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Abstract

Conserving the genetic richness embedded in plant genetic resources is of paramount
importance for the selection of thegh-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 conservatiovithin 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 effortsand their viability can be preserved for the ldagn, 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
ove 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 physiblogic
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 sativuni.) and wheat wild relatives, analysed in the context a bamking.

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, oxidatmades 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. aimedbt
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 conservew iof

the worlds 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 accessiofgharacteristics (i.e., grain type in maize and morpwieat 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 thergimg 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.eMar, the biochemical,
molecular and structural hallmarks used in this thesis improvedhtdmacterization of

the seed longevitgf the considered accessions in both the wheat wild relatives and the
garden pea. Features related to the oxidative strates stind 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 reseasti, fsuch as the measurement of

1



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 peoynising, 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 mui#iceed biological process.



Abbreviations

A (Cold stored seeds)

AA (Artificial ageing)

ABA (Abscissic acid)

ABI3 (ABA -insensitive 3)

ACT (Actin)

APX (Ascorbate peroxidase)
ARF (ADP-ribosylation fator)
CAT (Controlled ageing test)
CAT (Catalase)

CD (Controlled deterioration)
CGIAR (Consortium of
International Agricultural Research
Centres)

CIMMYT (International Maize and
Wheat Improvement Center)
CWR (Crop wild relative)
DCFDA (2g76&dichlorofluorescein
diacetate)

DOGL1 (Delay of germination 1)
DHAR (Dehydroascorbate
reductase)

EC (electrical conductivity)

ELF (Elongation factor -hlpha)
EPPO (Elevated partial pressure of
oxygen)

F (Fresh seeds)

G (Germinability)

GA (Gibberellic acid)

GAPDH (Glyceraldehyd®&-
phosphate dehydrogenase)

GHG (Greenhouse gases)

GLM (Generalized linear model)
GSH (Reduced glutathione)

GSR (Glutathione sulfoeductase)
GSSG (Glutathione disulfide)
IPCC (Intergovernmental Panel on
Climate Chage)

IPK (Leibniz Institute of Plant
Genetics and Crop Plant Research)
LEA (Late embryogenesis abundant
protein)

MDA (Malondialdehyde)

MDAR (Monodehydroascorbate
reductase)

MGR (Mean germination rate)
MGT (Mean germination time)
OLS (Ordinary Least Squares)
PAS (Periodic acidSchiff)

PGR or PGRFA (Plant genetic
resources for food and agriculture)
RFO (Raffinose family
oligosaccharides)

RH (Relative humidity)

ROS (Reactive oxygen species)
SB (Gene bank storage)

SOD (Superoxide dismutase)
TGA (Thermogravimetric analysis)
UBI (Ubiquitin)

Z (Synchronization index)



1. Introduction

1.1 Food security, climate change and seed conservation

Climate shifts, rises in temperature and higher occurrences of extreatber events
marked the last few centuries at the global level, due to progressive industrialization and
expansion of the worfid population (Anderson et al., 2020). From the preindustrial
period (1850 ca.) to present, land surface temperature hassedrea 1.4TC, 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 28°C (Anderson et al., 2020; Leisner, 2020). Changes

in precipitation events and drought periods can occuralyaind 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 evaporatiafi 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 Paneliorat€l Change (IPCC) Fifth
Assessment estimate that more than 233 million people will suffer from water demands
that exceed surfaegater availability (Férke et al., 2018; Pokhrel et al., 2021).
Obviously, the food and agriculture sectors are majorly hithe consequences of
climate change, at the same time being major drivers of water and land consumption,
causing massive deforestation and producing320% of the total anthropogenic
greenhouse gases (GHG) (Clapp et al., 2018). Climate change, apaitdreasing
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 grodedel ozone concentrationbut 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 ofecihvenge; these are
often coincident with underdeveloped economic areas, highly dependent on agriculture
and marked by land and water owploitation, undernutrition, and micronutrient
deficiency (FAO, 2015; IPCC, 2015). Moreoveonsidering the congtaincrease athe

global human population and tk@going environmental changdseping 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 hacwesea to food
prices, posing at risk the accessibility and availability of the main staple crops: for
instance, maizeZa mays..) production declines in most regions in most climate
scenarios, and its price is predicted to rise by 42 up to 131% be0Gd® 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 ancisiadile 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 genedigersity; this is complicated by the
reduction of both genetic diversity and biodiversity causegemnetic erosionselection
operated on few traits of imest and agricultural practices such as monoculture (Bhanu,
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2017; Dempewolf et al., 2014). Newdeding varieties require quality improvement and
tolerance to various abiotic and biotic stresses: these genetic traits, in order to be explored
and utilized should beconserved in the form of germplasm resources (Bhanu, 2017). Ex
situ conservation withi 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 exsitu seed accessions are represented by wheatm spp.), rice Qryza
satival.), barley Hordeum vulgard..) and maize, accounting for the 77% of the total
cereal and pseuetereal holdingsAmong legumes, =38k accessions afommon bean
(including sibspeciesand98947 accessionsf peas(including landraces, commercial
cultivars, mutant or genetic stocks, and breeding linas. currently conserved
(https://www.genesypgr.org/ Coyne et al., 2090The main genebanks belonging to
CGIAR (Consortium of International Agricultural Research Centres) and conserving the
largest collections of staple crops (FAO, 2010) are listdabie 1.1



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

Table1.1: List of the main CGIAR seedties 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 Researc| Rice 14 > 130 000
Institute)
ICRISAT (International Crops Sorghum 16 > 42 000
Research Institute for the Semi | Pearl Millet | 33 > 24 000
Arid Tropics) Chickpea | 20 > 20 000
Groundnut | 12 > 15 000
ICARDA (International Center fol Lentil 19 -
Agricultural Research in the Dry | FabaBean | 21 -
Areas) Vetches 16 -
CIAT (International Center for Beans 14 > 37 000
Tropical Agriculture) Cassava 17 > 6 000

The Svalbard Global Seed Vault, built under the Norwegian permafrost to resist even a
nuclear war, was designed to protégplicates 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)the worlds largest seed bank and

the MSB Project is the largest situplant seed conservation program for wild species,
involving 96 countries and territories and conserving > 98 000 seed accessions (data
accesseth 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 defifieat as
genetic material of plant origin of actual or potential value for food and agriculture (FAO
2009p. They are among the most imgort natural resources, and their preservation is

of paramount importance in order to treasure this richihesstu conservation (i.ein

the natural habitat) represents a dynamic form of conservation, as it allows species to
evolve in their original plee and to retain a higher genetic diversity compared to seed
bank accession€x situ conservation (i.e.outside the natural habitat) consists in
sampling, transferring, and storing a population sample of a certain species away from
the original locationvhere it was collected. However, evere situconservation of
genetic resources is easpst effectiveand increase the accessibility of these resources;

in situconservation has the advantage of allowing species to evolve in their original place
and b retain a higher genetic diversity compared to seed bank accessions. Seskual

6



conservation strategies are employed for different crops,ire.gitro 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-teng (Li &
Pritchard, 2009). However, conventional seed banking, namely drying and subsequent
freezing at15/18°C, is efficient only when conserving orthodox seeds, i.e. seeds that
are desiccation tolerant to very low moisture contents (MC) (Roberts, 1é8ge 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 germinaieéos, decades

or centuries. On the contrary, recalcitrant seeds are characterized by shberpest
lifespans and sensitivity to desiccation, while intermediate seeds are desiccation tolerant
that retain their germinability for short periods undameentional seed bank conditions
(Black & Pritchard, 2003; Roberts, 1973). These-anghodox seeds (or seed parts, e.g.
embryonic axes) can be efficiently conserved by exploiting cryogenic technologies, that,
despite being far more expensive than conesali 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 P&Rsituconservation are
described, with detailed standards guidelines, by the FAO Commission on Genetic
Resources for Food and Agriculture (FAO, 20 situseed conservation in genebanks

can be divided into seven main activities: acquisition, seed drying, seed storage, viability
monitoring, regeneration, chatarization, 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 maximizediéegsizan an minimize the

costs for the conseation facilities. For longerm conservation, it is recommended to
store dried seed accessions at a temperatui8daf 3 °C. In addition to the longerm
(dbasécollection), some banks have duplicate samples in an activerskditim term
collection stored at a temperature range betwBeand 10°C. Seed conserved in this
Gactived collection are generally employed for regeneration, distribution and
characterizabn, 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
mustbe 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 temperatongrolledincubators,

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 purposédoreover seed multiplication is requirechen 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 orderdimtain the genetic variability

within the accessions ardlueness to tygof the regenerated material must be assessed.
Beside some morphological and agronomical traits, trueness to type evaluation can be
performed through molecular and physiologicasctiptors, e.g. RAPD, AFLP,
microsatellites and genotyping techniques such as genotyping by sequencing or Diversity
Arrays Technology sequencirdpArTseq (Birner et al., 2000; Chen et al., 2016).
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1.3Plant genetic resources, from endangered and wild spes 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 basedlegrde

of sexual compatibility: Primary Gene Pool (GPcomprising the domesticated crop

and the its closed wild forms with which the crop can cross producing fertile hybrids;
Secondary Gene Pool (&9 which includes less closely related species, framtch

gene flow, even if difficult, is still possible using conventional breeding techniques;
Tertiary Gene Pool (GB) which includes species from which gene transfer to the crop

is impossible without the use of "rather extreme or radical measures" (Haie&lu,

2008).

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

9 Cultivated materials, consisting of:
- Landraces (or primitive cultivarsjidynamic populations of a cultivated plant
that have historical origirdistinct identity and lacks formal crop improvement,
as well as often being genetically diverse, locally adapted and associated with
traditional farming systendfCamacheVilla et al., 2005);
- Old cultivars: sometimes known as obsolete cultivars, retersultivated
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.eelpased varieties
developd by plant breeders), mapping populations, CRFKeERed lines and
cytogenetic stocks.

1 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 ¢ther more distantly related species.

Another category of PGR of significance are the neglected crops, also referred as
underutilized or orphan cropgcrop species that have been ignored by science and
development but are still being used in those areayenthey are well adapted and
competitiv® (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 habéatl range of environmental
conditions, they are invaluable resources for plant breeding and improvement, through
theintrogression of genes into crop varieties to overcome biotig pest.resistance) and
abiotic (e.g, drought tolerance) stresses,aais 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, jtbe 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 actios 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 cresd 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 foundable 1.2



Table 12: Examples of CWR use for crop improvement, frottp://www.cropwildrelatives.orand

Coyne et al., 2020

million economic
loss in the 1970s

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.
cardenasiiKrapov
& W.C. Gregory,
A. diogoiHoehne
Maize Tripsacum Resistance to corn |--
dactyloided.. blight, US$1,000

Bread and durum
wheat

Triticum dicoccoideg
(Korn. ex Asch&
Graebn.) Schweinf.

Increased protein
content

& Sm.

