed lots
in the active and base chambers, respectively, showed a final
germination balow the 85 % threshold of the indtial germination
and therefore need regeneration (FAQ, 20014).

Based on a Kendall's test, a positive correlation was fouwnsd
between the germination of the seed lots of the same acces-
sion in the active and base chambers (Tau b=0.35, P <001,
Supplementary data Fig. 81), indicating a similar behaviour, in
terms of viability loss, of the same accession conserved in the
two different chambers.

poandp,

The p,, and p, predictions were performed only for the ac-
tive chamber for which historical data on seed germination
were available. Three viability data points were available and
used in the analysis: initial germination, an intermediate point

TasLe 1. Analysis of deviance wsing a peacralized linear model ( GLM ) with binomial distribution and the logit link funcrion: model ef-
Jects on germination percentage af 835 maize accersions conserved in the two different chambers (active and base )
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{corresponding to a viability monitoring test performed be-
tween 1985 and 2011, depending on the accession) and the ger-
mination data obtained from the current experiment.

Of the total 855 active accessions, logit analysis successfully
predicted p,, and p,, for 400 sccessions (46.78 % of the total).
Py Spanned between 4.2 and 54.4 years, with an average of
37.6 years; p, valoes of the same accessions were between 16.5
and 91 years, with an average of 60 years. The observed differ-
EMCes AMOngE accessions in kongevity estimates were statistically
significant (d.f. = 854, residual deviance = B245.112, P =< 00001 ).

Due to the fact that reliable longavity estimates {(p,, and
Py} could not be calcolated for all of the accessions., the
ageing rate (L) was selected as the longevity indicator for
subsequent analyses, making it possible to also inclode ac-
cessions that did not show a decrease in terms of germin-
ation across me (L =0).

Correlations
Correlation plots were made for both “active” and “base” sead
lots, based on mixed correlation matrices {(Fig. 2). Correlations

TasLe 2. Frequeacies of the tested seed loty in active and base
chambers divided infe four classes based on germinglion per-
cenlage range

Guzzon et al — Seed longevily of maize

between [ and all the other variables were statistically signifi-
cant (P < 0.5}, except for moisture content in the base chamber
(P =023).

The ageing rate [ showed the strongest comelation with
the polytomous variable “grain type’ consistently in both con-
servation chambers (Fig. Z). The partial correlation analysis
(Supplementary data Table 52) confirmed that the variable with
the stromgest correlation with L was grain type, followed by
seed mass.

Effect of grain type

Simce grain type showed the strongest comrelation with
the ageing rate (L), a GLM was performed to understand
how L differed among the grain types. Grain type showed
a significant effect on the ageing rate I both in the active
(d.f. 4, residual deviance = 162.7146, P<0.001) and in
the base chamber (d.f. 4, residual deviance =223.7943,
P <0.001). In particular, in the active chamber, flint and
floury seeds, withouot significant differences between them
(P =0.22), showed the lowest L, and therefore the lowest
loss of seed viability across time, when compared with dent
sepds (P < (LO01). In the base chamber, flint seeds showed
the lowest L (P < 0.001), while fAoury and dent seeds did
not show differences (P = 0.32). Overall, flint seeds showed
a lower ageing rate when compared with the other grain

(ermination % % of aclive acoessions % of base accessions types in terms of both the average and mode of the ageing
=85 % ] 845 rate L (Fig. 3). In this latter analysis, only the three major
TO-BS % 3 128 grain types, floury, fint and dent, were considered since the
ﬂ“ 'E Ei sample sizes were much lower for sweet and popcorn in the
Toial 1m0 100 set of accession used in this study {see “Study accessions” in
the Materials and Methods).
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Moniloring imlervals

‘Wiahility monitoring intervals were calculated as one-third
of the p_, with a maximum interval of 40 years between moni-
toring podnts, for all the active seed lots, as sugpested by FAD
{2014). For this calculation, no ﬁ]lercmﬂmp“ was applied; all
the p_ . extrapolated from the logit model, were employed in
this analysis, since, following FAO (2014) a maximum interval
of 40 years is adopted, even when Py is = 120 years.

The average viability monitoring interval fior the accessions
comserved in the active chamber is 1725 + 7.7 years. Monitoring
intervals {measured in years) were significantly different among
the three main grain types, flint, dent and floury (d.f. = 2,
Krmskal-Wallis y* = 80.30, P<0.001, see Sopplementary
dats Fig. 52), as follows: flint accessions (203 +9 years,
P« 00001}, significantly longer than dent (14.6 + 4.9 years) and
floury (18.0+ 7.6 years; P < 0.001). The difference in momi-
toring intervals between dent and floury was also significant
(P =001

DISCUSSION

This set of =100 maire sccessions, stored for as long Bs
60 years in the CIMMYT germplasm bank, the largest and
most diverse collection of maize genetic resources worldwide,
provided a unigue source of data to study seed longevity. Given
the current lack of knowledge on seed longevity of maize ac-
cessions conserved under germplasm bank conditions, the data
here presented, results of one of the largest seed longevity
experiments ever performed, are of great imponance to guide
ex situ sead conservation of one of the crop species that plays
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the greatest role in the food security of humanity. Moreover, our
results provide new data on seed traits connected to longevity
under long-term storage, which merit further investigation.
The results obtained from this study, in terms of both final
germination and longevity estimates (p,, and p.), confirmed
that maire seeds conserved under germplasm bank conditions
are long lived (Walters e al, 2005; Magel and Bomer 2010;
Yamasaki et al., 2020; Solberg ef al., 2020}, showing p,, valoes
of =50 years under long-term storage (Roos and Davidson,
1992; Solberg of al., 2020). Nevertheless, we obtained different
lomgevity values from those reported by previous studies of
maize seeds stored under similar conditions (see, for example,
Roos and Davidson, 1992; Walters ef al, 2005; Descheva,
2016). Using historical germination data from =2000 maize ac-
cessions, Walters et al., (2005) estimated a p,, for maize seeds
of 49 years under long-term conservation. The germination re-
sults as well as the longevity estimates of the current study in-
dicate that maize accessions conserved at CIMMYT showed a
higher seed longevity. The average age of the maize seed ac-
cessions considered herein was 48 yvears, and their average ger-
mination was 92.1 5% in the base chamber (—15 *C) and §1.4
% in the active chamber (-3 °C; Fig. 1}. The average p,, of
the sead lots conserved in the active chamber was 60 years;
this estimate was calculated only for those seed lots (400 out
of 835} showing a decline of viability, thus the overall p,, is
likely to be higher, considering the seed longevity of all acces-
sions in both active and base chambers. Moreover, other studies
evaluating maize seed longevity under long-term storage con-
ditions similar to those used at the CIMMYT germplasm bank
provided different p,, valoes, e.g. Descheva (2016) 141 years,



T2

Roos and Davidson {1992} 65 years. Future research showld
aim at understanding those differences in seed longevity found
among different conservation facilities to determine whether
they are doe to different seed regeneration, processing, conser-
vation or data analysis methodologies, or seed-related traits, all
of which can influence seed longevity estimates. Many of the
soed accessions wsed in this experiment have been subjected
to sewveral changes of locations, containers and conservation
conditions in their history (see ‘Conservation conditions’ in
the Materials and Methods). Moreover, the MC detected in
the study seed lots (9.42 and 11.00 % for the base and active
chambers, respectively) was higher than the corrent standards
of conservation (58 %), meaning that current seed lots stored
at CIMMYT might show even higher longevity than those
considered in this experiment. Remedial drying in the drying
rooms of the CIMMYT germplasm bank will be performed for
those seed lots with MC higher than the current standards of
conservation.

Agctive chambers conserve seed lots that are going to be used
andfor distriboted so as to not affect the conservation (due to
frequent opening of the containers and extraction of the seeds
from the chambers) of the seeds stored fior the long term in the
base chamber (FAQ, 2014). Hay ef al. (2013) and Yan Treuren
et al (2018) observed a significant decline in the germination
of barley, rice and wheat seeds conserved in the active chamber
{4 *C) compared with the base chamber {-20 °C) after up to
30 years of storage. In the corrent study, we also detected a sig-
nificant difference in the final germination of the same acces-
sions in the active vs. the base chamber: 34 % of the seed lots
stored in the active chamber had a lower viability than those
of the same accessions stored in the base chamber. Moreover,
we detected more variable germination percentages among
zoed lots in the active chamber (Fig. 1; Table 2). These differ-
ences in seed viability between active and base conservation
conditions may be explained by the fact that seed longewity
increases as the storage temperature decreases (Ellis ef al,
19492). Additionally, seed lots conserved in the active chamber
showed on average a higher moisture content, probably due to
more frequent opening of the hermetic containers. This is con-
firmed by the distribution data of the CIMMYT CGermplasm
Bank from 1987 until 2020. Considering the study accessions,
‘active” seed lods were retrieved from the chamber for distribu-
tion from three up to 84 times (on average 14 times). On the
other hand, “base” seed lots are not used for distribotion and
are retrieved from the chamber only for viability monitoring.
Together with temperature, seed moisture content is the major
factor contributing to seed ageing (Zinsmeister ef al., 2020)

The more rapid loss of seed viability in the active when
compared with the base chamber questions the effectiveness
of a seed conservation strategy basad on two different thermal
storage conditions fior the same accessions. Almost half of the
soed lots tested in the active chamber will need to be regener-
ated, being below the 85 % threshold of their initial viability
({FAD, 2014), while only 14 % of those same accessions con-
served in the base chamber would requine regeneration.

The conservation of the same accessions in two separate
chambers {active and base) certainly has some advantages; the
‘active” seed lots are likely to have a higher moisture content, as
detected in this study, and could be exposed to frequent changes
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in temperatures due to more frequent retrieval from the conser-
vation chamber; both factors could affect seed viability in the
long term and would occor to A lesser extent in the “base” seed
lots. In order to minimize the changes in temperatere and rela-
tive homidity experienced by ‘active’ seed lots every time an
accession is ordered, a few replicates of seeds intended for dis-
tribution, both internal and extemal, could be pre-packed in her-
metically sealed containers (e.g. aluminium pouches), avoiding
the metrieval of the entire seed lot. Mevertheless, if the “active”
sead lots had been stored at the lower temperature conditions of
the base chamber, it is safe to assume that the number of “active”
seed lots needing regememation would be significantly lower,
improving the overall conservation status of the entire collection
and reducing the investments made for monitoring and regener-
ation (Singh ef al., 20012).

W detected a positive cormel ation between the germination of
the same accession from both the active and the base chamber,
highlighting an accession-specific behaviour in terms of via-
bility loss. This means that seed accessions with lower viability
after storage im the active chamber are likely to also have lower
viability after storage in the base chamber (see Supplementary
data Fig. 51), as previously observed by Hay et al, (2013) in
rice accessions. This can be very important for seedbank man-
agement, since the seed lots conserved in the active chamber,
i.e. those intended for characterization, distribution, muoltipli-
cation and research, are moge often tested for their viability.
Therefore, when a seed lot in the active chamber shows a low
viahility, the ‘base’ seed lot of the same accession should akso
be tested to ensure the conservation of high-quality seeds and
avoid the loss of genetic resources of inestimable value.

The seed viahility and longevity estimates were significanthy
different among accessions considersd in this study; for ex-
ample, the p, varied from 16.5 to 91 years. This underscores
that within the same plant species, large differences in the lon-
gevity profile can be found in different popolations, as already
observed in several other domesticated and wild species (e.g.
Hay et al., 20013; Mondoni ef al.. 2018; Van Trueren ef al.,
2018). Due to the increasing age of many historical seedbanks
(such as CIMMYT) and therefore the age in storage of many
seed sccessions, the number of accessions that will need to
be regenerated is only going to increase. For this reason, it is
important to understand those within-species differemces in
seed longevity by finding groups of accessions characterized
by similar longevity profiles and groups that are particolarly
affected by seed apeing. in order to plan viahility monitoring
intervals and regeneration efforts (Hay et al, 2013, Guzron
ef al, 2018).

Thi ageing rate (L) of the study accessions was found to ba
correlated with seed-related traits, namely seed mass and grain
type. The ageing rate was positively cormrelated with seed mass,
which means that larger seeds aged faster than smaller ones
(Fig. I; Supplementary data Table 52). This has bean observed
in other cereal crop genepools, such as rice (Rao and Jackson,
199) and wheat wild relatives (Guzzon ef al, 2018; Gianella
el al, 2020). While there is considerable evidence that seed
size has an influence on seed longevity in soil seed banks and
in controlled ageing experiments (see, for example, Shutte
el al., 2008; Gurzon ef al., 2018), the relationship between
seed size and longevity under germplasm bank conditions
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is less understood (Probert er al., 2009). Further research is
neaded to shed light on this correlation under long-term cold
siorage.

Among seed-related traits, grain type showed the highest
comrelation with the ageing rate (Fig. 2; Supplementary data
Table 52). Flint accessions are the longest lived among the
three main grain types (dent, flint and floury; Fig. 3). This con-
firmed the observation of Bewley and Black (1994) that seads
of flint varieties are longer lived when compared with other
prain types. A similar observation was made by Orntega Pacrka
(1971}, who tested = 4500 maize accessions, conserved at the
INIA genebank (Mexico). Grains of varieties of flint maize
have mostly hard, glassy endosperm compared with the softer
and starchier endosperms typical of dent and Aoury varieties
(Zilic et al, 2011). A glassy endosperm reduces molecular
mobility and is directly imvolved in slowing seed ageing
{Buitink and Leprince, 2008; Ballesteros and Walters, 2011).
Additionally, we detected that flint seeds have a significantly
lower seed mass than dent and floury seeds. We hypothesize
that the higher seed longevity detected in flint varieties is due
to structural (i.e. glassy endosperm, seed coat and seed mass)
or physiclogical (e.g. antioxidant capacity) traits, but further
investigations, e.g genome-wide association studies (GWAS),
antioxidant profiling and analyses of viscoelastic properties of
the endosperm, need to be carried out, to clarify the biological
bases of the differences in seed longevities detected among
grain types.

Yamasaki ef al. (2020), following the Genebank Standards
of the FAD (2014), calculated an average monitoring interval
of 7 years for 3953 maize accessions conserved at the NARD
genebank in Japan at — 1 °C and 30 % relative humidity. In
the current experiment, we calcolated an average monitoring
interval of 17 years from our study seed lots conserved in
the active chamber (-3 °C), within the interval currently
used at the CIMMYT Genmplasm Bank where ‘active’
seed lots are tested for their viability after 15-20 years of
storage. Moreover, significantly different monitoring inter-
vals were obiained for the main graim types in the active
chamber. i.e. dent, 15 years; flint, 20 years; floury, 18 years
(see Supplementary data Fig. 52). This suggests that dif-
ferent grain types should have different monitoring intervals.
Girain type is a qualitative trait based mainly on the seed coat
morphology and endosperm texture. Maize landrace kernels
can show intermediate or multiple phenotypes between two
different grain types. Therefore, more quantitative measures
will be needed to study the effect of the grain type on seed
longevity and to fine-tune viability monitoring intervals of
accessions of different grain types showing different lon-
pevity estimates.

Significant correlations were also found between the ageing
rate (Ly and geographical data of the original collecting sites
of the accessions: co-ordinates and elevation data (Fig- 2). It
is known that the seed longevity of different populations of the
same species can be influenced by the provenance of the popu-
lations, as described by latitude and elevation, probably due to
adaptive responses to different environmental conditions; see,
for example, Probert et al. (2009), Mondoni & al (2011} and
Zani and Muller (2017). It is interesting to see how maize ac-
cessions from high altitudes showed on average lower seed lon-
gevity, a pattern also observed in other plant species (Fig. 2;

TE3

Mondoni et al., 201 1). These correlations were only partly con-
firmed by the partial correlation coefficients {Supplementary
data Table 52), and further research is needed to understand
if those differences are really due to environmental adapta-
tions or to other factors (e.g. differences in moisture content or
the geographical distribution of the different grain types; see
Supplementary data Table 52). To clanfy these possible envir-
onmental adaptations, the longevity of similar genotypes col-
lected at different latitudes and altitudes should be tested after
the same seed processing (see, for example, Mondoni et al.,
2011, 2014).

In conclusion, maize seed accessions conserved at the
CIMMYT germplasm bank for up to &0 years showed a high
viability (on average =80 %), confirming that maize can be
considered a long-lived species under germplasm bank con-
ditions. There have been several debates about the effective-
ness of ex situ conservation of large germplasm collections.
Some experts raised the concern that large plant germplasm
collections cannot be characterized and regenerated fast
enough and therefore are merely ‘seed morgoes” (CIMMYT,
1988; Goodman, 1990). We have demonstrated that maize
seeds, if propery conserved, can maintain a high viability
fior decades, providing sufficient time to seed bank curators
and researchers for the characterization and regeneration of
the accessions, as well as the organization of the compos-
ition of the collections, based on genetic diversity, coliwral
significance and agronomic considerations. Mevertheless, the
germination of the seed lots conserved in the active chamber
was significantly lower and more variable than in the base
chamber. This raises doubts about the current strategy, em-
ployed by several international seedbanks, of conserving the
same accessions in two chambers with different tempera-
ture conditions. ‘Our data indicate that base chamber con-
ditions (cold storage between —15 and —20 °C) should be
preferred for the conservation of long-term collections of
maize seeds, also for ‘active’ seed lots (intended for regen-
eration, distribotion and characterization) to decrease their
loss of viability and, therefore, the frequency of their regen-
eration. Future revisions of manuals on genebank standards
(e.g. FAD, 2014) should consider these results, and similar
ones obtained in other crop species (see, for example, Hay
ef al., 2013, Van Treuren ef al, 2018), and direct seedbanks
towards the preference of all seed conservation in base
chamber conditions. Significant differences were detected in
seed longevity among accessions; in particular, flint varieties
were longer lived than dent and floury varieties. This under-
scores the importance of forther study of within-crop differ-
ences in seed longevity to provide a sound, scientific basis
fior both viebility monitoring and regeneration intervals, on a
crop-by-crop basis.

SUPPLEMENTARY DATA

Supplementary data are available online at hitps:/academic.
oup.comfaoh and consist of the following. Table 51: principal
passport data and ageing rate of the accessions tested in the
experiment. Table 52: results of the partial correlation ana-
lysis for the variables incloded in the correlation plot. Figure
51: scatterplot of germination percentage in the active and base
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chambers of the same accessions with regression line. Figone
52: monitoring intervals calculated as ome-third of the p,, for
the: three main grain types, dent, fint and fAowry.
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OPEN ACCESE
Cne of the challenges that living organisms face is to prompily respond to genoloxic siress
e ¥ o avoid DNA damage. To this purpose, al organisms, including plants, developad complex
Saplrun Lhwersty of Fiome, iy DA, damiage response (DDH) mechanisms. These mechanisms are highly consarved
Rowiewod by:  @MIONQ organisms and nead to be finely regulated. In this scanario, microRNAS (MiRNAS)
o mm are amanging s active players, thus attracting the attontion of the ressarch community. The
i my  iNvolvement of miRMAs in DOR has been investigatad prominently in human cells whereas
mmciscon studies in plants are stil scarca. To exparimentally nvesfigata the involvernant of plant
"““"“S‘P“““;"‘“‘mw miANAS in the reguiation of DDR-associated pathways, an ad hoc system was developed,
w ) using the modl legume Medicago truncatuis. Specific treatments with camptothecin (CPT)
Anansoows a@ndfor NSC1 20886 MNEC), targeting distinct components of DDA, namely topoisomeraso
aamcca@apet | (Topl) and tyrosyl-DNA phosphodiesterass 1 (TDPH), were used. Phanotypic [germination
n;“;“m”:ﬁm percentage and speed, seeding growth) and mokecutar {cel death, DMA damage, and gena
results show that thess treatments do not infiluence the gemination process but rather
mm*“:“rmm inhibit seedling devalopment, causing an increasa in call death and accumulation of DA
A Fymongy dAMA0e. Moreover, treatment-specific changes in the expression of suppressor of gamma

response 1 (SOGT), master-reguiator of plant DDH, wera observed. Additionally, the
expression of multiple ganes playing important roles in different DNA reparr pathways and

m‘:ﬁﬁ mﬁ call cycie reguiation wers diferentialy axpressad in a treatmant -specific mannar. Subsaquentiy,
Fublishod: 09 March 2021 speciic miRMAs idenfified from our previous bicinformiatics approaches as putatively
cmstionr  targeting genes involved in DDA processas wens investigated alongside therr targats. The
qu::;‘mi obtained results indicate that under most conditions when a miANA is upreguiated the
anct Macoved A @02T) Explong. - CONTESPONGING candidata target gane is downregulsted, providing an indirect evidence of
miomAts Sgnstres of DN miRiNAs action over thoso targets. Henca, the present study extands the present knowledga
et Syt cora, 0N the information avaitable regarding the roies played by mIRNAS in the post-transcriptional
Stmes h Modionge enesi.— reguilation of DOR in plants.

Seadings.
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INTRODUCTION

During their lfespan, plants contnuously face stressful conditions
(caused by exogenous and endogenous Gctors) that afect plant
growth and development Considering thelr sessile Hfestyle,
plants are provided with incredible genomic plasticity. For
Instance, the metaphorical “perceptron,” defined as an
Information-processing sysiem composed of several processing
units with bochemdcal conmections, enables the selection of
the most suitable optlons for coping with the changing
environment (Scheres and Van der Putten, 2017). Linked to
this, DNA damage response (DDR) 15 among the main stirategles
used by plant cells to safeguard their genome and therefore
plant growth and development To brefly define it, DDR 5
an intricated sigmal transduction network involving many players
that act as DNA damage sensors, sigmal transducers, medlators,
and effectors, working together fo coordinate approprate
responses depending on the type of sttmull. A recent bibliometric
study Wlustrates that DD s generally far less stiedied in plants
as compared o mammals but the interest in plant DDR research
15 expameding in view of future agriculiural applications (Glmenez
and Manzamo-Agugliaro, 2017 ). Coincidently, it 1s also opporiune
to pinpoint that DDR 15 an evolutionarily conserved pathway
In eukaryotes, although kingdom-specific varlatlons  are
encountered (see reviews by Yoshiyama et al, 2013a; Mikitakl
et al, 2018; Misa et al, 2019). Just o cie some diferences,
suppressor of gamma response 1 (S500G1) 1s the proposed
master-regulator of plant DDR, acting as a functional homolog
of the mammalian p53 (Yoshiyama et al, 2009, M13ab). As
a transcription activator, 500G 1 regulates the expression of DNA
repalr- and cell cyde-related genes (Bowrbousse et al, 2018;
Ogita et al, 2018). Bessdes, S0G1-independent pathways have
been also proposed to work in plant DDE; thowgh the molecular
mechanism 15 not yet fully understood. it 15 belleved that these
may include the E2F-REBR | (RetinoBlastoma Related 1) compliex,
comprising transcription regulators that control the entry in
the 5-phase of the cell cyde (Berckmans and De Veylder,
2009} The E2Fa tmnscription factor abso participates in
DMA replication and DMA damage repair (Roa et al, 2009
Giutzat et al, 2012)

Uhttmately, DR enables the activation of cell cycle checkpolnts
as well as specific DNA repair mechanisms (Hu et al. 2016).
Hence, the recognition and repalr of DMA damage imvolve
both the actvation of DMA repalr processes as well as the
regulation of the cell cyde arrest, allowing the necessary time
for DMA lestons to be corrected prior to cell cyde Imitkation.
If DNA repalr processes are lmpatred, changes I the cell
cycle, transcription, and proteln synthesls are encountered as
well (Briit, 1999; Bray and West, 2005). Among the DNA
damage repalr mechanisms, some are highly spectalized for
specific types of damage whereas others work In 2 more
peneralized manner. It 1s also importamt to recognize that
diferent DMNA repalr pathways have overlapping functions and
can share key enzymes For instamce, Tyrosyl-DMA-
phosphodiesterase 1 (TDP1), Involved In the removal of
topotsomerse I (Topl)-DMNA oovalent complexes (Tang ef al, 19946;
Powliot et al, 1999), has been associated with both base excislion

repair (BER; Lebedeva et al, 20011; Dond et al, 2013) and
DMA-protedn crossiink (DFC) repair (Enderle et al, 2019a,b).
Studies in model plants ke Arahidopsis theliana and Medicage
trwmcafiln showed that the lack of TDP1 function led to the
development of dwarf genotypes semsithve o DMA damage
with impaired DMNA repalr and cell cycle activities (Lee et al,
2010; Kim et al, 2012; Dond et al, 2013; Sabatinl et al, 2016).
The presence of a small subfamily of TDPFI genes (composad
of TDPia and TOPIF) was highlighted in planis and it has
been shown that the two genes do not have overlapping functions
and they are differentially expressed in a species-, tssue-, and
stress-specific manner (Macovel et al, 2000; Dond et al, 2013
Sabatind et al. 2017; Muttl et al, 2020}

T take place properly, the DDR system requires advanced
regulatory mechanisms, which are not yet fully understood
In this context, microRMAs (miEMNAs), a class of small,
non-coding RMAs (~21-22 nt) that play key regulatory roles
In gene expression at a post-transcriptional bevel (Barte, 2004),
may participate In the regulation of DDE. This aspect is
quite recent and Insuffictently explored, especially within the
plant kingdom. Studies In human cells demonstrated that
mifMAs are involved in the regulation of different components
of the DDE machinery (Zhang and Peng, 2015). For Instance,
mif-24, mifl-138, miR-182, mif-101, mif-421, miR-125h,
and mIR-504 were identified as cruclal regulators of H2AX,
BRCAL, ATM, or ps3. Other such examples iInclude miB-%4,
miR-155, miR-506, miR-124, miR-526, and miR-622h, shown
o be Involved In homologous recombination (HRE) or
nonhomologous end-joining (WHEJ) repalr by targeting RADS1
or KU70/80 {Chot et al, 2014; Thapar, 2018). The presence
of DNA lesions Influences miRNA degradation as well as
thelr expression. In both plants and animals, it has been
demonstrated that miRMAs are responsive to Wradiation
(IR)-induced oxidative stress and may be responsible for the
post-transcripiional of some DDE genes (Joly- Tonettl
and Lamartine, 20012; Kim et al., 2016). Flant specific miIENAs
responstve 0 genotoxc stress Incuede the IR-induced
Arabldopsis miRE40 and miRE50, which remain to be further
characterized in terms of their roles in DDR and DNA repair
(Eim et al. 2016). Few rice mifNAs (osa-miR414, osa-mif 164e,
amd osa-miR408) demonstrated to tarpet spectfic helicases
{Macovel and Tutega, 2012) were also found to be responsive
to y-irradiation (Macoved and Tuteja, 2013). Predictive studies
were employed as well; Liang et al (2017) reported that
MUTL-homolog 1 (MLH1) and MEEL1 were putatively targeted
by miR5176 and miR5261 In Cirus sinensis whereas the
Brachypodium disfachyon novel_mir 69 was ldentfied to
putatively target the RADS0 mEMA (Lv et al, 2016). Based
on recent reviews of Iterature, an interrelation between DR,
redox systems, and miENAs, has been proposed (Clmind et al.,
2019). Monetheless, specific hurdles have been pinpointed to
explain the poorly represented examples In plants. Namely,
this may be because DDR 15 significantly less studied in
plants compared o animals (probably due to plant genome
complexity) combmed with limited Information on miENA
targets spectfically involved In coping with genotoxic stress
{Chowdhury and Basak, 2019).
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Considering the implications of DDE in plant genome
stability, it 15 worth investigating deeper these fine-tuning
aspects to galm novel insights on this complex topic. To
address the existing gaps-of-knowledge, the current study

proposes to explore the role of post-transcriptional regulation
mediated by miEMNAs in plant DDE. To do so, the first step

consisted of setting up an original experimental system. This
Involved the administratton of two compounds, namely,
campiothecin (CFT, 2 well-known inhibitor of Topl enzyme)
and N5C120686 (2-chloro-6-fluorobenzaldehyde 9H-fluoren-
g-ylidenchydrazone). The latter was identified by Weldlich
et al (2010) as a substrate mimetic of the human TDPL
Together with topolsomerase inhibitors, M5C 120686 has been
used as a pharmacophoric model to suppress the TDP1
activity as part of a synergistic treatment for cancer theraples
(Peregon et al, 2012) whereas, In plants, dose-dependent
genotoxicity was evidenced (Macovel ef al, 2018a). As am
experimental model, we have chosen to work on M. frumcatula,
becawse It 1s emerging as an Informative and versatile system
to Investigate DDE during seed germination {Macovel et al,
2019). Moreover, DDR iIs an essentlal component of the seed
repair response during germination (Waterworih et al, 2019)
when active cell proliferation is determinant for the
development of healthy seedlings and DNA damage musst
be repaired before the start of cell division to ensure the
generation of robust plants. Phenotypic (germination percentage
and speed, seedling growth) and molecular {cell death, DMNA
damage, and gene expression profiles) analyses demonstrated
that the Imposed treatments impact DDR. Subsequently, a
st of mIENAs and putative target genes kdentified In a
previous bioinformatics approach as belng Involved In
DDR-assoctated biokegical processes (Bellato et al, 200%),
were Investigated In the developed system in terms of expression
profiles. The resulis hereby presented show that miRNAS
target gene expresston Is treatment-specific, thus confirming
that miEMAs can be affected by DMNA damage and that their
targeted genes may have a contribution In the response o
DA damage.

