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Abstract 

Conserving the genetic richness embedded in plant genetic resources is of paramount 

importance for the selection of the high-yielding, improved varieties of the future. In the 

context of climate change, biodiversity conservation becomes a tool not only for crop 

improvement in breeding programmes, but also in reforestation and habitat restoration 

actions. Ex situ conservation within germplasm banks is considered as one of the most 

effective and convenient strategies for ensuring preservation and availability of this 

genetic richness. In particular, seeds can be stored in relatively small spaces and with low 

economic efforts, and their viability can be preserved for the long-term, at the same time 

providing a good sample of the genetic diversity within the conserved taxon and gene 

pool. It follows that the study of seed longevity, i.e., the ability of seeds to remain viable 

over time, allows the optimization of conservation techniques and viability monitoring, 

e.g., clarify differences among different species or accessions of the same species. 

Therefore, reliable artificial ageing techniques, as well as molecular and physiological 

markers associated to seed longevity can be used in quality control, to find materials more 

vulnerable to seed ageing and that therefore need more frequent monitoring and 

regeneration/recollection. The aim of this thesis was to study the different eco-

physiological and molecular aspects of seed longevity, still poorly explored, in crops and 

wild relatives. The investigation focused on the following crop species: maize, garden 

pea (Pisum sativum L.) and wheat wild relatives, analysed in the context of seed banking. 

The different experimental systems were selected in order to obtain a wider picture of 

some common physiological processes involved in shaping seed longevity, i.e., oxidative 

stress in terms of antioxidant activity, ROS accumulation, oxidative damages and 

protective mechanisms. The different seed accessions were studied with a 

multidisciplinary approach, from the analyses of germination profiles and seed phenotype 

to the exploration of nuclear/nucleolar ultrastructure and gene expression. The obtained 

results enlarged the current knowledge about the ageing behaviour and mechanisms 

under genebank conditions, underlining the effectiveness of cold storage in preserving 

PGRs for the long term in all the three projects, involving material conserved in two of 

the worldôs major seed banks (IPK and CIMMYT). In the maize and wheat wild relativesô 

projects, it emerged the need of applying different viability monitoring intervals based 

on the accessionsô characteristics (i.e., grain type in maize and morph in wheat wild 

relatives). The accuracy of artificial ageing as a predictive tool for longevity rankings 

was questioned by the results obtained comparing ageing in cold storage and artificial 

ageing in wheat wild relatives, adding novel information to the emerging literature on the 

topic. These results emphasize the current need for new ageing methods (alternative to 

cold storage and AA) and/or molecular and physiological hallmarks for fast and accurate 

predictions of seed lifespan and rankings in storage. Moreover, the biochemical, 

molecular and structural hallmarks used in this thesis improved the characterization of 

the seed longevity of the considered accessions in both the wheat wild relatives and the 

garden pea. Features related to the oxidative stress status and the antioxidant response 

correlated with the germination capability after storage, further strengthening the 

prominent role of ROS and ROS buffering in shaping seed longevity. In this work we 

tested approaches still poorly used in this research field, such as the measurement of 
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alternative ageing hallmarks (e.g. proline, reducing sugars) and the ultrastructural 

analysis of chromatin compaction and genome integrity. In particular, the preliminary 

results obtained with the TEM techniques appear very promising, and their application 

to larger and different experimental systems could add a deeper level of detail to studies 

about the seed longevity dynamics. Indeed, multidisciplinary approaches are fundamental 

in the characterization of such a multi-faceted biological process. 
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Abbreviations 

 

A (Cold stored seeds) 

AA (Artificial ageing) 

ABA (Abscissic acid) 

ABI3 (ABA-insensitive 3) 

ACT (Actin) 

APX (Ascorbate peroxidase) 

ARF (ADP-ribosylation factor) 

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) 

DCF-DA (2ô,7ô-dichlorofluorescein 

diacetate) 

DOG1 (Delay of germination 1) 

DHAR (Dehydroascorbate 

reductase) 

EC (electrical conductivity) 

ELF (Elongation factor 1-alpha) 

EPPO (Elevated partial pressure of 

oxygen) 

F (Fresh seeds) 

G (Germinability)  

GA (Gibberellic acid) 

GAPDH (Glyceraldehyde-3-

phosphate dehydrogenase) 

GHG (Greenhouse gases) 

GLM (Generalized linear model) 

GSH (Reduced glutathione) 

GSR (Glutathione sulfo-reductase) 

GSSG (Glutathione disulfide) 

IPCC (Intergovernmental Panel on 

Climate Change) 

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 acidïSchiff) 

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)
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1. Introduction 

1.1 Food security, climate change and seed conservation 

Climate shifts, rises in temperature and higher occurrences of extreme weather events 

marked the last few centuries at the global level, due to progressive industrialization and 

expansion of the worldôs population (Anderson et al., 2020). From the preindustrial 

period (1850 ca.) to present, land surface temperature has increased by 1.41 °C, with a 

1°C-increase recorded in the last 30 years whereas by the end of this century it is 

predicted to increase by other 2.6-4.8 °C (Anderson et al., 2020; Leisner, 2020). Changes 

in precipitation events and drought periods can occur spatially and temporally, thus 

affecting seasonality and, eventually, regional climates (Anderson et al., 2020; IPCC, 

2015; Orlowsky & Seneviratne, 2012): seasonal precipitation and evaporation are 

becoming more variable, with an increase of mean evaporation in all the projected 

scenarios (Konapala et al., 2020). By the end of the 21st century, the global land area in 

extreme terrestrial water storage drought is predicted to double due to climate change, 

and projections based on the Intergovernmental Panel on Climate Change (IPCC) Fifth 

Assessment estimate that more than 233 million people will suffer from water demands 

that exceed surface-water availability (Flörke et al., 2018; Pokhrel et al., 2021). 