Potato Solanum demissum|Resistance to --
Lindl. potato blight
Pea Pisum fulvunsgibth. |Bruchid resistance |--

Other single geneontrolled traits have been introduced from CWR to confer virus
resistance in rice, powdery mildew resistance in wh&atiqum aestivumL.) and
Fusarium and nematode resistance in tormatodpersicoresculentunMill.), as well as
different genes from wil@rassica oleraced&. have been used to increase the-aaticer

properties in broccolinttp://www.cropwildrelatives.org

Apart from plant resistanceo biotic and abiotic stresses, other traits are lost with
domestication. Thédomestication syndronei.e, plant traits that mark the divergence

of domesticated crops from their wild progenitors, often regards reproductive traits that
affect yield, sub as seed size and number or shattering at maturityéaeat) (Iriondo

et al., 2018; Nave et al., 2016). For instance, when selecting crops for ready and uniform
germination, dormancy (i.ethe inability of viable seeds to germinate under optimal
emironmental 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 seegifiast t
(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 ecephysiological traits such as stress tolerance, longevity, dormancy, soll
persistence and/or dispersal (Gianella et al., 20&&eromorphism is considered one of

the main bet hedging strategies in flowering plahkte so-calleddet hedgingstrategy
describes the adoption of a reproductive strategy that maximizes theetangtness to
ensure survival when coping with an unpredictable environment or in the pregence
fluctuating natural selection (Gianella et al., 2021). For instance, wild relatives of wheat
show heteromorphism in terms of dormancy, longevity and an#oki@ctivity,
possessing seed traits completely lost in their cultivated sister spdoresver, CWRs

as well as all native plants are gaining attention also for their value in revegetadion
rewilding programmes, e.gfor ecological restoration, thprocess 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 satapis 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 &gricultural 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, longterm project to collet, conserve, and initiate the use of CWRs. This 10
year project, funded by the Government of Norway, was calldbpting Agriculture

to Climate Change and focused on wild relatives of 29 crops of major importance for
food security (Miller et al., 202}

1.4 Seed longevity: definition and research approaches

Seeds are exceptional examples of ingd eukaryotes: radiocarbon dating sets the age

of some still viable seeds at about 2@0@ 1300 years agdPhoenix dactyliferd.. and
Nelumbo nucifer&aetn., 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 seedling 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 beecollectedfegenerated 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 temperaturé§@pand

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 anutsseed |
(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 agging|

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 diogirasagC 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 kRpsgsioa 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). B&H 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 accuracyAdf 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 storagmditions will determine the type of ageing reactions: storage
over water vapor at 100% relative humidity (RH) and 482C will allow both the
resumption of respiration, as seeds are progressively imbibing, and a heat stress leading
to protein denaturatignvhereas storage at 75% RH at@®loes 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 compason, especially when studying the molecular processes driving seed
ageing (Zinsmeister et al., 2020Additionally, only a few seed longevity studies were
performed on seed material under lgegm conservation (cold storage betwé&b and
120°C), as wé 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 skh@rm history, declines in seed viability of the conserved
accessions are unlikely to be detected (van Treuren et al., 2018). Indeed, often monitoring
data have rightkewed distributions, making predictions difficult or inaccurate, as many
assumptions need to be done in order to plot the distribution of seed maontalitime.

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 germinationeprafiid
characteristic peaks of mortality. Wild collections are, on the contrary, quite
heterogenou their seed tiigs, and often their ageing rates are not igkd by the

viability equations; indeed, differences in flowering, maturation and dormeeoyften
observed among individuals in wild populations, and these genetically regulated traits are
known to contribute to seed ageing profiles (Walters, 2008¢cording to Ellis &
Roberts (1980), the loss of seed viability during storage generalgwila 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 thehes& bt

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 generallyppoopriate to analyze

the cumulative germination data with Probit analysis because the observed germination
counts at successive tiapeints during ageing are not independ@tiay et al., 2014).

Other studies use ordinary least square analyses, ant$ efferbeing 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), Cai&8F (OLS), and
Cauchy (GLM) functions were found to estimate seed longevity mapustly 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.ge 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 eoperative reactions based on vissastic properties,
adapting it to different equations in order toccédte 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
afterripening, i.e, complex enzymatic andidchemical 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 conclusiorfurther researcis neededo improvethe different methodologies

used to mimic seed ageing and to model the survival rates used in difiemgrarative
studies.Additional studies need to be performed in order to obtain a standardized,
efficient method to predict seed longevity.

1.5Seed 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-epeft@rg) depending

on the species. The environmental conditions that influence longevity indgide |
temperature, drought, and salinity, while temperature and water availability are the main
driving factors (Zinsmeister et al., 2QZdg. 1.1). These conditions are experienced by

the seed or the mother plant, and longevity can vary also in diffeopuotations of the

same species adapted to different habitats (Leprince et al., 2017). For instance, alpine
plants from cool, wet climates are shoi#iged than those from warm, dry climates
because of the low average temperature of the-gpsgersal evironment 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 longevityght 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 mgelaity in the
offspring were observed (Zinsmeister et al., 2020). Indeed, the matennzdd 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 develomistorage 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). Transgeneah#tincts on seed longevity are

not limited to the manipulation of temperature and water availability, but they also have
been observed when taking in consideration ododeced oxidative stress and
endophyte symbiosis, the latter increasing seed meistantent 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.,, 20#fiters, 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 ineostudies 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., 28®), water availability

during seed maturation can positively or nagdy 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 a¢ 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 exjgam to light can trigger chlorophyll production
instead of facilitating its degradation. Indeed, failure in chlorophyll degradation in mature
seeds is concomitant to a reduced shelfTifee photoperiod in which seeds are produced

has an effect on seémhgevity, 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 micrenutrients uptake of the mother plant can alter the final germination
performance irthe 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 shellife during storage. Indeed, consistent relationships among temperature, RH
and seedongevity have originated some basic rules for seed stoaagemmonly used
practical rule for seed storage (known as Jénfade) is that the temperature (in
Fahrenheit) plus the RH of the air (in percent) should total less than 100 for satisfactory
seedstorage. For example, if the RH is 50%, the storage temperature should be no greater
than 50F (10°C) for commercial (medium term) storage. HarringsoRule states that
storage life will approximately double for eaciE@5.6°C) decrease in temperatuad

each 1% decrease in seed moisture content for temperatures between 0Caadd40
moisture contents between 5 and 4Bewley et al., 2013). In general, the combination

of low temperature and low moisture content is fundamental in order to exteedityng

in orthodox seeds. At threshold water contents that range between 0.03 and @307 g H
gl DW (dry weight), the tendency of increased longevity associated with drying is
arrested: at lower moisture contents, longevity is unaffected or decreases for th
excessive drying. Given the quantitative relationships between moisture content and the
protection against ageingduced damage, longevity is considered as a manifestation of
desiccation tolerance (Walters, 2015). On the other hand, drying is notl@dssithe
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 cemss, thean
desiccation tolerance, longevitg & 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 depeaddact 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, includiirgtiesp

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%gase@dstially
hydrated and enzyme activity and some metabolic reactions are possible (Bewley et al.,
2013). The seed hydration state is indeed involved in regulating the chemysatal
properties of the cytoplasm: during desiccation, cytoplasm chasgeate from fluid to

solid, forming the saalledfiglassy stat® where cellular components are stabilized and
the molecular mobility is severely restricted, an indispensable requirement for
desiccation tolerance development (Buitink & Leprince, 200@)en 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 propesfieslifferent
macromolecules. Among these molecules forming the glassy stateeduming
oligosaccharides (%0% of the dry mass), i,e.sucrose and raffinose family
oligosaccharides (RFOSs), 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
heatshock proteins (HSP). LEAs undergo desiccatimtuced 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, heashock 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). Aaxmlative processes

that comprise the Amadori and Maillard reactions, lipid peroxidation and protein
carbonylation are usually not catalysed by enzymes, thus require highly mobile
moleculesROS, 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, cartbonyl an
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 througlaris by
downstream products, e.gnalondialdehyde, 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 duringggaran
drastically change the chemigathysical 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 actomata to
scavenge them upon imbibition, exploiting their reserve of enzymatic arelmzgmatic
antioxidants accumulated during maturation and development, also influenced by the
mother plant environment (Sano et al., 2016). Among enzymatic antioxidapésoxide
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-emaymatic ROS
scavenging mechanisms in seed metabolism involve seed storage proteins and low
molecular weight antioxidantsuch 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 oxidid glutathione (glutathione disulfide, GSSG)/GSH redox
couple and the determination of the hadfl reduction potential (EGSSG/2GSH) are used

as markers of seed longevity (Nagel et al., 2015; Roach et al., 2018). Also seed storage
proteins (SSPs) contribrito 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 aidation 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 lemigihendent: 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,
antioxidans, 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 sirggianded 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, diectly with desaturation of deoxyribose units or indirectly, by covalent
modifications of bases (the most common is the hydroxylation of tBep@sition of
guanine, resulting in 7;8ihydro-8-oxoguanine (&x0G)) (Biedermann et al., 2011;

Bray & West, 200% Indeed, OGG1, an apurinic/apyrimidinic DNA glycosylase/lyase
that removes oxidatively damaged guanosines from DNA, is associated with seed
longevity inArabidopsisthaliana(L.) Heynh, andmore generally, base excision repair
(BER) is probably the main repair system used by seeds for agsiogiated DNA
damage, together with repair enzymes such as ligases IV and VI, involved in strand
breaks repair, and poly(ADP)polymerase 3 (PARP3) (GHeal., 2012; Kurek et al.,

2019; Waterworth et al., 2010, 2015). In general, seed ageing is concomitant with DNA
damage accumul ati on, in terms of abasic
(SSBs) and double strand breaks (DSBSrdGbaCafieroet 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 syntheenzymatic 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 targefgotein 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; Shm 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., 201gpeeFig. 1.1.for a schematic representation of the physiology of seed
longevity).

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

Dormancy and longevity possess distinct and shared signa#ihgvays, 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 establighinemptimal
environmental conditions and reduce the risk of premature @@attley 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 rolesfmt 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.dorassinosteroids, ethylene) regulaterthelance 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 Ar#idopsiamutantsaba
insensitive3(abi3), that show reduced dormancy, int@lece 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 sesmbcific heat shock factor HSFA9 is
expressed during late maturation, the acquisitiashooinancy and desiccation tolerance,
and possesses a central role in seed longeslityed signalling. It promotes the
accumulation of HSPs and therefore thermoresistance, proved also in longevity studies
using CD (Sano et al.,, 2016). ABA may also contvahter uptake and D,
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 nemmathe seed
lifespan by contrasting the inhibition of HSFA9 (Carranco et al., 2010). Moreover,
longevity genes oMedicagotruncatulaGaertn.are enriched with auxin bindirgjtes,
suggesting a potential additional role of auxins in seed longevity éRigi 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
gibberellininsensitiveg(gai) mutants do not show losses@mms 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 coag$tg, that prowdes 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 testais defined during seed developmiéy the accumulation of polyphenals,
polysaccharides, suberin and cutin within the mateaaaled 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 ap#mdence 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). Polypbiksn divided into flavonoids, lignins and
lighans, are associated with seed longevity. Flavormédisient mutants ofrabidopsis
Brassica napus. andLinum usitatissimunk.. showed reduced longevity in lotgrm
storage, CD and AA, and an increased mbility 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, 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 defelased proteins, polyphenol oxidases
(PPOs, e.g. catechol oxidases and laccases), peroxidases (PODs) and chitirigses (Mo
et al., 2005; Pourcel et al., 2005) can influence seed ageing. ddgfiaient mutants

show reduced seed longevity, probably duentognhanced 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 dedhought 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 asewing
treatments that improve germination ratgseed, 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 byhibition 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 be thigh 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.ge-priming (Gianella et al., 2020). On the other hand, different
priming methods havieeen used to overcome agiagsociated 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 nudic 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 &ve 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 ac &illiyn
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 COTYLEDONZ2) (B3 domain family) together with
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LEC1 (LEAFY COTYLEDONL1), (NFYB protein family) regulate seed maturation.
ABI3 and LECL1 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 abi3, lecandfus3mutant 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 transcriptiofactor HSFA9 osstay-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 LEAsas well as SSPs that are associated with seed longevity (Sugliani et al.,
2009). The alternative splicing #B13 mRNA can also contribute to differential seed
longevity profiles, with the prevalence of fldingth transcripts at the beginning of seed
development when seed longevity is acquired. In the dry seed, the splicedB&hH
increases and becomes prevalent. Such event is regulated by SUPRESSOR @& ABI3
(SUAL 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 afilongevi
in M. truncatula (Verdier et al., 2013). Another gene involved in the ABA signalling
pathway, ABI5 is a regulator of seed longevity in legumes, and in turn it is regulated by
DOG1 (DELAY OF GERMINATION 1), a heme binding protein that interacts with
ABA HYPERSENSITIVE GERMINATION1 (AHG1, a group A type 2C protein
phosphatase (PP2C)) to trigger an ABA response and dormancy. ToDedek, ABI3,