MATERIALS AND METHODS

Experimental Design

Medicago trumcafwia {cv. Jemalong) seeds, kindly provided
by Fertiprado L.da. (Portugal), were used for this stisdy. Seeds
were treated with 25 pM CPT (Sigma-Aldrich, Milan, Italy),
and 25 pM MNSC120686 (MSC) provided by the Matiomal
Cancer Institute (Bethesda, United States). A combined
CPT + NSC treatment was Implemented as well The
concentrations of the genotoxic agents were selected based
on prefiminary phenotypic resulis (Supplementary Fgure 51)
and previous studies {Macovel et al, 2018a). Because these
compounds are dissolved in 100% dimethyl sulfoxide (DMSO,
Sigma-Aldrich, Milan, [Italy), spectfic DMS0 controls,
corresponding to each comcentration wsed In the imdicated
trestments, were Included. Specifically, DMSD 0.29%
(subsequently demominated as DMS0_C) corresponds to the

concentration wsed for the CPT treatments, DMS0 0.17% to
M5C treatments (DMS0_N), and DMS0 0.23% to CFT + NSC
treatments (DMSO_CH). The DMS0 concentrations differ for
CPT and N5C becawse the siock solutions {compounds dissolved
In 100% DMS0) were prepared at different molarities (CPT
B.61 M and NSC 14.71 M), according to the manufacturer’s
instructions. This affected also the combined treatment, where
CPT and M5C were mixed 1:1. A non-ireated control (NT)
was used for all experiments. The designated treatments were
applied to M. frumcotuls seeds placed in Petnn dishes (30
seeds per dish) containing a filter of bloting paper mokstened
with 25 ml H,O (NT) or indicated solutions. Each sample/
treatment was performed at least in triplicates. Petrl dishes
sealed with parafilm were kept In a growth chamber at 22°C
under light conditions with a photon flux density of
150 pmol m-%, photoperiod of 16/8 b, and 70-80% relattve
humidity. The experiment was followed for 7 days and
subsequently, the harvested plant material was used fresh or

frozen In lquid nitrogen (M) for designated analyses.

Phenotypic Evaluation

Treated and non-treated M. fruncafuln seeds were monttored
for 7 days and data concerning germination percentage (%)
and speed (Tw), seedling length, and fresh welght (FW) were
determined at the end of the experiment. The germination %
parameter was assessed as the percentage of total germinated
seeds In which the radice protrnsion reaches at least 1| mm
of length. The time reguired for 50% of seeds to germinate
(Ty) was calculsted according to the formuls developed by
Farpogg et al (2005): Tw = & + [(N2 — m) (k — §))/m — n,
where N Is the final seed germination, m, #, represent the
cumubative numibser of seeds that germinated by adjacent counts
at times i, and ¢ when n, < NI'Z < 0, Seedling length (mallimeters,
mm} was measured wsing millimetric paper whereas FW (grams, g)
was measured using an analyiical weight scale (Metter AJ100,
Mettler Toledo, Germamy). Data are represented as mean + 5D
of at least three Independent mezsurements.

Single Cell Gel Electrophoresis

The single cell gel electrophoresis (SCGE) protooel was
Implemented o M. truncaiuls radicles as previously described
(Pagano et al, 2017; Aradjo et al, 2019). Nudel were extracted
from treated/untreated radicles isolated from freshly harvested
7-day-old seedlings For nudel extraction, Hquid M; frozen
radicles In Tris HCl EDTA (0.4 M Tris HCL pH 7.0, 1| mM
EDTA pH 8) were finely sliced. The solution containing extracted
nuclel was mixed with 1% low melting point (LMP) agarose
and pipetied onio glass shides previously coated with 1% LME
For zlkaline SCGE, the glass slides containing tsolated nuclel
were subjected to I5 (25 W, 300 A) 1n an zlkaline
butfer (0.3 M MaOH, | mM EDTA, and pH > 13) for 25 min
at 4°C. For neutral SCGE, the shides were subjected to
electrophorests (20 ¥, 10 mA) in Tos-bomte-EDTA (TBE;
& mM Tris Base, 89 mM Bonc Ackd, 2 mM EDTA, and pH
£3) for B min at 4°C. Subsequently, the slides were washed
twice with Tris-HCl pH 7.5 for 5 min and rinsed Im 70%
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ethanol (wiv) for 12 min. For muecel count, the slides were
salped with 20 pl 4.6- diamiding-2-phenylindole (TAFL,
I pgml! stock solution; Sigma-Aldrich) and visualized at a
flunrescence microscope (Ohympus BX51, Olympus, Germany)
with an excitatiom filter of 340-380 nm and a barrer filter
of 400 nm. For each shide, about 100 nuckel were scored and
analyses were performed in triplicates. The results were expressed
In arbitrary uniis (a.u) caloulasted according to the formula
proposed by Collins (2004): [E(N: = £) x 100}/ N, where N
5 the number of nuckel of each dass, ¢ s the class numbser
(eg, 0, 1, 2, 3, and 4), and Ny 15 the total number of
counted nuclel

DMA Diffusion Assay

The DNA diffusion assy was performed to evahete cell death
evenis and distinguish cells subjected to PCDY or necrosts from
visble celk a5 described by Macovel et al (2018h). Nuckel
exiraction was performed from radides of 7-day-old seedlings
using the same methodology described for SOGE The glass
slides containing nuwsclel embedded in 1% LMP agarose were
Incubated in high salt lysis butfer (2.5 M MNaCl, 100 mM EDTA,
10 mM Tris-HCL, and pH 7.5) for 20 min at 4°C to disrept
the nudear membrane and permit DNA diffusion. The slides
were Immersed in newtral TEE for 5 min for three consecutive
times to remove lysls solution and rinsed In 70% ethanol for
5 min at 4"C. Following DAPI staining, about 100 nuclel were
soored (in triplicate samples) under the fluorescent microscope.
The overall cell death level s given as a.u. while an additional
analysis was used to represent the percentzge of each dass of
nuclel (0-nuclel from visble cells, 1-mecel from PCD celks,
and 2-meclel from necrotic cells).

RMA Extraction, cDNA Synthesis, and
Quantitative Real-Time PCR

Total RMA was isolated from treated and untreated M. truncatula
seedlings as desoribed (Pagano et al, 2007; Aradgo et al, 2019).
Briefly, lquid M, prinded matertal was mived with 550 pl
Extraction Buffer (04 M LICL 0.2 M Tns pH 80, 25 mM
EDOTA, and 1% 5D5) and 550 pl chloroform. Samples were
centrifuged at 10,000 rpm for 3 min at 45C. A phenol-chlomiform
solution was added to the supernatant followed by same centrifuge
sep. A U3 volume of 8 M LiC] was added to the supermnatant,
meubated at 4°C for 1 h, and subsequently cenirifuged The
resulting pellet was washed with 70% ethanol, air-dred, amd
suspended tn disthylpyrocarbonate (DEPC) water. The RNA was
subsequently trested with Diase {Thenmo Scentific), as indicated
by the mamsfacturer. Finally, RMA was quantified with a ManoDimop
spectrophotometer (Biowave DNA, WPA, ThermoFisher Scientific).

The complementary DNAs (cDMAs) were obtained sing
the RevertAld First Strand cINA Synthesis Kit {ThermoFisher
Sclentific) according to the manufacturers suggestlons.

The quantitative real-time PCR (RT-gPCR) resctions were
performed with the Maxima SYBE Green qPCR Master Mix
{2X; ThermoFsher Sclentific) according to the suppliers
Indications, using 2 Rotor-Gene 5000 PCR apparatus (Corbett
Robotlcs Pty Ltd, Brishane, Cueensland Aastrabia).

Amplification conditions were as follows: denaturation at 95°C
for 10 min, and 45 cydes of 95°C for 15 s and &0°C for
&0 5. Oligonuclentide primers (Supplementary Table 51) were
designed using Primer3Flus' and verified with Oligo Analyzer?
The relative quantification was carried out using actin-related
protein 4A (Act) and elongation factor la (ELFia) as reference
genes since they resulted the most stable under the tested
conditions following geMorm (Vandesompele et al, 2002)
analysls (Supplementary Figure 52). The raw, background-
subtracted fluorescence data provided by the Rotor-Gene 6000
Serles Software 1.7 (Corbett Robotics) was used to estimate
PCR efficiency (E) and threshold cyde number () for each
transcript quantification. The Pfafl method (P, 2001) was
used for the relative quantification of transcript accumulation.
All reactions were performed In triplicate The data are
presented & fold change (FC), where values for each treatment
were normalized o thelr comesponding DMSO control
Heatmaps were constructed wsing the Shimyheatmap tool
{Khomtchouk et al, 2017)

microRNAs Expression Analysis

For mIRNAs expression, total BMA was tsolated using TRIzol
(ThermoFisher Sclentific), a= indicated by the supplier. The
two-talled RT-gPCR techobque {Androvic et al, Z017) was
performed to quantify miRMA acoumulation. The mifNAs
expression profiles were analyzed in 7-day-old untreated and
treated seedlings. DMiferent sets of primers were wsad to perform
reverse transcription (RT) and FT-gPCR for esch mature miIEMA,
one to synthesize the ¢DNA and two for the SYBR gPCR
amplification. cDMAs were obtamed wsing the gScript® Flex
cDNA Synthesis Kt (QIAGEN, Beverly, Massachusetts). The
ET primers (Supplementary Table 52) were designed to have
a two-talled strscture as mdicated by Androvic et al (2017).
RMAfold WehServer' was used to predict the stable secondary
structure. To obtain the cDMNA, a forwand pramer specific for
the designed region In the 5'-termimes of the two-talled FT-primer
and a reverse primer specific for the miflNA target sequence
were used. Subsequently, ET-gPCE was performed as described
In the above paragraph using the oligonudeotide primers shown
in Supplementary Table 53.

Statistical and Integrative Data Analyses
For phenotypic evaluation, the significance of mean differences
was determined using the Students f-test. For gene/miEMNA
expression data, following the normality test |(Shapimo-Wilk),
a ome way ANOVA on ranks was performed wsing the Kruskal-
Wallls test In an R (software version 4.0.2) background
Principal components analysis (PCA) was performed on
the phenotypic and molecular varables quantified across the
stdy wsing the FactoMinelt (Lé et al, 2008) and factoextra
(Kassambara and Mundt, 2020) packages In B enviromment
for statistical computing and graphical design. Values were

ﬁmaﬁum
b frna B urihvie ac i opd- bin/MM AW Sulle/ RHA ol opi

Froniians in Plant Soonos | wss: Soniansin oy

110

Mfarch 20 | Woiume 12 | Arioke GE323



Cunition af ol

microRtA Sigrehuss of DOR

standardized by means of z-score using the default scaling
settings of the PCA function. The included varables were:
permination %, T, seediing length (divided as aerial part and
radicles), DMA damage levels, all gene expression data, and
miEMA expression profiles.

RESULTS

CPT and NSC Treatments Do not Affect
Seed Germination but Impair Seedling
Development

The CPT and N5C120685 Inhihitors require to be dissolved 1n
DMS0, which, at certaln concentrations, can impair plant
development (Zhang et al, 2006) Thus, it was necessary to
first identify the inhibor concentrabions at which minimal or
oull DMSO effects are evident &t a phenotyplc kevel In the
case of the CPT treatments, the sdected concentration was
25 uM dissolved in 0.29% DMS0 (Supplementary Figure 51).
The selection of NSC concentratton (25 pM dissolved in 0.17%
DMS0) was based on previous results (Macovel et al, 2018a).

The last treatment consisted of exposing
M. truncatula seeds to CPT 25 pM and N5C 25 pM (treatment
denominated as CPT + MSC), dissolved n 0.23% DMS0. A=
described in “Materiaks and Methods.” each corresponding DMSO
concentrations {denominsted as DMS0 C, DMSO_MN, and
DMSD_CN) were tested alomg with the non-treated (water)
control (NT).

To vertfy whether CFT and M5C influence seed germination,
i phenotypkc characterization was performed by evaluating
germination % and speed (T.). seedling length, and FW afier
7 days of treatment While seed germination % and T were
not significantly affected by any of the imposed treatments at
the end of the indicated tmeframe (Supplementary Figure 53),
CPT impacted mostly on seedling development. Figure 1A shows
the morphology of the 7-day-old seedlings, grown in the presence
of CPT, N5C, and CPT + N5C, and thelr corresponding DMS0
controls. Trestment with the NSC inhibitor did not result In a
visible change In seediing morphology while seedlings treated
with CPT and CPT + NSC appeared shorter and stockler than
the relative controls. These observations are supported by the

registered significant (p < 0.05) diferences when measuring the
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seedling length and FW (Figure 1B). A redudion in seedling
length was caused by the CFT and CFT + NSC trestments,
with radicles being more severely affected than the aerial parts.
A minor, although still significant impact, was observed I the
case of the NSC-treated seedlings. When consldering the FW
parameter, an Increase In seedling welght was detected for
DM30_C and DMS0_N, while FW was significantly decreased
I the NSC + CPT-treated seedlings (Figure 10).

Orverall, these results show that the Imposed treatments do
not afect germination per se but inhibit seedling growth,
especially n the CPT- and CPT + NSC-treated samples. This
may bead o assume that CPFT contributes the most o the

Impatrment of the seedling growth since a lesser effect was
observed when the NSC compound was delivered alone

The Imposed Treaiments Induce Different

Cell Death Profiles
A DNA diffusion assay was performed o evaluate cell death
evenis In 7-day-old M. truncatiuls seedlings subjected to CFT

and NSC treatments (Figure 2). The results of the diffuston
aseay were expressed both as arbitrary uniis (aw) to indicate
the overall level of cell death and as percentage of nuclel per
class to Indicate the diferent types of cell death events (class
0 - viahle cells, class 1| - programmed cell death events, and
class * - necrosis events). Enhanced levels of cell death are
evident In the imposed treatments when compared to NT,
with the highest values registered during the CFT treatment
(Figure 24). Cell death significantly Increased also In samples
treated with DMS0_C and DMS0_CN bt at 3 substantially
lesser degree than when compared to the CPT/NSC system.
When keoking at the duferent types of nudel classes, the data
show that the NT and DMS0_N samples are both characterized
by a high percentage of wviable msdel (B6.36 + 600 and
EI63 + 3.16%, respectively) and a low percemtage of PCD
and necrosts (Figure 2B). Seedlings treated with DMSD_C
and DMS0O_CM staried to show a decrease In viable muclel
(4760 + 3.40, 55.74+4.74%) toward PCD, while the nudel
classified as belonging to necrotic cells {dass 2) are not present.
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Class 2 nuclel are mostly present in CFT and CPT + NSC
samples, while the N5SC treatments evidence the presence of
class 1 muclel characteristic for PCD' events (Figure 2B).
Concerning the NSC- and CPT + NSC-trested samples. a
mearked decrease in the percentage of viable nudel (27.18 + 6.76,
3152 + 1L18%) k5 observed with a concomitant Increase In
the percentage of nuclel subjected to PCD (5212 = 549,
4653 + 12.7%) and necrosls (2738 + 620, Z1.9 + &.20%).
Similarly, a reduction In the percentage of viable nudel
observed for CPT-treated samples (2105 £ 291%), where the
maost represented nudel belong o cass 2 (5713 + 6.82%),
characteristic for the presence of necrofic events.

Orverall, the imposed trestments decrease cell vitality amd
indisce different types of cell death events. The most severe
effects are observed with the CFT treatment, chamacterized by
a high level of necrosis whereas PCD events prevall in the
MNSC trestment. In the CPT + MSC combination, both PCTY
and mecrosis evenis are registered st similar levels.

The Imposed Treatments Cause
Accumulation of DNA Damage

To quantitatively measure DMNA damage, SCGE was performed
using both the alkaline and neutral versions of the assay.
Representative images for each nudel class (0-4) are provided
{Figure 3A). The neutral version generally detects douwble-
stranded breaks (DSBs) whereas the alkaline verston inchsdes
different types of breaks such as single-strand breaks (55Bs)
formed from alkall-labdle sites, DNA-DMA, or DNA-protein
cross-links (Vemtura et al, 2013). Compared to NT, the
MSC-treated samples showed a 7.22-fold Increase In the level
of DMA damage under alkaline conditions while only a 1.99-
fiodd increase was observed under neutral conditions (Figure 3B).
A 586 and 5.79-fold Increase In the level of DMNA damage
was observed In the CPT-treated mamples under alkaline and
netral conditions, respectively. The CPT + NSC-treated samples
showed a 13.7-fold Increase In the level of DMNA damage In

alkaline conditions while an S.4-fold Incresse was detected
under newtral conditions. Considering the DMS0 controls, no
significant diferences in the accumulation of DNA damage
as 1585 are evident under neutral conditions. However, a small
but significant Increase In the levels of DNA damage was
registered under alkzline conditions This may suggest that
DMS0 could generate 55Bs, alkali-lsbile sttes, Incomplete
excision repair sites, and DNA-DMATPCs rather than more
extensive damage ke DSBs

Orverall, the observed results indicate that the administration
of CPT/MSC agents cause an accumulstion of both 55Bs and
DEBs, but at duferent degrees depending on the type of
treatment While In the case of M5SC, 55Bs and assoctated
damage types are prevalent, for the CPT treatments an additional
incresse In the presence of DSBEs s observed. The combination
of the two sgents (CPT + N5SC) resulted In the highest bevel
of DMA damage, combining D5Bs, 55Bs, and associated damage,
the latter belng most prevalent

CPT/NSC Treatments Trigger Differential
Expression of DDR-Related Genes

Given that CFT/NSC treatments resulted in reduced seedling
growth, Increased cell mortality, and sccummdation of DNA
damage, the next step consisted in the evaluation of DDR-related
gene expression profiles using BT-gPCE. The following genes
were selected:

1. 501, as the master-regulator of plant DDR;

2. TDWPla, TDP1E, TDWP2x, Topla, and Top2, as genes that
encode for proteins most probably affected by the CPT and
NSC inhibiors;

. MRER, RADsD, NBES1, PARPI, ERCCE, amd MUSEI. as
genes that encode for protelns involved In repalr processes
considered as alternative to the function of TDFT genes
The genes belonping to the MNE complex were selacted
a5 they represent the frontline players in the detection and
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signaling of D&Es, thus HE and NHE] repair pathways. On
the other side, PARPI, ERCCi, and MUSS! are assoclated

with both BER and DPC repair Al selecied genes were
already validated in M. trumcatuia calll exposed to MEC 120686
(Macovel et al, 2008a).

4 TOR, CDEAR, CycBi, CycD2, and CpcD3, as genes that
encode for profeins known to be involved In the regulation
of the cell cycle.

Eecause the expression of the genes appears to be influrnced
by DMS0 (Supplementary Figure 54), and to evaluate the
real effect that CPT and WSC treatments may Induce at the
level of gene expression, the data are presented s FC to control,
where the control is represented by each cormesponding DMS0
concentration. The FC values were used to generate a heatmag
(Figure 4], where blue color indicates downregulated genes
and red color indicates wpregulsted penes compared to their
respective controls. The ANOVA analysis show statistical
duferences (p < 0.05) between ireatments and controls for the
majority of investigated genes (Supplementary Table 54). These
results show that the 5041 gene i1s upregulated by CFT and
downregulated by MNSC, suggesting a contrasting effect of the
two treatments at the bevel of DDR. This contrasting trend &
maintained as well when looking at the expression levels of

maost  imvestigated genes. TDPia, TDPIF, and Topla are

upregulated by N5C and downregulated by CFT treatments
Conversely, most of the genes Involved In altermative DNA

repalr pathways (PARPI, ERCCI, MUS21, MREII, and NESI)
are upregulated by CPT and downregulated by NSC treatments.
Within the genes involved In the regulation of the cell cycle,
Cdkal, Cycd3, and TOR are upregulated during CPT treatments
wheress Cwcbl 5 upregulated by NSC. The concomitant
administration of CPT + N5C had a duferent response compared
to the individual CPT or N5C irestments; mamely, most of
the Investigated genes are downregulated and the only upregulated
genes are TDWP2x, MUSEI, and Cpcd2

Orverall, the gene expression data indicate a contrasting effect
for the single administration of NSC and CFT trestments along
with a distinct response In case of the synerglstic exposure
to both compounds where most Investigated genes appeared
downregulated.

Expression Analyses of Selected
microRNAs and Their Putative Targets

Simce the main goal of this work was to dentify miRMAs
able to regulate DDR-associated processes, we proceeded with
the imvestigation of diferent mIRMA-target gene pairs, previoushy
identified from biomformatics analyses as being related to DDE
processes ( Bellato et al, 2019). The expression profiles of selected
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miEMAs and putative target genes were Investigated in the
CPT/NSC system, proven to affect DDE. Specifically, the
following miBMA-gene pairs were conshdered:

1. mir-miR156a, Mdentified as putatively targeting UBE24
{ubdguitin-conjugating enzyme, Medtrdg108080), imvalved In
histone modification processes.

2. mir-mirl 72c-5p, putatively targeting RADS4-like (DNA repair
and recombination RADS4-like protetn, Medtrsgoo4ar2o),
involved in D5Bs repair.

3. mir-miR2600e, putatively fargeting SAT  (anthocyanin

S-aromatic  acyltransferase, Medir2gigs765), mvolved In

antioxidant defense.

mir-mir3%e, putatively targeting  DMAPD  (DMA

methyliransferase 1-assoclated proteln, MedirlgDBasao),

associated with histone modifications.

5. mir-miR5741a, putsttvely targeting E2FE-like  (E2F

transcription  factor-E2FE-like  protetn, Medirdgl0ss40),

involved In DMA-dependent DNA replication.

mir-mif1&8a, targeting AGOIA (Argonaute protein 1,

Mediregd7 7980}, used as a control since the relation between

this miFEMA and target gene has already been experimentally

validated (Vaucheret et al, 2004, 2008)

The expression profiles of miENAs and putative target genes
are shown In Figure 5 while assoctated statistics are ghven In
Supplementary Table 54. First, their expressbon in non-treated
(NT) samples was monttored o evaluate their behavior under
physiological conditbons. As shown in Figure 5A, while the
majority of the tested mIRNAs are highly expressed {except
fior mir-miR395¢), the expression of their putative target gene
15 significantly redwced, thus corroborating the expected trend
where miEMAs activity inhibiis the expression of the targeted
gene. The ability of miR168a to target AGOIA gene Is a well-
known fact to the sclentific community (Vawcheret et al, 2004,
2004), therefore, this miENA was chosen as quality control
for function/target validation. Indeed, a low level of AGDIA
expression corresponds to a high level of miltl68a expression
In NT samples (Figure 5A). Looking into the expression of
this specific mIENA and bs target geme during the imposed
treatmenis, 1t 15 evidenced that when the expression of miE 168
I bow, the expression of AGOIA 15 high, and vice-versa
(Figure 5B).

Since gene expression 15 Infleenced by DMS0, also in this
case, data are represented as FC to respective controls amd
pathered n a heatmap (Figure 5C) where blue color represents
downregulation and red color represents upregulation. Chverall,
the heatmap shows that under most conditions when a3 miRMA
5 upregulated the corresponding camdidate target gene ks
downregulated. Looking at the miRMAs expression according
to each treatment, it is possible to observe a treatment-spectfic
behavior where different miRMAs expression 15 triggered by
different ireatments. Mamely, mir-miR156a and mir-miRA 5671
are wpregulated by CPT, mir-mif172c-5p is upregulated by
NEC, and mir-miRz600e are upregulated by CPFT+NSC

Crverall, an indirect evidence of miEMA actbon over these
targets 15 provided; the contrasiing profiles  between

miRMNA-predicted target abundances support the evidence that
these mIEMAs could repress the expression of these targets.

Principal Component Analysis for Data
Integration

Principal components analysls was wsed o Iovestigate the
differences between samples and which variables most contributed
io these differences (Figure 6). The X-axis and Y-axts show
the principal dimension Diml and DMim2 that explain 29.1
and 21.5% of the total vanance, respectively. Predsction ellipses
are such that with probability 0.95, 2 new observation from
the same group will fall inside the ellipse. The ortentation of
the ellipses shows that the most diferent samples are those
treated with CPT and CPT + NSC whereas the N5C treatment
is located in the procimity of DMS0_CM- and DMSO_M-
treated samples (Figure 64 ). Other distinctive groups are formed
by the NT and DMS0_C samples located in the upper-right
panel. Hence, the plotied data allow a dear separation of the
majority of the samples according to the Imposed treatments.
The observed vicinity among replicates s indicative of data
relizbility. The vartables that most contribuded to the group
differentiation are represented in a Nght blue color (Figure 6B).
Among the phenotypic parameters, the most representative
vartables inchsde seedling length, cell death, and DINA damage.
Amidst the mvestigated genes, DMAPI, E2FE-like, PARPI,
Cyod3, and Cycd? had the highest contribution bat also TDPL,
Topia, Top2, and WBS1 are well- represented. When considering
the mifMAs, it 15 relevant to underline that these had an
important contribution to the differentiation of the samples
and the most represeniative omes are mir-miR2600e and
mtr-mif5741.

DISCUSSION

In this work, CPT and MSC120686 were wsed zlone or
combination toe develop an original experimental system
which plant specific DR functions would be altered so that
miRMAs associated with DDE pathways could be revealed
CPT 15 & widely wsed agemt much employed In anticancer
theraples due to Its activity as Topl inhibltor since 1t Intercalates
between DNA breaks flanking the Topl-cleavage complex
{Pommier et al, 2000} CPT 15 known for s cytotoxic effects
also In plants (Buta and Worley, 1976; Takshashi et al, 2002)
where enhanced levels of cell death had been registered (Locato
et al, 2006 [akimova et al, 2020) presumably through the
accumulation of Topl-covalent complexes as in the case other
eukaryotes. On the other side, the NSC120686 compound was
recently identified based on virtual screening of pharmacophores
able o Inhibit human Tdpi (Weidlich et al, 2000} and
subsequently used in combination with CFT-derivates to inhibat
the growth of different cancer cell Hnes (Perego et al, 2012).
Medicago fruncatula calll treated with different concentrations
of WSC120686 displayed enhanced levels of cell mortality and
DNA damage (Macoved et al, 2018a). So far, combined application
of the two agents has not been reported In plants.

In
In
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Before evaluating the possible imvolvement of mIENAs In single administration of N5C had a3 milder effect (FHgure 1).
this system, It was first mecessary to prove that it targets Hence, the phenotyplc changes could be mostly attributed
DDR-assoctated processes. The phenotyplc investigation revesled  to CPT, as In agreement with previous stisdies, where 25 pM
that CPT and CPT + M5C had 3 major effect on seedling of CFT substantially inhibited the growth of Arabidopsis
development mostly by Inhibiting radicle growth while the plantlets while concentrations higher than 50 pM resulted
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In & strong impailrment of both roots and shoots at young
seedling stages (Takahashl et al, 2002). In accordamce with
the observed phenotypes, enhanced levels of cell death and
acoumulation of DNA damage were evidenced (Figures 2, 3).
Interestingly. different types of cell death events and DMNA
damage were encountered according to the Imposed treatments.
While CPT administration resulted In enhanced lewvels of
necrosls and accumulation of D5Bs, the delivery of MSC was
accompanied by PCDY and accumulation of 55Bs, DNA-DNA,
or DPCs. For the CPT + NSC combination, both PCD and
necrosls events are present at similar levels while the high
levels of DNA damage Indicate the most genotoxic effect.
Previous literature reporis that CFT resulis in the accumulation
of DPCs (Enderle et al., 2019b) and DSBs (Ferrara and KEmilec,
2004; Berntak et al, 2013), lestons know to be associated
with necrotic events In plant cells (Rowan et al., 2010; Song
and Benmt, 2004). On the other hand, bw concentrations of
NSC120686 resulted in enhanced levels of PCD in M. frumcatuls
calll {Macovel et al, 2018a)

The outlined distinction between treatments was maintained
when consldering the expression profiles of selective genes
belonging o different DMNA repalr pathways and cell cyde
regulation (Figure 4). In addmion to TDP, a, and §, and
Topla genes, TDF2a, and Top? genes were Investigated because
of the closed connection between these two, as TDP2 enzyme
15 invoibved 1m the remeoval of DMA Topll-mediated DMA damage
and cell proliferation/differentiation signaling (Cortes Ledesma
et al, 2009). Moreover, the overexpression of TDP2g gene In
M. truncefuls was correlated with a decresse in the accumulation
of [M5Bs, increased cell proliferation, and enhanced resistance
to stress (Confalonleri et al, 2014; Faé et al, 2014 Aradjpo
et al, 2016). Gemes involved In DNA repalr altermative io
TDP1 (Pommier et al, 2014) indude the MNR complex,
composed of MREI, NB31, and Radso, known to be involved
In the detection of DBSs and HE. (Manova and Gruszka, 2015)
as well as PARPI, MU581, and ERCCH tmvolved in BER and
DPC repair (Enderle et al, 2009k, Robddn-Arjona et al, 2019).
Since DDR includes a response from both DMA repair and
cell cydle regulation, several cydins (Cdkal, Cycbl, CyodZ, and
Cyrd3) were Investigated alongside the master-regulstors TOR
and SOGI. The observed changes in the expression profiles
of 300GT gene Indicate that DDR ts truly affected by the imposed
treatments; hence, we can conclude that the developed system
has an impact on DDE. To briefly summarize the behavior
of the tested gemes In assoclation with the phenotypic
observations, the following assumptions are faken Imio

I. During the CPT treatment, Topl enzyme Is presumsbly
blocked, Topl-DNA covalent complexes would accumulate
and high levels of DNA damage and cellular mortality are
registered, resulting I substantial inhibition of seedling
growth. In this situatbon, TDFP! and Topl genes are inhibited
while genes Involved in DNA repair pathways altermative
o TOP1 are highly active. Based on the expression of genes
imvolved In the cell cyde, this 15 delayed presumsbly to
allow the repalr of the induced DMA damage.
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FIGURE 7 | Schamatic neprsantaton of tha proposad efiects of GFT and
NS, Infibiors of Top and TOF anoymes, on DHA rapalr pethweeys ond ool
Oycia reguinion during M. funosie Goty seading devslopmeant. GFT,

camiplothacing MEC, TOF 1 Inhiblar NSC120630.

2. When N5C 15 given, the TDP1 enzyme would Interact with
this mimicking compound, thus being prevented from
engaging with s substrate and hydrolyze the crosslink
between Topl and DMA. In twrn, this may again lead to
the accumalation of these complexes and the subsequently
observed enhancement in the levels of cell death and DMA
damage, although at a lesser extent, In agreement with the
phenotypic observations In this case, the TDP! and Topl
genes are active, the alternative DNA repair s Inhibited,
and the cell cycle 15 progressing.