ABI5 and homologou#\BF genes interact in the acquisition of longevityAirabidopsis
(Zinsmeister et al., 2020Muxin-related genes are also involved in the complex network
of seed longevity acquisition, e.g., the sHwgd transcriptional repressor AUXIN
RESPONSIVE PROTEIN 27 (HalAA27), thas-regulatory element ARFAT (auxin
response factor binding site), a@¥P79B2 involved in a minor auxin biosynthesis
pathway. Gibberellirrelated proteins, such as the transcription factor HOMEOBOX25
(ATHB25; involved in GA biosynthesis control), or brassinosteroid (Bfgted proteins
contribute to longevity. This is thease of theArabidopsis BR-deficient mutants
cyp85ala2 anddet2showing increased seed longevity (Zinsmeister et al., 2020).

QTLs for seed longevity have been investigated in several species subjected to different
ageing conditions. Si&rabidopsigeconbinant inbred line (RIL) populations were used

to identify loci associated with seed longevity, with sev&afmination Ability After

Dry Storage(GAAS loci colocalized withDOG genes, showing an inverse correlation
between storability and dormancy (Ngu et al., 2012). Moreover, the study underlined

a difference in longevity QTLs between the same accessions treated witteriong
storage and CD, this indicating an incomplete overlapping of the genetic and metabolic
pathways recruited in the seed resgmto 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 QTLA&n@bidopsig(Buijs et al., 2020).

Also in barley, EPPO andCD 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 vyield), stress signallingbiatic 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 {riticum aestivuni.) and a QTL on chromosome 3BRG.ipk3B, linked to
number of grains per ear, thousandigrweight and coleoptile length, thus to seed and
seedling vigour) of durum wheatrfticum durumL.) (Arif & B drner, 2019; Brner et

al., 2017). Regarding rice, within the QTL identified on chromosome 2, 45 genes
potentially relevant to seed longevity amanisms, such as antioxidant activity and DNA
repair, were found in th@ponicasubspecies, and an additional QTL on chromosome 8
was recently found in a particularly lofiged variety ofO. sativa(Liu et al., 2018;
Raquid et al., 2021). Another studgking in consideration both cultivated and semi
wild rice, unveiled that RNA modification, oxidatigeduction, proteifprotein
interactions and abscisic acid signal transduction play roles in seed longevity, with
genetic markers on chromosomes 1, 3id &associating-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 (Wangadt, 2016). InterestinglyArabidopsis cabbageKrassica
oleraceal.) and tomato $olanum lycopersicurh.) showed QTLs with the potential
candidate gen@olSencoding galactinol synthase, a key enzyme in the synthesis of RFOs
involved in the glassy statermation 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 pesses seem to be ABFependent 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 arecurrently availableand only for afew species and ageing conditions. In
general, cytosine DNA methylatioAQ) is an epigenetic modification fundamental for

the regulation of gene expression in plants (Gehring & Henikoff, 2007). This kind of
regulation allows plancells 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 stiordgntha
aguaticaL., in termsof both new methylation marks and demethylations, that could result

in changes in gene expression (Mira et al., 2020). Also in $gedle cereald..)
increased epigenetic instability is observed in both aged seeds and seedlings (Pirredda et
al., 2020). Iterestingly, 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). h 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 storaggPérez et al., 2017; PlittMichalak et al., 2021). A recent study
demonstrated that aged maize seeds possess increased DNA methylation levels, with
genotypedependent differences in methylation (Carvalho, 2020). Both the genetic and
epigenetic process@ws/olved 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 theim factors, processes abtmolecules
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 differentpbgsiological and
molecular aspects of seed longevity, still poorly explored¢rops andcrop 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 m&tgeing. The experimental
activity included three distinct research lines:

Project I Comparison between AA and lotgrm storage in heteromorphic wheat wild
relatives:Aegilops tauschiCoss., donor of the DD genome to the hexaploid bread wheat
and Triticum monococcursubsp.aegilopoidesBoiss., wild relative of the cultivated
Triticum monococcunk. This activity was carried out at the Plant Biotechnology
LaboratoryDBB (University of Pavia), in collaboration with Dr. AndreaérBer (IPk-
Leibniz Institue 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 anr@onths Internship at the Genebank Viability Lab of the
International Maie and Wheat Improvement Center, CIMMYT, Mexico (1st February
30th September 202Q)artthe Genetic Resources Program (GRP).

Project 31 Molecular, physiological and ultrastructural aspects of seed longevity in
Pisum sativumvarieties subjected to diffame storage conditions. This activity was
carried out at the Plant Biotechnology LaboratD®B (University of Pavia), in
collaboration with Dr. Andreasdner (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
protectve 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. $eral 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 ef@mnminative metabolism.
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3. Materials andmethods

3.1 The wheat wild relatives
3.1.1 Plant material

Caryopses (hereafter referred to as seedgyeoftauschiiand T. monococcunsubsp.
aegilopoidegqfor simplicity, hereafter referred to as boeoticuphwere 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 tHell®K?2°C, 8+ 2 % seed
moisture content; hereafter referred tof®B0) and under AA condition (hereafter
referred to agiAA0), using for the latter fresh seeds produced by plants of the same
genotype held in genebank. Seed samples were regenerate@egpehnmental fields of

IPK in Gatersleben (latitude 51496 19.74 &, longitude 11 170 11.8® &, 110.5
m.a.s.l., black soil of clayey loamy type) and the collected seed lots are hereafter referred
to asfifreshd or 0d. Seeds were extracted from theelgits and sorted out according to

the morph as previously described (Gianella et al., 2020): the larger, basalG@apd

the smaller, apical morpfB& After the cleaning process, seeds were kept in standard
dry-room conditions at the Plant GermplaBank of the University of Pavia (Italy) at

15% relative humidity (RH) and1& (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 assubstrate. Dishes were placed in temperatang lightcontrolled incubators
(LMS, Sevenoaks, UK) using a -2 daily photoperiod (photosynthetically active
radiation 4050 emol nm? st) at 20°C (Guzzon et al., 2015). Petri dishes were checked
every 12 Hor 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 gasted to confirm whether they were empty. Imbibition curves
were de¢rmined using 6 replicates of 5 seeds, placed in Petri dishes between double filter
paper discs, moistened with glBiand sealed in plastic bags to avoid evaporation. Seeds
were then withdrawn; the residual superficial water was removed with sterilized filt
paper and seed mass was measured-attétvals 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).

3.1.3Controlled ageing test (CAT)

Seed longevity was tested with a modified protocol for AA from Newton (2009),
according to Guzzon et &2018) Prior to storage, seeds were first rehydrated for 14 days

in open Petri dishes over a neaturated solution of LiCl in a sealelkctrical enclosure

box (Ensto UK, Southampton, UK) at 47% RH and®@0 Thereafter, seed equilibrium
relative humidity (eRH) was verified with an AWDIO water activity probe used in
conjunction with a Hygrd?alm 3 display unit (Rotronic Instruments Ukia@ley, 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 nesaturated LiCl solution at 60% RH at 452 °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 teést, unti
complete viability loss was reached.

3.1.4 ROS detection

The fluorogenic dye @7édichlorofluorescein diacetate (DEPA; SigmaAldrich,

Milan ltaly) was used to quantify ROS levels released from dry seeds. Following
deacetylation by cellular esterasé®e dye is converted to a nfloorescent molecule
which is subsequently oxidized by ROS into the highly fluoresce@?é 2
dichlorofluorescein (DCF). The assay was carried as described by Forti et al. (2020) with
the following modifications. Dry seeds meincubated in the dark for 30 min with 150

¢l of a 10eM DCF-DA solution. Subsequently, three replicatesgbach, per seed lot)
were pipetted into 0.2 ml tubes and the emitted fluorescence was measured using the
green channel (518 5 nm) of a RotoiGene 6000 PCR apparatus (Corbett Robotics,
Brisbane, Australia), after a single cycle of 30 s &iC25As negative control, three
replicates containing only DGBA were used to subtract the baseline fluorescence.
Relative fluorescence was calculated bymmalizing samples to controls and expressed

as Relative Fluorescence Units (R.F.U.).

3.1.5qRT-PCR

The RNA extraction was performed according ttat@Sanchez & VicenteCarbajosa,
(2008) from dry, 1hand 18himbibed seeds dhe. tauschiiand from dry, 1hand 14h
imbibed seeds of. boeoticum Retrotranscription was carried out using the iScript
cDNA Synthesis kit (BieRad, Milan, Italy), according to the manufactdser
instructions. gRTPCRs were performed using SYBR Green gPCR Master Mix (2X)
(Fermentas Milan, Italy) and a RoteGene 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. tauschiand T. boeoticunwith the online software Multiple Sequence Alignment by
CLUSTALW in order to select common and spegpscific primer oligonucleotides
used for the amplification of reference and target genes. The resulting oligonucleotide
primers are lisd inTable 3.1.1
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Table 3.1.1List of oligonucleotide primers used for gAPICR analyses.

Gene |[Forward p3d)Rever se proi)| 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
Glyceraldehydes- A CcC
phosphate
dehydrogenase
ELF1 TGGTGGTTTTGAGGCTGGT | TACTTGGGAGTGGTGGCA | Ae.
Elongation Factor 1 | A TC tauschii
alpha
ELF1 ATTAGGTTTGGTGGCGGG | CGGTCGTTGTTGGAGTTGT | T.
A C boeoticu
m
RPT6 ATGTTGGCGAGGTTGTGA | GGGCAGGATAAGGTGAAG | Both
26S 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 sulfe T A
reductase
MDAR ACCTTGCTCATCGCCACT | GCCTTCCCATCCTTCTTTG | Both
Monodehydroascorb C
ate reductase
(cytosolic)
SOD GTAAGCACAGCCACAGCC | CATCCCATCCCCCAAGTCA | Both
Superoxide T
dismutase
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To analge the expression of genes encoding enzymes belonging to the ascorbate
glutathione ROS scavenging pathway (ascorbate peroxidase, APX, catalase, CAT,
dehydreascorbate reductase, DHAR, glutathione reductase, GSR, -detiydro
ascorbate reductase, MDAR angstoxide 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 factojy andELF (elongation factor 4alpha) for Ae. tauschiAA

and SB seed#CT (actin) andELF for T. boeoticunSB, GAPDH (glyceraldehydes-
phosphate dehydrogenaseand UBI (ubiquitin) for T. boeoticumSB. Selection was
performed usinghe GeNorm algorithm (https://genorm.cmgg.béjggres 3.1.1 and

3.1.2. Oligonucleotide primers were designed with the online software Primer3Plus and
thermodynamic parameters were checked with Oligoanalyadi€ 3.1.1). gRT-PCR
conditions were denaturan at 95°C for 15 s, annealing at 8C for 30 s and elongation

at 72°C for 30 s. Once aspecific fluorescence was subtracted, the raw fluorescence data
obtained from the Software Rot@ene 6000 Series 1.7 (Corbett Robotics) were used to
retrieve PCR Hiciency (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 ageig 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 3.11 Selection of reference genes for gRTR analysisi 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 pointseoéxperimental desigiACT,

actin, ARF, ADP-rybosilation factor, ELF, elongation factor 1 alphaGAPDH
glyceraldehyde phosphate dehydrogenadePTq 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 gRTR 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
analysedn 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 -phosphate dehydrogenas@PTq 26S protease regulatory
subunit,UBI, ubquitin. 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 usétioyé(Wickham,
2021),dplyr6 (Wickham, 2021) andggplot® (Wickham, 2016). Before analyses, data
were checked for normality and homoscedasticity (Shapiilké& and Levens tests,
respectively). Probit analysis was carried out using GenStat 9 to obtain the time for
viability to fall by 50% (o), used then as measure for seed longevity by fitting the
viability equation (Ellis & Roberts, 1980) as previously described by (Gianelh, et

2020). Bes 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 studdersts. A GLM with gamma
distribution, log link, was applied to compare the longevity profiles of thenterphs in

the two species when subjected to the same ageing treatment. Heatmaps represent the
Log2 fold change (Log2FC) of the relative gene expression and ROS levels of aged seed
lots (AA and SB) compared to the controls,,itke maximum germination %f freshly
harvested seeds (@¢. tauschii21dT. boeoticundue to aftefripening).

3. 2. The mai ze coll ection at Cl MMYT®6 s
3.2.1Conservation conditions

Maize caryopses (hereafter referred to®sed§ 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 iecud this study were conserved in a
temporary refrigerated seed storage facility:(8 °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 bankitatrecently built headquarters in

El Batén, 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). Stadi in 1984, each seed collection was
divided, and equal halves were moved to a base chaiii&t§) 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: theivedseed lot andbas@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 CIMMYT
Germplasm Bank inside the Wellhaustmderson Rint Genetic Resources Center,
where seeds are conserved in hermetic plastic flagi&ta2 °C (active chamber) and in
hermetically sealed aluminum envelopesHi+ 3 °C (base chamber).

3.2.2 Study accessions

Germination tests of 987 seed lots fromibase 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 accessionherattive 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. Overalliaal 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. Tiséudy 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 germinain 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 (ierms 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 otthe 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 datefor each grain type were as follows: dent (198%71), flint (19601974),

floury (1969 1978), popcorn (1970996) and sweet (1968002). The average age of

the accessions tested for this study was 48 years. More recent accessions of popcorn and
sweet maizevere 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 GRdWal
database as well as marked with a special ldlmidevity projegtin 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. Athotbesions

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 géioninaas 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 germinegsis 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 Gasm@Bank at

9i 15 °C and 1020 % 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 sitedicates
(latitude and longitude), elevation and climatic zone of the original collesiiten
Climatic zones of the collecting sites were based on thpp&i 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
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 jriejtat

a constant temperature of 25 and a 12 h photoperiod. Distilled water agsled 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, ident@®R code

was attached to each paper roll. The germination scoring was performed through the app
GB zone, that is connected to the GRBE\bbal genebank database, by means of QR code
scanners (two models: CS 4070, Symbol, Zebra, USA; and S740 2D, Sodketmob
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 repeatation 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: &corrplotd (Taiyun and Viliam, 2017)@plyré (Wickham et al., 2021)¢ecotoxy

dmsld (Nakazawa, 2019)xggplotd (Wickham, 2016)&Qggpubyd (Kassambara, 2020),
dsmeané (Lenth, 2016)&gad (Bryant et al., 2017)xmultcom® (Hothorn et al. 2008),
Qsycld (Revelle, 2019) andstatmod (Giner and Smyth, 2016). Before analyses, data
were cheked for normality and homoscedasticity (Shapittlk & and Leveni® tests,
respectively). Two ScheirBRayi Hare tests were applied to determine if mass and
moisture content differed among accessions and conservation chambers (active and
base). A KruskdlMallis 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
(germinateddown seeds at the end of the germination test); apdamd p85,
corresponding to the time for viability to fall to 50 % and 85 % of the initial value
(retrieved from historical, prstorage data), respectively, estimated or predicted by logit
analyses. QGweralized linear models (GLMs) with binomial distributions, with logit as
the link function, were carried out foggand ps predictions of the accessions conserved

in the active chamber. Logit was preferred over probit as link function, since logitdhowe

a higher goodness of fit, compared by means of analysis of variance (ANR2\{ést)

and AIC (Akaike information criterion) scores, when compared with probit analysis (d.f.
0, deviance $462.23, P < 0.001; AIC logit probit: i 460). Moreover, logit funabin, 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 % germinationjhus making it more
suitable for the g estimation. Smaller differences between logit and probit models are
observed in the central points of the function (50% germinatign Longevity estimates

were filtered for those accessions that showed a finahigation lower than the initial

and a ps lower than the years of storage. This was done to estimatgsthaspd only on
observed data and not predictions, in order to avoid unrealistic values driven by the
absence of viability loss in a significantrpentage 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 needstHer 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 (namedd3lculated using the following formula:

0 0 p
0 o

W+

Where Gis the initial germination in percentage, tested before storage;tli& 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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corservation in the two different chambers (active or base) on final germination, and a
posthoc Bonferroni test was used for pairwise comparisons of the same seed accession
in the two conservation conditions. A Kendatiau bcorrelation test was performeah
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 siritadecline

in the base chamber. Monitoring intervals were calculated as one third ef, twétpan

upper limit set to 40 years as suggested by the Genebank Standards for Plant Genetic
Resources for Food and Agriculture (FAO, 2014). A Krusikédllis 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 ectiad baseonserved

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 {Kpen Geiger) of the originacollection sites. Moreover,

a partial correlation analysis, using Kendatest, 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 variahlé GLM with a compound Poissagamma
tweedie distribution was applied to assess the effect of grain type on the ageing rate (L).

3.3Pisum sativumaccessions from the IPK collection

3.3.1 Plant material and germination tests

Seeds of four yellow pe®isum sativuhaccessions (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), Gasleben (Germany). Yellow and green accessions were
renamed Y1, Y2, Y3, Y4 and G1, G2, G3, G4, respectivEdple 3.3.].
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Table 3.3.1Main features of the eigtRisum sativuni.. accessions investigated in this study. Y, yellow. G,
green

Seed | Accession Seed Accession hame Country Biological
lot number coat of origin status
(IPK) colour
Y1 PIS 2 Yellow - Greece Landrace
Y2 PIS 8 Yellow Nordost Kleine Germany Improved
Weil3e Cultivar
Y3 PIS 15 Yellow Kronenerbse Germany Improved
Cultivar
Y4 PIS 224 Yellow Sperba Germany Improved
Cultivar
Gl PIS 686 Green Flgeder Erbse Unknown Improved
Monte Express Cultivar
G2 PIS 706 Green MauthnerFall Germany Improved
Express Cultivar
G3 PIS 783 Green Grine 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-8+ 2°C, 8+ 2 % seed moisture content) and another lot (R) was
conserved at room temperature conditionsXZ0C, 9+ 2 % seed moisture content).
Seed moisture content was measured using a moisture meter (Precisa XM 66,
Switzerland). For each seed lot, three repdisaof 20 seeds were sown in Petri dishes
with 1% agar as substrate and then placed in a growth chamhe{€2 7080 % RH,

150 emol m? s photon density, 16/8 h photoperiod). Petri dishes were checked every
12 h for germination and seeds scored asgeted 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 (2Q0&ble 3.3.3.
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Table 3.3.2Germination 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 germindtat the ' observation;it time at the'? observation (hours); k: time at the

end of the experiment; felative frequency of germination;@. combination of the seeds germinated in

the time i, two together.

Parameter Definition Formula Limits Unit
G Germinability T 0 ®0 |%
BE . 2 100
g
MGT Mean germination 154 0 < Hours
time Bi .q MGT O
BE . K
CVG Coefficient of FTr 0 QG %
velocity of B} [ | O 100
germination BE W-.
z i l
MGR Mean germination 1 =| FTT 0 < hour?!
rate L MGR O
1
z Synchronization . BE R 0 O Z |Unit
index = ? less

3.3.2 ROS detection

The fluorogenic dye @rédichlorofluorescein diacetate (DAPBA; SigmaAldrich,

Milan ltaly) was used to quantify ROS levels released from dry seeds. Following
deacetylation by cellular esterases, the dye is converted to-Bunogscent molecule
which is subsequently oxidized by ROS into the highly fluoresce@?6 2
dichlorofluorescein (BF). 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¢l of a 10eM DCF-DA solution. Subsequently, three replicatesgb@ach) per seed

lot were pipéed into 0.2 ml tubes and the emitted fluorescence was measured using the
green channel (510 nm) of a Roteene 6000 PCR apparatus (Corbett Robotics,
Brisbane, Australia), after a single cycle of 30 s &iC25As negative control, three
replicates containg only DCFDA 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 (RetschAllee, Haan, Germany) three times for 8Cat thevibrational

frequency of 30 Hz's For each lot, the resulting powder was divided into three replicates
34



(0.2 g each) that were resuspended with 5 ml of@& .5 M HCIQ solution (4:1) with

2 % BHT (butylated hydroxytoluene, Sigeddrich) in ethanol tgprecipitate proteins.
Samples were subsequently centrifugetiC(410 min). MDA was determined as a
thiobarbituric acid reactive substance (TBARS), following its reaction with thiobarbituric

acid (TBA, SigmaAldrich) at high temperature. For each sampleadni quopl of 1
was mixed with 10Qul of TBA in 1 ml dHO and the mixture was heated in a boiling

water bath at 9% for 60 min. Test tubes were cooled at room temperature and
absorbance was me as uvisilide spettrophdiometar (0¥BA0s | N g
Shimadzu, U.K.). A standard MDA (Sigra#ddrich) solution (10Qul, in a range of 0.025

0.1 mg m#l) was added in a 1 ml test tube and mixed with TBA {@p@s previously
describedFigure 3.3.19.

A) Standard MDA B) Standard y-tocopherol

y=105.13x
. R? = 0.9904

1.400 y= 145.24x+ 0.052
£ RI=0.9779 .
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C) Standard proline D) Standard glucose
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Figure 3.3.1 38 Malondialdehyde (MDA) standard cw@wvmeasured at 254 nm using an -\¥ible
spectrophotometer (UAt800, Shimadzu, U.K.)b) The o-tocopherol standard curve measured using the
HPLC system (Kontron Instrument 420 system) equipped with a C18 column (250 x 4.6 mm, § mm).
Proline standard curve measured at 520 nm using awitible spectrophotometer (U¥800, Shimadzu,
U.K.). d) Glucose standard curve measured at 540 nm using avidible spectrophotometer (U¥800,
Shimadzu, U.K.).