. The CPT + N5C combinatbon may target both TDF1
and Topl functions and this leads to the highest cytotoxic
and genotoxic effects. corresponding to the obstructed
seedling development. In terms of gene expression, this
treatment Induced the downregulation of most of the
Investigated genes, affecting both DNA repair and cell

cycle progression.

In a previous bloinformatics investigation, we have wdentified
specific miEMNAs {mtr-miB 1558, mir-mirl 72c-5p,
mir-miR2600e, mir-mir3sse, and mir-miB5741) putatively
targeting genes assoctated with DDE processes (Bellato et al.,
2019). Among these, miR156 18 an evolutionarily conserved
family, although diversification in ii5 members, sequence, and
functions are present (Sunkar and Jagadeeswaran, 2008; Cul
etal, 2017). Others, like mIEMNA 172 family has been associated
with seed development alongside with other regulatory functions
(Smoczynska and Seweykowska-Kulinska, 2016). High-
throughput sequencing of M. truncatuls seedlings found
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that mik156 and miR172 are involved In salimity stress
(Cao et al, 2008). MiR395 15 Involved in sulfate assimilation
regulatory network (Matthewman et al, 2012) whereas miB5741
has been associated with roles in the defense response (Slemens
et al., 2006). It 1s therefore clear that these milEMAs have
been studied mainly In relation to plant development and
respanse to hiotic/ablotic stress. The RT-gPCE analyses
performed In this work Indicate that they are also Invalved
In the response to genoloxic siress, as Indicated by their
differenttal expression Induced by the CPFT/NSC treatments.
For example, mir-miR172c-5p 15 upregulated in M5C treated
samples and downregulated In CFT treated samples. By
observing the expression profiles of its putatively targeted
gene E2FE-like, 1t 15 shown that an upregulation of the miENA
15 accompanled by a downregulation of the gene predicted
to be ms target Importantly, this gene 1s 3 homolog of the
Arabidopsis E2F transcription regulastor shown to be nvolved
In cell cycle regulation, DMA replication, and DMNA damage
repalr, In pathways alternative to S0G1 (Berckmans and
De Veylder, 200%; Hoa et al, 200% Gutzat et al, 2002)

In conclston, by inducing seedling growth inhibibon,
accumulation of cell death, and DNA damage, along with the
duferential expression of genes involved in DDE, the developed
CPI/NSC system actively imfluence DDR-assoctated processes,
Above all, we demonstrated that specific miENA-farget gene
patrs, identified from a bininformatics approadh, are responsive
to the imposed treatments, thus showing that these miEMNAs
have a role to play 1n DDE. This study extends the knowledge
regarding the roles played by miBEMAs in the post-transcriptional
regulation of DDE m plants. This may disclose new regulatory
networks with further possibilities regarding biotedh application
relevant to enhance crop adaptation to genodoxic stresses. Given
the complexity of regulatory networks and since miENAs can
repress multiple targets, further functional validation studles
are nesded to cormoborate these supgested roles i DDE. This
Is particularly relevant to clarify if other regulatory mechanisms
might be responsible for the observed downregulation of farget
BENES EXpPressioa.
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Key message

Two heteromorphic wheat wild relatives show different longevity profiles when exposed to arificial
ageing and gene bank storage, with ROS accumulation in aged seed lots and differential
expression of genes coding for enzymes related to the hydrogen peroxide scavenging pathway.
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ROS=Reactive oxygen species

SB=Gene bank storage
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Abstract

-Seed longevity is a complex trait that depends on numerous factors. Seed longevity vanes among
species and populations, and also within different seed morphs produced by the same plant. Little
is known about variation in longevity profiles in different seed morphs as well as the physiological
and molecular bases of these differences.

-Im this study, we compared controlled ageing tests (seed storage at 45°C and 60% of relative
humidity, & method of accelerated ageing used to estimate longevity in genebank conditions) with
storage in a genebank for more than forty years (-18°C and 8% of seed moisture content). We
employed as study species two wild wheats characterized by seed heteromorphism: Aegilops
tauschii and Trticum boeoticum. Additionally, since oxidative siress is considered the main cause
of seed ageing, we estimated the reactive oxygen species (ROS) content and the expression of
genes coding for enzymes related to the hydrogen peroxide scavenging pathway

-Results confirm that seed longevity varies between different seed morphs. Different storage:
environments resulted in different longevity profiles and survival curves. ROS levels, even if with
variable patterns, were higher in several aged seed lots, and we observed consistency in the
expression of fwo genes (GER and CAT) related to ROS scavenging in the late phase of pre-
germinative metabolism. -
Differences in seed longevity between morphs were observed for the first time under genebank
conditions. Cur results suggest also that controlled ageing tests should be used with caution to

infer ranks of longevity under cold storage.
Introeduction

Seed lifespan is an extremely variable trait that depends on genetic and environmental factors. The
exploration of the mechanisms regulating seed ageing is one of the central topics of seed science

(Zinemeister et al., 2020). The ability of crthodox seeds to retain vigour and germination capacity,
2
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i.e. seed longevity, relies on desiccation tolerance and the anhydrobiotic state developed in the late
stages of seed maturation, and these features allow seeds to overcome environmental conditions
unfavourable for germination and establishment (Black & Pritchard, 200:3; Pritchard, 2004,
Ballesteros ef al,, 2020). Temperature and relative humidity can modify the dynamics within this
anhydrobictic state, thus influencing seed longevity. Indeed, dry and cold conditions are exploited
to extend seed lifespan in ex st conservation within genebanks, while high RH and temperature
can be used to artificially accelerate seed ageing in order to study their longevity profiles and
ageing dynamics in laboratory conditions (Walters, 1998; Groot et al., 2012; Hay et al, 2019).
However, both humidity and temperature affect seed longevity in different ways at the species and
population level, with different species and genotypes showing different behaviour under different
storage conditions (Zinsmeister et al., 2020). Moreover, the accuracy of laboratory methods of
accelerated ageing (AA), such as controlled artificial ageing test (CAT) or controlled deterioration
test (CDT), used to estimate longevity under genebank conditions, are being questioned for their
accuracy (Schwember & Bradford, 2010; Roach et al., 2018; Buijs ef al., 2020). Despite this, few
seed longevity studies on long-term, cold-stored material are available, as well as comparative

studies between artificial ageing and seed ageing in genebanks (Guzzon ef al., 2021).

Oridative stress is considered as the main driving force of seed ageing, depending in large part on
reactive oxygen species (ROS) accumulation and their mobility through membranes, accompanied
by a decrease in antioxidant capacity (Kurek ef al., 2019). To cope with oxidative stress plants put
in place a complex antioxidant machinery that can be divided into an enzymatic response, mainly
consisting of enzymes belonging to the glutathione-ascorbate cycle, and a non-enzymatic one,
composed of low molecular weight antioxidants (Bailly, 2004; Kurek ef al., 2019). Among the
antioxidant enzymes, superoxide dismutase (SOD) dismutates superoxide radicals into oxygen
and H,0,, which in fumn ig directly eliminated by the action of catalase ({CAT). The ascorbate-
glutathione cycle is also invelved in the H,O, scavenging, and it comprises ascorbate peroxidase
{APX), monodehydroascorbate reductase (MDAR), dehydroascorbate reductase (DHAR) and
glutathione reductase (GR, or sulpho-reductase, GSR), all involved in the regeneration of

antioxidants such as ascorbate, glutathione and a-tocopherol (Bailly, 2004). Protection and repair
3
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are thought to be the two main mechanisms regulating seed longevity (Sano et al, 2016). Indeed,
even if endowed with the aforementioned protective mechanisms, seeds are subjected to cellular
damages during ageing that are accumulated, together with ROS, during storage. However, during
the pre-germinative metabolism induced upon imbibition the redox balance can be restored and
oxidative damages are repaired before the completion of the gemmination process (Sano ef al,

2016).

Understanding the molecular mechanisms involved in shaping seed longevity is siill challenging, as
this trait is a complex biclogical process that depends on numercus environmental, physiological
and genetic factors. Indeed, even if different seed lots are stored in the same conditions (e.g. cold
storage, accelerated ageing), seed longevity greatly varies among species, but also within the
same taxon, e.g. different populations and cultivars (Mondoni ef al, 2018, Guzzon et al, 2021). On
the other hand, also within the same genotype, and within different seeds produced by the same
mother plant, differences in longevity can be cbserved. Several wheat wild relatives of the genera
Aegilops and Triticum show seed heteromorphism, ie. the production of different types of seeds by
the same individual (Gianella et al., 2021). Different seed morphs produced by the same mother
plants show significant differences in terms of longevity when subjected to artificial ageing but also
in terms of soil seed bank persistence (Calucci ef al., 2004; Guzzon ef al., 2018; Gianella et al.,

2020). These heteromorphic species provide an excellent system to study seed longevity.

Ewven though efforts are being made in order to disentangle the molecular and physiological drivers
of seed longevity, and recent studies have shed light on intraspecific varation in longevity profiles
{e.g. Magel et al., 2011; Hay et al., 2013; van Treuren ef al,, 2018; Guzzon ef al., 2021), still [itfe is
known about the behaviour in terms of longevity in heteromorphic species. Moreover, fewer data
are available on the behaviour of the same genotype responding to different ageing conditions, i.e.
cold storage vs artificial ageing (Nagel et al., 2015). Therefore, here we explored the longevity
profiles of two dimorphic wheat wild relatives subjected to artificial ageing and to long-term
genebank storage: Aegilops tauschii Coss., donor of the DD genome to the hexaploid bread wheat

( Triticum aestivum L), and Trticum monococcum subsp. aegilopoides (Link) Thell. (= Trficum
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boeoticum Boiss ), wild ancestor of cultivated einkom wheat ( Triticum monococcum L. subsp.
monococcum). We compared the survival curves between morphs and ageing conditions, and we
further explored the seeds lifespan by evaluating the ROS accumulation and the expression of
genes coding for enzymes involved in HO, scavenging. We further characterized the germination
profiles of fresh and aged seeds along with imbibition and the activation of the pre-gemminative
metabolism. We hypothesized that different morphs respond differently to the ageing reatments,
namely artificial ageing and genebank storage, possibly with differential oxidative stress degrees in
terms of ROS accumulation and antioxidant gene expression depending on the ageing and

imbibiticn timepoint.

Materials and methods
Plant Material

Caryopses (hereafter referred to as seeds) of Ae. fauschii (AE 278) and T. monococcum subsp.
aegilopoides (for simplicity, hereafter referred to as T. boeoficum) (TRI 10061) were kindly
provided by the Genebank Department of the Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Gatersleben (Germany). AE 278 was ariginated from Afghanistan and supplied by
the VIR genebank St. Peterburg (Russia) in 1974 whereas TRI 10061, with geographical origin
Saoviet Uinion, was obtained from the Botanical Garden Bmo (Czech Republic) in 1972 In both
species seed longevity loss has been investigated after 40 years of genebank bank storage at the
IPK (-18 £ 2°C, 8 = 2 % seed moisture content; hereafter referred to as “SB”) and under artificial
ageing condition (hereafter referred to ag "AA"), using for the latter fresh seeds produced by plants
of the same genotype held in genebank (Table 1). Seed samples were regenerated at the
experimental fields of IPK in Gatersleben (latitude 51° 49' 19.74" N, longitude 117 17" 11.80" E,
110.5 m_a.z |, black soil of clayey loamy type) and the collected seed lots are hereafter referred to
as “fresh” or 0d. Seeds were extracted from the spikelets and sorted out according to the morph as
previously described (Gianella ef ai., 2020): the larger, basal morph A’ and the smaller, apical

maorph ‘B°. After the cleaning process, seeds were kept in standard dry-room condiions at the Plant
5
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Germplasm Bank of the University of Pavia (ltaly) at 15% relative humidity (RH) and15°C (ISTA,

2018) until use.
Germination tests and imbibition curves

Germination tests were carried out in triplicates of 20 seeds each in Petri dishes with 1% agar as
substrate. Dishes were placed in temperature- and light-controlled incubators (LMS, Sevenoaks,
UK) uzing a 12-h daily photoperiod (photosynthetically active radiation 40—50 pmol m? %) at 20 *C
(see Guzzon et al., 2015). Petri dishes were checked every 12 h for germination, and seeds scored
as germinated once the radicle had reached 2 mm length. At the completion of each germination
test (4 weeks after sowing), non-germinated seeds were cut-iested to confirm whether they were
empty. Imbibition curves were determined using 6 replicates of 5 seeds, placed in Petri dishes
between double filter paper discs, moistened with dH:O and sealed in plastic bags to avoid
evaporation. Seeds were then withdrawn; the residual superficial water was removed with sterilized
filter paper and seed mass was measured at 1h-intervals until radical protrusion was observed.
Water uptake was estimated by subtracting dry mass to the weight registered during imbibition and

expressed as increase in % (Louf et al. 2018).
Controlled ageing test (CAT)

Seed longevity was tested with a modified protocol for artificial ageing from Newton (2009),
acconding to Guzzon ef al., (2018). Prior to storage, seeds were first rehydrated for 14 days in
open Petri dishes over a non-saturated solution of LiCl in a sealed electrical enclosure box (Ensto
UK, Southampton, UK) at 47% RH and 20 “C. Thereafter, seed equilibrium relative humidity (eRH)
was verified with an AWDI0 water activity probe used in conjunction with a Hygro-Palm 3 display
unit (Rotronic Instruments UK, Crawley, UK). Once the seeds had reached eRH, the initial
germination was assessed using friplicates of 20 seeds and the protocol described above. Next,
seed lots were stored in the dark in a sealed box over a non-saturated LiCl solution at 60% RH at
45 + 2 °C, placed in a compact incubator (Binder FD53; Binder, Tuttlingen, Germany). When
necessary, aliquots of distiled water were added to the LiCl to keep the RH at the required

equilibrium, which was monitored inside the enclosure box (Tinytag View 2 Temperature/Relative
[
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Humidity Logger; Gemini Data Logger, Chichester, UK). At nine intervals during storage, three
replicates of 20 seeds per lot were extracted and viability was tested with the same protocol as

used for the preliminary germination fest, until a complete viability loss was reached (Table 1).
ROS defection

The fluorogenic dye 2', 7 -dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich, Milan ltaly) was
used to gquantify ROS levels released from dry seeds. Following deacetylation by cellular
esterases, the dye is converted to a non-flucrescent molecule which is subsequently oxidized by
ROS into the highly flucrescent 2°, 7-dichlorofluorescein (DCF). The assay was camied as
described by Macovei et al. (2016) with the following modifications. Dry seeds were incubated in
the dark for 30 min with 150 pl of a 10 M DCF-DA solution. Subsequently, three replicates (S0 pl
each, per seed lot) were pipetted into 0.2 ml tubes and the emitted flucrescence was measured
using the green channel (510 + 5 nm) of a Rotor-Gene 6000 PCR apparatus (Corbett Robotics,
Brisbane, Australia), after a single cycle of 30 s at 25°C. As negative control, three replicates
containing enly DCF-DA were used to subltract the baseline fluorescence. Relative flucrescence
was calculated by normalizing samples to controls and expressed as Relative Fluoregcence Units
(R.F.U).

gRT-PCR

The RMNA extraction was performed according to Ofiate-Sanchez & Vicente-Carbajosa (2008) from
dry, 1h- and 18h-imbibed seeds of Ae. fauschil, and from dry, 1h- and 14h-imbibed seeds of T.
boeoficum. Retro-transeription was carmied out using the iScript cDNA Synthesis kit (Bio-Rad,
Milan, ltaly), according to the manufacturer's instructions. gRT-PCRs were performed using SYBR
Green gPCR Master Mix (2X) (Fermentas, Milan, Italy) and a Rotor-Gene 6000 PCR apparatus
{Corbett Robotics, Brisbane, Australia). For oligonucleotide primer design, sequences were
obtained from the online database EnsemblPlants: an alignment was performed between
sequences from Ae. fauschii and T. boeoficum with the online software Mulfiple Sequence

Alignment by CLUSTALW in order to select common and species-specific primer oligonucleotides
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used for the amplification of reference and target genes. The resulting oligonuclectide primers are

listed in Table 51.

To analyse the expression of genes encoding enzymes belonging to the ascorbate-glutathione
ROS scavenging pathway (ascorbate peroxidase, APX, catalase, CAT, dehydro-ascorbate
reductase, DHAR, glutathione reductase, GSR, mono-dehydro-ascorbate reductase, MDAR and
superoxide dismutase, SOD) the geomefric mean of two reference genes, was used as standard
control. Quantification was camied out using the following genes as reference genes for the
experimental conditions (AA and SB) used in this work: ARF (ADP-ribosylation factor) and ELF
(elongation factor 1-alpha) for Ae. tauschii A& and SB seeds, ACT (actin) and ELF for T.
boeoticum SB, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and UBI (ubiquitin) for T.

boeoticum SB. Selection was performed using the GeNom algorthm (hitps-ffgenorm.cmagg be)

(Figure 51 and 52). Oligonuclectide primers were designed with the online software Primer3Plus
and thermodynamic parameters were checked with Oligoanalyzer (Table §1). gRT-PCR conditions
were denaturation at 95 °C for 15 &, annealing at 60 *C for 30 s and elongation at 72 *C for 30 s.
Once aspecific luorescence was subltracted, the raw flucrescence data obtained from the Software
Rotor-Gene 6000 Series 1.7 (Corbett Robotics) were used to retrieve PCR Efficiency (E) and
threshold cycle number (Ct) for each transcript quantification. The Pfafl method (Pfaffl, 2001) was
used for relative guantification of transcript accumulation and the two reference genes, selected for
each species in the different ageing conditions, were used to normalise the values by calculating
the ratio between target gene transcripts and the geometrical mean of the reference genes

transcripts.
Statistical analysis

Statistical analysis was camied out in SPSS5 21 and Genstat 9. Origin Pro 9.1 was used to build
survival curves and heatmaps were plotted in the R software environment for statistical computing
and graphics (v. 4.1.0). The R packages used are: fidyr (Wickham, 2021), dplyr (Wickham et al_,
2021), and ggplot2 (Wickham, 2016). Before analyses, data were checked for normality and
homescedasticity (Shapiro—Wilk’s and Levene’s tests, respectively). Probit analysis was camied out

8
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using GenStat 9 to obtain the time for viability to fall by 50% (psg), used then as measure for seed
longevity by fitting the viability equation (Ellis & Roberis, 1980) as previously described by Gianella
ef al. (2020). Pz were compared between seed lots belonging to the same species and subjected
to the same ageing condiions (A4 or SB) using T student’s tests. A GLM with gamma distribution,
leg link, was applied to compare the longevity profiles of the two morphs in the two species when
subjected to the same ageing freatment. Heatmaps represent the Log: fold change (Log2FC) of
the relative gene expression and ROS levels of aged seed lots (AA and SB) compared to the
controlg, i.e. the maximum germination % of freshly harvested seeds (0d Ae. favschii, 21d T.

boeoficum due to after-ripening).
Results
Imbibition and germination

Fresh seeds of Ae. tawschii and T. boeoticum were subjected to imbibition and germination tests in
order to select the appropriate timepoints for subsequent analyses. Both species showed the
quickest water absorplion in the time interval between imbibition and 1 h of soaking (Figure 53).
Thus, the 1 h-interval was selected in order to analyze the ROS content and gene expression after
the activation of the pre-geminative metabolism induced by water absorption. 1h imbibition is also
the endpoint of the so-called ‘abrupt imbibition’ in wheat, comesponding to the embryo water
uptake, followed by the water absorption in the other seed parts (Lev & Blahovec, 2017). Another
fime point was selected, comesponding to two hours before the first radicle protrusions were
observed for Ae. tauschii (18 hours after imbibition, Figure S3a), for T. boeoficum (14 hours after
imbibition, Figure $3b). This was done in order fo select an appropriate timepoint for the analysis
of the late stage pre-gemminative metabolism, while avoiding the comparisons among different
phenological states (seeds vs radical protrusions). Unlike Ae. tauschii, which did not show any
after-ripening requirement, both morphs of T_ boeoticum reached the maximum germination
percentage after 21 days of AA treatment (Table 52). Therefore, this imepoint was chosen as

control for the subsequent analyses, while 0 days was chosen as conirol for Ae. fauschii.

Seed bank and artificial ageing
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Pz was calculated for the two species in the SB and AA conditions and the survival curves fitting
the viability equations are represented in Figure1. When subjected to AA, both species showed
significant differences in terms of psp among morphs: Ae. tauschil, A =39.66d, B=4955d, P<
0.05, Figure 1a; T. boeoficum, A =37.02d, B =51.49d, P < 0.001, Figure 1c. In SB conditions,
Ae. fauschii showed no differences among the two morphe (A =27.76y, B = 27 .49 y, P = 0665,
Figure 1b), while the two morphs of T. boeoticum showed significantly different longevity profiles
(A=3895y, B =5566y, P<0.001, Figure 1d). Thus, Ae. tauschii morphs showed different
longevity profiles when subjected to 5B and AA_ Also, the two species showed similar lifespans
when subjected to AA (GLM, species*morph Wald Chi-squared=3.071, P=0.08), while both momphs
of T. boeoticum were largely longerlived than those of Ae. tauschii during SB storage: the
species*morph interaction had a stafistically significant effect on pgy (Wald Chi-squared=27 402,
P=0.001), with morph A and B of T boeoficum significantty longer-lived than morph A and B of de.

tauschii, respectively (Bonferroni post hoc, both P<0.001).

For subsequent analyses, different conditions were chosen in order to evaluate ROS contents and
gene expression in dry seeds, and at the starfing and ending points of pre-gemminative metabolism
at different ageing timepoints. For A%, pg of seed A and B for both species (PA and PB) and Od for
T. boeoticum, freshly harvested. For 5B, three different years of harvest per species were
considered for further analyses: Ae. fauschii 1978 (T78), 1999 (T99) and 2008 (TO8); T. boeoticum,

1980 (BED), 2002 (BOZ), 2005 (BOS).
ROS accumuiation in aged seeds

ROS content was evaluated in AA and SB seeds, and the accumulation relative to the conirols was
represented by means of heatmaps in Figure 2 (AA) and Figure 3 (SB). See Table §3 for mean
values and standard deviations. In both species, ROS accumulation was observed along with AA
compared to the controls (Figure 2 a, b) at 1h after imbibition in both morphs, while at the end of
the pre-germinative metabolism a significant decrease was observed except for aged seeds A of T.
boeotficum. Also, in dry seeds of Ae. fauschii a higher ROS accumulation was observed when

compared to the controls (Figure 2a), while in T. boeoticum both fresh and aged seeds showed
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lower ROS levels compared to the after-ripened controls (Figure 2b). Regarding SB, a very sirong
ROS accumulation was observed in both morphs of Ae. tauschii, slightly less evident in morph B
and maximum at the beginning of the pre-germinative metabolism (Figure 3a). In T. boeoiicum 5B
seeds the highest increase was again observed at 1 h after imbibition, while ROS levels showed a
decrease in the late stages of pre-geminative metabolizm in the more recent seed lots (Figure
3b). Thus, a more consistent pattern among timepoints and imbibition states was observed during
5B ageing, while AA conditions showed more variables consequences in terms of ROS

accumulation.

In general, in all the ageing conditions a higher ROS accumulation was observed after the
activation of the pre-germinative metabolism (1 h after imbibition), while at the late stage a lower
level was observed in T. boeoficum SB seeds and Ae. fauschil AA seeds. Indeed, high ROS levels

were observed in SB seeds of Ae. fauschii also at 18 h after imbibition.
Expression profiles of genes involved in H:0: scavenging in AA seeds

The expression levels of the genes belonging to the H,0, scavenging pathway were measured in
Al seeds of Ae. fauschii (Figure 2a). See Table 54 for mean values and standard deviations.
GSR and APX transcripts showed an increase in all the imbibition states in the two morphs during
ageing compared to the controls. CAT mRNA was detected at higher levels in dry seeds A at 39
and 49 d of AA (0.37 and 1.75 Log2FC, respectively), with a subsequent increase at 1h after
imbibiticn in both morphs followed by a decrease in the late stage of pre-germinative metabolism.
DHAR mRNA showed lower levels in morph A dry seeds compared to the control (39d=-2.65 and
49d=-2_05 Log2FC), and little variations at 1h and 18h after imbibition in both morphs compared to
the controls. Also, the SOD transcript showed little variation at the late stage of imbibition, while
accumulation was observed at 1h in both morphs (in the range of 0.6-0.7 Log2FC). The MDAR
gene showed very variable expression profiles in the different morphs, imbibition stages and
ageing timepoints.

In T. boeoticum (Figure 2b) dry seeds at 0d, i.e. before the after-ripening in the incubator, only

MDAR (2.88 Log2FC) and DHAR (0.36 Log2FC) genes showed higher expression levels
11
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309 compared to the controls, while the other four genes revealed lower transcripts levels (in the range
310 067 to -1.74 Log2FC). At 1h after imbibition seed A and B Od showed generally lower gene

311  expression levels compared to the control (-0.14 to -1.82 Log2FC). At 14 h after imbibition, seed A
312 showed higher transcript levels for all the tested genes except APX, while seed B showed only

312 upregulation of DHAR gene (3.10 Log2FC). At pg of seed A, 37d, both morphs at the dry state
314  showed lower transcript levels compared to the conirol, while in seed A higher expression levels
315 were observed at both the start and the end of the pre-germinative metabolism, with a notably

316  higher expression of GSR at 14 h (11.37 Log2FC). Morph B showed a higher quantity of SOD

317  ftranscripts at 1h after imbibition, and an upregulation of DHAR and CAT genes at 14 h. At ps of
318 seed B, 51d, litle variation was observed in dry seeds compared to the controls, except for MDAR
319 gene, more expressed in morph B (3.09 Log2FC). At 1h after imbibition transcript levels were

320 higher in seed B and lower in seed A compared to the controls, while, on the contrary, at 14 h gene

321  expression was higher in seed A (especdially for GER and CAT genes) and lower in seed B.
322 Expression profifes of genes invoived in H.O. scavenging in SB seeds

323  The expression levels of the genes involved in the H.O; scavenging pathway were measured in SB
324 seeds of Ae. tauwschii (Figure 3a). See Table 54 for mean values and standard deviations.

325  Motably, both APX and SOD gene expression patterns were consistent with the ROS levels

326 measured in aged seeds. Compared to the controls, APX transcript levels resulted lower (in the
327 range -2.87 to -9.05 Log2FC) whereas SO0 transcript levels were higher (in the range 1.27 to 3.79
328 Log2FC), proporticnally decreasing or increasing, respectively, along with ROS levels and

329  imbibition states. In dry seeds, CAT, DHAR (only morph A) and MDAR genes showed lower

330 expression levels compared to the controls, while GSR showed higher transcript levels. At 1 h after
331  imbibition, expression decreased in the oldest seed lots compared to the fresh controls, except for
332 the more recent seed lots (TOS, 2008), that showed higher levels especially in morph B, and except
333  for the GSR gene, more expressed also in the TS99 (1999) seed lots (0.63-0.82 Log2FC). GSR was
334  also highly expressed at 18 h after imbibition, while DHAR and CAT genes revealed lower

335 expression levels except for morph B of the T99 and TOB seed lots. Also, the MDAR gene showed

12
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higher expression levels but with a more variable trend in the different morphs of the aged seed

lots.

In T. boeoticum (Figure 3b) dry seeds aged in SB conditicns, SOD and GSR transcript levels were
lower compared to the controls, while the MOAR gene showed higher expression levels. CAT and
APX transcript levels showed low variafions compared to the controls, except for morph A of the
oldest seed lot (B80, 1980), that showed higher expression levels (4PX=2.31 and 2.69
CAT=Log2FC). DHAR gene expression was generally lower except for morph B of the 2002 seed
lot (BO2). At 1H after imbibition, lower transcript levels were cbserved compared to the controls,
except for CAT in morph A of the1980 and 2002 seed lots, S00 and DHAR in the morph B of 1980
and 2002 seed lots, respectively, and for DHAR in morph B of the 2002 lot and morph A in the
2005 lot. At 14 h after imbibition, higher GSR and CAT transcript levels were observed more
evident in morph A (3.15 to 9.42 Log2FC). DHAR and SO0 mRNA levels were lower in all the
aged seed lots, except for SO0 in morph B of the 2002 seed lot. MDAR gene expression was

higher in the more recent seed lot (B05) compared to the controls (A=1.64, B=1.91 Log2FC).

In Ae. tauschi a consistent pattemn of the GSR gene expression among ageing treatments and
imbibition states was observed. In T. boeoticum the expression patiern is similar among imbibition

states, in particular in the higher expression of GER and CAT at 18 h after imbibition.
Discussion

The prediction of seed lifespan, and the understanding of the physiological mechanisms involved in
determining it, are crucial for an efficient genebank management, i.e. for planning the monitoring
and regeneration intervals of long-term conservation collections (Walters et al, 2005; Probert ef al,
2009). However, seed longevity varies largely among taxa, populations and even among seed
morphs produced by the same mother plant. Seed longevity is highly influenced by the storage
conditions (mainly temperature and RH) or the laboratory methods used to infer longevity ranks
among species and evaluate their storability (Zinsmeister et al., 2020). Algo, the shapes and slopes

of the sigmoid survival curves extrapolated from the longevity data, and the predicted survival
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parameters such as py; and pg, greatly depend on genotype, and also on the functions chosen to

fit the data (Bernal-Lugo & Leopold, 1998; de Faria ef al., 2020).