3.3.4 Extraction and analysis of tocpherols

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 addatl to 5
of ethanol containing 0.1 % butylated hydroxytoluene (BHT, Sigdaich) and the
mixture was incubated for 10 min at°€ Subsequently, samples were subjected to
saponification by adding 150 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 wastn@cted using 2 ml hexane. The
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combined hexane fractions were washed with 3 ml e@bjiortexed, centrifuged for 10

min and transferred into another test tube. Hexane fractions were dried used a vacuum
evaporator and the residue dissolved in @DAcetonitrile:methanal dichloromethae
45:20:35 (v/viv) 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, fl, Agilent Technologies). The isocratic mobile phase consisted

of acetonitrile:methanol (60:40) (v/v), flow rate was 1.0 ml hiat room temperature

and absorbance was measured at 220 nm. As standactpherol (Sigmaldrich) was

used for a calibration curve and identified in the chromatogFaguie 3.3.10.

3.3.5Determination of free proline content

Free proline content was measured as described by @&breh al. (2010) with the
following modifications. Dry seeds were grinded as previously described. The seed
powder (0.1 g) was added to 5®f 3 % sulfosalicyic acid (SigmaAldrich). Following
centrifugation at 13.000 rpm for 5 min, a 1€lGliquot of the extract was added to 500

el of 3 % sulfosalicylic acid: glacial acetic acid: acidic ninhydrin (1:2:2) (v/v/v). The
reaction of ninhydrin with free proline wacarried out at 9& 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 Wisible spectrophotometer (U¥800, Shimadzu) and
toluene as reference. A standard proline solution £1,0@ a range of 0.060.1 mg mi

1) was prepared, added to a 2 ml test tube and mixed with the ninhydrin solution as
previously described=gure 3.3.19.

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 incubatechzat 8GC 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 4Aldrichhg DNS
solution. Absorbance wasad at 540 nm using an WUsible spectrophotometer (UV

1800, Shimadzu) and dH20 as reference. Standard solutions of glucose in the range of
0.4-1.5 mg mt* were usedKigure 3.3.19.

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 &€ 20in*. The
temperature range was from 25 to 8D@vith a gas flow in the oven (air or nitrogen) of

4 | b, The samples were grounded into powder and sieved to a size jofinl @bout 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 (Sighhdrich) for 3 h at 4C. Embryos were
rinsed in phosphatbuffered saline (PBS, pH 7.2) overnight, and then incubated in 0.5
M NH4CI for 30 min at room temperature. Semithin sections (500 nm in thickness) were
cut using an ultramicrotome, embedded in acrylicWRite resin (Agar Scientific,
Stansted, UK) and allow to harden at°@0overnight. Toluidine blue staining was
performed by coveripthe tissue sections, prepared as previously described, with a drop
of the die and incubating for 5 min at 200 Sections were then washed thoroughly with
dH20 to remove die excess, airdried, mounted in Mowiol (Sigma Aldrich) and finally
imaged using Zes Axioskop 2 plus microscope.

3.3.9Immunodetection of oH2AX foci

In order to detect the occurrenceabf2AX foci in the nucleus, sections prepared as
previously described were subjected to indirect immunohistochemical reaction by
incubating them withhte primary antibody Phosptdistone H2A. X (Ser139) Polyclonal
Antibody from rabbit (ThermoFisher Scientific, Milan, Italy) according to the Sug@plier
suggestions and subsequently with a secondary antibody coupled with 12 nm colloidal
gold grain. Sectionsvere stained by EDTA regressive technique and observed with a
Jeol JEM2100PIlus electron microscope equipped with a 30 mm objective aperture and
operating at 80 kV. Images were submitted to morphometric analyses using the software
ImageJ (https:/fimagejnigov/ij). The results are expressed as mean val&EM. For

each sample, 10 nuclei were scored for the preseratd2#fX foci. The density of foci

was calculated as follows: 100 squares (each one with an area of 400 nm2) were identified
and the numberfdoci 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:
plyrd (Wickham et al., 2021)ggplot® (Wickham, 2016)dorrplotd (Wei & Simko,
2017),émultcom@d (Hothorn et al., 2008), andsmeané (Lenth, 2016). After checking

data fornormality 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) posthoc Tukeys or Bonferroni tests were used to perform multiple
comparisons. A twavay 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?2 fold chages (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 KendallTaub tests. Statistical analysis to quantify the
occurrence 0bH2AX foci in the nucleus was performed using the-taited paired
Studends 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 inrder 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 soakind=(gure 4.1.1).

a) Imbibition Ae. tauschii
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b) Imbibition T. boeoticum
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Figure 4.1.1Imbibition curves of §) Ae. tauschiiand @) T. boeoticunrseeds. Seeds were imbibed with
dH20 on filter paper, then withdrawn 1 heimtervals until radical protrusion was observed. Water uptake
was estimated by subtracting dry mass to the weight registered during imbibition after regiduidial
water was removed, and then expressed as increase in %.
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Thus, the 1 hinterval was selected in order to analyze the ROS content and gene
expression after the activation of the qgerminative metabolism induced by water
absorption. 1h imbibitions also the endpoint of the -salled Gbrupt imbibitiord 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 bedothe first radicle protrusions were observedAet
tauschii(18 hours after imbibition) and fdr. boeoticun{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). Unfike tauschii which did not show any after
ripening requirement, both morphs Bf boeoticunreached the maximum germination
percentage after 21 days of AA treatment. Therefore, this timepoint was chosen as control
for the subsequent analyses, while O dags chosen as control fée. tauschii See

Table 4.1.1for the controls and ageing intervals of the different seed accessions tested
in this study.

Table 4.1.1 a) ageing intervals of thAe. tauschiandT. boeoticunseed 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=ydar$iarvest year of the accessions aged in the cold chambers.
Control=seed lots used as controls in the mobrcahalyses, fresh (0d) féwe. tauschiiafterripened (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, S| 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 representeéigure 4.1.2
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a) Ae. tauschii b) Ae. tauschii
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Figure 4.1.2 Survival curves fitted by probit analysis Ak. tauschiia) AA seedsb) SB seeds, and.
boeoticunt) AA seedsd) SB seeds. AA = AA, SB = ageing in seed bank conditions (cold storage)

When subjected to AA, both species showed significant differences in terggaafgng
morphs:Ae. tauschiiA = 39.66 d, B = 49.55 d, P <0®, Figure 4.1.23 T. boeoticum
A=37.02d,B=51.49d, P <0.00Hgure 4.1.2¢ In SB conditionsAe. tauschishowed

no differences among the two morphs (A = 27.76 y, B = 27.49 y, P = (Fafife
4.1.21, while the two morphs of. boeoticunshowael significantly different longevity
profiles (A =38.95y, B =55.66y, P < 0.0FFigure 4.1.29. Thus,Ae. tauschimorphs
showed different longevity profiles when subjected to SB and AA. Also, the two species
showed similar lifespans when subjected t8 AGLM, species*morph Wald Chi
squared=3.071, P=0.08), while both morphd oboeoticumwere largely longelived

than those ofAe. tauschiiduring SB storage: the species*morph interaction had a
statistically significant effect onsp(Wald Chisquared=2.402, P<0.001), with morph

A and B of T. boeoticunsignificantly longetived than morph A and B dfe. tauschii
respectively (Bonferroni post hoc, both P<0.001).

4.1.3ROS accumulation in aged seeds

ROS content was evaluated in AA and SB seeds, andcthenulation relative to the

controls was represented by means of heatmabigure 4.1.3(AA) and Figure 4.1.4
(SB)Hereafter, when referri,ndiitnoc rdelacsweedr 60 ro
a statistically significant difference was fouriRi< 0.05).
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Figure 4.1.3Heatmaps representing the Log2 fakianges, i.eratios, of ROS levels and relative gene
expression i) Ae. tauschii anth) T. boeoticum artificially aged (AA) seeds comparethie fresh controls

(a, 0d; b, 21d). Iv), ROS levels and gene expression were compared to controls also for 0d segleefree
afterripening. APX, ascorbate peroxidase; CAT, catalase; DHAR, dehydroascorbate reductase; GSR,
glutathione sulfereductae; MDAR, monedehydroascorbate reductase; SOD, superoxide dismutase. a) 39d,
39 days of AA, corresponding to thespf morph A. 49d, 49 days of AA, corresponding to peeof morph

B. b) 0d, fresh, dormant seeds before the AA treatment. 37d, 37 d&, aorresponding to thesp of

morph A. 51d, 51 days of AA, corresponding to the p50 of morph B.
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Figure 4.1.4Heatmaps representing the Log2 folianges, i.eratios, of ROS levels and relative gene
expression ira) Ae. tauschiandb) T. boeoticunseeds aged in seed bank conditions (cold storage, SB)
compared to the fresh controls (a, 0d; b, 22X ascorbate peroxidaséAT, catalaseDHAR,
dehydroascorbatreductaseiz SR glutathione sulfereductaseMDAR, monedehydroascorbate reductase;
SOD superoxide dismutasa) Ae. tauschii T78, seed accession harvested and stored in 1978; T99, 1999
seed accession; T08, 2008 seed accedsjon.boeoticumB80, 180 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 metadlism a significant decrease was observed except for aged seeds A of
T. boeoticumAlso, in dry seeds dfe. tauschia higher ROS accumulation was observed
when compared to the controBigure 4.1.33, while in T. boeoticunboth fresh and

aged seeds shad lower ROS levels compared to the aftpened controlsKigure

4.1.3h. Regarding SB, a very strong ROS accumulation was observed in both morphs of
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Ae. tauschiislightly less evident in morph B and maximum at the beginning of the pre
germinative metadlism (Figure 4.1.49. In T. boeoticunEB seeds the highest increase
was again observed at 1 h after imbibition, while ROS levels showed a decrease in the
late stages of prgerminative metabolism in the more recent seed FKitai(e 4.1.45.

Thus, amore consistent pattern among timepoints and imbibition states was observed
during SB ageing, while AA conditions showed more variables consequences in terms of
ROS accumulationin general, in all the ageing conditions a higher ROS accumulation
was obsergd after the activation of the pgerminative metabolism (1 h after
imbibition), while at the late stage a lower level was observdd [ioeoticunEB seeds
andAe. tauschiiAA seeds. Indeed, high ROS levels were observed in SB sedds of
tauschiialsoat 18 h after imbibition.

4.1.4Expression profiles of genes involved in D> scavenging in AA seeds

Hereafter, when referring to 6l oweroé or
statistically significant difference was foung € 0.05). The expression levels of the
genes belonging to the,B, scavenging pathway were measured in AA seed&eof
tauschii (Figure 4.1.3). GSR and APX transcriptsshowed an increase in all the
imbibition states in the two morphs during ageing conpp&reéhe controlSCATMRNA

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 ofgeeminativemetabolism DHAR mRNA showed

lower levels in morph A dry seeds compared to the control (2965 and 49d=2.05
Log2FC), and little variations at 1h and 18h after imbibition in both morphs compared to
the controls. Also, thesOD 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). ThaiDAR gene showed very variable expression profiles in the different
morphs, imbibition stages amgjeing timepoints.

In T. boeoticum(Figure 4.1.3) dry seeds at 0d, i.e. before the afipening in the
incubator, onlyMDAR (2.88 Log2FClxandDHAR (0.36 Log2FC) genes showed higher
expression levels compared to the controls, while the other four gevesed lower
transcripts levels (in the rang8.67 to-1.74 Log2FC). At 1h after imbibition seed A and

B 0d showed generally lower gene expression levels compared to the cénl#blt¢-

1.82 Log2FC). At 14 h after imbibition, seed A showed higlardript levels for all the
tested genes excepPX while seed B showed only upregulation@ifiAR gene (3.10
Log2FC). At po of seed A, 37d, both morphs at the dry state showed lower transcript
levels compared to the control, while in seed A higher esedevels were observed

at both the start and the end of the-geeminative metabolism, with a notably higher
expression o5SRat 14 h (11.37 Log2FC). Morph B showed a higher quantiy@D
transcripts at 1h after imbibition, and an upregulatioDldAR andCAT genes at 14 h.

At pso of seed B, 51d, little variation was observed in dry seeds compared to the controls,
except forMDAR gene, more expressed in morph B (3.09 Log2FC). At 1h after
imbibition transcript levels were higher in seed B and loweseied A compared to the
controls, while, on the contrary, at 14 h gene expression was higher in seed A (especially
for GSRandCAT genes) and lower in seed B.
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4.1.5Expression profiles of genes involved in D> scavenging in SB seeds

The expression levelsf the genes involved in the.8; scavenging pathway were
measured in SB seedsA¥. tauschi(Figure 4.1.48). Notably, botPAPXandSODgene
expression patterns were consistent with the ROS levels measured in aged seeds.
Compared to the control8PX transcript levels resulted lower (in the range87 to-

9.05 Log2FC) whereaSOD 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 seedSAT, DHAR (only morph A) andMDAR genes
showed lower expression levels compared to the controls, @8Rshowed higher
transcript leels. At 1 h after imbibition, expression decreased in the oldest seed lots
compared to the fresh controls, except for the more recent seed lots (T08, 2008), that
showed higher levels especially in morph B, and except f@ 8Rgene, more expressed
alsoin the T99 (1999) seed lots (0:632 Log2FC)GSRwas also highly expressed at

18 h after imbibition, whileDHAR and CAT genes revealed lower expression levels
except for morph B of the T99 and T08 seed lots. AlsoMB&R gene showed higher
expressionevels but with a more variable trend in the different morphs of the aged seed
lots.

InT. boeoticunfFigure 4.1.4) dry seeds aged in SB conditioB§DandGSRtranscript

levels were lower compared to the controls, while KHeAR gene showed higher
expression levelsCATandAPXtranscript levels showed low variations compared to the
controls, except for morph A of the oldest seed lot (B80, 1980), that showed higher
expression levelsAPX=2.31 and 2.69CAT=Log2FC). DHAR gene expression was
generally lowerxcept for morph B of the 2002 seed lot (B02). At 1H after imbibition,
lower transcript levels were observed compared to the controls, excgtTan morph

A of the1980 and 2002 seed IocB)DandDHARIn the morph B of 1980 and 2002 seed
lots, respedtely, and forDHARIn morph B of the 2002 lot and morph A in the 2005 lot.

At 14 h after imbibition, higheGSRand CAT transcript levels were observed more
evident in morph A (3.15 to 9.42 Log2F©OHARandSODmMRNA levels were lower in

all the aged seelts, except forSODin morph B of the 2002 seed Id¥IDAR gene
expression was higher in the more recent seed lot (BO5) compared to the controls
(A=1.64, B=1.91 Log2FC).

In Ae. tauschia consistent pattern of tli&SRgene expression among ageing treatments
and imbibition states was observed.Tinboeoticunthe expression pattern is similar
among imbibition states, in particular in the higher expressigaSiRandCAT at 18 h
after imbibition.

4.2. The maize collectio at CIMMYT & 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 betreen 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 seedsnd.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@), 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 ekpent showed significant differences
among accessions, the two conservation chambers (active and base) and their interaction
(Table 4.2.1.

Table 4.2.1Analysis 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 statistidgsignificant 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. Coitering 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 chiyuleer (

4.2.0.
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Figure 4.2.1Density 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 chantlveercept).

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 attiwehreshold.
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 betweeh7D%nOnly 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 4.2.9.

Table 4.2.2Frequencies of the tested accessimnactive 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 testedofiih 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 Kehdals t est , a positive ¢
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 sirbiédraviour, in terms of viability

loss, of the same accession consergte two different chambers.
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4.2.3 Roand pss

The po and ps predictions were performed only for the actisdeamber for which
historical data on seed germinatiorere available. Three viability data points were
available andused in the analysis: irdi germination, an intermediate point
(corresponding to a viability monitoring test performed betw&685 and 2011,
depending on the accession) and the germinadiata obtained from the current
experimentOf the total 855 active accessions, logit analgsiccessfullyredicted ps
and po for 400 accessions (46.78 % of the totady spanned between 4.2 and 54.4 years,
with an average @7.6 years; p50 values of the same accessions were betweand 6.5
91 years, with an average of 60 years. ©heerved differenceamong accessions in
longevity estimates were statisticallignificant (d.f. = 854, residual deviance =
8245.112, P < 0.001Que to the fact that reliable longevity estimates épdpso) could

not be calculated for all of the acciess, theageing rate (L) was selected as the longevity
indicator forsubsequent analyses, making it possible to also include accebsibdil

not show a decrease in terms of germinadiomss time (L = 0).

4.2.4 Correlations

Correlation plots were mad f or bot h 6 ac tlotsy leaded ennmixeddé b a s
correlation matricesHjgure 4.2.9.
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Figure 4.2.2Correlation plots of active and base chambers. Coefficients of correlation are represented by
numbers in the lower part of the graph, and by aslan the upper part. Continuous variables: elevation
(Elev), ageing rate (L), latitude (Lat), longitude (Long), moisture content (MC) and mass. Polytomous
variables: Kpper Geiger climatic zone (CZ), grain colour (G.Colour), type (G.Type) and regenesddon
(Reg.Site). Correlations among geographical variables are indicated as NA.

Correlationdbetween L and all the other variables were statistically signif{€aat0.5),

except for moisture content in the base chanjBer 0.23).The ageing rate L shad

the strongest correlation withh e pol yt omous variable 6gr a
conservatiortchambersKigure 4.2.9. The partial correlation analysisnfirmed that the

variable withthe strongest correlation with L was grain type, followedsbgd 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 thighsame country.

4.2.5 Effect of grain type

Since grain type showed the strongest correlation thighageing rate (L), a GLM was
performed to understarttbw L differed among the grain types. Grain type showed
significant effect on the ageing rateboth in the activgd.f. 4, residual deviance =
162.7146, P < 0.001) and the base chamber (d.f. 4, residual deviance = 223.7943,
0.001). In particular, in the active chamber, flint dlwdiry seeds, without significant
differences between the(® =0.22), showed the lowest L, and therefore the lovesst

of seed viability across time, when compared with demids (P < 0.001). In the base
chamber, flint seeds showdte lowest L (P < 0.001), while floury and dent seeds did
not show differences (P &.32). Overall, flint seeds showedlower ageing rate when
compared with the other graiypes in terms of both the average and mode of the ageing
rate L Figure 4.2.3.

Actlve Base

0.020
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0.010

0.005 l
0 H

Dent Flint Floury Dent Flint Floury

Ageing rate (L)
o

Figure 4.2.3Violin 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 magman types, floury, flint and dent, were
considered since treample sizes were much lower for sweet and popcorn isethef
accession used i n thisMaeriasdnd Métlodse8.2.% St udy

4.2.6 Monitoring intervals

Viability monitoring intervals were calculated as eh@d of the ps, with a maximum
interval of 40 years between monitoripgints, for all the active seed lots, as suggested
by FAO (2014). For this calculation, no filter on thespvas applied; althe ss,
extrapolatd from the logit model, were employedthis analysis, since, following FAO
(2014) a maximum intervaif 40 years is adopted, even wheg ip >120 yearsThe
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average viability monitoring interval for the accessioosserved in the active chamber

is 17.5 + 7.7 years. Monitorinigtervals (measured in years) were significantly different
amongthe three main grain types, flint, dent and floury (d.f. K&yskafwWa | | i s 6 2
80.30, P < 0.001), as follows: flint accessions (20.3 + 9 yPaxs0.001), gjnificantly

longer than dent (14.6 £ 4.9 years) #iodry (18.0 + 7.6 years; P < 0.001). The difference

in monitoringintervals between dent and floury was also signifi¢Brt 0.01).

4.3 Pisum sativumaccessions fronthe IPK collection

4.3.1 Germinationprofiles reveal genotypedependent 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 accessifiigure 4.3.1a).
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Accession
Figure 4.3.1 g Seed lots used in this study. Ylgav. 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 oeldnstaaagoom
temperature conditions)) ROS levels measured in dry pea seeds using theCHuorescent dye. Letters
above bars represent statistically significant differences (GLM with Tukeyhpogest, P < 0.05) within the
same accession. R.F.Uelative fluorescence unit. ROS, reactive oxygen species.-DBF dye 206, 7
dichlorofluorescein diacetate. Asterisks represent statistically significant differences between aged and fresh
seeds within the same accession (** = P < 0.61). Ke n d al cbrilationTbatween ROS levels and
germination profile ofiry 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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roomtemperature conditiohsvere analyzedHigure 4.3.1H. 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 < 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 4.3.18. Accessions and storage conditions (F, A and R) had a
statistically significant effect on germination percentage, as did the
accession*conservation interaction (P < 0.8BeTable 4.3.1for the corresponding

Wa | dquared values and d.f.)

Parameter | Factors Wa | esquared d.f. [ Pvalue
Accession 1842.469 6| <0.001

G Conservation 146.002 21 <0.001
Accession*Conservation 1482.498] 14| <0.001
Accession 71.755 6 [ <0.001

MTG Conservation 13.539 21 <0.001
Accession*Conservation 97.988( 14| <0.001
Accession 148.311 6 [ <0.001

MGR Conservation 455.482 2 | <0.001
Accession*Conservation 137.744( 14 <0.001
Accession 4,98 6| 0.546

Z Conservation 7.151 2| 0.007
Accession*Conservation 15.025| 14 0.02
Accession 438.199 6| <0.001

MC Conservation 1845.743] 2| <0.001
Accession*Conservation 398.148| 13| <0.001
Accession 42.261 6 [ <0.001

ROS Conservation 246.989 21 <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 amaugessions or conservation
conditions(Table 4.3.). 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 canelais found between chlorophyll

a and b total contents or their ratio and germination percentage.

4.3.2Increased 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 analyzdeigure 4.3.19. 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 comieated

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, excepl fer G4
latter showed similar ROS levels in F, A and R seed Ktpute 4.3.19. Overall, ROS
content in aged seeds (both A and R) showed a negative correlation with germination
percentage (Tab:-0.76) Figure 4.3.19. Additional measurements were carrgad 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 percentagé(Tau

0.57, -0.59, respectively. Accessions, storage conditions (F, A and Ry dheir
interaction had a statistically significant effect on ROS content (P < (S@8Table

431f or t he c¢ or r esguprednvdlies gnd d\épiven the exceptional
behaviour of G4 in terms of seed longevity and ROS profiles, this accessiselected

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 germénatalso

chosen for this study.

4.3.3Wrinkled 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 Gécessions showing contrasting longevity profiles.
MDA contents were measured as hallmark of lipid peroxidation. Results are shown in
Figure 4.3.2as heatmap where values represent the Log2 FC of MDA levels monitored
in A and R seeds compared with F seeds.

Accession

Y1 Y2 G1 G4
A R A R A R A R

MDA| -

Fold change (/F)
Tocopherols w20
1.5
Proline * 10
o 05
Reducing.Sugars| . .

Figure 4.3.2Levels 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, harvested2001 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 &ig 4.3.3 Asterisks represent statistically significatitferences between
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fresh and aged seeds within the same accession, showed by the@Bsinferroni test (* = P < 0.05; ** =
P <0.01).