In this study, Ae. tauschii and T. boeoticum showed variable behaviours in terms of
heteromorphism when subjected to the two storage environments (A4, SB). In previous studies we
demonstrated that different morphs of the same species respond differently to A& in several wheat
wild relatives, with smaller seeds possessing higher longevity, dormancy and antioxidant profiles
{Guzzon ef al., 2018; Gianella ef al., 2020). These seed traits are known as part of a bet-hedging
evolutionary sirategy that allow smaller seeds a longer persistence in the soil (Arshad et al., 2019),
thereby spreading the risk of germination failure in ime. In this paper we went further, showing for
the first time that differences of seed longevity due to heteromorphism may occur also on seeds
held under genebank conditions, which may have important implications for the ex situ
conservation practices. Indeed, the main aim of seed collections of plant genetic resources for food
and agriculture (PGRFA) is to capture all the possible adaptive fraits in the seed samples
(Warschefeky ef al., 2014). Several differences have been detected at the different levels (e.g.
biochemical, genetic and morphological levels, as well as in abiotic stress resistance) among
different seed morphs in species of Poaceae (Datta, 1970; De Gara ef al., 1991; Cremonini et al_,
1994; Frediani ef al., 1994; Orsenigo ef al., 2017). It follows that different morphs with different
lengevity profiles should be conserved separately in order fo better monitor their viability over time
and to avoid an unconscious selection of plants originating only from longer-lived, morph B seeds
{Guzzon ef al., 2018). Akemnatively, assuming that conservation of cleaned, separated morphs
could be costly for the time-consuming cleaning process, lower regeneration thresholds could be

applied in order to avoid loss of genetic material belonging to the shorterlived morph A pool.

‘While morph B of T. boeoficum was significantly longer-lived than morph A in both conditions, Ae.
tauschii did not show significantly different pe,. among morphe when aged in cold storage, while
maorph B was significantly longerdived when subjected to AA. These differences in the longevity
estimates and slope of the curves detected between the two ageing conditions can be due to

several factors, such as the different number of time-intervals between storage conditions or
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environmental factors at regeneration stage that influenced seed heteromorphism and longevity.
Nevertheless, the possibility that these differences are due to the fact that artificial ageing and cold
storage affected seed survival in different ways cannot be ruled out (see e_g. Walters et al, 2010;
Colville & Pritchard, 2019). It follows that predictions made with AA should be used with caution fo
infer ranks of longevity under cold-storage, and therefore to make subsequent decision on seed
bank management (e.g. change seed processing methodologies, priortization of accessions for
regeneration and/or viability monitoring).

The conditions applied to artificial ageing or cold storage affect the cytoplasmic viscoelastic
properties and the biochemical processes taking place within it, in tum influencing the physiological
pH and the redox state (Nagel et al, 2015). Oxidative stress is considered as the main cause of
seed ageing, and it anses due to an imbalance between the accumulation of ROS, also functioning
as signalling molecules and therefore regulating several biological processes, and the antioxidant
capacity necessary to avoid cellular damages induced by the oxidative reaction that affect nucleic
acids, lipids and proteins (Kurek ef al., 2019). In this study, the two species did not show similar
pattems in terms of ROS accumulation within the same ageing conditicns. At the dry state, in Ae.
tauschii an increase in ROS levels was observed, compared to the fresh controls in both ageing
treatments, while T. boeoficum showed generally lower levels in the comparizon with the after-
ripened controls. The accumulation of ROS in the after-ripened controls could be due to the fact
that after-ripening was performed within the ageing box (45°C, 60% RH), and even if germination
was higher, the conditions of high T and RH used for AA could have triggered ROS production.
Indeed, the conditions that determine the loss of dormancy during after-ripening are the same, i.e.
temperature and RH, and it is considered as the first stage of seed ageing in seeds with primary
dormancy (Bewley ef al., 2013). Indeed, ROS levels are generally higher in non-dormant seeds
than in dormant seeds (Bailly ef al., 2008). No consistent patterns of ROS accumulation were
observed bebween morphs, in terms of response to ageing treatments and timepoints as well as
imbibition states. A and B did not show consistent ROS accumulation. Ae. fauschil showed lower
ROS contents in morph B only at the dry state of 5B aged seeds. The possibility that a differential

imbalance between ROS accumulation and antioxidant capacity, might occur in the two morphs,
15
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linked to their different lifespan, cannot be ruled out. Also, a different antioxidant capacity that
could rescue seeds from imeversible oxidative stress could explain the lower accumulation of ROS
in morph B compared to morph A at the end of pre-germinative metabelism. Indeed, this was
observed in T. boeoticum in both ageing conditions, and in the AA seeds of Ae. fauschii. In these
three conditions a dimorphism in longevity was observed, with morph B significantly longerlived
than morph A. This antioxidant response could be linked partly to a differenfial endowment of
antioxidant molecules accumulated during maturation and then depleted with ageing, but also to a
differential production of newly synthesized molecules during pre-germinative metabolism (Bewley
ef al., 2013; Sano et al., 2016). A general increase of ROS accumulation was observed at 1 h of
imbibiticn, the first stage of pre-germinative metabolism, in all the species and ageing freatment
combinations compared to the dry seed lots. This observation iz in agreement with the finding that
water uptake during seed imbibition tiggers metabolism resumption, and the conversion of oxygen
into supercxide and H:0: at the level of mitochondria (Bailly ef al., 2008).

Following imbibition, all the biological processes assocdiated with germination are reactivated,
including respiration, reserve mobilization, DMNA synthesis and repair, translation and degradation
of stored mRNAs, transcripion and translation of newly synthesized mRMNAs (Bewley et al, 2013).
We evaluated the transcript levels of genes coding for the enzymes with ROS scavenging activity
or belonging to the glutathione-ascorbate pathway in aged seeds at the dry state and during pre-
germinative metabolism triggered by imbibition. The lowest variations compared to the controls
were at 1h after imbibition, and a general decrease in transcript levels was observed at this stage
compared to the dry seeds, this being in accordance with the initial period of phase Il of
germination, where franscripts are degraded or translated in order to generate the enzymes
necessary for the ROS scavenging (Bewley et al, 2013). Considering all the six genes analysed,
no clear pattemn between morphs was observed. This could be due to several reasons, e.g.
different kind of ROS5 produced and accumulated, similar levels of oxidative stress, different
enzymes needed at the same timepoint of imbibition (thus different genes need to be expressed).
At the late stage of pre-germinative metabolism, an increase in transcript levels was detected, also

compared to the controls suggesting that storage and artificial ageing might require higher
16
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antioxidant activities. When taking in consideration the expression of single genes among ageing
treatments, GSR showed a consistent pattern among all the imbibifion states in Ae. tauschil, while
in T. boeoticum both GSR and CAT showed consistent profiles at 18 hours after imbibition in the
two ageing treatments. The GSH/ glutathione disulphide (GS55G) redox couple is a viability marker
associated with seed longevity in barey (Nagel ef al, 2015; Roach ef al., 2018). Glutathione
scavenging activity is particularly important in seed with lower oil contents like cereals, as itis
water-soluble compared to other lipid-soluble antioxidants (e_g. tocopherols) (Magel et al., 2015).
The consistent expression of G5R detected in this study could be linked to the enzymatic activity
necessary to the GS5G fo GSH re-conversion in the glutathione-ascorbate pathway. Moreowver,
GSR and CAT activity has been reported to be higher in the late stage of pre-gemminative

metabolism in sunflower for H.O- scavenging and limitation of lipid peroxidation (Bailly, 2004).

In conclusion, we found that heteromorphism in seed longevity can be observed in both cold
storage and in artificially aged seeds, but that the different ageing treatments result in different
lengevity profiles and survival curves, in terms of shapes and slopes. ROS levels, even if with
variable patterns, were higher in several aged seed lots, and in afterripened seeds compared to
their dormant counterpart, in accordance with the literature. The expression of genes coding for
enzymes with ROS scavenging activity was variable depending on the seed lot, ageing imepoint
and imbibition stage, with consistency among ageing treatments detected for GSR and CAT: both
genes are associated with seed response to abiotic siresses and with ROS scavenging in the late
phase of pre-germinative metabolism before radicle protrusion. Further studies are necessary in
order to better understand the dynamics of oxidative stress and anfioxidant response in the context

of heteromorphic seeds artificially aged and stored within seed banks.

Supporting information
Table 51 List of oligonuclectide primers used for gRT-PCR analyses.

Table 52 Germination percentage of T. boeoficum during the AA treatment. Momph B shows after-
ripening requirements, with maximum percentage of both morphs at 21 days.

Table §3 ROS content in both the considered species, in fregh seeds and in the two storage
treatments (AA and SB), considering different imbibition points.
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Table S4 Expression levels of the genes involved in the H,0O, scavenging pathway in both the
considered species, in fresh seeds and in the two storage treatments (AA and SB), congidering
different imbibition points.

Figure 51 Selection of reference genes for gRT-PCR analysis in Ae. fauschii 5B seeds (a) and AA
seeds (b). Average expression stability values (M), calculated using GeNorm algorithm
{https-fgenorm.cmgg.be), of the six putative reference genes analysed in dry and imbibed seeds
throughout the tested time points of the expernmental design. ACT, actin, ARF, ADP-rybosilation
factor, ELF, elongation factor 1 alpha, GAPDH, glyceraldehyde 3-phosphate dehydrogenase,
RPTE, 265 protease regulatory subunit, UBJ, ubigquitin.

Figure 52 Selection of reference genes for gRT-PCR analysis in T. boeoticum SB seeds (a) and
AA seeds (b). Average expression stability values (M), calculated using GeMorm algorithm
(httpa-ffgenom.cmgg.be), of the six putative reference genes analysed in dry and imbibed seeds
throughout the tested time points of the experimental design. ACT, actin, ARF, ADP-rybosilation
factor, ELF, elongation factor 1 alpha, GAPDH, glyceraldehyde 3-phosphate dehydrogenase,
RPTE, 265 protease regulatory subunit, LIBJ, ubigquitin.

Figure 53 Imbibition curves of (a) Ae. fauschii and (b) T. boeoficum seeds. Seeds were imbibed
with dHzO on filter paper, then withdrawn at 1 hour-intervals until radical protrusion was observed.
Water uptake was estimated by subtracting dry mass to the weight registered during imbibition
after regidual superficial water was removed, and then expressed as increase in percentage.
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Figure Legends

Figure 1 Survival curves fitted by probit analysis of Ae. tauschii a) AA seeds, b) SB seeds, and T.
boeoficum c) Ab seeds, d) SB seeds. AA = artificial ageing, SB = ageing in seed bank conditions
(cold storage)

Figure 2 Heatmaps representing the Log2 fold-changes, ie. ratios, of ROS levels and relative
gene expression ina) Ae. fauschii and b) T. boeoticumn artificially aged (AA) seeds compared to
the fresh controls (a, 0d; b, 21d). In b), ROS levels and gene expressicn were compared to
controls also for 0d seeds, i.e. before after-ripening. APX, ascorbate peroxidase; CAT, catalase;
DHAR, dehydroascorbate reductagse; GSR, glutathione sulfo-reductase; MDAR, mono-
dehydroascorbate reductase; 30D, superoxide dismutase. a) 39d, 39 days of AA, comesponding
o the pso of morph A. 49d, 49 days of AA, comesponding to the PS50 of morph B. b) 0d, fresh,
dormant seeds before the AA treatment. 37d, 37 days of AA, comesponding to the pg; of morph A.
51d, 51 days of AA, comesponding to the pg of morph B.

Figure 3 Heatmaps representing the Log2 fold-changes, i.e. ratios, of ROS levels and relative
gene expression in a) Ae. fauschii and b) T boeoticum seeds aged in seed bank conditions (cold
storage, SB) compared to the fresh controls (a, 0d; b, 21d). APX, ascorbate peroxidase; CAT,
catalase; DHAR, dehydroascorbate reductase; GSR, glutathiocne sulfo-reductase; MDAR, mono-
dehydroascorbate reductase; S0D, superoxide dismutase. a) Ae. fauschii: TTB, seed accession
harvested and stored in 1978; T99, 1999 seed accession; T08, 2008 seed accession. b) T.
boeoticum: BB0, 1980 seed accession; B02, 2002 seed accession; B0S, 2005 seed accession.
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Table 1: a) ageing times of the Ae. fauschii and T. boeoficum seed accessions fested in this
shudy: seeds were tested frezh, artificially aged, AA (method: controlled ageing test, CAT) and
aged in cold storage (5B, seed bank). d=days, y=years. b) harvest year of the accessions aged
in the cold chambers. Control=seed lots used as controls in the molecular analyses, fresh (0d)

for Ae. tauschii, after-ripened (21d) for T. boeoticum.

a) Ae. tauschii (AE 2T78) | T. boeoticum (TRI 10061)
Ageing time
Control (d) 0 21
Artificially aged, AA (d) 14,21, 29, 35, 42, 49, 56, 63, 70 14, 21, 28, 35, 42, 49, 56, 63,
70
Aged in cold storage, SB | 10, 11, 17, 19, 40 14,17, 38

)

b)

Ae. fauschii (AE 2T8)

T. boeoticum (TRI 10061)

[ Cold-stored accessions

1978, 1999, 2001, 2007, 2008 1980, 2002, 2005
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Background and Aims Conservation of plant genetic diversity is fimdamental for crop
improvement and for increasing agncultural production and sustainabality, especially in
the face of climatic changes. Although seed longewity 15 essential for the management of
seed banks, only few studies have so far addressed differences i this trait among the
accessions of a single crop species. Eight Pisum saffum L. (pea) accessions were
investigated to study the impact of long-term (~ 20 years) ageing, revealing confrasting
seed longevity profiles. The outstanding longevity observed in the wrnkled seeds of G4
accession provided a umque expenmental system.

Methods Eeactive oxygen species, lipid peroxidation, tocopherols, free proline and
reducing sugars were measured. Thermogravimetric, differential scanming calormetry,
and transmission electron microscopy combined with immunohistochemical amalysis
were performed.

Kev Results Differently from the other tested accessions, the long-lived G4 seeds neither
consumed tocopherols during storage nor showed free proline accummlation, as
detemioration hallmark, whereas reducing sugars were not affected Thermal
decomposition suggested a biomass profile compatible with the presence of low
molecular weight molecules. Expansion of heterochromatic areas and reduced occurrence
of yH2AX foci were lughlighted m the nucleus of G4 seeds.
Conclusions The long-lived G4 phenotype comelates with the ocowmence of a reducing
cellular environment and a muclear ultrastructure favourable to genome stability. This
work brings novelty to the study of within-species variations in seed longevity,
underlining the relevance of multidisciplinary approaches in seed longevity studies.

Key words: seed longevity, long term storage, Pisum sativum L., reactive oxygen species,

lipid peroxidation, muclear ultrastucture, YH2AX foei
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INTRODUCTION

Agricultural production nmst be enhanced to cope with the growing human population and, at
the same time, it has to become more sustainable to minimize detrimental impacts of
agricultural activities on ecosystems (Godfray ot al., 2010; Asseng of al., 20135; Nelson of al.,
2018). Te this end, conservation, accessibility and use of genetic diversity in crop
improvement are key factors to improve crop vaneties and increase agnicultural production
and sustamability in the face of chimatic changes (Esquinas-Alcazar, 2005; McCouch ef al.,
2013). One of the most effective strategies to ensure availability of plant genefic resources is
ex sifu conservation in seed banks. Seedbanking allows the long-term conservation of large
mumbers of orthodox species with limited costs (Li and Pritchard, 2009; McCouch et al.,
2013; Davies and Allender, 2017; Riviere and Muller, 2017).

Despite the findamental relevance of seed longevity for the management of seed banks
{Cohnlle and Prtchard, 2019), there are few available studies addressing differences in seed
longevity among the accessions of a single crop species, especially in relation to different
seed phenotypes (Guzzon et al., 2021). Furthermore, the physiological and molecular bases of
such a complex trait. shaped by genetic and environmental factors, still need to be fully
clarified (Sano ef al., 2015; Lee af al. 2019; Zmsmeister ef al., 2020). Temperature and
moisture content are the major exogenous factors influencing seed longevity i storage
(Roberts, 1973; Ellis and Roberts 1980; Dickie ef al., 1990). Omdative stress, the main
driving force of seed ageing, results from reactive oxygen species (ROS) accunmlation and
decreased antioxidant capacity (Kurek et al, 2019). Seed deterioration can be monitored
measuring the by-products of lipid peroxidation (Bailly et al., 1996; Wiebach ef al., 2020).
Among the cellular antioxidants. tocopherols prevent membrane deterioration by scavenging
lipid peroxy radicals during seed storage and modifications in their biosynthesis result in

3
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reduced longevity (Chen et al., 2016). Oligosaccharides, favoring the seed glassy state by
mcreasing cytoplasmatic viscosity, can also improve storability (Burtink et al., 2000; Lehmer
ef al., 2008; Ebone et al., 2019). However, according to Gurusinghe and Bradford (2001)
changes in oligosacchande contents alone cannot account for poor seed longevity particularly
m the context of postpnming storage whereas a negative comrelabion between
menosacchande levels and desiccation tolerance has been reported (Hoekstra ef al., 2001).
Seed longevity 1s tightly linked to genome mamtenance, being the loss of DNA mtegnty a
typical hallmark of seed deterioration (Kranner ef al_, 2010; El-Maarouf-Bouteau et al.. 2011;
Cordoba-Cafiero et al, 2014; Lopez-Femandez et al., 2018). Following long-term storage,
successful germination is dependent on the DNA damage response, namely a plethora of
DNA damage sensing, signaling and repair pathways activated during imbibition (Balestrazzi
ef al., 2011; Diaz and Pecinka, 2017; Waterworth ef al., 2019). In deteriorated seeds,
prolonged DNA repair 1s required before the onset of DNA replication (Elder et al., 1987).
The cellular repair pathways can also mfluence seed longevity In response to environmental
changes (Mondoni et al., 2014). In both animals and plants, phosphorylation of histone H2AX
in proximity of DNA double strand breaks (DSBs) sites is regarded as the earliest DDR
hallmark which triggers DSB repair (Branzei and Foiani, 2008; Waterworth ef al., 2011). The
phosphorylated histone variant y-H2AX reflects DNA damage accumulation and it has been
used to assess the kinetics of DSB repair in actively dividing plant tissues (Charbonnel ef al.,
2010; Hirakawa and Matsunaga, 2019). According to Waterworth ef al (2019), Arabidopis
thaliana h2mx mtants showed increased sensifivity to seed ageing, highlighting the role of
histone H2AX in promoting genome maintenance in the context of seed permination and
lengevity. Changes in chromatin structure alse conmbute to genome maintenance i the
desiccated state as well as duning rehydration (Waterworth ef al., 2019). High chromatin
condensation provides protection against oxidative damage and double-strand breakage (Falk

et al, 2010; Takata et al_, 2013). Changes in nuclear structure found in aged seeds, as reduced
a4
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heterochromatin density (Begnami and Cortelazzo, 1996; Burmieza ef al.. 2016) resembled the
chromatin compaction profiles observed dunng seed maturation (van Zanten ef al. 2011).

In the present work, eight Pisum saffvum L. (pea) accessions were investigated using a
multidisciplinary approach to dissect the impact of 20 years of ageing on cold-stored and
room-temperature stored seeds, compared to freshly collected seeds. Pea is a crop of major
relevance worldwide, with an estimated global harvested area of 4.3% and 10.8% of the total
area of vegetables and legumes, respectively. Its production accounts for 2.7% and 30.6% of
the global wvegetables and legumes production (FAOSTAT, 2018). The long-term
conservation of pea genetic resources is findamental to keep available accessions that could
serve as sources of favorable alleles (Holdsworth et al.. 2017). The storage behaviour of pea
seeds has been mvestigated in a few studies (Nagel of al.. 2010; Ellis o al., 2018; Redden and
Partington, 2019; Ballesteros and Walters, 2019) but differences in seed longevity observed
among different genotypes stll need fo be fully clanfied A comparative, multidisciplmary
analysis was performed m different pea accessions mm order to define the contnbufion of

different cellular and metabelic factors to their seed longevity profiles.
MATERIALS AND METHODS

Plant material and germination tests

Seeds of four yellow pea (Pisum saifivum L.) accessions (PIS 2, PIS 8, PIS 15, and PIS
224) and four green pea accessions (PIS 686, PIS 706, PIS 783, and PIS 2865) were kindly
provided by the Genebank Department of the Leibniz Institute of Plant Genetics and Crop
Plant Research (IPK), Gatersleben (Germany). Yellow and green accessions were renamed
Y1, Y2, Y3, ¥4 and G1, G2, G3, G4, respectively (Fig. 1a; Supplementary Table 51). For

each accession, both fresh (F) seeds harvested in 2019, and stored seeds, harvested im 2001,
5
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were tested. After harvest, seeds were fransferred to a drying chamber (22 £2°C, 11 £3 %
relative humidity). After three weeks, samples were sphit into A and R lots. As for stored
seeds, one lot (A) was kept at cold chamber under controlled conditions (-18 £2°C_ 8 £2
% seed moisture content) and another lot (B) was conserved at room temperature
condifiens (20 £ 2°C, 9 £ 2 % seed moisture content). For deternuning the seed moisture
content, 30 seeds per replicate were grinded and analysed using a moisture meter (Precisa
XM 66. Switzerland). For each seed lot, three replicates of 20 seeds were sown in Pemn
dishes with 1% agar as substrate and then placed in a growth chamber (22 = 2°C, 70-80 %
RH, 150 pmol m” 5™ photon density, 16/8 h photoperiod). Petri dishes were checked every 12
h for germination for 14 days and seeds scored as germinated once the radicle had reached 2
mm length. Germination was evaluated using the following parameters: & (germinability),
MGT (mean germination time), MGR (mean germmation rate), and £ (synchronization mdex),
as descnibed by Fanal and Garcia De Santana (2006) (Supplementary Table 52).

ROS detection

The flucrogenic dye 2°,7°-dichlorofluorescein diacetate (DCF-DA: Sigma-Aldrich, Milan
Italy) was used to quantify ROS levels released from dry seeds. Followmg deacetylation by
cellular esterases, the dye 15 converted to a non-fluorescent molecule which 1s subsequently
oxidized by ROS into the highly fluorescent 2°,7"-dichlorofluorescein (DCF). The assay was
carried out as described by Forti et al. (2020), with the following modifications. Dry seeds
(five seeds per replicate) were incubated in the dark for 30 min with 500 pl of a 10 pM DCF-
DA solution. Subsequently. three replicates (50 ul each) per seed lot were pipetted into 0.2 ml
tubes and the emitted fluorescence was measured using the green channel (510 £ 5 nm) of a
Rotor-Gene 6000 PCE. apparatus (Corbett Fobotics, Brishane, Australia). after a single cycle

of 30 g at 25°C. As negative control, thres replicates containing only DCF-DA were used to
[
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subtract the baselme fluorescence. Relative fluorescence was calculated by normahizng
samples to controls and on the seed mass, then expressed as Eelative Fluorescence Units

®REU).

Determination of MDA levels

Malondialdehyde (MDA} levels were quantified as reported (Doma et al, 2019). For each
accession. 30 dry seeds were grinded in a Retsch Mixer Mill M 301 (Retsch-Allee, Haan,
Germany) three times for 30 s at the vibrational frequency of 30 Hz s™. For each lot, the
resulting powder was divided into three replicates (0.2 g each) that were resuspended with 5
ml of a H20: 0.5 M HCIO+ solution (4:1) with 2 % BHT (butylated hydroxytoluene, Sigma-
Aldrich) m ethanol to precipitate proteins. Samples were subsequently cenmfuged (4°C, 10
min}. MDA was determined as a thiobarbitunic acid reactive substance (TBARS), following
its reachion with thoobarbituric acid (TBA, Sigma-Aldnch) at lngh temperature. For each
sample, an aliquot of 100 pl was mixed with 100 pl of TBA in 1 ml dH;O and the mixture
was heated mn a boilng water bath at 93°C for 60 mn. Test tubes were cooled at room
temperature and absorbance was measured at 254 nm using an UV-visible spectrophotometer
(UV-1200, Shumaderm, UK.). A standard MDA (Sigma-Aldnich) solation (100 ul, in a range

of 0.025-0.1 mg ml™) was added in a | ml test tube and mixed with TBA (100 pl) as
previcusly deseribed (Supplementary Fig. S1a).

Extraction and analysis of iocopherols

The extraction procedure was performed as described by Deoma et al. (2019). For each

accession, 30 dry seeds were grinded as previously described. For each lot, an aliquot (0.5 g)
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of seed powder was added to 5 ml of ethanol contammg 0.1 % butylated hydroxytoluene
(BHT. Sigma-Aldrich) and the muxture was mcubated for 10 mn at 85°C. Subsequently,
samples were subjected to saponification by adding 150 pl of 20 % KOH and incubated for 10
min After adding 3 ml of H»O, samples were placed on ice for 3 min, then 3 ml of pure
hexane were added After shaking 10 min at 200 rpm and centrifuging at 12.000 rpm, the
upper phase was transferred inte a separate test fube, and pellet was re-extracted using 2 ml
hexane. The combimed hexane fractions were washed with 3 ml of dH:0. vortexed,
centrifuged for 10 min and transferred into another test tube. Hexane fractions were dried
used a vaouum  evaporator and  the  residue  dissolved m 200
pl acetonitrile-methanol-dichloromethane 45:20:35 (vwiviv) prer to injection into a HPLC
system (Konfron Instrument 420 system. Kontron Instruments, Mumich, Germany) equipped
with a C18 column (Zorbax ODS columm 250 x 4.6 mm, 5 p, Aglent Technologies). The
1socratic mobile phase consisted of acetominle:methanol (60:40) (v/v), flow rate was 1.0 ml
min” at room temperature and absorbance was measured at 220 mm. As standard, y-
tocopherel (Sigma-Aldrich) was used for a calibration curve and identified m the
chromatogram (Supplementary Fig. S1b).

Determination of free proline content

Free proline content was measured as described by Abraham ef al. (20100 with the following
modifications. For each accession, 30 dry seeds were gnnded as previously descnbed. The
seed powder (0.1 g) was added to 500 pl of 3 % sulfosalicylic acid (Sigma-Aldrich).
Followmg centmfugation at 13.000 rpm for 5 mm, a 100 pl aliquot of the extract was added to
500 wl of 3 % sulfosalicylic acid: glacial acetic acid: acidic ninhydnn (1:2:2) (viv/Av). The

reaction of ninhydrin with free proline was carried out at 96°C for 60 min and stopped on ice.
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Samples were then extracted with 1 ml of toluene. After 20 s vortex, phases were allowed to
separate. The upper phase was transferred to quartz cuvettes and absorbance was read at 320
nm using an UV-visible spectrophotometer (UV-1800, Shimadzu) and toluene as reference. A
standard proline solution (100 pl, in a range of 0.001-0.1 mg ml™) was prepared, added to a 2
ml test tube and mixed with the mnhydnn solution as previously described (Supplementary

Fig. Sle).

Spectrophotometric determination of reducing sugars

The content of reducing sugars was measured as described by Miller (1959). For each
accession, 30 dry seeds were grinded as previously described. The seed powder (0.5 g) was
added to 5 ml of dH,O, vortexed and incubated 2 h at 80°C im a water bath After
centrifugation at 3500 rpm for 15 min, the upper phase was transferred in new test fubes and
the content of reducing sugars was quantified usmg DNS (3,5-dinitrosalycilic acid, Sigma-
Aldnich) solution. Absorbance was read at 540 nm using an UV-visible spectrophotometer
(UWV-1800, Shimadzu) and dH;0 as reference. Standard solutions of glucose in the range of

0.4-1.5 mg ml™ were used (Supplementary Fiz 51d).

Thermogravimetric analysis and differential scanning calorimetry

Inorganic content and thermal decomposition of the pea seed biomass were investigated by
thermogravimetnc analysis (T'GA) in an air and nitrogen envircnment, respectively, using a

Mettler Toledo TGA 1 instrument with a fixed heating rate of 20°C min™. The temperature

range was from 25 to 800°C with a gas flow in the oven (air or nitrogen) of 4 1 b, For each
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accession, 30 dry seeds were grounded inte powder and sieved to a size of 100 pm. About 3

mg of sample was used in each test.
Nuclear staining with Toluidine Blue

Embryos excised from four dry seeds of Y1 and G4 accessions, respectively, were fixed with
2 % paraformaldelyde/0.2 % ghitaraldehyde (Sigma-Aldrich) for 3 h at 4°C. Embryos were
rmsed in phosphate-buffered saline (PBS, pH 7.2) overnight, and then incubated in 0.5 M
NH;CI for 30 min at room temperature. Semithin sections (500 nm in thickmess) were cut
using an ultramicrotome, embedded m acrylic LR-White resin (Agar Scienfific, Stansted, UK)
and allow to harden at 60°C overmight. Tohudine blue staining was performed by covenng the
tissue sections, prepared as previously described, with a drop of the die and mcubating for 5
min at 100°C. Sections were then washed thoroughly with dH>O to remove die excess,
airdried, mounted in Mowiol (Sigma Aldrich) and finalty imaged using Zeiss Axioskop 2 plus

IICTOSCOpe.
Immunodetection of MH2AX foci

In order to detect the occumrence of yH2AX foci m the mmclews, sectons prepared as
previously described were subjected to indirect immumohistochemical reaction by incubatng
them with the primary antibody Phospho-Histone H2A X (Ser139) Polyclonal Antibody from
rabbit (ThermoFisher Scientific, Milan, Italy) according to the Supplier’s suggestions and
subsequently with a secondary antibody coupled with 12 nm colloidal gold grain. Sections
were stained by EDTA regressive technique (Berhard, 1965) and observed with a Jeol JEM-
2100PIus electron microscope equipped with a 30 mm objective aperture and operating at 20

kV. Images were submutted to morphometnc analyses using the software Image]
10
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(hitps:/image]. mh gow/if). The results are expressed as mean values £ SEM. For each sample,

10 mucle: were scored for the presence of YH2AX foci. The density of foci was calculated as
follows: 100 squares (each one with an area of 400 nm®) were identified and the number of
focl per single area was counted. The measurement was performed considering 10 cells for

each sample and 10 squares per single cell.

Stafistical analysis

Statistical analysis was performed in IBM SP55 21.0 and in R environment for statistical
computing and graphics (stmdic version 4.0.2). The following packages were used: phr
(Wickham 2011}, ggplot? (Wickham, 2016), corrplot (Wel and Simko, 2017), ppeor (Kim,
2015). multcomp (Hothom et al., 2008), and Ismeans (Lenth, 2016). After checking data for
normahty and homoscedasticity, generalized linear models (GLM) were applied to evaluate
the effect of accession, type of conservation, thewr imferaction on different vanables
(germination parameters, ROS levels, chlorophyll content, tocopherols, MDA, free proline,
reducing sugars); post-hoc Tukey's or Bonferromi tests were used to perform multiple
companisons. A two-way ANOVA was used to determine the effect of accession and
conservation on the temperature of glass transition (Tg). A heatmap was used to represent the
Log? fold changes (Log2FC) between fresh (F) and aged (A, B) seeds in terms of mean
MDA, tocopherols, free proline and reducing sugars contents. Correlations were performed
with Pearson or Kendall’s Tau-b tests. Partial comelations were computed to evaluate the
correlation between ROS content and germination percentage controlling for the effect of
other vaniables (MC, Accession, Conservation). Statistical analysis to quantify the occurrence

of yHXAX foci i the nucleus was performed using the two-tailed paired Student’s f test.

RESULTS
1
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Germination profiles reveal genotype-dependent changes in pea seed longevity

Gemmination tests were performed with seeds from the yellow (Y1, ¥2. Y3, Y4) and green
(G1. G2, G3, G4) pea accessions. Both fresh seeds (F) and seeds stored under different
environments (A, cold chamber; R, room-temperature condiions) were analyzed (Fig. 1b).
No sigmificant difference m terms of germmation percentage was observed between F and A
seeds in all the tested accessions. However, significantly lower germination percentages were
observed in E seeds when compared to F (F = (.01), with the exception of G4 variety. The
latter conserved nearly 100 % germination in F, A and R conditions. revealing an impressive
longevity profile (Fig. 1b, Supplementary Table S3). Accessions and storage conditions (F, A
and B had a statistically sigmficant effect on germmation percentage and MGT, as did the
accession*conservation interacton (P =< 0.01) (see Supplementary Table 5S4 for the
commesponding Wald y-squared values and df). MGT of F seeds did not show sigmificant
differences among accessions (P = 1). Moreover, within the same accession no statistically
significant difference was found in terms of MGT between F and A conditions (P = 1). On the
other hand a sigmificant increase m MGT was observed for R seeds of all the accessions,
when compared to therr F and A counterparts (P = 0.01), except for G4, that did not show
differences among the three conditions (P = 1). Overall. MGR showed a significant increase
in A and F seeds when compared to F while Z did not show significant differences among
accessions of comservation conditions (Supplementary Tables 53 and 54). In order to figure
out any possible effects related to chlorephyll content on seed germination, chlorophyll a and
b levels were measured in dry and imbibed seeds of the green pea accessions (Supplementary
Fig. 52). No comrelation was found between chlorophyll a and b total contents or their ratio
and germmation percentage (Supplementary Fig. 53).

12
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F seeds. In the case of Y2, only the R seeds showed mcreased MDA contents (P = 0.05)
(Supplementary Fig. 53a). In the long-lived G4 accession, the estimated MDA content of R
seeds (1.7 £0.11 pg/gey) was similar to that found in F seeds (1.66 = 0.06 pg/gry) (Fig. 53a).

In all the tested accessions, no significant difference in terms of total tocopherols content
was observed in A seeds compared to F seeds. A significant (P = 0.01) decrease was found in
R seeds of ¥1 and Y2, compared with F seeds whereas in G4. the estimated total tocopherols
content of F seeds (1.58 + 0.11 mg/grw) was similar to that found m A (1.62 + 0.16 mg/grw)
and R seeds (1.62 + 0.14 mg/gry) (Fig. 2; Supplementary Fig. 55b).

Proline accummlation, typically observed in planta under oxidative stress conditions, has
been also reported during prolonged seed storage (Kong et al, 2015). Proline levels were
significantly higher only in R seeds of Y1 (F = 0.05) and Y2 (P = 0.01), compared to F (Fig.
2; Supplementary Fig. S3c). Considering the documented role of reducing sugars i seed
detenioration (Murthy and Sun, 2000), the levels of these metabolites were measured m the
Y1, ¥2, G1 and G4 accessions. A sigmficant (P = 0.01) reduction of reducing sugars was
observed in the B seeds of Y1, Y2, and G1 accessions (Fig. 2; Supplementary Fig. 53d). In
G4, the reducing sugars content of F seeds (26.19 = (.41 mg/grw) was similar to that found in
A (2861 = 172 mg/gry) and B seeds (2940 = 132 me/gry) and these levels were
significantly higher than those observed m the other accessions (Supplementary Fig. S5d).
Accessions, storage conditions (F, A, R) and therr mteraction had a statistically significant
effect on all the tested metabolites (Supplementary Table 55). A negative comelation with
germination was observed for MDA content (Tau-b: -0.52; P = 0.01) and free proline lavels
(Tau-b: -0.61; P = 0.01) whereas a positive correlation was evidenced for total tocopherols
content (Tau-b: 0.38; P = 0.01) and reducing sugars (Tau-b 0.58; F = 0.01). Overall, the
metabolites hereby tested as hallmarks of oxidative damage and antioxidant response show
accunmlation profiles ahigned with the germination phenotype and seed wiability of the

different pea accessions, indicating the impact of ageing at the cellular level. Despite ageing,
14
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hmited oxidative damage was detected m the G4 seeds, and this finding 15 consistent with the

observed long-lived phenotype.

Thermal decompeosition prafiles suggest for the presence of low molscular weight components
in G4 seeds

Temperatures of glass transition (Tg) were measured using differential scanning calormetry.
As shown i Supplementary Table 56, even though Tg was significantly different among
accessions (F = 28.634; d, f=3; P = 0.01) and conservation states (F =6.397; d. f=2; P =
0.01), Tg was not significantly correlated with germination percentage (Taubk =- 0.04, P=
0.804). Moistare content was measured in all the pea accessions, for the different
conservation conditions (F, A, R} (Supplementary Table S53). Although the
accession*conservation imteraction showed a sigmficant effect on moistore content, mo
sigmificant differences among accessions were consistent with their longewity profiles
(Supplementary Table 54, Supplementary Fig. 56). Moisture content was also evaluated by
thermogravimetric analysis (Fig. 3). The moisture content of the pea dry seeds was 10 £ 1 %,
visible as a weight loss close to 100°C. TGA measurements were made both in air and n
mifrogen atmosphere. Interestingly, under mirogen atmosphere, curves showed a thermal
decomposition profile including two steps: the first one ocoured close to 250°C and the
second one, more evident, was detected at 300°C. In order to better evidence the differences
in compaosition between seeds, curves were translated to match the same dry weight at 170°C.
This point was chosen because at this temperature the loss of water was completed, and
thermal decomposition had not started yet. As shown in Fig. 3 and Supplementary Fig. 57, it
is evident that those curves comesponding to the G4 seeds in the three different tested
conditions started to lose matenal close to 200°C. This 15 indicated by the different slope

observed for the G4 seeds in the range 200-300°C. This profile might comespond to the
15
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decomposition and/or evaporation of relatively small molecules exclusively found in the
winkled seeds. Penodic acid-Schiff (PAS) staining combined with transmission electron
microscopy was used to localize the occurrence of polysacchanides in the pea embryo axes.
The progression of the oxidation reaction within polysaccharides, and the consegquent
generation of aldelryde groups, is delayed in these high molecular weight polymers, featunng
the cccurence of dark-stained dots. By contrast, oxidation is accelerated when low molecular
welght oligosacchandes are the predominamt substrates, resulting i staimng of weak
intensity. As for the G4 wrinkled seeds, in the cytoplasm of cell embryos the PAS reaction
highlighted the occumrence of dots of low intensity (Supplementary Fig. 58, a and b) whereas
dark-stained dots were observed in the PAS-treated Y1 cells (Supplementary Fig. S9a). Dark
dots reflect the ongoing oxidation of polysacchanides in the Y1 cells while the poor sigmal
detected m the G4 sample indicates that the same process was already concluded The
different reactivity hereby observed mmght reflect for different carbohydrate composition
profiles in the seeds of the two pea accessions, particularly the ocourrence of low molecular

weight oligosaccharides in the G4 seeds, as suggested by the TGA measurements.

Nuclear architecture and DNA damage levels in aged seeds

The previously reported biochemical data evidenced the confrasting impact of ageing,
terms of oxidative damage, in the long-lived G4 seeds compared to Y1, Y2, and G1
accessions. In order to assess whether the observed oxidative stress profiles were associated
with changes in muclear ultrastructure and DNA damage levels, TEM-base analyses were
carried out. This investigation was restricted to embryos excised from B seeds of the G4 and
Y1 accessions, both subjected to the same ageing conditions but beanng significant
differences mn the cellular oxidative stress hallmaks Prelimimary muclear stamming with

Tolnidine Blue camed out on sections of pea embryo axes revealed distinctive muclear
16
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morphologies. The Y1 mucler showed a compacted nucleolus (Fig. 4a, mu, ammow) sumounded
by some dark blue-stained areas comesponding to heterochromatin domains (Fig. 4a, he,
arrow). Such merphology, recurrent in Y1 embryos, was different from that observed in G4
embryes. As shown in Fig. 4b (n), each G4 muclens of the section contained larger and more
uniform dark blue-stained areas, suggesting for an expansion of the heterochromatin regions.
Such morphologies were firther evidenced by TEM amalysis. In the Y1 muclei, large
heterochromatin areas are wisible, as expected when dehydration occurs (Fig. 4c, he,
amrows), as well as regions of decondensed enchromatin (Fig 4c, ec). Some of these
condensed heterochromatin regions are located close to the mucleolus. In the G4 nuclei,
chromatin condensation patterns were remarkably enhanced, covering the entire nuclear area
(Fig. 44, he). Such an unusual expansion of the packed chromatin might be indicative of an
effective strategy dnving genome maintenance in the G4 accession, possibly limiting long-
term DNA damage accumulation m these long-lived seeds. Morphological profiles were
then combined with the investigation of the YH2AX foci distmbution.

Upon DNA damage, ATM phosphorylates the histone variant H2?AX on Ser139 (Burma et
al., 2001) and such medification (yH2AX) can spread for up to 1 Mb away from the break
site, acting as a platform to recnut the DNA repair enzymes (Jacovoni ef al., 2010). In order to
map the yH2AX foci m the ¥1 and G4 pea muclei, immumocytochemical and TEM analyses
were performed. using an antibody raised agamst the human histone varant H2AX on Ser139.
Representative examples of the distnibution of YH2AX foci in the muclei of E seeds. in both
Y1 and G4 accessions are shown in Fig. 5 (a and b). The estimated density of yH2AX foei,
expressed as n® foci per 400 nm” of muclear area, was significantly higher (P =< 0.05) in the Y1
muclei (1.6), compared to G4 nuclei (1.1). Thus, the limited genotoxic mpact exerted by long-
term storage on the wrnkled seeds might be the consequence of the highly compacted

chromatin conformation previcusly described.

17
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DISCUSSION

Assessment of seed longevity 1s crucial for the effective management of genebank collections.
The pea collection analyzed in the present work provided a unique oppertunity to investigate
different physiclogical and molecular aspects of seed longevity under seed bank storage. Pea
seed viability was maintained in samples stored under controlled cold storage conditions (-
18°C) whereas a significant decrease occurred in samples kept at room temperature (20°C),
except for the G4 accession, classified as a mutant of the variety named “Frogel’ (Auld et al.,
1988). G4 seeds showed a wrinkled phenotype, frequently associated with the r (rugosus)
locus in the rr configuration (Bhattacharyya et al.. 1990; Rayner etal, 2017).

The comparative analysis of the eight pea accessions confirmed the mverse comrelation
between FOS levels and seed longevity. Fresh seeds, collected from plants of the different
accessions regenerated at IPK in 2019, were also included in the study to provide information
on pre-storage viability and compare results with long-term stored matenal (Porteous et al.,
2019). Even if all accessions and seed lots were regenerated m the same location, we cannot
rule out that different environmental factors (mainly temperature and rainfall), experienced by
the mother plants of the same accessions in different regemeration years, might have
influenced different seed traits (Mondomi et al, 2014). Given that high and umiform
germunation of the F seeds of all accessions was observed, and therefore a companson of
germination and ROS levels of fresh and aged seeds was performed. In fresh seeds (F), all the
accessions displayed ROS contents varying within a mited range. Indeed, EOS production m
fresh seeds during post-harvest storage has been documented (Bailly et al., 2008). The low
ROS levels observed in seeds aged for about 20 years under confrolled conditions (A)
comrelated with the high germimability profiles of all the investizated accessions. The long-
term storage at room temperature conditions (F) resulted in significant ROS accunmlation in

all the accessions showing a drop In germination, except for G4. This finding poses the
ig
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question about the mechanisms mnderlying the abibity of G4 wrinkled seeds to control ROS
levels. To address such 1ssue, specific metabolites associated with the seed ablity to scavenge
the toxic free radicals were measured. The investigation was restricted to four pea accessions,
namely Y1, Y2, G1, and G4. showing confrasting germination and ROS profiles.

ROS-dnven oxidation targets polyumsatwrated fatty acids, generating lipid percxides
{Gaschler and Stockwell, 2017). Similar levels of lipad percxidation were detected m F and .
seeds of the G4 accession, confimmng its long-term oxidative stress resihience. The G4 seeds
displayed the highest levels of the lipophilic antioxidant tocopherols, known for their ability
to scavenge lipid peroxyl radicals (Fritsche et al, 2017), independent on their conservation
state. Thus, it appears that there was no need to exploit the tocopherols pool in G4 seeds,
since lipid peroxidation did not overcome a critical threshold In the Gl accession,
charactenized by a low tocopherols content (approxmmately 50% less, compared to G4),
longevity was compromised following long-term storage at room temperature conditions.
Although tocopherols were utilized by the ¥1 and Y2, this was not sufficient to avoid the
germinability drop in B seeds. Free proline is an efficient ROS scavenger and a compatible
osmolyte (Hayat et al., 2012; Liang et al., 2013). Increased free proline content contributed to
oxdative stress adaptation in cat (4vena safiva L.) seeds with higher meisture content, stored
for up to cne year (Kong et al., 2015). A simmlar free proline content was detected in G1 and
G4 accessions, m all the tested treatments whereas a sigmificant accumulation occurred m the
Y1 and Y2 seeds stored under room temperature conditions (R). This finding corroborates the
role of free proline as a seed-specific oxidative damage marker for the first time during long-
term ageing umder seed bank conditions.

Fresh G4 seeds displayed significantly higher levels of reducing sugars, a feature of the
wrinkled phenotype (Stickland and Wilson, 1983). The reducing sugars content of A and R
winkled seeds did not decrease upon long-term storage, differently from what occurred m

Y1, Y2, and Gl. Reducing sugars parficipate in non-enzymatic protein glycosylation
15
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(Maillard reaction) that, together with lipid peroxidation is indicative of the biochemical
deterioration associated with seed ageing (Murthy and Sun, 2000). The low ROS content of
G4 seeds prevented damage whereas reducing sugars were engaged in the Maillard process
tnggered by the oxidative environment of Y1, Y2, and G1 seeds.

The research question that arises from the reported data is how the G4 seeds can maintam
constitutive low ROS levels despite 20 years of storage, comsidenng that ROS are
continuously generated m an oxygemc environment and the actvity of ROS scavenging
enzymes is restricted in the glassy state of dry cytoplasm (Wagel et al, 2019). In such
environment, the dry seed exploits the pool of available antioxidant compounds as observed
for the ¥ and G accessions. The study of mechanical properties within the dry cytoplasm of
pea embryonic axes has revealed low molecular mobility over a broad range of moisture
contents and temperatures, possibly due fo stenc lundrance between adjacent
macromolecules, and such featres mught contnbute to seed lomgewity (Ballesteros and
Walters, 2019). However, there 15 scanty information concerning the mechamical properties of
the dry cytoplasm in wrinkled pea seeds and their possible role in longevity.

The TGA profiles recorded in the G4 seeds, independent on treatments, suggested for the
presence of relatively small molecules. Indeed, in wrinkled pea seeds carmrying mmtations at
the r and rb loci, alterations in the starch biosynthetic pathway result in pleiotropic effects
such as accummulation of the raffinose famly ohgosacchandes (Gawlowska et al., 2017),
associated with membrane stability (Crowe et al, 1992). At the moment, we cannot rule out
the possibility that G4 seeds use specific low molecular-weight anticxidant molecules, e g
glutathione and T-ascorbic acid, as redox buffer to maintam ROS within a threshold critical to
ensure lengevity. It has been reported that mutations at the r locus altering seed composition
and hygroscopic properties, can affect seed longevity (Lyall et al, 2003). However, to our
knowledge, this is the first study providing evidence of high longewvity under long-term
storage conditions in a wrinkled seed accession.
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The ability to buffer ROS accummulation 15 expected to restnct genotoxic damage but
certamly muclear rearrangements might provide protection (Lee et al, 2020). In the G4
accession, almost all the nuclear area is filled with heterochromatin. Chromatin condensation
ocourming upon severe water loss might be promoted by increased levels of cations and
changes of histone vaniants (Deltour, 1983; Washio, 2014). This aspect is still poorly explored
in the context of seed longevity and the G4 accession might provide a unique working system
for further investigations on the dynamucs of muclear architecture i response to desiccation.
According to Bhattacharyya et al. (1993), the high sucrose content of pea wrinkled seeds
enhances the embryo osmotic potential, increasing water up-take during seed development.
Subsequently, during desiccation, excess water is lost causing the wrinkled phenotype. These
shrinkage dynamics might lead to a tighter chromatin conformation useful for genome
maintenance (Bhattacharyya et al., 1993).

The G4 seeds aged at room temperature showed a sigmficantly lower frequency of the
yH2AX foci, compared to the Y1 seeds. Chromatin compaction protects DNA from damage,
but it also blocks the expansion of H2AX phosphorylation (Cann and Dellaire, 2011; Nair et
al., 20127). Possibly, the high-longevity profile of G4 seeds and genotoxic stress resilience
were positively influenced by such chromatin dynamics. These findings are in agreement with
those described in both yeast and mammalian cells revealing that the yH2AX foci at double
strand break sites were formed at lower levels in heterochromating when compared to
enchromatin (Cowell et al., 2007; Kim et al., 2007). On the other hand, the protective effect of
chromatin compaction might be related to non-histone chromatin proteins that physically
shield the genomic DNA (Falk et al, 2008). Results from ulfrastructural and
immunchistochemnical analyses should be also cnfically assessed considening the effect of
seed moisture content, which was lower for the G4 sample (7.87 % for R seeds) compared to
other samples (8.52-8.81 %). According to the Hamngtons rule, even 1.0 % decrease n

water content might double lomgevity (Hamngton, 1960) whereas van Zanten et al. (2011)
1
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showed that chromatin compaction is mfluenced by moisture content. At the moment, the
possibility that the observed differences between G4 and Y1 seeds in nuclear shrinkage and
yH2AX density might be due to a difference in moisture content cannot be ruled out.

The present work underlines the relevance of multidisciplinary approaches in seed
longevity studies, particularty when addressing intra-species variations in longevity. The case
study hereby reported brings to the forefront the redox context and some aspects of the
genotoxic stress response as that contmbute to the long-lived pea seed phenotype.
Investigating the biclogical bases of these intra-species vanations will be fuindamental to
identify proups of seed accessions with different longevity profiles, and therefore to plan seed
banks activities i terms of viability monitoring and regeneration efforts. in the attempt not to

lose potenhally priceless genetic resources.

SUPPLEMENTARY DATA

Supplementary Data include: Table S1. Main features of the eight Pisum saffvum L
accessions.

Table 52. Germination parameters. Table 53. Germination parameters and seed meisture
content of the eight pea accessions. Table 54. Results of generalized linear models applied to
germination parametfers, moisture contents, and reactive oxygen species. Table 53, Results of
generalized linear models applied to malondialdehyde, tocopherols, proline and reducing
sugars content Table 56 Results of differential scamning calorimetry analysis. Fig. S1.
Standard curves (MDA, y-tocopherol, proline, glucose). Fig. 52. Chlorophyll a and
chlorophyll b contents measured i the four green pea accessions. Fig. 53. Results of
Eendall’s Tawb test highlichting comelations between germination percentape and
chlorophyll content. Fig. 54. ROS levels measured in pea seeds during imbibition, and results

22

169



11

14

16

17

21

of Kendall’s Tau-b test highlighting comelations between ROS levels and germination
percentage. Fig. S5. Mean values of malondialdehyde, tocopherols, proline, and reducmg
sugars contents in pea seeds. Fig. 56. Moisture content measured in pea seeds. Fig. 57.
Representative example of thermogravimetric measurements for F seeds of G4 accession. Fig.
58. Transmission electron microscopy analysis of G4 dry embryos subjected fo peniodic acid-
Schuff (PAS) staiming. Fig. 59. Transmission electron microscopy analysis of Y1 dry embryos
subjected fo periodic acid-Schiff (PAS) staining.
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FIGURE LEGENDS

F15. 1. (A) Seed lots used in this stady. Y, yellow. G, green. F, harvested in 2019 (fresh). A,
harvested in 2001 and kept in cold storage (aged). F. harvested im 2001 and comserved at
room temperature conditions. (B) Germination percentage of the 8 pea accessions (fresh
seeds; seeds aged m cold storage and at room temperature conditions). Error bars represent
the standard deviation of three biological replicates (20 seeds each). (C) ROS levels measured
in dry pea seeds using the DCF-DA fluorescent dye. Letters above bars represent statistically
significant differences (GLM with Tukey post-hoc test, P = (0.05) within the same accession.
RFU, relative fluorescence umit. ROS, reactive oxygen species. DCF-DA, dye 2°.7°-
dichloroflucrescen diacetate. Asterisks represent statistically significant differences between
aged and fresh seeds within the same accession (** = P = 0.01). Emor bars represent the
standard deviation of three biological replicates (5 seeds each) (D) Eendall’s Tau-b
comrelation between ROS levels and germination profile of dry seeds from the yellow (Y1,
T2, Y3, ¥4) and green (G, G2, G3, G4) accessions.
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Fi5. 2. Levels of malondialdelyde (MDA), tocopherols, free proline, and reducing sugars in
dry seeds of the yellow (Y) and green (G) pea accessions. F, harvested in 2019 (fresh). A,
harvested in 2001 and kept in cold storage (aged). F. harvested in 2001 and conserved at
room temperature conditions. Heatmaps represent changes of relevant metabolites in A and B
seeds, compared to F seeds. For each metabolite, the mean values are available i
Supplementary Fig. S5. Asterisks represent statistically significant differences between fresh
and aged seeds within the same accession, showed by the post-hoc Bonferroni test (* = P =

0.05; ** = P =0.01).

Fic. 3. Weight loss (%) TG curves for dry seeds of the yellow (Y) and green (G) pea

ACCESEIONS.

F15. 4. Nuclear morphology m embryo axes excised from E seeds of Y1 and G4 accessions
with contrasting longevity profiles. (A) and (B). Staining with Toluidine Blue. (C) and (D).
Ultrastructural changes in chromatin distnbution highlizhted in ¥1 and G4 muclei subjected to
EDTA regressive staining for TEM amalysis. he, heterochromating ec, euchromatin mu,

mucleolus. o, nucleus.

F16. 5. Dismbution of yH2AX foci in the nuclens of embryo axis excised from seeds stored at
room temperature: (A) Y1-R and (B) G4-F. Detection of yH2AX foci was performed by

immumocytochemical and TEM analyses. n, muclens. nu. nucleolos.

33

179



Cermiratia |5
o
£

u
A

4an i
F
Y4 ¥a @ G B4

AF FAR FAR FAR FAR FAR FAFR FakR
bl 2 : [=¥)

{c J [ d ] ACCeE0n

Fa 1 e | b

4, ¥
= b
¥ P
i
© =
il A o
=
o
1
&
S
= "
" 1 ¥ b
1] avaan
L |
(=)

ACCES3I0n

180



Cartant

[LIIE

Tuvaphrruls-

Mrallme-

Redualng.Eugars

Pt

s

Faccharce il
x

P

181



{b] G4-R

182



7.2 Review

Gianella M, Bradford KJ, Guzzon F. Ecological, (epi)genetic and physiological aspects of bet-hedging in
angiosperms. Plant Reprod. 2021; 34(5), 21-36. https://doi.org/10.1007/s00497-020-00402-z

Plant Reproduction
Tttps:/dioi.org,10.1007/500497-000-00402-7
REVIEW ‘
—-

Ecological, (epi)genetic and physiological aspects of bet-hedging
in angiosperms

Maraeva Gianella'(" - Kent J. Bradford®( - Filippo Guzzon®
RECENved: 76 SEptember 2020 f ACCEptec: 28 December 2020
& The Authoms) 2021

Abstract

Key message Bet-hedging is a complex evolutionary strategy invwlving morphological, eco-physiological , (epi)genetic
and population dymamics aspects. We review these aspects im flowering plants and propose further research needed
for this topic.

Bet-hedging is an evolutionary strategy that redoces the emporal variance in fitne ss at the expense of a lowered arithmetic
mean fitness. It has evolved in organisms subjected to variable coes from the external environment, be they abiotic or biotic
stresses such as irmegular reinfall or predation. In flowering plants, bet-hedging is exhibited by hundreds of species and is
mainly exerted by meproductive organs, in particular seeds but also embryos and fruits. The main example of bet-hedging in
angiosperms is dizspone heteromorphism in which the same individoal produces different seeddfruit morphs in terms of mor-
phology, dormancy, eco-physiology andfor tolerance to biotic and abiotic stresses in order to “hedge its bets” in unpredictable
environments. The objective of this review is to provide a comprebensive overview of the ecological, penetic, e pigenetic and
plyysiological aspects imvobeed in shaping bet-hedging stratepies, and how the se can affect population dynamics. We identify
several open research questions about bet-hedging strategies in plants: 1) understanding ecological trade-offs among different
traits; 2) pmducing more comprehensive phylogenetic analyses to understand the diffusion and evolutionary implications of
this strategy; 3) clarifying e pipenetic mechanisms e lated to bet hedging and plant responses to environmental coes; and 4)
applying multi-omics approaches to study bet-hedging at different levels of detail. Clarifying those aspects of bet-hedging
will deepen our understanding of this fascinating evolutionary strategy.

Keywords Bet-hedging - Heteromorphism - Fitness - Seed dormancy - Eco-physiology - Soil seed bank

Introduction stresses such as predation and infections. Plants, being ses-

sile orpanisms, evohed different strategies to overcome the se

Organisms must cope with a variety of threats to their sur
vival, ranging from abiotic stresses, such as the lack of
mesources or unfavourable climatic conditions, to biotic
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envirmmmental factors, depending on their termporal variabil-
ity. When environmental variation is consistent, such as sea-
sonal regularity, physiological or developmental plasticity
is safficient to allow individuals to adapt their phenotypes
in response to the prevailing conditions. When, on the con-
trary. environmental variation is unpredictable, organisms
apply diverse options without predicting how it will affect
their futnre fitness, thereby *hedging their bets” (Childs et al_
2010; Slatkin 1974). Bet-hedging occurs when a population
lowers its mean fitness over time (across years) by decreas-
ing also its annual variance in survival, thus improving its
long-term fitness (Olofsson et al. 200%; Sepger and Brock-
mann 1987). The canonical example of bet-hedging in plants
iz =ad dormancy, ie. the emporary failuse of 2 seed to com-
plete permination under favourable conditions (Hewley et al.
2013). When seeds perminate, the probability of survival
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for the seedlings is heavily dependant on the environmental
conditions at that time. If a dry period occors, the seedling
iz almost certainly bound to perish, while, if permination
occurs during 8 wet period, survival is mome likely. When the
ocourmence of dryfwet periods is not predictable, seed dor
mancy allows a distribution of germination events that, just
like placing bets, enhances the probability that a proportion
of the seed cohort perminates during a wet period (Cohen
1966). When different seed phenotypes am produced at the
same time, only the ones adapted to the ongoing conditions
survive. This way, survival of part of the progeny is assumed,
even if the mean fitne ss of the mother plant for that partico-
lar timeframe is not at its maximum (here refered to the
maximum fitness possible, when a high proportion of the
seeds produced survive because of specialized adaptation
to that particolar condition). Indeed, bet-hedging sirategies
tend to lower the arithmetic mean of fitness of single pen-
erations, at the same time lowering the temporal variance
of filness over time, thus improving the long-term fitness
for the whole population over several generations (Philippi
& Seper 19890

Bet-hedging is a widespread strategy in flowering
planis and can be observed in different phases of the plant
meproductive cycle, mainly at the seed stape but also at the
gametic level (pollen/ovules), in the embryos or fruits,
and occasionally also in vegetative tissues such as buds
(Fig. 1a) (Charlesworth 198%; Cohen 1966; Milsson et al.
1996; Peters et al. 201 1; Thorlby et al. 20012). It is partice-
larly evident in wild plant species adapied to unpredictable
environments, in terms of abiotic factors soch as rainfall
or soil salinity (e.g. mderal areas or intertidal zones) or
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biotic components (e.g. host-parasite cycles, predation)
(see, e.g. Gurzon et al. 2018; Long et al. 2015; Verin &
Tellier 2018; Volis and Bohrer 201 3). On the contrary, bet-
hedging has been subjected to negative selection during
crop domestication in favoor of rapid and uniform ger-
mination and field establishment even under sub-optimal
conditions (Mitchell et al. 2017T)

Given the importance of bet-hedging in angiosperms,
we review its ecological and evolutionary implications
with a focus on seed dormancy and heteromorphism, but
also considering special cases such as bud dormancy,
apomixis and serotiny. Despite 3 conspicuous number
of studies describing bet-hedging at the ecological level,
especially imvestigating how morphology and permina-
tion patterns affect fitness of different plant populations
and taxa, still little is known about the molecular mecha-
nisms underlying this phenomenon. We start by provid-
ing & msume on the different definitions and cateporizs-
tions of bet-hedging, moving to its diffusion in flowering
plants and its consequences for the dynamics of population
penetics. We then review the penetic bases of seed het-
eromorphism, citing the most recent works linking differ-
ent loci to bet-hedging strategies. We also describe how
tramscription and its regulation can drive bet-hedging in
plants, including via epigenetic mechanisms trigpered by
environmental cues. Finally, we provide information on
the physiological aspects that are linked to bet-hedging,
such as hormonal regulation and antioxidant responses,
and we conclude by sugpesting further research that is
needed on this subject.
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FAg:1 a Examples of plant anaiomical parts showing bed-hedging stroie gies, b Example of aryope s heteromorphism in Poaceae: A epilops
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The bet-hedging strategy: definltions and ecology

In a stable enviromment w ith predictable fAuctuations, the
fitness of phenotypes that are specialived to those condi-
tions is maximized and constant over time, and thus, vari-
ance of fitness is low or noll. In the same environment,
peneralists ame disadvantaged as, even if with low variance,
their mean fitness is lower (Fig. 2a). On the contrary, in
an unstable environment, specialization can maximize fit-
ness only in the timeframe of particolar conditions, while
increasing the variance of fitness over time because fitmess
dramatically decreases when those particular conditions
are not met (Olofsson et al. 2009). In such cases, peneralist
strategies sacTifice the mean fitness in order to lower the
variance over time as filness remains constant over most
environmental conditions (Fig. 2b). The so-called *bet-
hedging’ straie gy describes the adoption of a e productive
strategy that maximizes the long-term fitness to ensume
survival when coping with an unpredictable environment

Fg.2 Trends of fitness in {4
bet-hedging and specializs-
tion strategies in @ stahle and b
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(Philippi and Seger 198%; Slatkin 1974) or in the presence
of Auctuating natural selection {Simons 2009).