Mean values are availablefigure 4.3.3a
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Figure 4.3.3Levels of A) malondialdehyde (MDA)B) tocopherolsC) 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
temperatureconditions. Asterisks above bars represent statistically significant differences, comparisons
made between F and A/R seeds (GLM with gast Bonferroni test, * P < 0.05, ** P < 0.01) within the

same accession.

Lipid peroxidation, measured in terms of Mzontents, 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
esti mated MDA content of R seeds (1.7 N
seeds (1.66 Nur®4.308% AccegsiogsFsibage carditigns (F, A, R) and
their interaction had a distically significant effect on MDA leveléTable 4.32).

Table 4.3.2Results 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, fdshisarvested 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 negatieerrelation with germination (Tal: -0.52; P < 0.01)
(Figure 4.3.49.

Parameter Factors Wa | déquared | 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 4.3.4K e n d a | -b doselafloasibetween germination percentageaanthlondialdehyde (MDA),
b) tocopherolsc) free proline, and)) reducing sugars contents of sefrdsn 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, ugitp this accession.

The total tocopherols content was determined in order to assess the possible contribution
to the seed antioxidant response. Results are shoWwiglme 4.3.2as heatmap where
values represent the Log2 FC of tocopherols content monitored in A and R seeds
compared with F seeds. Mean values are availablBign 4.3.3h 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 ldiged G4 accession, the estimated total piw@rols

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/gF\Wggre 4.3.3h. Accessions, storage
conditions (F, A and R) and their interaction had a statistically significant effect o
tocopherols level§Table 4.3.9. Total tocopherols content was positively correlated to
germination (Tatb: 0.58; P < 0.01)Kigure 4.3.4h, suggesting for a role of these
antioxidant compounds in the hidgngevity profile of the wrinkled seeds.
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4.3.4Increased free proline content is a stresmduced 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). lto duditrer

assess the metabolic response of the Y1, Y2, G1 and G4 varieties showing contrasting
longevity profiles, the free proline content was measured. Results are shBigaria

4.32 as heatmap where values represent the Log2 FC of proline level®mdnn A

and R seeds compared with F seeds. Mean values are avail&idgiie 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 149.38 40 € g/ g F W
(R seeds, Y1) and 150. 1Rgur8i4.333). ¥diety sjofageF W ( R
conditions (F, A, R) and their interaction had a statistically significant effect on proline
levels (Table 4.32). A negative correlation with germination pentage was observed

(Taub: -0.61; P < 0.01)Kigure 4.3.49, 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 showFigare 4.3.2as a leatmap

where values represent the Log2FC of reducing sugars monitored in A and R seeds
compared with F seeds. Mean values are availalfiégure 4.3.3d A significant (P <

0.01) reduction of reducing sugars was observed in the R seeds of Y1, Y2, and G1
acacessions. 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 accesskigaré 4.3.3d.
Accessions, storage conditions (F, A, and R) and their interaction had a statistically
significant effect on the reducing sugars conteltdble 4.32). A positive correlation

with germination percentage was observed (hdu58; P < 0.01)Rigure 4.3.49, 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 suggést the
presence of low molecular weight components

Temperatures of glass transition (Tg) were measured using differential scanning
calorimetry.Eventhough Tg was significantly different among accessions (F = 28.634;
d, f = 3; P < 0.01) and conservatiorates (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 (Tdwu=- 0.04, P = 0.806). Moisture content was measured in
all the pea accessions, for th&fetent 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.). Moisture ontent was also evaluated by thermogravimetric analysis
(Figure 4.3.5.
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Figure 4.3.5Weight 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 weiglidess

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 completbeéyrand t
decomposition had not started yet. As showrrigure 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 slogevausfor the G4

seeds in the range 2@(00°C. This profile might correspond to the decomposition and/or
evaporation of relatively small molecules exclusively found in the wrinkled seeds.
Periodic acidSchiff (PAS) staining combined with transmission el@ttmicroscopy

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 weightepsly
featuring the occurrence of daskained 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 cytoplasetll @mbryos

the PAS reaction highlighted the occurrence of dots of low interi&gwuie 4.3.6, a and

b) whereas darstained dots were observed in the Ripgated Y1 cellsKigure 4.3.7).
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Figure 4.3.6 Transmission electron microscoppalysis of sections of dry embryos excised from the G4
wrinkled seeds and subjected geriodic acidSchiff (PAS) staining for 30 min in order to localize the
occurrence of polysaccharidesrsusoligosaccharides in the pea embryo aXa$ Cytoplasm regin of a
PAS-stained cell showing the distribution of some proplastids (pp, arr@wsEnlarged 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 (arrowgsulting 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 microscoppalysis of sections of dry embryos excised from the Y1
seeds and subjectedgeriodic acidSchiff (PAS) staining for 30 min in order to localize the occurrence of
polysaccharidesersusoligosaccharides in the pea embey@s.(a) Cytoplasm region of a PAStained 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 oxifation
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 deteted 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 mdecular 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 aH2AX foci

To assess the impact of almosty2ars 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 seatis of pea embryo axes revealed consistent
nuclear shrinkage, with an expansion of the area of heterochromatin domains, in the
wrinkled seedsKigure 4.3.8, a and b.
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Figure 4.3.8Nuclear staining with Toluidine Blue. Ultrastructural profile of &land
G4 b) nuclei of embryo axis excised from seeds stored at room temperatufe @il
G4-R). Ultrastructural changes in chromatin distribution highlighted irc)ydnd G4d)
nuclei subjected to osmium ammine staining for TEM analysis. hc, heterochrasgatin.
euchromatin. nu, nucleolus. n, nucleus.

In order to investigate changes in chromatin distribution that might represent
ultrastructural hallmarks related to the highgevity profile of the G4 accession,
sections of pea embryo axes underwent osmiumiamstaining for TEM analysis. The
ultrastructural profile of Y1 and G4 nuclei is showrFFigure 4.3.8(c and d). In the Y1

nuclei, large heterochromatin areas are visible, as expected when dehydration occurs
(Figure 4.3.8¢ hc, arrows), as well as reg® of decondensed euchromatfigre

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 ardéigure 4.38d, 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 d@mgn DNA damage
accumulation in these extremely loliged seeds. To assess thigpothesis, the

di stribution of oH2AX foci was investigat

Upon DNA damage, ATM phosphorylates the histone variant H2AX on Ser139 (Burma
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et al ., 2001) and such modification (2H2.
break site, acting as a platfotmrecruit the DNA repair enzymes (lacovoni et al., 2010).

I n order to map the Oo0H2AX foci in the Y1
TEM analyses were performed, using an antibody raised against the human histone
variant H2AX on Serl39. Representave exampl es of the distr
the nuclei of R seeds, in both Y1 and G4 accessions are sh&iguie 4.3.9(a andb).

Figure 439Di stri buti on of o0H2AX foci in the nucleus of
temperatee: a) Y1-R andb) G4R . Detection of o9H2AX foci was perfo
TEM analyses. n, nucleus. nu, nucleolus

The estimated density of o9H2AX foci, expr
was significantly higher (P < 0.05) the Y1 nuclei (1.6), compared to G4 nuclei (1.1).

Thus, the limited genotoxic impact exerted by kagn storage on the wrinkled seeds

might be the consequence of the highly compacted chromatin conformation previously
described.
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5. Discussion

Even thoughseed longevity igurrently one of the maifocus of seed biology, many
aspectgoncerningts underlyingmechanisms 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 intraand interspecific level, as well as in optimal vs. stressful storage conditions,
and at different levels of analysis, i.e., guwsiological, genetic, and molecular
processes. In this context, theesent work focused on the analysis of seed longevity in
crops and wd relatives, with the aim of expandirtge current knowledge about the
dynamics of artificial and natural ageing in seed béomgtermstorage.

Few studies addressed the existing differences in longevity profiles between different
accessions of the sanplant 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 ddinition of appropriate monitoring and regeneration intervals in order to secure

the invaluable richnesdsf the plant genetic resources (PGRs) we are conserving for the
future of our planet and t+repandintregenoty@wd s h
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 (Gianellat al., 2020; Guzzon et al., 2018), but for the first time itateserved

that the two morphs age differently also in seed bank (and not artificial) ageing
conditions.This findinghighlighteddifferent needs in terms of viability monitoring also

within the same genotype. Regarding the maize profeetsaeed viabilityand longevity
estimates were significantly different among accessions consj@egedhe p50 varied

from 16.5 to 91 yearsWi t hin a | arge seed Dbank such
experiments took place,ist of particularimportance to identify group otaessions 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 a)., 2013
In the pea project, even though involving few accessiogasjfisiant differences were
found, thus confirming the differential behaviour in terms of seed ageing within the same
crop species. Indeed, lroth the yellow and green pea accessions, seed viability was
maintained in the sampldgept under cold storage cditions whereas a significant
decrease occurred in the samphesintainedat room temperature, except for the G4
accession. According to the seed bank database, the G4 accession was classified as
mutant of the pea vari et gntaccassientheobderven g e |
decline in seed viability varied, spanning between coref@ (0% germination),
intermediate (40%) or null (100%).

a
0

The second level of analysis was the comparison of the longeefilesamong different

ageing conditions, narhecold storage (base chambet8°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. boeoticumwas significantly longelived than morph A in both

conditions Differently, Ae. tauschidid not show significantly differengvaluesamong

morphs when aged in cold storage, while morph B was significantly lbrgerwhen

subjected to AA. Thlse 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 timéntervals between storage conditions or environmental factors

at regeneratiostage that influenced seed heteromorphism and longevity. Nevertheless,
the possibility that these differences are due to the facAthand cold storage affected

seed survival in different ways cannot be ruled Wialters et al., 2010; Colville &
Pritchard, 2019). It follows that predictions made with AA should be used with caution
to infer ranks of longevity under cektorageand, therefore, to make subsequent decision

on seed bank management (echange 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 maiaccessions stored in similar conditions (Walters et

al. 2005; Nagel and Boérner 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 obsed/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 accessipacific behaviour in terms of viabilitpss.

This indicates that #h 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 nn 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 thughnot all thedifferentgenotypes survived to 20 years in conditions of
6natural 6 ageing, the germination perf ol
conserved in cold storage.

Among the seed traits correlating with seed longevity, morphology vedsrentif in all

the three projects composing this thesis. Seed dimensions were correlated with longevity
in both maize and wheat wild relativéis previous studies we demonstrated that different
morphs of the same species respond differently to AA inrabwdeat wild relatives,

with smaller seeds possessing higher longevity, dormancy and antioxidant profiles
(Guzzonet al, 2018; Gianellat al, 2020). These seed traits are known as part of-a bet
hedging evolutionary strategy thatovidessmaller seedwith a longer soipersistence
(Arshadet al., 2019 Gianella et al., 2091 therebyreducingthe risk of germination

failure overtime. The results of the experiment carried out for this thesis gbowhe

first time that differences seed longevity de to heteromorphism may occur also in
seeds held under genebank conditions, which may have important implicationssfor the
situ conservation practices. In the maize project, the ageing rate (L) of the study
accessions correlated with serethted 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 inasthereal crop genmools such as rice (Rao et al.,
1996) and the aforementioned wheat wilidtiges.The biologicalbasedor 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
| PK6s seed bank, as green seeds seemed t
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 rebgiried seeds
after 20 years of room storaggeassociated more with the seed coat wrinkled phenotype
rather than its colour.