In other words, bet-hedging is a trade-off betwean the
meean and the variance of fitness (Philippi and Seger 1989);
it results in a redoction in the emporal variance in fitmess
and a lowered arithmetic mean fitmess bt in a higher overall
{geometric mean) fitness over time under unstable condi-
tions (Fig. 2). Moreover, a strategy that fawours diversifica-
tion within the same generation mesults in a reduction of
competition among siblings, thus uncoupling the surv ival
and fitness of one individual from those of its siblings. Cor-
melation of fitness among individuals is therefore decreased,
making bet-hedging a triple trade-off among mean, variance
and cormlations of fitness (Starrfielt and Kokko 2012).

Olofsson et al. (2009) defined four main types of bet-
hedging straiegies: (1) comser vative, or ‘playing safe’: 3 con-
sistent, low-risk, peneralist strategy . e_p. large seeds pro-
duced yearly; (i) diverzified, several specialized stratepies
at once but fixed, e_g. variahle seed sizes drawn from a fixed
distribution; {iii) “edaprive coin fipping ", e.g. randomly

unstahle enviroaments over ime H
L=low; M= medium; H=high HJ—F’FW

fitmess. Dashed Hnes mprs=nt f
the: geomedric mean of fitne s
for each stategy. Comparizsons
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produced seed sizes; and (iv) combined, any combination
of the above.

Diaspore heteromorphism, or the production by the same
individozal of two or mome seed/fruit types. is considered
one of the main bet-hedging strategies in flowering plants
(52, ep. Fig. 1b) (Imbert AM2; Wenable 1985). Baskin and
Baskin (2014) divide seed/fruit heteromorphism in two main
caie pories: heterodizspory and amphicarpy. Heterodiaspory
occurs when ‘two or more types of diaspores ame produced
above ground and differ in ecological function, e.g. dispersal
and dormancy’. Heterocarpic species show different fruit
iy pes, with heternanthmocarpic species possessing = pme nied
fruits bearing different seed morphs and amphi-basicarpic
species producing flowers and fruits on both aerial and basal
paris of the plant. Heterospermy is another type of heterodi-
aspory that imv olves the production of different seed morphs
in one or more fruit types. Amphicarpy occurs in plants pro-
ducing “one or more than one type of fruit both above- and
below-ground that differ in ecological function” (Baskin and
Baskin 2014).

‘Venahle { 1985) described two types of heteromorphism
based on the mean fitness and its variance. In the high ris’
Figh risk (HRHR ) type, two seed morphs ame specialized for
two different conditions (e_g. wet'dry years), thus maximiz-
ing the mean and the variance of fitness of both seeds. On
the contrary, in the high-riskTow-risk (HRLR) heteromor-
phic species both seed types ame specialized for the same
conditions (e.g. wet years), but the fitness of one morph is
higher in optimal conditions and lower in different condi-
tioms, thus increasing both its mean and variance of fitness
(high risk) companed to the other morph (low risk), whose
mean fitness is lower but less variable over time. Seed heter
omorphism is common in s0il seed banking, in which a frac-
tion of seeds remains dormant after dispersal within the soil
or on its surface (Imbert 2002; Yenable 2007). A proportion
of ome morph’s seed cohort mmains dormant for a period,
influencing fitness in a temporal way by reducing sibling
competition, overcrowding and’or inbreeding. In peneral,
the formation of persisient soil sed banks is a bet-hedging
strategy that enhances survival and decreases the probability
of mproductive failore when the environmental conditions
are not favourable (Cohen 1966).

Diaspore heteromorphism can affect fitness also in a spa-
tial manner, for instance, with the endowment of different
dispersion capabilities depending on morphology in onder to
reduce competition. As an example of this, Picris echivides
L. (Asteracess) produces two types of achenes: the periph-
eral ones are dispersed by mammals and remain enclosed
in the imvolucral bract, while the central achenes amre wind-
dispersed (Imbsert 2002). Dispersal itself can be considered a
type of diversifie.d bet-hedging, a5 it can reduce competition
among siblings and correlation in fitness between indiv ido-
als, diversifying their filness im a spatial manner within the
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same generation (Hopper et al. 2003; Starrfelt and Kokko
2012). In peneral, dormancy and dispersal provide bet-hedp-
ing strategies to plants ex periencing varizble environmen-
tal conditions in space and time, with the two traits ofien
negatively associated (Buoro and Carlson 2014; de Casas
et al. 2015). Indeed, trade-offs in dispersal and dormancy
are observed in dimorphic species, where one morph shows
2 high dispersal (HDi) capability coupled with low or no
domancy levels (LDo), while the other is characterized by
low dispersal ability {L.Di) and high dormancy (HDo). This
is mot limited to true dimorphism, as a gradient of strate-
gies following this kind of trade- off was observed along the
continuum of dizspores produced from the basal to the aerial
paris of the plant by the amphi-basicarpic Cerafoearpis are-
marins L. (Lu et al. 2013). However, where dormancy and
dispersal coevolve, they can become positively associated,
=0 HDo/HDi and LD/ strate gies are observed (e.g. in
Aeathiorema arabicum (L.) Andrz. ex DC) (Arshad et al.
2019). This species produces two fruit morphs, one being
dehiscent and bearing quickly perminating, mucilaginous
seeds, and the other fruit being indehiscent with dormant
seeds. Mucilaginous seeds perminate quickly after anchor-
ing to the soil near the mother plant, while the froit with the
dormmant morph is dispersed for long distances, mainly with
rainfall but also by anemochory in the case of hydrother-
mal stress, due to its winged pericarp (Arshad et al. 201%;
Bhattacharya et al. 2019). Morover, different site-specific
offspring ratios are produced, shifting the dimorphic froits"
migration based on the fluctuations of environmental tem-
perature sensed by the plant, as modelled mathematically by
Nichols et al. {030}

Therefore, heteromorphic systems can adopt within- or
between-generations bet-hedping strategies, as diaspomes
with different behaviours can be produced within the same
cohort or in different eproductive seasons. For instance,
sped types produced in heteromorphic species can differ in
several traits, such as:

» Morphological characteristics: seed mass, coloor, hard-
ness of the seed coat (Guzzon et al. A 18; Xuet al. 20 16);
Tolerance to shiotic stresses: salt stess osmotic stress
(Bhatt and Santo 2016; Datta et al. 1970);
Susceptibility to predation (Hulme 1998);

Longevity and persistence in the soil seed bank (Gurzon
et al. 201E; Zinsmeister et al. 2020);

Seed dormancy levels (Philippi 1993).

Olbrriously, several of the aforementioned traits interact in
shaping bet-hedging strategies. In wheat wild relatives of the
penera Aegilops L. and Trificusn L.(Poaceas), heteromorphic
caryopses ane produced within the same spike and variations
in colour, mass, dormancy, ahiotic stress tolerance, longe vity
and phenology can be observed among the different morphs,
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contributing to the adaptation to raderal or disturbed emvi-
romments (Datia et al. 1970; Guzzon et al. 2018). Similarly,
the seed morphs prodoced by the halophyte Suceda salsa
({L.) Pall. {(Chenopodiacess | differ in several traits that allow
the adaptation of this species to saline soils, including dif-
ferent dormancy levels, seed coat thickness and colour, and
mesistance to saline stress (Xu et al. 2016; Zhao et al. 201E).
In thiz species, the variance in seed size in the offspring
depends on the ineraction between the maternal seed morph
and the offspring seed morph. Mosovwer, the seed ty pes mtio
observed in the offspring is influenced by the seed type of
the mother plant (Jiang et al. 2019). Recently, also in Suaeda
aralovaspica (Bunpe) Freitag & Schiltre variations in ssed
heteromorphism, in terms of plant size, seed number and
heteromorphic seeds ratios, have been associated with
maternal environmental factors (Cao et al. 20200

As pointed out by Long et al. {2015), plants that produce
large numbers of seeds per peneration should persist better
in the =il seed bank, given the fact that a larper nomber
enters the soil and that they tend to be smaller and longer-
lived. Om the other hand, Huxman et al. (200 8) emphasized
that high seed production is observed in those species that
perfiorm well in favourable seasons but that do not survive in
oither conditions, e.g. doe to low tolerance to drought stress,
thus showing high variance in fitness over difierent years'
meproductive seasons. Forther research is needed to clarify
the possible trade-offs among seed number, persistience and
fimess.

Seed sensitivity to environmenizl factors such as e mpe -
ture (T) and water potential (¥) can be modelled to derive
the threshold values that permit permination in a fraction of
the seed population (Bradford 2018). These models, called
‘population-based thresholds” (PET). can be good descrip-
tors for bet-hedging stratepgie s in plant communities as they
allow quantitative evaluations of the seed response to envi-
ronmental fluctuations. For example, higher permination
plasticity in a desert community can be achieved when the
median value of base water potential, ¥(50), is lower and its
standard deviation is higher. Indeed, larger water potential
ranges allow larger diffemnces in the permination fraction
ower different years or rain events within the same year, thus
leading to plastic permination and bet-hedging strategies
(Lin et al. 2030). Moreover, high variance in year-to-year
seed production per each seedling, hence higher variance in
fitmess, has heen associated with small seeds and hydrother
mal traits (¥ and T) linked to slow and fractional germing-
tion (Huang et al. 20 16). A special case of bet-hedging can
be observed in plants that show mixed strategies in terms
of embryo production, penerating diploid embryos sexually
and asexually {ie. apamospermy or apomixis). Indeed, the
co-option of these two mechanisms, which can also lead
to the formation of polyembry onic seeds, can provide =w
eral advantages. While sexual reproduction leads to gains

in genetic diversity doe to its intrinsic recombination pro-
cesses, asexual embryos can assume survival when sexual
meproduction is energetically costly and can better preserve
penomes that are well adapted to certain environmental con-
ditions {Miklas and Cobb 2017 ; Thurlby et al. 20132).

Another form of bet-hedging is serotiny, or retention of
seeds upon the mother plant at least until the ripening of
another seed cohort. Seed expulsion wsually happens when
the environmental conditions are favourable or in 2 gradual
fashion, e.g. in different seasons, to increase the chances for
the seedlings to find an approprizie time window for estab-
lishment (Peters et al. 2011). Serotiny is present within the
penus Mawmmillaria (Cactacene): in M. pectinifera FAC.
‘Weber seeds are expulsed actively during raimy periods
and passively over years in order to spread the chances of
seadling establishment over time (Peters et al. 2011). The
sarotinous species M. hernandezii Glass and Fosier miains
2 fraction of seeds to protect them from predation and pre-
pares them for dispersal via a rainfall-induced priming
process: seed hydration enables a phase of pre- perminative
metabolism followed by dehydmtion that speeds permination
and seedling e stablishment after expulsion from the fruit
{Santini and Martorell 2013). In fire-prone environments,
‘weak” serotiny, ie. seed retention for< 10 years, is an effec-
tive strategy when the interval between two fires exceads the
plant life span and ther is stochastic variability in fire occur-
mence. On the other hand, when fires ame predictable, the
opposile strategies ‘strong’ serotiny (retention > 10 years)
and nonserotiny become advantapeous specialist adaptations
(Lamont et al. 200,

The production of a diversified population of offspring,
in terms of morphs, sizes and number among penerations,
which is a combination of diversified and adaptive coin-flip-
ping bet-hedging, is theorized as the optimal reproductive
strategy for an individual (Olofsson et al. A09). In this situe-
tion, different penerations are subjected to difierent selective
pressures, while seeds belonging to same peneration experi-
ence more or kess the same conditions. On the other hand,
within-generational bet-hedging is favoured when seeds
belonging to the =ame peneration are subjected to different
selective pressumes, e.g. predation affecting some individu-
als and mot others (Hopper et al. 2003). Indeed, predation
affects the more common seed phenotypes more strongly
compared to the rare ones (Horst and Yenable 201 7). Alsa,
predatory pressume can be heavier in certain time windows,
for example, some rodents are more active from laie spring
to autumn. This can favour a within-generational bet-hedg-
ing straie gy with the production of seeds possessing different
dormancy behavioors and there fore a scatiered permination
pattern during the year (Gremer and Venable 2014). Indeed,
assuming that dormancy and within-season permination
phenology evolve inde pendently, variance in the latter can
favour earlier phenology when dealing with biotic stresses,

&) Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.

187



Plant Reproduction

while later phenology is selected when managing abiotic
st sses. Moreover, when modelling within-season mortal ity
and continuous reproduction in these sy stems, evolutionary
branching can arise, with multiple individuals presenting
different germination strategies, coexisting but reproducing
at different timings (ten Brink et al. 2020).

Bud dormancy enables the repeated phase of mest that
punctuates perinds of growth in the life cycle of many peren-
nial species (Cooke et al. 2012). It has also been proposed to
e & bet-hedging stralery in response to herbivory predation,
if it results in lower seeds production in years of low herbi-
vore pressure and reduces the variance of seed production in
time with compensatory effects in years of intense pressume
(Milssom et al. 1996G).

Momovwer, also among different populations of the same
species theme can be variation of seed prodoction depend-
ing on the env ironment ex perienced by the population, thus
apain depending on the selective pressume{s) exerted by the
environment (Dyer X 17; Philippd 1993). However, Starrfelt
& Kokko (2012) sugpest that bet-hedging is a continuum
of strate gies rather than divided into distinct catepones, in
terms of degree of conservation/diversification among dif-
ferent populations of the same taxa and also within/among
penerations. This latter model has been demonstrated math-
ematically by Hazland et al. (2020, also predicting a con-
tinwum in terms of among- versus within-individual phe-
notypic variation affected by the amount of environmental
stochasticity ex perienced and tuned in order to maximize
the genotype fitness.

Phylogenesis and distribution In the Anglosperms

Bet-hedging strategies are diffused in many plant families
in different plant development phases and anatomical parts,
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but to the best of our knowledge . it has been phylogeneti-
cally quantified only in terms of seed heteromorphism and
pemsisience within the soil seed bank_ Lamont and colleagues
{2020} describe the phylogenetic distribution of serotimy,
pre=ent in eight angiosperm families; however, this distribu-
tion is not yet resolved at the species level. Heteromorphism
was reported to be preznt in 218 plant species and is mome
frequent in dicotyledonous plants (16 families out of 18 ae
dicots; Imbert 2002} (Fig. 3). Wang and colleagues in 2010
listed additional heteromorphic species, raising the total
count to 292. Recent work by Scholl and colleagues (2020)
examined the presence of seed heteromorphizm in 101 angi-
osperm species, distriboted across 51 penera and 9 families,
mainly within Asteracese and Boraginaceas (Fig. 3). This
analysis is the first to directly link heteromorphism to bet-
hedging strategies at the phy logenetic level by considering
the association with different factors: aridity, coefficient of
wariation {CV) of precipitation, life-span (anmual’perennial)
and weediness of the species. A significant cormelation was
found between heteromorphism and aridity, while weedi-
ness and annual life cycle were not significant predictors,
in contrast with previous hypotheses (Imbert 2002; Scholl
et al. 2020). Even if the resolution of the phylopenetic
analkysis could be biased by the occurrence locations of the
considered taxa, ax the suthors predominantly considered
Morth America, this paper gives insight on the diffusion
of seed heteromorphism as a bet-hedging strategy in the
Angiosperms.

Recently, another phylogenetic analysis highlighted the
presence of soil seed banking in more than 2500 angio-
sperm taxa having different life cycles (annual/perennial,
weedy/woody ). habitats and seed traits such as dormancy.
Persistent seed banks, sugpesting bet-hedging strategies,
are mostly diffused in weedy taxa with anmual life cycles
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living in disturbed and moderal habitats (Gioria et al. 2020).
Given the lack of association with life cycle and weediness
found by Scholl et al. (2020} in heteromorphic bet-hedpers,
3 comprehensive phylopenetic analysis that considers both
persistence of the seed bank and heteromorphism is needad.
Diaspore heteromorphism, while observed in crop wild
melatives (g.g- wheat wild relatives: Gianellaet al. 2020; oat
wild melatives, Avera sterilis L. Volis 2014; wild Polyge-
i erechim L Muoeller 2017; lupin wild relatives, Lapirus
angusifolins L.- Moncalvillo et al. 2019), is often lost in
crops as a result of selection for uniform and guick ger
mination as part of the domestication process. Indeed, the
traits that characterize the “domestication syndrome’, ie.
plant traits that mark the diverpence of domesticated crops
from their wild progenitors, ae often reproductive traits that
affiect yield, such as seed size and number or shatiering at
maturity {e.g- wheat) (Iriondo et al. 2018; Mave et al. 2016).
In agricultural contexts, bet-hedging strategies ame indeed
disadvantageous as they result in stagpered germination and
seedling estsblishment, reducing yield and complicating
pest and growth management (Mitchell et al. 2017). Hence,
comprehensive analyses of the pepetic bases of bet-hedging
straie gies ame of great importance, in particular in genetic
drift studies about crop domestication by comparing pres-
enca’absence of this trait in crops and their wild relatives.

Population dynamics

Long-term soil seed banking conpected with bet-hedging
stratepies can modify the dynamics of population penetics
in different ways. These include (Tellier 2018): (i) reducing
the ex tinction rate in unpredictable environments, thereby
infloencing population sixe and penetic drift; (ii) throogh
persistence in the soil, lengthening the time to the point
whene two lineages coalesce in their most recent common
ancestor (MRCA); (iii) increasing the genetic recombina-
tion rate since the coalescent time is kengthened, leading
to higher penetic diversity and lower linkage disequoilib-
rium; {iv) potentially increasing the mutation rate due to
the timme spent in the soil; (v ) educing both the fixation rae
of favourable alleles and the risk of allele loss by mndom
drift, thereby affecting the rates and signatures of natural
selection; and (vi) educing inbreeding.

In particular, it has been demonstrated that long-term soil
sped banking seeds show an equal or higher nucleotide sub-
stitution rale when compared to less persistent seeds, and
that the majority of seed bank-bome mutations are newtral
or nearly neuotral, in accordance with Otha and Kimura's
nentral theory of molecular evolution (Dann at al. 2017}
Momover, differences in substitution rates can be observed
at the interspecific level but also intre-taxa at the same locus,
depending on specific population traits such as peneration
time or altitude and latitude (Dann et al. 2017).

The evolution and diffusion of s0il seed banking in dif-
ferent taxa and populations is not only linked to unpredict-
able climatic conditions but also to unstahle co-evolutionary
dynamics between host and pamasites: seed banking is evolu-
tionarily favoured when the cost of alleles for resistance to
parasiies and the disease severity am high (Verin and Tellier
201 8). This is mome likely to happen in mone stable environ-
ments (e_g. temperaie areas), where infections are favoured
and host- parasite cycles can be chaotic, making the host's
hiotic environment unstable (Verin and Tellier X118). Predz-
tion is an evolutionary driving force for the constitution of
persistent seed banks; for instance, in grasslands the preda-
tory pressure exeried by rodents favours the establishment
of seed banks in grasses and legumes (Holme 1998). This
selective force acts not only on the degree of permanence
within the soil but also on seed size, existing as 3 nepgative
corme lation between these two seed traits {ie. smaller seeds
persist mome in the soil seed bank) (Wolis & Bohrer 2013).
Indeed, larper seeds are predaied prefemntially in both pre-
and post-dispersal stapes and represent a higher metabolic
cost when remaining dormant in the soil compared to small
seeds. These two features constrain larper seeds to evolve,
on average . 3 quicker permination strate gy and transient sead
banks (Hulme 1998).

Genetic bases of bet-hedging

Although the adaptive significance of bet-hedging in seeds
and fruits has been studied quile extensively from the point
of view of morpho-ecology, little is known about its basis at
the mole.colar level

Some early studies focused on macro-differences in
malecular featums of heteromorphic species. For example,
karyotypic variations in terms of chromosomal morphol-
ogy and length, together with difierences in e lectrophome tic
profiles of total seed proteins, have been linked to diffier-
ent morphs in the achenes of Calenduls micranthe Tineo
& Guss. (Asteraceas) {Soliman 3003} The morphologic
variance of distinct seed sets of Primuda wilgaris Hudson
(Primulaceas) was explained. in part, by penes linked to
flower morphology and the influence of the light and tem-
perature environment experienced by the female parent
during the flowering period (Vaerbak & Andersen 2004).
Another approach used was the utilization of amplified frag-
ment length polymorphisms (AFLP) in Padiera romentosa
{Asteracess) to penetically differentiate clones (genets)
that showed cry ptic heteromorphism, i.e. a varighle seed
behaviour such as dormancy that is not accompanied by a
discriminant morphological variation (fmbert 2002). While
differences in morphology were not evident, seed mass and
permination performance differed among penets and seed
positions within the flowers (Levereit and Jolls 2013).
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Mome recently, Mave and colleagues (2016) analysed the
mitlecular bases of within-spike let heteromorphic caryopses
exploiting & recombinant inbred line (RIL) population origi-
nated from durum wheat (Friricus furgidum subsp. durwm
{Desf.) Husn.) and its progenitor, wild emmer wheat (Trir-
cum furgidum subsp. dicoccoides (Asch. & Graebn.) Thell.)
{Poacese), in order to characterize heteromorphism to clarify
the domestication syndrome in wheat. While dome sticated
emmer shows uniform grain size and permination, wild
emmer bears, within the same spikelet, bigper caryopses
located in the upper part that germinate mome rapidly when
compamed to their smaller siblings located in the lower part
of the spikelet. A guantitative trait locus () TL) for uniform
erain size and germination on chromosome 4B ((M70-4BL)
explained a high proportion of within-spikelet variation in
terms of caryopses dimensions and dormancy, indicating a
maodification selecied during early stapes of domestication.
{Mave et al. 2016).

On chromosomes 3 and 5 of A rabidepsis thaliana L.
(Brassicaceas), two loci, one overlapping with DELAY OF
GERMINATION 6 (DOG#A) and the other with IMOGE (bwo
of the loci undedying the extent of dormancy under different
envirommental conditions; Bentsink et al. 2010} have been
associaied with a bet-hedging strategy in seeds belonging to
the same siligues when coping with env ironmental stresses.
Seeds subjected to short strong stresses, eg. heat shock at
49 °C for 30 min, showed diffierential permination timing
that allows part of the seed cohort to survive an unpredicts-
ble period of unfavourable environmental conditions. {Abley
et al. 2020). Also, two proteins encoded by FLOWERING
LOCUEC (FLC) and FLOWERING LOCUS T (FT) enable
A. thaliana mother plants to modulate seed dormancy in
the progeny depending on the exiernal emperature, sensed
through the epipenetic state of these penes. This mechanism
allows the modification of dormancy levels through the o
latiom of seed coat development and hormone production in
mesponse to environmenta]l conditions during seed matars-
tion to diversify the behaviour of the progeny, presumably
to maximize finess in the following peneration (Chen and
Penfield 201E; Springthorpe and Penfield 2015). Sensitivity
toenvironmental signals for dormancy melease also occurs
when other key permination-repre ssing penes are expressed
at low levels (e_g. DOGT, CIPK 27—CBL-inreracting serins
threcnine-protein bnase 23, PHYA—Phytochrome A), and
subtle differences in the seed response contribute to bet-
hedging via the formation of transient or persistent seed
banks (Footitt et al. 2014). The formation of seed banks
in A rhaliana can be linked to the differential response to
chilling in terms of primary dormancy release, with mixed
antumn- and spring- germinating cohoris observed within
popalations in the same year. This system has been subjected
to penetic and molecular analyses that support a role for
DvMF] in determining the depth of dormancy, but identified
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other loci mome closely associated with dormancy cycling
(Footitt et al. 2019). Recent work by Martinez-Berdeja and
colleagues (2020) linked primary dormancy release induced
by chilling in A. thalians seeds to DOGT haplotype identi-
ties through a penome-wide association stody.

Two populations of Brassica oleracea L. (Brassicacese ),
penetically identical except for two loci imvohved in abscisic
acid (AB A) catabolism (RABAT—R educed ABA 1) and sen-
sitivity (SOM7 — Suppresior of pamma response 1), showed a
bet-hedping straie gy based on a continuum of AB A-depend-
ent dormancy. Allelic difierences at these loci were corme-
lated with dormancy release when seeds were subjected to
different te mperatures, with the two lines showing different
lower limits of tolerance {Awan et al. 2018).

A special case of bet-hedging is exhibited by Syzpgim
paniculatum Gaerin (Myrtaceae). This rame tree species
melies on & mixed eproductive sirategy wtilizing both sexual
embryonic production and agamospermy (Thurlby et al.
2012). Seeds are polyembryonic, and when dimorphic,
the sexnal embryo is bigger than the asexual one, wheras,
when polymorphic, the embryos ame the same size, appar-
ently due to the increased competition from multiple asexual
siblings. O verall, genetic diversity in this species is low, as
observed when different populations wene compared using
nuclear simple sequence repeat (n55R) markers. This mixed
meproductive strate gy can be seen as a form of bet-hedging,
a5 the sexual embryos epresent an adaptive advantage for
maintaining penetic diversity, while asexual embryos assure
dispersion and survival even when sexual reproduction fails
or is too costly (Thurlby et al. 2012).

Although there is some evidence for single dominant
loci being responsible for apomeiosis and parthenogenesis
in some grasses, several penes have been associated with
apomixis in Poacese: A SGR-BARY BOOM-like (PsASGR-
BEML.) pene from Perniserum squarmlanem (L) R.Br. and
BABY BOOM] (BEMT) in rice (OQryza sativa L) (Conmer
et al. 2015; Khanday et al. 3019). Khanday and colleagoes
{2019 demonstraied that the ectopic expression of BEM]
inegg cells of rice is sufficient for parthenogenesis but that
fertil zation is still required for seed endosperm production;
notably, this system shows the feasibility of clonal propa-
gation through apomictic seeds in crops. In addition to a
penetic basis, epigenetic regulation of apomixis has also
been hypothesized, since the latter could explain the fac-
ultative nature and reversibility to sexual seed production
{Kumar 2017; Rodrigues and Koltunow X005).

Bet-hedging and non-genetic bases: transcription

MNon-genetic variation could play a major role in terms of
phenotypic variation in the context of bet-hedging. Salec-
tion for diversification often implies low heritability of fixed
penetic adaptations becanse the latter is the ratio of additive
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penetic variance to the total phenotypic variance (Simons
and Johnston 2006). On the other hand, a major source of
maolecular variation is difierential pene expression and its
regulation. Transcriptional vanability (often referred to as
‘tranzcriptional noise™) can be cansed by environmental
flucheation or other constraints (e.g. at the cellular level by
physical position in a cell population, differential cell func-
tions) and can result in detrimental or beneficial phenotypic
varighility (Mitchell et zl. 2017). Wide variation in tmnscript
lewels, when interpreied as noise, suggests poor regulatory
contre] or unavoidable stochastic ‘error’. The development
of technologies to assess transcriptomes at the single-cell
level has provided different interpretations of what has been
designated as transcriptional *noise” (Stadler and Eisen
2017). Pooled zamples inevitably bulk topether the tran-
scripts from populations of individoals, whether of seeds
or cells. Howewer, hiological variation can be interpreted
in terms of populations of individoals in which response
thresholds and physiclogical/transcriptional activities vary
in meproducible or programmed ways. Thus, transcriptional
variahility may repee sent difierences among cells in a popu-
lation that is part of the e gulatory process, rther than rep-
mesenting unconirollable error. In fact, population models
based on threshold-dependent dynamics have successfully
described diverse aspects of seed permination behaviour,
incloding responses to temperature, water potential, hos
mones, dormancy, apeing, e spiration rates and other param-
eters (Bradford 20 18). Similarly, ecent single-cell in vivo
transcriptional studies revealed that *plant tissues respond to
external signals by modulating the mumber of cells engaped
in transcription rather than the transcription rate of active
cells’ (Alamos et al_ 2020). An important implication of this
i= that experimental designs for examining seed molecular
biology will need to move toward analyses of individoal
seads (e.p. Still and Bradford 1997) mther than pooling mul-
tiple seeds per sample . which inevitably combines seeds in
different physiological or developmental states, e_g. dormant
and non-dormant or germinating vs non-germinating, at a
Eiven time.