Oxidative stress levels and the seed antioxidant respmese exploredn both the
experimental systems of wheat wild relatives gea 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 sgés 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 cellar damages induced by the oxidative reaction that affect
nucleic acids, lipids and proteigkurek et al., 2019). In ¢ganwheat wild relative study

the oxidative stress status was explored in order to compare AA and ageing in cold
storage.The two studial species did not show similar patterns in terms of ROS
accumulation within the same ageing conditiomsthe dry state, ie. tauschiian
increase in ROS levels was observed, compared to the fresh controls in both ageing
treatments, whild. boeoticunshowed generally lower ROS levels in the comparison
with the aftefripened controls. ROS accumulationthe aftefripened controls could be

due to the fact that afteipening was performed within the ageing box (45°C, 60% RH),
and even if germination wdmsgher, 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 aftetipening are the same, i.écreasedemperature and RH, and

it is considered as #first stage of seed ageing in seeds with primary dormancy (Bewley
et al., 2013). Indeed, ROI8vels are generally higher in nolormant seeds than in
dormant seeds (Bailly et al., 2008). No consistent patterns of ROS accumulation were
observed between nmuhs, in terms of response to ageing treatments and timepoints as
well as imbibition states. A and B did not show consistent ROS accumulagon.
tauschiishowed lower ROS contents in morph B only at the dry state of SB aged seeds.
The possibility that 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 stess could explain the low&OS accumulationin morph B compared to
morph A at the end of prgerminative metabolism. Indeed, this was observed.in
boeoticunin both ageing conditions, and in the AA seed#@ftauschiiln these three
conditions a dimgphism 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, butlao 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-géprénative
metabolsm, 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 HO, at the level of mitochondria (Bailly et al., 2008he 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 displayedoRtests
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varying within a limited range. Indeed, ROS production in fresh seeds durirgrosst

storage has been documented (Bailly et al., 2008). The low ROS levels observed in seeds
aged for about 20 years under controlled conditions (A), comparfeeisto seeds, well
correlated with the high germinability profiles of all the investigated accessions. The
longterm storage at room temperature conditions (R) resulted in significant ROS
accumulation in all the yellow and green pea accessions showing adyermination,

except for G4. This finding poddhe 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
synttesized mRNAs (Bewley et al., 2018).the wheat wild relatives projedtanscript

levels of genes coding for the enzymes with ROS scavenging activity or belonging to the
glutathioneascorbate pathwayere evaluateth aged seeds at the dry state andrapri
pre-germinative metabolism triggered by imbibition. The lowest variations compared to
the controls werat 1 h after imbibition. A general decrease in transcript levels was
observed at this stage compared to the dry seesdsxpected for thimitial period of

phase Il of germinatigrwhen transcripts are degraded or translated in order to generate
the ROS scavenging enzym@ewley et al.,, 2013). Considering all the six genes
analysed, no clear pattern between morphs was observed. This could be eligzab s
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 expredséd the late stage of prgerminative metab@m,

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 treatn@&siRshowed a consigt¢ pattern
among all the imbibition states Ae. tauschiiwhile inT. boeoticunbothGSRandCAT
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/ignigebarley
(Nagel et al., 2015; Roach et al., 2018). Glutathione scavenging activity is particularly
important in seeds with lower oil contents like cereadsit is watesoluble compared to
other lipidsoluble antioxidants (e.gtocopherols) (Nagekt al., 2015). The consistent
expression ofGSRdetected in this study could be linked to the enzymatic activity
necessary to the GSSG to GSHcomversion in the glutathiorescorbate pathway.
Moreover, GSR and CAT activity has been reported to be higltee late stage of pre
germinative metabolism in sunflower for,® 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 gjedyiiration (active and base),

L (active and base) andspand po. Preliminary results indicate thd20 genesare
annotated by all the significant SNR&idthe SNPs were mainly annotated in transcript
regions. Following Gene Ontology analysesults show tht most genes are involved in
intracellular processesspecially related to the nucleus and cytoplasm (intracellular and
intracellular part), including organized structsioé distinctive morphology and function
occurring within the celli.e., nucleus mitochondria, plastids, vacuoles, vesicles,
ribosomes and the cytoskeletéturtheranalysesre ongoing with the aim alarifying

the specific pathways in which these geaesinvolved. 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 law heritability of these traits that are known to be
greatly influenced by environmental factors during regeneration and stttragié be
important to evaluate whether these factors can be incorporated into analysis to account
for G x E x M (Genome X Bvironment X Managemengnd subsequently enhance
prediction accuracie®©verall, these preliminary results further underline the complexity

of the biological and environmental framework thaistbe considered when dealing

with seed longevity studies.

In this thesis, oxidative stre$isked hallmarks were further investigated in the pea
experimental system.oraddresshe 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, namély Y2, G1, and G4, showing contrasting
germination and ROS profileROSdriven oxidation mainly targets polyunsaturated
fatty acids, generating lipid peroxides responsible for membrane disruption, further ROS
production and, after additional degradation into reactive compounds]/ioldsg 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 varietiesGZtseeds
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 &, Ahus, 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, reaimipaG4),
longevity was compromised following lorigrm 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 avoidrémeatic drop

in germinability observed in R seeds. Among other-eozymatic antioxidants, free
proline is an efficient ROS scavenger and a compatible osmolyte involved in the response
to various abiotic stresses such as drought or salidiydt et al.2012; Liang et al.,
2013). Increased free proline content contributed to oxidative stress adaptation in oat
(Avena sativd..) seeds with higher moisture content, stored for up to one year (Kong et
al., 2015). A similar free proline contewas detected iboth 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 seggkcific oxidatve damage marker for the first time
during longterm ageing under seed bank conditions. Futwdepth gene expression
studies might help defining the role of proline in the longevity response of wrinkled
seeds.The fresh seeds of the G4 accession digulagignificantly 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 temn steage, differently from what occurred

in Y1, Y2, and G1. Reducing sugars participate in-aomymatic protein glycosylation
(Maillard reaction) that, together with lipid peroxidation, is indicative of the biochemical
deterioration associated with seed agdMurthy & 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 tjoeghat 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 résted 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 mechaional 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 contritaito 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, aned at dissecting the highngevity 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 atrtlaed rb loci,
alterations in the starch biosynthetic pathway result in pleiotropic effects such as
accumulation of the raffinose family oligosaccharides (Gawlowska et al., 2017),
previously associatewith membrane stability (Crowe et al., 1992). At the moment, we
cannot rule out the possibility that G4 seeds use specific low molaceight
antioxidant molecules, e,glutathione and fascorbic acid, as redox buffer to maintain
ROS within a thresHd 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
evidenceof high longevity under longerm 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 mobilityhenability

to buffer ROS accumulatiafBuitink and Leprince, 2008; Ballesteros & Walters, 2011)

The latteris 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 thea projectalmost all the nuclear ared the G4
acces®nis 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
et al. (1993), the high sucrose content of pea wrinkled seeds enhances the embryo osmotic
potential, increasing water #pke during seed development. Subsequentlyingur
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)he G4 seeds aged at room temperature also showed a
sgni ficantly | ower frequency of the O0H2AX
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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 higlongevity 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
mammal i an cells revealing that the 090H2AX
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 coorpattjht

be related to ncehistone chromatin proteins that physically shield the genomic DNA
(Falk et al., 2008).

In the maize projecgrain typewas the trait more strongly correlated witlke longevity

rate (L)..Flint accessiong/erethe longest livedmong the three main grain types (dent,
flint, floury). This confirmed the observation of Bewley and Black (1994) that seeds of
flint varieties are longelived when compared to other grain types. Gigpe is a
gualitative trait based mainly on the seedt morphology and endosperm textgrains

of varieties of flint maize have mostly hard, glassy endosperm compared to the softer and
starchier endosperms typical of dent and floury varieties (Zilial.et2011). Several
landraces can show intermediatgpearance 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 showgndifferent 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 nvestigations, 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, diffeent 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 evidenceid all the three projects, involving material conserved in two of the
worl dés major seed banks (I PK and CI MMYT)
provedto bemore effective, and therefore less resotgoersuming, than that in active
chambers, diff@nt viability monitoring intervals should be applied based on the

a c c e s sharactersstics (i.egrain type in maize andeedmorpls in wheat wild
relatives). The accuracy of AA as a predictive tool for longevity rankings was further
guestioned by theesults 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 nageing methods (alternative to cold storage and AA)
and/or moécular 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 capabilitystaftege,

further strengtheninghe prominent role of ROS and ROS buffering in shapingl see
longevity. In this workwe tested approaches still poorly used in this resdgeich such

as the measurement of alternative ageing hallm@rks proline, reducing sugars) and
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the ultrastructural analysis of chromatin compaction and genome intdgitgrticular,

the preliminary results obtained with the TEM technigapgearvery promising, and

their application to larger experimental systems could add a deeper level of detail to
studies about the seed longevity dynamics. Indeed, multidisciplaggpyoaches are
fundamental in the characterization of such a niatteted biological process.
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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

Wit Impovernent 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 di units. Controlled ageing tests were performed
mdﬂm&ﬁu&xnnudhtrvqmmmdmpl&anddu antiexidant profile
was assessed in terms of antioxidant ¥ and ion of selected
antioxidant genes. We medP(.hm;mupseadﬂmrph iunnsumlhfpnumso(g!
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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® The results hdﬂsh&fueﬂ&ﬂ ualeufﬁ in dimorphic seeds of Aeglops and

T. wartu, affecting their germi phe

dogy and longevity, thereby g in

recr niche diffs

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
eophysiological and molecular l'm such as stress talerance,

, sall persi e di l or gene exps ( Matilla
e al, 2005). Smmduedk‘mw}ryuﬂeﬂemﬁw
al strategies with an evolutionary significance, e g, a different
F!IIM:IEI hm‘xm:ﬂﬂl with soil persistence allows the

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:p¢d¢-amm;din 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

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
dotabose EnsemblPlants an alignment 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'ucl‘.ih-] s_ﬂlﬂ.ﬂuwﬂﬂ:‘l:mlﬂ-mm
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-
Pﬂkomﬂﬁiuumm:tﬁ’cﬁw]ﬁ;muﬂ]im
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
4 Flart By € 20 G S ccieny for Plant Science and Tha Aoyl Botnical Sodeny of the Meherkinds,
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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 dimorp hism

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.

2 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
2 BATH £ 402 0063 0013 4100 + 0.8 M0 = 1,753
5 LELSEr . ] 0083 £0.007 4488 £ 0392 1516+ 4355
An tauschi - L1 o 0068 £0.013 ER- U] 1521 & 380
2 LR EE ] Q04F 0007 498+ 0392 1056 £ 2 3x2
An neglects 14 4530+ 23 a0es +a01% 3593 + 0687 M4+ 4 N0
1] x93 0143 008 e+ 314 3N3F+ 58
28 SrEE 304 0108 003 SEM+ 114 18 +108M
] LT OEF =0015% B850+ 108 Pl £ Lri]
An truncini 1a S06T £+ 207 Q108 =0018 54N+ 058 1962 + 4878
18 G159+ 377 Qar3 001z 457+ 0784 1223+ 3537
o 49,16 £ 205 Qide £0.018 53+ 090 1836 = 4540
-] L9345 357 0068 £0.013 3913089 8059+ 2719
v Bivdogy @ 2009 G Sty for Flan Scence and The Rosal Botamical Socieny of dhe M e dand T
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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

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, 200%; 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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