It is evident that seed-to-seed wariation is 8 fundamental
component of bet-hedging strategies. For instance, beneficial
variability can be observed in the halophyte 5. salva which
shows differential transcription to adapt to environmental
fluctuations in soil salinity (Xu et al. A0 17). This species pro-
duces two ssed morphs: brown seeds germinate faster and
tolerate higher salt comcentrations, while black seeds remain
dormant, tolerate lower salt concentrations and constitnte the
s0il seed bank. The transcriptomic profiling performed by
Xu and colleagues (20 17) on mature dry seeds evealed that
the two morphs show differential ex pression of 4648 penes,
mainly belonging to pathways mlated to embryo develop-
ment, fatty acids metabolism, osmotic equilibriom and hos
maonal regulation, indicating their different developmenial

trajectories. In particular, genes involved in the metabolism
of bwo organic osmolyies, betaine and proline, wene upregu-
lated, the latier being not only involved in osmotic regola-
tiom but also in the prevention of permination in stressful
conditions by maintaining the embryo axis in a resting state.

In Ae. arobicum (Brassicaceas ), fruit dimorphism (dehis-
cent or indehiscent) is a *last-minute” developmental deci-
sion, happening after fertilization. In this species, Aowers
that already possess the structures typical of the dehiscent
marph {four to six ovules and a segment) can degrade those
structones and instead form indehiscent fruits (Lenser et al.
2018). This bet-hedging strategy allows plastic esponses
to environmentzl unpredictability in the corment season.
Indeed, the ratio of single-seeded indehiscent fruits, bear-
ing dormant seeds, to multi-seedad dehizcent fruits, bear-
ing quickly and uniformly germinating seeds, increases in
adwermse growth conditions such as defoliastion or shading.
Lenser and colleagues (2018) demonstraied that the produc-
tion of these two fruit morphs is e gulated by the transcript
levels of BRANCHEDT (BRCT), belonging to the family of
transcription factors TR CYCLOMMEA PCF (TCF). BRCI
transcription is indeed particularly importamt in hormonal
production and is thooght to integrate the megulatory roles
of developmental hormones such as auxin, strigonolactone
and cytokinin that are imvolved i fruit development {Lensar
et al. 2701E). Moreover, a transcriptome analysis revealed dif-
ferentially expressed penes (DEGs) in dry seeds belonging
to the two fruit morphs. The ‘less dormant’ morph showed
higher levels of transcripts of penes whose expmression
increases with maturation, such as penes encoding riboso-
mal profeins, LEAs. NYE] protein (chlorophyll degradation))
and HSFA% (heat shock protein), and lower expression of
penes that decrease during maturation such as ABFT (ahscisic
acid-medizsted regulation and embryo degreening) and WE ]
{embryo development). These results, suggesting different
degmees of afierripening in the two morphs, ame in accord-
ance with the already known dormancy behaviour of the
two morphs, while other DEGs (related to ROS detoxifica-
tiom, lzie embryo abundant proteins-L EAs) suggest also the
possibility of different longevity behaviour, so far unknown
(Wilhelmsson et al. 2019).

Bat-hedging and non-ganetic bases: aplgenatics

Changes in environmental cues can modify pene expres-
sion through epigenetic mechanisms (i.e. methylation, his-
tone modifications and non-coding RMAs-mediated), pen-
erating plastic phenotypic wvariation that can be heritable or
not. Phenoty pic plasticity can thus be individual (within-
peneration) or be inherited as an effect of the epigenetic
changes exerted by the environment on the parents that is
meiotically transmitied (trans- generational). The latier can
be defined as “heritable bet-hedging” and can maintain or
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increase the pemetic potential of a population across gen-
erations, acting a5 3 means of evolutionary rescoe from
extinction (Herman et al. 2013; (0"dea et al. 2016). Epi-
penetic stability across several penerations can be seen
a5 & trade-off between short-term, within-generation epi-
penetic changes and long-term, penetically fined adapta-
tions (Alvarez et al. 2020). Random switching between
epigenetic states is indeed advantapeous in situations of
high unpredictability, where there is not an optimal pheno-
type adapted to all the possible environmental conditions,
while penetically fined adaptations are advantageous for
phenotypes close to the optimum, in less variable environ-
ments. When intermediate situations occur, ie. variations
in the enviromment exist but are not so frequent, trans-
penerational heritability of randomly penerated epiallelic
variants is advantageous as am evolutionary stratepy that
maintains adaptive phenoty pe-environment matching at an
intermediate temporal scale (Herman et al. 2013). Thus,
persistent trans-penerational effects become adaptive when
3 response to long-term, multige nerational environmental
changes is necessary. In this context, *fixed’ epigenetic
states are not directly inherited as epipenetic signatumes,
rather they are m-induced through a feedback betwean
phenotype and the environmental cues’conditions (Alve
mez et al. 2020). The proportion of wariation in seed traits
melated to dispersal that cannot be explained by penetic or
environment variability and that can be transmitted to sub-
saquent generations has its origing in epigenetics, which
cam be both heritable and adaptive (Johnson et al. 2019).
The heritability of epipenetic marks was explored in four
different A. thaliana inbred lines afier a heat stress indwced
in an ‘mcesital’ peneration and then studied in the third
peneration. One penotype (Cvi) showed the establishment
of a bet-hedging strategy possibly induced by the inherit-
ance, within the same peneration, of random epiallelic var
iznts caused by the heat stress experienced by the ancestor
{Suter & Widmer 2013). In another study on four A. thali-
anra lines, no transgenerational epigenetic heritability was
found when plants were subjected to water stress. Rather,
the differnces in responses to drought stress ohserved
between penerations wene based on phenotypic plasticity
rather than maternal effects and wem exerted in a within-
penerational fashion (vam Dooren et al. 2020).
Epigenetically induced wariability can be advantapeous
in coping with environmental changes, but it can also be
maladaptive when random epialleles are penerated. Mever
theless, maladaptive epipenetic marks are often nepatively
selected at the seedling stape, and therefore they esult in
maore tolerance in plants that produce larpe seed numbers,
whem the probability of extinction caused by maladaptive
marks in the offspring is lower (Minow & Colasanti 20200,
5o, even with the possible insurpence of maladaptive marks,
epigenetically variable populations can be advantageous, as
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a fraction of individoals is likely to be mone suited to certain
environmental conditions, thus providing buffering capacity
to the total population (Alonso et al. 2018).

Cytosine methylation is 2 key component of epigenetic
megulation in plants and it has been associated with func-
tiomal changes in gene expression and penomic stability
{Alonso et al. 2014, M 1E)L Genome-wide variations in
cyltosine methylation are associated with fecundity-me lated
traits in the evergreen shrub Lavandula larifolia Medik
{Lamiaceae) and in the perennial herb Helleborus foefidus
Mupench (Ranunculace s ) (Alonso et al. 2018; Herrem et al.
2014). In L. Rarifedia, sub-individoal epigenetic mosaicism,
inwhich different parts of the same genetic individual dif
fer in DMA methylation patterns, was hypothesired to be
melated to variations in the exposure of different plant ans-
tomical parts to one or more environmentzl factors that trig-
per epigenetic changes as a plastic response, resulting in
the differential production of seeds in terms of mass and
number {Alonso et al. 2018). In H. foeridus, variation in
the individual transpenerational transmission of epigenetic
marks (mainly methylation) was elated to within-plant vari-
ance in seed size (Johnston & Bassel 2018), sogpesting a
complex mechanism, not only related to mosaicism but also
to transmissibility that counld link epigenetic changes to sub-
individual heterogeneity of reproductive organs.

Rapid changes in the dormancy status of A. thaliara
speds in response to environmental fluctuations, especially
temperatune, can also be driven by epipenetic modifications.
Genome-wide chromatin remodelling induces changes in
pene expression that enable seeds to mespond to seasonal
variation through different dormancy behay iours, in particu-
lar via histone modification of the INMF] chromatin with the
H3K4me3 and H3IKZTme3 marks that cause a reduction of
351 protein production in late spring and themefore dor-
mancy melease (Footitt et al_ A015).

‘While full details remain to be uncovered, it is clear that
inducible changes in genetic networks can ince ase the ranpe
of possible molecolar interactions, thereby allowing the
expression of plasticity required for the adaptation to biotic
or environmenial stochasticity.

Impact on seed physiology

A positive-feedback regulatory motif involved in ABA syn-
thesis and degradation was modelled in relation to germi-
nation patierms in A. thaliana (Abley et al. 2020; Johnston
and Bassel 2018). This motif belongs to a larper regulatory
nebwork that imvolves also gibberelin (GA ), which interacts
antagonistically with ABA in regulating permination and
dormancy (Topham et al. 2017); this system can be tuned
in response to environmental coes and provides regulation
of transcriptional factors that control permination and dor-
mancy &s an adaptation to stressful conditions (Abley et al.

Content courtesy of Springer MNature, terms of use apply. Rights reserved.

192



Plant Reproduction

2020, Indeed, a type of bet-hedging strategy observed in
seads of A. thaliara subjected to stress has been mcently
associated with loci overlapping with several genes imvolved
in the regulation of GA and ABA sensitivity/degradation.
This regulation, of AB A levels in particular, in turn pener
ates downstream transcriptional variation possibly involved
in phenotypic plasticity. Momover, the authors roled out a
previously hypothesired positional e pulatory gradient in the
ovary, thos uncoupling a possible developmental influence
on dormancy as a confirmation of the effective presence of
bet-hedging {Abley et al. 2020).

Differences in physiological responses to midative stress
have also been observed im heteromorphic species with
bet-hedging strategies. In Arthrocresien macro sdachyvm
(Moric.) KK och and Arthrocnemuen Dndicum (Willd.) Mog.
{Chenopodiaceae), two halophytes with black/brown and
large/small heleromorphic seeds, respectively, diffierential
levels of antioxidant activity and oxidation markers (H.0,
and malondialdehyde-MDA) wemre found during seed ger
mination under increasing salinity. In both species, the salt
tolerant morphs did not show changes in their antioxidamt
activity nor in Hp0, and MDA levels, while the morphs with
lower =salt tolerance also showed a less resilient antiooidamt
machinery, resulting in higher levels of oxidative damage
{Misar at al. 2019). Similarly, when subjected to sccalerated
ageing, heteromorphic caryopses of Aegilops and of Trin-
cuir srarfu Thom. ex Gandilyan (Poaceae ) showed differe it
lifespans and antioxidant activities: the shorter-1ived, larper
morphs possess lower antioxidant activities when com-
pared to their smaller, darker and longerlived counterparts
(Gianella et al. 20207

In buoth studies, darker morphs showed higher phenalic
contents and delzyed germination. Some poly phenols indeed
act as permination inhibitors and slow down water uptale by
thickening the seed coat, thus allowing a longer persistence
in the soil. For instance, higher phenolic contents in black
seeds of 5. salsa have been associated with a population-
dependent bet-hedging strategy linked to persistence in
intertidal snils subjected to waterlogging, and also to longeyv-
ity (Xuet al_ 20 16). Brown seeds in this species, with lower
phenolic contents in their seed coats, perminate quickly due
to more rapid water uptake and showed higher contents of
free sugars and enzymes related to lipid and pre-germinative
metabolism (Xu et al. 2016; Zhao et al. 2013). Similarly,
Auriplex centralasianica Iljin (Amaranthacess ) possesses two
morphs, black and brown, in which ther is differential accu-
mulation of phenolics in the seed coat. The black morph,
with slower water uptake, constitutes the soil seed bank,
whemeas the brown one is salt tolerant and shows a mome
rapid germination, due to its permeable coat and a higher
GA comtent (Lietal 20117,

It has been postulated that seeds with deeper dormancy
could be less damaged by reactive oy pen species (ROS) due

to the “collateral” antioxidant activity of chemicals involved
in dormancy regulation, e.g. phenols (Lepiniec et al. 2006).
Flavonoids, lignins and lignans found in the seed coat are
also associated with seed dormancy and longevity (Long
et al. 2015), and polyphenols in peneral act as proective
chemicals fundamental for the persistence in the soil, being
antioxidant and also antimicrobial compounds (Hradilova
et al. 2019). Difierential levels of proanthocyanidins (PAs). 2
class of polyphenols, wem observed in the seed coats of dif
ferently pigmented populations of wild pea (Pivum sativim
subsp. elarius (M.Bieb.) Asch. & Graebn. (Fabaceas)) col-
lected across the Mediterranean amea, south-eastern Europe
and the Middle East. The soluble to insoloble PAs ratio and
coat thickness comelabed with different dormancy levels in
differently distributed populations, this in turn cormelating
with different seasonality and climatic conditions and thus
indicating a bet-hedging sirategy in wild peas (Hradilovi
et al. 2019). An association between seed coat properties and
bet-hedging was found also in Medicago trumcarule Gaertn
(Fabaceae), showing plasticity in dormancy melease along
with an aridity gradient. A genome-wide association study
mevesled that four penes related to flavonoid metabolism and
seven peroxidases and thio-fperoxiredox ins ame associated
with differential dormancy release depending on the env i-
ronmental conditions (Renzi et al. 2020

Concluslons and futura perspectives

Bet-hedping stratepies result from ecological adaptions and
are driven by different penetic, epigenetic and physiological
processes that in turn modify the dynamics of population
genetics (Fig. 4):

» Bel-hedging strategies, diffused in probably hundreds of
Angiosperm species, can be categorized depending on
the degree of specialization or risk taken. Different plant
anatomical parts (2.g. seeds, fruits and buds) can embody
these straie gies by exhibiting physical (e_g. seed size)
or physiological (e.g. seed dormancy) heteromorphism
(Olofsson et al. 200%; Scholl et al. 20307,

» Several traits are infloenced by bet-hedging strategies,
including abiotic and biotic stress resistance, permination
phenology, susceptibility to predation, seed dormancy,
seed morphology and seed longevity (Bhatt and Santo
H16; Datta et al. 1970; Guzzron et al. 2018).

# The presence of bet-hedging alters the dynamics of popu-
lation genetics, in particular modifying the substitution
rates and influencing also host-parasite coevolotion
(Dvann et al. 2017; Verin and Tellier, 2018).

» Different loci have been associated with seed hetero-
morphism and bet-hedging, mainly comprising genes
imvolved in pathways linked to dormancy (eg. DM
and AB A-related pemes). Bet-hedging is also reflected
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in differential transcription patterns of penes belong-
ing to different metabolic and developmental processes,
including embryo development, fatty acids and sugar
metabolism, BOS deto ification and late embryogenesis
abundant proteins-L. EAs (Footitt et al. 2014; Mave et al.
1016; Wilhelmsson et al. 201%; Zinsmeisteret al. 20200,

= Epipenetics can drive bet-hedging via trans- and imter-
penerational transmission by regulating pene expression
through penome-wide methylation marks in esponse to
environmental cues. The e gulation of different pathways
affects physiology through differential hormone levels,
antiox idant responses and seed coat properties in het-
eromorphic seeds (Abley et al. 2020; Alonso et al. 2018;
Hradilové et al. 2019).

Many aspects of bet-hedging in flowering plants still need
to be explomed. From an ecological point of view, most of
the studies on bet-hedging have focused on just one pheno-
typic trait, such as seed lonpevity (Guzzon et al. 2018) or
mesistance to abiotic stresse s during permination (Bhatt and
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Santo 2016). Further studies are needed to consider simul-
taneounsly the different traits influenced by bet hedging in
order to clarify the ecological trade-offs involved in this
sirategy in different plant species (Gianella et al. 2020).
Momover, 2 more comprehensive phylopenetic analysis is
needed to assess the presence of bet-hedging and its evo-
lutionary significance in the whole phylum, considering
taxa from all over the globe (Scholl et al. 2020; Gioria et al.
2020). Additionally, the penetic bases of bet-hedging are
poorly known, particularly in those plant families where it
is less distributed. Indeed, studies that conld identify the
loci underlying bet-hedging strategies in different taxa are
necessary, such as sudying loci negatively selected for dia-
spore and permination uniformity during domestication,
a5 elegantly done by Nave and colleagues in durum wheat
{2016). Given the important role of non- genetic mechanisms
in the plant respomses to environmental cues, a focus on
epigenetics is also necessary and could complement multi-
generational permination studies whem seeds ame subjecied
to different stwe sses msembling the environmental variations
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that are suspected to be the trigger of the evolution of bet-
hedging. Since differential pene expression and different
patterns of metabolites have almady been observed in some
taxa showing bet-hedging strategies (e_g. Nisarat al. 2019;
Xu et al. 2017), multi-omics approaches could shed light on
the dynamics of pre- perminative metabolism in heteromor
phic seeds that show bet-hedging strategies. Indeed, with the
mecent advancements and the increasing cost-eflectiveness
of molecular and physiclogical assays, bet-hedging could
be exploned at different levels of detail also in non-model
organisms, in order to obtain a clearer picture of this fasci-
nating evolutionary sirategy.
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1 Introduction

Seed vigor is defined as “the sum of those properties that determine the activity and performance of seed lots of acceptabie
germination in a wide range of environments” (Finch-Savage and Bassel, 2016; ISTA, 2019), It is quantified by parameters
such as germination speed and rates, long-lerm and after-storage viability, seed lot homogeneity and purity, resistance to
mechanical damage, and the lack of biological and chemical contaminants (Finch-Savage and Bassel, 2016). The notion
that seed germination could be enhanced through specific treatments was historically attested by Theophrastus
(371-287 BCE) and Gaius Plinius Secundus (23-79 CE), then later by Oliver de Serres (1539-1619) and Charles Darwin
(1809-1882). Nowadays, seed industries widely use priming on vegetables (Everari, 1984; Parera and Cantliffe, 1994;
Paparella et al., 2015), ornamental species, herbs, and endangered species (Di Girolamo and Barbanti, 2012; Momin,
2013; Paparella et al.. 2015), Different priming protocols have been optimized that vary temperature, aeration, oxygenation,
and integrating protocols with additional treatments to maximize and homogenize the priming effect and improve stress
resistance (Paparella et al., 2015).

Because seed viability and vigor are strongly influenced by deterioration during storage, aging is an issue in terms of
seed lot quality, field establishment, and crop productivity. Different priming methods have been used to overcome aging-
associated damage by improving the germination rate, uniformity, and percentage. The promising av:ulabnhry of multiple
kinds of “emics” provides researchers with global views of their experimental sy at the g g , tran-
scriptome, proteome, metabolome, ionome, and lipidome levels. This is also true in the ﬁeld of seed blolngy, where
extensive studies are currently carried out to define the molecular profiles of seed priming.

2 Seed priming in the context of current challenges facing agriculture
and crop production

The development of technigues to improve germination rates, speed, consistency, and viability under stress conditions has
cvolved in the modern concept of “seed priming,” which is broadly defined as any “treatment that improves seed quality”
(Osburn and Schroth, 1989; Paparella et al., 2015; Finch-Savage and Bassel, 2016). The temporal window useful for
effective priming corresponds to the early stages of the seed pregerminative metabolism of desiccation-tolerant seeds.
Indeed, an advanced or complete transition toward full germination leads to the loss of desiccation tolerance and makes
desiccation deleterious for seed viability. Priming should be administered before the loss of desiccation tolerance and
optimized according to the species or seed lot (Paparella et al., 2015),

2.1 Priming agents and treatments: An overview

From a historical perspective, hydropriming was the first protocol that was developed. It consists of controlled preimbi-
bition treatments particularly effective in improving water uptake and germination in crops cultivated in dry areas. The
main challenge of this technique is the selection of the best temperature and humidity values to avoid radicle protrusion,
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considering that water uptake depends mainly on seed affinity for water (Taylor et al., 1998). Osmopriming involves the
administration of solutions containing osmotic agents (e.g., polyethylene glycol, PEG) to delay water uptake. PEG is not
able to enter the seed due to its large molecular size (6000-8000Da), avoiding any cytotoxic effects (Michel and
Kauffmann, 1973; Heydecker and Coolbear, 1977; Zhang et al., 2015). The use of PEG implies high costs and the extremely
high viscosity reduces the oxygen transfer within the priming solution. Other compounds can be used such as the inorganic
salts of sodium, magnesium, or potassium (e.g., NaCl, NaNOs, MnSO,, MgCl,, K3PO,, and KNO,); this is known as “halo-
priming” (Gholami et al., 2015). It overcomes the viscosity and aeration issues caused by PEG, despite the possible cyto-
toxic effects of excessive salt dosages. However, it is essential to assess the levels of jon accumulation that could result in
cytotoxic effects and nutritional imbalance within the seed (Bradford, 1995; Balestrazzi et al., 2011a,b).

Physical treatments can be used t improve germination and stress resistance, Thermopriming consists of presowing at
specific temperatures to reduce the thermoinhibition of germination. Its positive effects have been demonstrated, especially
for crops adapted to warm environments (Huang et al., 2008). Other physical techniques have been successfully utilized for
seed invigoration. Magnetic fields, microwaves, and electromagnetic radiation (UV rays, y-rays, and X-rays) applied at
specific intensities enhance the response to abiotic stresses in many model and crop species (Araijo et al., 2016a.b).

Chemopriming involves the administration of disinfectants (e.g., sodium hypochlorite or hydrochloric acid), fungicides,
or pesticides to avoid growth impairments due to contamination (Paparellz ct al,, 2015). Conversely, “biopriming” inte-
grates biologically active molecules such as phytohormones involved in germination control and stress response (abscisic
acid-ABA, gibberellins-GAs, salicylic acid-SA) (Hamayun et al., 2010; Radhakrishnan et al._ 2013). Microbial strains,
including Bacillus, Enterobacter, Pseudomonas, and Trichoderma, are also utilized in biopriming because of their ability
to establish an endophytic relationship with the host plant, promoting its growth, stress resistance, and hormone production
(Niranjan et al., 2004; Waller et ai., 2005).

Despite the diffusion and effectiveness of priming techniques in the seed industry, protocols need to be specifically
optimized and the stress occurring during postpriming dehydration and under suboptimal storage conditions still represents
a commen critical point.

3 Seed priming versus seed aging in the context of seed bank storage

The term “seed bank™ usually refers to a facility endowed with a system of collecting, cleaning, packing, storing, testing,
and distributing seeds. Conventional seed banking exploits conditions of low temperature and moisture content to slow the
seed aging rate in order to extend the conservation time of collections (Hay, 2017). Ex situ conservation through secd banks
allows medium- and long-term seed storage and is a powerful tool to preserve large amounts of plant genetic resources both
for ecological and economic purposes (Hong and Ellis, 1996; Walters et al., 2004). Although ex situ conservation is
econemically more convenient than in situ conservation, it presents some technical challenges for correct and long-lasting
storage, due to the nature of the conserved seeds (Li and Pritchard, 2009), They can be classified on the basis of the storage
behavior, namely on their response to dehydration: desiccation-tolerant seeds are longer-lived and are called orthedox
while desiccation-sensitive and shorter-lived seeds are called recalcitrant. Because orthodox seeds tolerate a higher degree
of water loss than recalcitrant seeds (0.2g H,0 Zow | versus less than 0.07), they can be stored for longer periods under
seed bank conventional conditions, that is, at the dry state and at low temperatures (0°C and —20°C). With drying and
cooling, the aqueous marix inside seeds becomes glassy and this viscosity reduces or abates metabolic processes, thus
seed longevity results are extended (Ballesteros and Walters, 201 1), Conversely, recalcitrant seeds cannot be preserved
under conventional storage and cryopreservation is the safest approach, which is far less expensive than tissue culture
or in situ conservation (Black and Pritchard, 2003; Walters et al., 2013). Some seeds present an intermediate behavior,
as they are desiccation-tolerant but short-lived if stored ar low temperatures (Roberts, 1973; Ellis et al, 1990;
Pritchard, 2004).

Seed longevity is defined as the viability, or ability to germinate, retained by seeds over a period of dry storage.
Although cryptobiotic organisms (they do not carry processes usually associated with living systems), seeds are exceptional
examples of long-lived eukaryotes: radiocarbon dating sets the age of some still viable seeds at about 2000 or 1300 years
ago (Phoenix dactylifera L. and Nelumbo nucifera Gaertn., respectively) (Walters, 1998; Rajjou and Debeaujon, 2008).
Seed longevity is strongly influenced by several external factors, such as storage temperatre and relative humidity
(RH), but also by intrinsic features that determine seed quality and vigor (Waliers, 1998; Waliers et al., 2005). These factors
vary among species but also among seed lots because different genotypes within the same species can differ in longevity,
even if stored under the same conditions (Probert et al., 2009; Nagel er al., 2010).

The assessment of seed longevity is functional to guarantee the viability of a seed collection over time, mainly pre-
dicting when collections should be regencrated and avoiding repetitive viability assays when the seed number is low
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(Niedzielski et al., 2009). Viability data are usually obtained through artificial aging (AA) or controlled deterioration (CD)
tests. These tests exploit high temperatures (40-60°C) and RH (75%-100%) to accelerate the natural processes of aging.
The resulting data can be used to compare the estimated storage periods of different species and seed lots (Delouche and
Baskin, 1973; Powell and Matthews, 1981; Newton et al., 2009). The electrical conductivity (EC) test for seed quality is
based on the leakage of solutes caused by damage to lipidic membranes, which can be measured through electrodes. It is
used to assess damage during aging, as EC is known to be negatively correlated with seed vigor (Powell, 1986). Elevated
partial pressure of oxygen (EPPO) storage is another method that mimics aging under seed bank conservation. It has been
developed to avoid the use of high temperature and RH, thereby reducing their effect on seed deterioration (Groot
et al., 2012).

“Aging in all organisms is the swm total of the deteriorative processes that eventually lead to death” (Matthews, 1985),
The aging progress can be observed through survival curves, described by the viability equation by Ellis and Roberts
(1980). Samples of the stored seed population are withdrawn at established time points and tested, then germination
percentages are plotied against time. Seeds usually show two types of aging trends: some species present an initial phase
of low mortality followed by a subsequent phase of decrease in viability while other species present only one phase of
viability loss with a sigmoidal shape (Bernal-lugo and Leopold, 1998). Apart from the decline in germination rate, other
phenotypical signs of aging can also be: (i) production within aged seed lots of smaller seedlings when compared with those
produced by unaged seed lots; and (ii) even if viable, that is, seeds able to produce a radical protrusion, seedlings show
abnormal phenotypes (Maithews, 1985). The primary processes of seed deterioration during aging are thought to be
oxidative and peroxidative reactions. Free radicals form spontaneously, and because water tends to quench these reactions
and maintain antioxidant activity, they have major effects when seeds are at the dry state or at low moisture levels. Lipid
peroxidation is one of the main processes triggered by ROS and causes the breakdown of lipids and the formation of bypro-
ducts that can damage other macromolecules such as proteins and nucleic acids (Bewley et al., 2013).

Because seed viability and vigor are strongly influenced by deterioration during storage, thus aging is an issue in terms
of seed lot quality, field establishment, and crop productivity. Identifying effective aging hallmarks is therefore necessary
to predict seed lengevity and evaluate seed lots, Besides standard methods (AA, CD, EC tests, and seedling establishment
evaluations), new technologies from molecular biology, biotechnology, biophysics, and seedling imaging analysis have
been exploited to detect aging hallmarks and processes (Marcos-Filho, 2015). Several markers of quantitative trait loci
(QTLs), detected after AA tests, are associated with stress response and aging. In barley (Hordeum vulgare L.), it has been
demonstrated that longevity is associated with different traits such as floral and seed development, the ethylene and
jasmonate pathways, and antifungal activity (Nagel et al., 2009). In both barley and Arabidopsis thaliana (L.) Heynh.,
the role of DNA repair during aging has been underlined with crucial players such as DNA ligase 4 and 6 (Waterworth
ctal., 2010). In maize (Zea mays L.), some QTLs identified after AA are linked to the energy metabolism, stress response,
signal transduction, and protein degradation pathways (Wang et al., 2016),

One of the main processes occurring during aging is lipid peroxidation. It can be assessed with an EC test and bio-
chemical assays that measure its byproducts, such as malondialdehyde (MDA) and proline, or tocopherols, which help
prevent lipid peroxidation and decrease during aging. Oxidative reactions can also be indirectly measured through gene
expression analysis: the upregulation of genes encoding antioxidant enzymes can be viewed as a stress hallmark, Other
genes related to stress response are involved in aging processes, such as those coding for heat shock proteins and other
defense proteins that prevent misfolding and protein aggregation (Bailly, 2004; Sattler et al, 2004; Rajjou and
Debeaujon, 2008; Wang et al., 2018a,b). Seed deterioration is also marked by the reduction of a-amylase activity and total
soluble sugar content because the reduction in the starch metabolism observed in aged seeds can impair germination (Wang
et al., 2018a,b; Pandey et al., 2017).

3.1 Seed priming as a tool to limit aging-associated damage

Different priming methods have been used to overcome aging-associated damage by improving the germination rate, uni-
formity, and percentage. Seeds of different species have been submitted to several priming techniques. It has been sug-
gested that the effectiveness of these treatments depends on repair mechanisms activated during the hydration phase,
namely nucleic acids, lipids, protein repair, and the reactivation of transcription and antioxidant enzyme scavenging
activity (Probert et al., 1991; Kibinza et al., 2006; Parmoon et al., 2013; Pandey et al., 2017). For instance, it has been
reported that halopriming with KH,PO, and K;HPO, in cucumber seeds (Cucumis sativus L.) enhances repair by stabi-
lizing membrane integrity, as the seed leachate measured through EC tests is reduced after the treatment (Pandey et al.,
2017). However, it is not clear whether the damage repaired with priming is already present in aged seeds or the priming
plays a preventive role by recovering antioxidant and repair enzymes before the onset of germination and subsequent
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damage caused by ROS release. Although hydropriming and osmopriming are the most used treatments, other compounds
such as salicylic acid or metallic nanoparticles have been used in aged seed priming treatments with positive effects both on
germination and the seedling phenotype (Mahakham et al., 2017; Siavash Moghaddam et al., 2018). In some cases, seeds
submitied to a priming treatment show a delayed loss of viability when stored, probably because the repair mechanisms
activated by imbibition allow seeds to maintain germinability for longer periods (Dearman et al., 1986; Probert et al., 1991;
Butler et al., 2009). Other studies report that primed seeds present reduced longevity when submitted to CD and AA tests
(Chiu et al., 2002; Hill et al., 2007; Hussain et al,, 2015). This loss of viability probably depends on the effects of high
temperature and moisture content in aerobic conditions more than on the priming treatment per se. In fact, when the lon-
gevity of primed rice seeds stored under different conditions was tested, seeds stored in an anaerobic environment remained
viable for a longer period than seeds submitted to the same treatment but stored in aerobic conditions (Wang et al., 2018a.b).
The viability of primed stored seeds can be partially restored with poststorage treatments, namely repriming and heat shock,
thereby maintaining the priming treatment benefits and allowing longer storage (Rao et al., 1987; Bruggink et al., 1999).

4 The molecular know-how of seed priming and its implications in promoting
new advances in the sectors of seed biology and technology

The dynamics of water uptake and metabolic reactivation during seed imbibition have been propesed in the form of a tri-
phasic temporal pattern (Bewley, 1997; Bewley et al., 2013). During seed dormancy, metabolic pathways are deactivated to
prevent the accumulation of damage and germination in unsuitable conditions, Cytoplasm is dehydrated to a “glassy” state
unsuitable for enzymatic reactions (Buitink et al., 2000; Buitink and Leprince, 2008). The first phase, imbibition, is char-
acterized by a rapid water uptake physically driven by seed coat permeability and tissue capillarity (Beweley, 1997;
Kranner et al., 2010). Subsequently, water absorption slows down and the water content remains constant, marking the
slarting point of the second phase. With rehydration, the optimal conditions for enzymatic reactions to occur are set, thus
allowing processes essential for seed viability and germination, including DNA and b repair, protein synthesis,
and mitochondrial respiration. To fulfill these functions, new mRNAs must be transcribed and translated, although the dry
seeds are endowed with residual maternal mRNAs (Beweley et al., 1997; Rajjou et al., 2006; Weitbrecht et al., 2011). More
than 10,000 mRNAs able to resist desiccation during seed maturation have been identified in Arabidopsis, rice, and other
species. The most represented functions within the dry seed transcriptome include storage proteins and late embryogenesis
abundant proteins (LEA) (Weitbrecht et al., 2011). A small percentage of the dry seed transcriptome is involved in protein
synthesis, protein degradation, and hormonal responses (Holdsworth et al., 2008a,b). The third stage culminates in the
radicle emergence and features a new increase in water uptake and reserve consumption as cell division and clongation
start (Bewley et al., 2013).

4.1 The redox context of the pregerminative metabolism and the harmful oxidative damage

The production and accumulation of ROS (reactive oxygen species) and NRS (nitrogen reactive species) in seeds has been
doc d in all devel al stages. These chemically reactive molecules have double-faced effects over seed viability
and germination, causing oxidative damage to biological macromolecules but playing fundamental roles in several phys- *
iological processes. The recent scientific literature annotated the specific roles of the most abundant ROS and NRS,
including hydroxyl radicals (OH-), hydrogen peroxide (H,0-), superoxide radicals (O,7), nitric oxide (NO), and other
reactive molecules involved in the seed and seedling metabolism (Bailly et al., 2002, 2008; Bailly, 2004; Morohashi,
2002; Sarath et al., 2007). Additional ROS sources are found in seeds, such as oxidative reactions occurring in peroxisomes
and glyoxysomes during the mobilization of seed reservoirs, ROS production, particularly at the mitochondrial level, is
prominent in seed-specific develop | stages. Besides the physiological routes of ROS production, the occurrence
of stress conditions can impair ROS homeostasis and elicit different ROS production and distribution patterns (stress-
associated ROS signatures) (Choudhury et al., 2017; Farooq et al., 2018; Rosbakh et al., 2018).

The occurrence of ROS-induced oxidative damage to different classes of biological macromolecules and cellular com-
partments has been reported (Osborne et al., 1984; Osborne, 1994; Bailly, 2004; Rajjou and Debeaujon, 2008; Rajjou et al.,
2008) along with its negative effects on seed longevity and viability (Groot et al., 2012). In seeds, lipid oxidation can affect
both membrane lipids and reservoir fatty acids in different contexts. In particular, lipid peroxidation taking place in per-
oxisomes and glyoxysomes is a major ROS source in metabolically active oily seeds that are degrading their lipidic
reservoirs before seedling establishment (Del Rio et al., 2002; Corpas et al., 2001). Furthermore, self-oxidation processes
such as Amadori and Maillard reactions can lead to oxidative damage of lipids in dormant or stored seeds, affecting seed
long-term viability and shelf life (Sun and Leopold, 1995; Murthy and Sun, 2000; Buitink and Leprince, 2008). Antioxidant
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Antioxidant defense
DNA repair ;{ /’—\‘:

FIG. 1 Seed vigor and the underlying molecular mechanisms, particularly DNA repair and antioxidant defense, play crucial roles in maintaining high-
standard seeds for both market and conservation purposes. The beneficial effects of seed priming range from enhanced/synchronized germination to
i or stress tol of i essential features for breeding. High vigor also supports seed longevity. In this context, novel
molecular hallmarks useful to predict seed quality will be provided by high- put “omics™ i

DNA/topoisomerase, thus preventing genotoxic effects occurring during transcription and replication as well as under oxi-
dative stress (El-Khamisy et al.. 2005). The expression of the different TDP genes identified in plants (TDPIa, TDP1f, and
TDP2) is responsive to different stress conditions in different experimental systems, including cell suspensions, roots, aerial
parts, and seeds (Aratjo et al., 2016b; Balestrazzi et al., 2011a,b; Confalonieri et al., 2013; Dona et al., 2013; Faé et al.,
2014; Macovei et al, 2018), suggesting their recurrent involvement in plant responses to genotoxic stress.

Nucleotide excision repair, linked to the seed stress response (Macovei et al., 201 1b, 2014), processes major DNA
damage that implies covalent adducts or UV-photoproducts. It is specifically elicited during transcription (NER-TCR,
NER-transcription coupled repair) and in nentranscribed regions (NER-GGR, NER-global genome repair) (Kunz et al.,
2005; Conconi et al., 2002). Several factors are required to recruit and activate the NER machinery, among which the tran-
scription elongation factor I1-S (TFIIS) (Kuraoka et al., 2007) is involved in the abiotic stress response in M. truncatula
(Macoveict al., 201 1b) and dormancy regulation in Arabidopsis seeds (Grasser et al., 2009). Because of their crucial effects
on genome stability, DNA damage dynamics and DNA repair pathways represent a promising field of applied research to
assess and improve seed quality, concerning seed priming, long-term storability, and harvest yields. This intricate network
of molecular events has been envisaged as a source of novel hallmarks of seed vigor (Fig. 1) (Balestrazzi et al., 201 1a.b;
Paparella et al., 2015; Pagano et al., 2017, 2018). .

5 Technology advancement
5.1 Multilevel approaches to understand seed biology and assess seed quality

The possibility to associate genotyped markers to specific phenotypes is at the base of genome-wide association studies
(GWAS). In the case of seed quality, this approach has led to the identification of QTLs related to seed quality (Wang et al.,
2018a,b). Extensive transcriptomic studies have been carried out in many model systems focusing on seed metabolism and
have led to the identification of the most represented families of transcripts during the various stages of seed metabolism.
In Arabidopsis seeds, genes related to protein turnover and cell wall plasticity are the most expressed during the early imbi-
bition stage (Nakabayashi et al., 2005) while overall, the increased expression of auxin-related genes was required for cell
division and elongation in the subsequent phases (Holdsworth et al., 2008b). However, substantial differences have been
found between the embryo and endosperm in pathways related to reserve mobilization and energy utilization (Penfield
et al., 2006). The role of posttranscriptional regulation and silencing mediated by miRNA has been highlighted in seed
germination and seedling development in many model species, including Glycine max and Brassica napus (Fu et al.,
2019; Wei et al,, 2018).
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Through proteomic approaches, a global understanding of seed metabolism associated with improved seed vigor has
been achieved for mode] plants such as Arabidopsis (Gallardo et al., 2001; Rajjou et al., 2006) and crop plants such as
Medicago sativa (Yacoubi et al., 2013) and Triticum aestivum (Fercha et al., 2013, 2014). Furthermore, the combination
of transcriptomic and proteomic data obtained from primed Brassica napus and Hordeum vulgare seeds has highlighted the
overall upregulation of genes involved in water uptake (e.g., genes encoding aquaporins), cell cycle and division, the
cytoskeleton, and response to oxidative stress in response to priming (Kubala et al., 2015; Mostek et al., 2016). Metabo-
lomic profiling of germinating seeds has been successfully used to investigate the metabolic differences associated with
different cultivars of T. aestivum (Das et al., 2017), Zea mays (Feenstra et al., 2017), and H. vulgare (Gorzolka et al., 2016),
highlighting the differential accumulation and distribution of specific classes of amino acids, lipids, and carbohydrates.
Metabolomic approaches have also been used to unveil the metabolic footprint of stress conditions in A. thaliana
(Cohen and Amir, 2017) and M. iruncatula (Pagano et al., 2018) seeds, identifying various putative hallmarks of seed ger-
mination and stress response. Metabolomic data can be deepened and integrated through specific analyses focused on
particular classes of molecules, such as lipids or ions. Advancements in seed lipidomics are particularly promising, given
the importance of lipids as structural components of membranes, carbon and energy reservoirs, and signaling molecules,
especially in oily seeds (Horn and Chapman, 2014). Other high-throughput techniques are aimed at obtaining a dynamic
picture of the metabolic fluxes at the cell, organ, and plant level. Through specific labeling and imaging techniques in more
or less extended time lapses, “fluxomics™ applied to seeds and embryos allows tracing the accumulation, compartmental-
ization, and mobilization of starch, lipids, and carbon, improving the current knowledge of seed metabolism and opening
promising possibilities for the enhancement of seed nutritional properties (Salon et al., 2017).

6 Conclusion and future perspectives

Despite the huge amount of data that can be obtained through “omics” techniques and the possibilities of data integration
offered by system biology, the notable variability of biological systems in their stress response strategies leads to
unavoidable difficulties in finding common principles and conserved patterns able to explain complex phenomena. With
these premises, the individuation of specific gene expression paiterns, DNA or RNA modifications, or metabolite accu-
mulation that are recurrently associated with seed quality and vigor could have interesting output for plant biotechnology
and the seed industry. The identification of such “molecular markers of seed quality” will allow biotechnologists to com-
plement the empirical approaches currently used for seed priming and optimize invigoration protocols of agronomical rel-
evance. Moreover, the availability of experimental systems for the study of seed deterioration will help understanding the
impact of priming in preserving longevity whereas the so-called “priming memory™ deserves more atiention. The advanced
avenues of genome editing are now open to explore the multifaceted aspects of seed vigor. CRISPR (clustered regularly
interspaced short palindromic repeat)-Cas9 technology appears to be a promising tool to improve this complex trait.
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Abstract The seed collecting phase of the © Adapting
Agriculture to Climate Change' project was, i e
best of our knowledge, the maost comprehe nsive crop
wild melatives (CWR) collecting and conservation
mission to-date and provides priceless genetic diver-
sity for ongoing and fuwre crop breeding effonts. The
sead collecting stanted in 2013 and was concluded in
2019, it was camried out in 22 countries in Africa, Asia,
the Americas and Ewope, invelving OWR taxa of 28
different crop genepools. 3002 target seed accessions
of 242 taxa were collected and are cumently stored
long-term in the countries of collection and, in most of
the cases, backed up at the Millennium Sead Bank
(UK. Considering also non-target spoecies, 3854 seed
accessions wemne collected. For the genopools of
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hambara growndnwt (Vigns subrerranas (L) Vernde),
harley ( Hordeion 1), grass pea | Lachyrus sarbous 1),
sorghum (Serghum Bicolor (L) Moench), and wheat
(Tritlcn 1), te collecting phase was highly suc-
cessful in ems of diversity of both, species and
populations. Despite dwe overal] swocess of the project,
in our analysis we discovered several sswes that wene
encounterad in the seed collecting. In particolar,
comparing the inital collecting targets with the seed
accessions effectively collected it emerges that: (1)
snme important crop genepools werne characterized by
alow collecting sweoes fe.g. hananaiplantain {Miusa
L.}, potaiy (Solamen bberogen L), Ace {Oryoa L),
(2) genopool 1 (the most important for breeding
efforts) of some crop genepools was under-collecied
{e.g. eggplant {(Solamen L) and sorghum), (3) some
impontant centres of plant biodiversity (especially the
Indian Subcontinent) wene underrepresented in the
sed collecting. This analysis can guide further
collecting missions in order to fill gaps in the long-
emm conservation of CWER of great impontance for
CTOp improyvene nt.

Eeywords Crop wild relatives - Seed collecting -
Sead conservation - Seed bank - Plant broeding
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Introducton

A growing human population will increase dhe
demand on fod systems in the coming decades
{Dwivedi et al. 2017). Food production, however, is
limited by the availability of natural resources and e
need in decrease its deirimental impact on ecosystems
{Godfray et al. 2010; Asseng et al 2015). For these
reasons, both the productivity as well as the sustain
ahility of cumrent agriculral systems cleardy need to
increase. To medt tese sims, the oroded genstic basis
of modem agriculiural cultivars neads to be enlarged
to select for the productive and resilient cultivars of
the fuire (Dempewaolf et al 2017). The exploditation
of genetic diversity in crop improvement in order to
produce crop varieties with traits such a5 increased
drought and heat tolerance, and input use efficiency
will be key io that process {Prohens et al. 2017). The
bulk of genetic diversity in crop genepools is found in
crop wild relatives (CWR = wild, endomesticaied
plant taxa that have an indirect use derived from their
relatively close genetic relationship to a crop, Maxed
et al 2006). CWR are important sources of useful
alkles for plant breeding and crop improvement
(Kishii 2019). They possess essential traits that
contribute to reslient and high-yvielding agriculiural
production. The main benefit of CWR iz the intro-
gression of genes into crop vanetics to overcome
biotic {e.g. pest resistance) and abiotc {e.g. drought
tolerance) stresses alao in relation to climate change
{Dempewolf et al. 2014).

In order to facilitate the wse of CWE for plant
broeding, fey noed to be readily accessible in ex it
conservation facilities such as germplasm  banks
{Gurzon and Ardenghi 2018). One of fe most
effective arategies to ensure the long-em conserva-
tion and availability of plant genefic resources (FGR)
with onthodox seads is fwough storage of dry seads at
sub-zero temperatures (Davies and Allender 2017,
Riviere and Miller 3008). B was shown that over 95%
of all cop wild relaives were cither absent or
insufficiendy represented in gene banks, and the refore
mostly inaccessible for plant breeding and crop
improvement {Castafieda- z ot al 2016)

To address thiz isme, he Global Crop Diversity
Trust and the Millenninm Seed Bank of the Royal
Botanic Gardens, Kew embarked in 2011 ona glohal
long-em effort to collect, conserve, and initiate e
wse of CWR (Dempewolf et al. 2014). This 10-year
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project, funded by the Govemment of Norway, was
called “*Adapting Agriculiure to Climaie Change'"
and focused on wild relatives of 29 crops of major
impontance for food security (ie., alfalfa (Medicago
artive L), apple {Malus Mill), AsiandAfrican rice
{Oryza L), bambara groundnot (Vigne swbie rrena
(L) Verdc), bananafplantain (Musa L), barky
(Hordewn L), bean | Phassolis L), camot | Dauscus
aarofa 1), chickpea (Cicer arietinum L.}, cowpea
(Vigna wnguieslars (L) Walp), durom/bread wheat
(Triricaom L.}, eggplant (Solamem L. ), fababean { Vida
Jaba L), finger milet (Elewgne coracana (L)
Gaentn,), grasspea (Ladryrus sathaes L), lentdl (Lens
cilingrs Medik), cat (Avens sariva L), pea (Pism
srtiviem L), peard millet {Pennisetum glaowcwm (L)
BBr.}, pigeon pea {Cafanes cajan{ L) Millsp.), potato
(Solanwm mberoaun L), rye (Secale cereale L)
anrghum | Sorghien bicolor (L) Moench), sunflower
(Helanthus anmuis L), sweet potato  (fpomoes
Bergaras (L) Lam.) and veich { Viela swrive L)) The
seod collecting phase of this project was camied out in
close oollaboration with universities, national agricul-
iral and nafural espurces research centres and was
concluded in July 2019, To ouw knowledge, e
collecting phase of this project was the most compre-
hensive targeted CWER collecting mission to-date and
provides priceless genetc diversity for ongoeing and
future breeding effork to improve crop cultivars and to
help them adapt to climate change-driven stresses
(Dempewolf et al. 2014). The collected seed material
i available wnder the terms and conditions of the
Intemational Treaty on Flant Genstic Resources for
Fond and Agriculwre (FAQ 3004,

In this paper we present & full geographical analysis
of the main remls of ths worldwide collecting
mission. The analysis is based on crop genepools. It
& fundamental to identify remaining isses and gaps
encountered in the seed eollecting phase also in onder
i guide further CWER collecting and oonservation
projecs {Guzzon and Midller 2016). In partcular, by
analysing the resuls of the seed collecting phase of the
“Adapting Agriculture v Climate Change” project,
we aim to identify, (1) crop genepools that were
particulardy difficult to collect; and (2) regionsl
agrobicdiversity hokpots which remain wndere pre-
sented in ex site collactions
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Material and methods

In each country identified for seed collecting after a
prioritzation exercise, the project first signed collact-
ing agreements with in-country parimers. These col-
lecting agreements, generally one per coundry, defined
in each country and for each of the 28 crop genepools
{sunflower was excluded from the seed collecting as
its centre of origin is in the TSA, which a prior had
been excluded & a priovity country for collecting) the
individual @mrget CWER taxa to collect and the numbser
of populations per target CWR taxa Seeds were
collected for cach target CWER taeea |, inc lnding for wild
relatives of clonally propagated crops (eg
banana/plantsin and potato). In some cases, instito-
tions collected seeds of other species in addition o the
target taxa as identified in the oollecting agre ements.
We define fwse additional taxa as " non-arget

-

species”.
Collections data wene acoessed on the 2nd of JTuly

2020 from the Seed Bank Database of the Millenniom
Secd Bank (Royal Botanic Gardens, Kew).

In the following analysis, we consider e CWR
seed collections from 22 countries Amuendia, Azer-
baijan, Chile, Costa Rica, Cyprus, Ecuador, Ethiopia,
Georgia, Ghana, Guatenala, Taly, Kenya, Lebanon,
Malaysia, Nepal Migeria, Pakistan, Portugal, Spain,
Sudan, Tgands and Vienam Two addifional com-
tries in South America (Brazil and Pem) participaed
in the project but have not yet sent dat of their
collections to the Royal Botanic Gardens, Kew.
Themefore, the collections from these two countries
were ot included in our analyses. A duplicate of all
the seed samples conserved in the coundries of
collection were sent to the Millemnium Seed Bank
(MSB) for Jong-term storage, except for Ehiopian and
Giuatemalan collections that are corrently siored only
in the countries of origin. In a regional approach, the
individual countries wene grouped into geographical
regions pantly inspired by centres of crop origin and
diversity proposed by Vavilov {1926) and funther
updates {Meyeret al 2012). The following geograph-
ical aess wore defined and considered: Cancasus
{ Armenia, Azerbaijan and Georgia), Central America
(Costa Rica and Guatemala);, East Africa (Etiopia,
Kenya, Sodsn and Uganda), Indian Suoheontinent
(Mepal and Pakistan), Mediterranean {Cyprus, Ialy,
Lehanon, Spain, Portugsl); South America (Chile and
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Ecuadaor), Southeast Asa (Malaysia and Vietnam);
Wt Africa (Ghana and Nigeria).

Owverall, in these 22 couniries, 372 target CWR taxa
{including subspecies and botanical varietes), belong-
ing to 314 different species, with a total number of
46358 target populations were identified by the project
for collecting, using the ‘gap analysis' method
described in Ramirez-Villegas of al. (2010). Within
these 372 target taxa, the project identified a subset of
high pricrity species (HPS) of panticular importance
for collecting. Their identification was hased on dueir
relaiedness to the cop and to deir pre-project
accessibility in germplasm banks. A total number of
104 target HPS, comesponding to 1420 populations
wene defined as high priority targets for collection. In
addition, following the genepool conoept developed
by Harlan and De Wet (1971}, the project caiegorized
for each genepool the target CWR taxa indo different
“genepool levels” (ie. GP1: genepool lewel 1, GF2:
genepool level 2, GP3: geneponl level 3), based on
formal taxonomy and genetic relatedness, dotermined
by the crossing ability between the CWER species and
the related crop. Genepool levels were exracted from
the Harlan and de Wat OWR Imentory (CWR
Diversity 2020). For a few OWER taxa no information
about their genepool level was available, therefore
they were marked a5 “not sssigned” .

Statistical analyss

Drata analysis and graphic representation wene caried
outin B softwane environment for statistical comjput-
ing and graphics (v. 4.0.2), using the following
packages: dplvr, ggplor?, lsmeans and rgdal A
generalized linear mode] {GLM) with hinomial distri-
bation and logit & link function was used to determine
the effect of geographical area, cop geneponl, gene-
pod level and genus on the collection secopss
expressed as collection suwocess of the target popula-
tions. The scripts used for the analyses were filed in a
Grithul repositony: {hittpesz ¥ i thabs, ooy
Maraevaians]la/Treasurng-CWR-diversity ).

Besults and discussion
In the framew ark of the project * Adspting Agriculture

v Climate Change” 3002 trget CWR populations
belonging to 242 taxa and 222 species of the 28 crops
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genepools wene collected in 22 different countries in
Africa, the Americas, Asia and Europe. This incred-
ible wealth of genetic diversity isaleady being used in
pre-breeding projects across fhe world (Kilian of al
021} Seeds of the collected accessions are long-tem
stored, following intemational standards {FAQ 3014)
in genehanks in the country of collacton. Momover,
2809 target accessons are sbosed at the Millenniuwm
Secd Bank, of the Royal Botanic Gandens, Kew (TUK]),
with regenerated material ultimately to be deposited at
the Svalbard Global Seed Vanlt, located on the Arctic
island of Spishergen (Crop Trust 2021).

Considering the percentage of achieved CWR
collections compared to the targets set by e project,
65% and 64.4% of the CWR target taxa and of the total
target populations  respectively were suwccessfully
collected. Considering only the high priority species
{HPS) among the target taxa, 658 populations belong-
ing to 65 HPS weme collected, representing 62% and
46.3% of target HPS and populations, respectively.
The melatively high percentage of target taxa and
populaions {especially considering the HPS) that
could not be collecied by the project points twwands
cortin issues during the collecting of some of de
target species {eg. outdated information on e
distribution of some species, habitat change s oocumed
in the last years, phenology of the species).

Regarding the factors that influenced the percent-
ages of collecting suocess, the number of achieved
collections (i.e. target populations that were sweoess-
fully collected at the end of the seed collecting phase
of the roject) was sgnificantly different among crop
genepools (d.f 24, Resid. Dev. 4184.42, p < 0L001)
genepool levels (df 3, Resid Dev. 4356711,
p < 0001) and geographical areas (d.f 7, Resid
Dev. 387338, p < 0001). Itis impontant to consider
not only the percentage of mrget species that wene
succesfully collected bt also the number of collecied
populations in order to define te sucoess of COWR
collecting misgons, snce not only the availahility of
different species but also the witin-taxon genetic
diversity are fundamental for the suocessful wse of
CWR in crop improvement (Fig 1, Smykal et al
2017). For some genepools, 8 very high percentage of
target taxa and popolations (= 75%, Fg. 1) was
collected ie. bambara groundnut, bardey, grass pea,
sorghum, and wheat For these genepools we can
assent that the collecting phase was highly successful
in terms of diversity of both, species and populations.
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Fig. | Pexentages of collecied target toxa (verfim] axis) and
popalagions (horinon tal o). The momber of target tava within a
agop gemepoal is mpresented by the diameter of the circle
mpreseniing the oop genepoal

For other genepook e carot, finger millet and
kentll, a large number of target xa was achieved
{= T5%) but with lower suwooess in terms of nombser of
populations (< 55%). For these taa, addidonal pop-
ulations should be collected to beter represent the
genetic diversity within-taxa and thenefore the possi-
ble presence of useful traits for crop improvement
Conversely, considering the results of the collecting of
CWR of oat, the collecting swocess in terms of
populations {70%) was higher than in terms of taxa
{44%), in this case future collecting ef fonts should aim
at filling thiz gap in terms of specific and sub-specific
diversity. On the other hand, for some genepools (ie.
orwpea, chickpea, pigeon pea), we could observe a
low collecting swccess rabe {< 50%) both in terms of
txa and populatons. For these genepools, wrgent
further collecting is needed to make the valuable
genetic resources represented by these CWR available
i hreaders (Fig. 1).

Unfortunately, the seod collocting swocess of some
fundamenta] crop genepook for food security such as
banana/plantain, potato and rice was low (Fig. 1),
even though these crops have quite large genepools in
iems of target taxa. Funther collecting effonts are
neaded to fill thaee gaps in seed colleting of the wild
relatives of these crop species in which CWR diversity
s already playing a great role as a source of wseful
traits for crop breeding (see e.g. Li at al. 20135, Tin
ot al 221

The collecting success varied also among geneponl
kvels within the same crop genepool (Fig. 2). As an
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example, barey, grass pea and sorghum were te crop
geneponls with the highest success in terms of both
populations and taxa collected when compared to the
targeis (Fig. 1) At the same time genepool 1 {GPL) in
these three crops was fe one with the lowest
percentage of sucoes when compared to the other
genepool levels (Fig. 2). GP is considered the most
importantome for breeding among the ge nepoal levels,
because it groups together e direct ancestors and
closest relatives of the domesicated crop {and so the
most directly usable species for crop improvement,
Harlan and De Wet 1971). Further collecting missions
are neaded to complement the diversity, in ems of
populatons, of the GP1 for several target crops (e
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alfalfa, cowpea, eggplant, grass pea, lentd, peard
millet, sorghum, sweet potato and veich, Fig. 2).
Significant differences between the levek of col-
kecting suoeess wene detected among the different
geographical areas. The area in which the highest
median number of seed accessions wene oollected
wire the Mediemranean {231) and de Camcasus {159,
while the lowest median number of acosssions wene
collecied in Easgt Africa (B0) and on the Indian
Subcontinent {71, Fig. 3). Comparing the percentages
of swcoessful target populations collecied, the highest
percentage of success was achieved in the Cancasus
(71.9%) followead by West Africa (58.0%) while the
kowest percentage was achieved in East Africa
{353%) and on e Indian Sobcontinent |(26.5%,
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Fig. 31 &t emerges that further collecion effons ae crop origin and diversity. This is panticulardy nelevant
needed to better represent the genetic diversity of for the Indian Subcontinent which is considered one of
many CWER i be found in wnde rreprese nted centres of the main centres of origin and diversity of many crops
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{e.g. chickpea, pigeon pea, cowpea, eggplant) and a
geographical area in which several plant biodiversity
hotspots are located (Myers et al. 2000).

It iz also impontant to note that 2 wtal of 852 non-
target populations, belonging to 152 plant taxa and
137 species, were ako collected which had not been
pant of the individusl country liss of target taxa. If
these taxa are included, the intal number of seed
accessions  collected and conserved long-term
increases from 3002 to 3854, Of these additional
collections, 743 populations of 90 txa are CWR that
are part of the 28 target genepook of this project
However, these CWER tama, although they belong to
the target genepooks, had not boen part of the initial in-
couniry agrozments with te collacting institwtions; 47
populatons of 14 taxa ae COWR that belong to &
additional crop geneponals on top of the 28 genepools
targeted in this project (ie. admki bean (Vigns
arnguelerris (Willd) Ohwi & H.Ohashi), barre] medic
{Medicage rrumneanda Gaenn), Hungarian wetdh | Vi-
cla panondes Crantz), melon {Cucurmls melo L),
sesame (Sesmmien indicam L), white millet/Siberian
millet (Echinochiog frumentacea Link) ), 62 populs-
tions of 48 taxa donot fall into the definitionof a CWR
following the Harlan and de Wat Inventory (CWR
Diversity 2000). The pro-activity of the instimtions
inwolved in this project in collecting non-target taxa
and populations increases fwe accessbility for breed-
ing and research to genstic resownc es that had mot been
jpant of the initial collecting agreements and leads o oan
increased diversty within the target taoo .

Information on the collected species, the genepool
te which fey belong, fe number of collecied
accessions and the geographical aress where they
were collecied can be found in the Supplementary
Information 1. For additional information aboot e
species, the individual accessions or how to oder
individual seeds, we mecommend to contact the data
administrator of the Millennium Seed Bank (higp:/f
apps kew.orgiseedlist Seedl BtServlet amd hitpedf
rahmeonline kew.orgdmebpSeed DataTVW ).

In concluson we can assent that,

# The CWR collecting phase of fe “Adspting
Agriculwre to Climate Change” project has guar-
anteed the long-term conservation and accessibil-
ity of almaost fowr thousand CWR populations of 28
crop geneponls, collected in 22 different countries.
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+ Despiie the overall success of the project, the
collecting suceess for some impontant crop gene-
pools for food securty was poor {e.g. Ace and
potato). For some crops {eg. eggplant and
sorghum), thee was low ocollecting success for
populations of genepool 1. We advocate for further
collecting mizsions in order to fill these gaps.

+ Somecentres of crop ongin and diversity came out
undermepresentad in te final collections; this & in
particular the case for the Indian subcontinent
Further collecting efforts should be dodicated to
more completely represent the CWER diversity of
these areas.
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