Obviously, the food and agriculture sectors are majorly hit by the consequences of 

climate change, at the same time being major drivers of water and land consumption, 

causing massive deforestation and producing 20-35 % of the total anthropogenic 

greenhouse gases (GHG) (Clapp et al., 2018). Climate change, apart from increasing 

temperatures and the occurrence of extreme weather events, affect agricultural systems 

by altering the relationships among crops, pests, pathogens and weeds, directly by 

reducing pollination and increasing the ground-level ozone concentrations, but also 

indirectly by altering ecosystems and reducing biodiversity (Myers et al., 2017). Even 

though significant agricultural losses are expected worldwide, tropical areas and Africa 

are predicted to be the most affected by the negative impacts of climate change; these are 

often coincident with underdeveloped economic areas, highly dependent on agriculture 

and marked by land and water over-exploitation, undernutrition, and micronutrient 

deficiency (FAO, 2015; IPCC, 2015). Moreover, considering the constant increase of the 

global human population and the ongoing environmental changes, keeping up with the 

global food demand is a major challenge of this century (Myers et al., 2017). Climate 

change implications on food and nutrition security range from harvested area to food 

prices, posing at risk the accessibility and availability of the main staple crops: for 

instance, maize (Zea mays L.) production declines in most regions in most climate 

scenarios, and its price is predicted to rise by 42 up to 131% between 2010 and 2050 

(Wiebe et al., 2019). To face all the challenges posed by climate change, adaptation and 

mitigation strategies need to be adopted. Agriculture and forestry play a major role, with 

focuses on GHG emissions reduction, diversification and sustainable intensification for 

higher production efficiency, water use optimization (Wiebe et al., 2019). A form of 

sustainable intensification is breeding new crop varieties able to cope with harsher or 

different climatic conditions, exploiting plant genetic diversity; this is complicated by the 

reduction of both genetic diversity and biodiversity caused by genetic erosion, selection 

operated on few traits of interest, and agricultural practices such as monoculture (Bhanu, 
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2017; Dempewolf et al., 2014). New breeding varieties require quality improvement and 

tolerance to various abiotic and biotic stresses: these genetic traits, in order to be explored 

and utilized, should be conserved in the form of germplasm resources (Bhanu, 2017). Ex 

situ conservation within genebanks is considered as one of the most effective strategies 

for ensuring preservation and availability of this genetic richness (Li & Pritchard, 2009). 

Worldwide there are >1750 genebanks, conserving >7.4 million accessions: the largest 

number of ex situ seed accessions are represented by wheat (Triticum spp.), rice (Oryza 

sativa L.), barley (Hordeum vulgare L.) and maize, accounting for the 77% of the total 

cereal and pseudo-cereal holdings. Among legumes, >138k accessions of common bean 

(including subspecies) and 98947 accessions of peas (including landraces, commercial 

cultivars, mutant or genetic stocks, and breeding lines). are currently conserved 

(https://www.genesys-pgr.org/, Coyne et al., 2020). The main genebanks belonging to 

CGIAR (Consortium of International Agricultural Research Centres) and conserving the 

largest collections of staple crops (FAO, 2010) are listed in Table 1.1  

https://www.genesys-pgr.org/
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Table 1.1: List of the main CGIAR seed banks conserving crop genetic resources. 

Genebank Crop Global 

collections (%) 

Accessions 

(N°) 

CIMMYT (International Maize 

and Wheat Improvement Center)  

Wheat 

Maize 

13 

8 

> 140 000 

> 28 000 

IRRI (International Rice Research 

Institute) 

Rice 14 > 130 000 

ICRISAT (International Crops 

Research Institute for the Semi-

Arid Tropics) 

Sorghum 

Pearl Millet 

Chickpea 

Groundnut 

16 

33 

20 

12 

> 42 000 

> 24 000 

> 20 000 

> 15 000 

ICARDA (International Center for 

Agricultural Research in the Dry 

Areas) 

Lentil 

Faba Bean 

Vetches 

19 

21 

16 

- 

- 

- 

CIAT (International Center for 

Tropical Agriculture) 

Beans 

Cassava 

14 

17 

> 37 000 

> 6 000 

The Svalbard Global Seed Vault, built under the Norwegian permafrost to resist even a 

nuclear war, was designed to protect duplicates of plant genetic material conserved in 

genebanks located worldwide and it now conserves more than 1 million seed samples 

(Asdal & Guarino, 2018). The Millennium Seed Bank (MSB), developed and managed 

by the Royal Botanic Gardens (RBG Kew, UK), is the worldôs largest seed bank and 

the MSB Project is the largest ex situ plant seed conservation program for wild species, 

involving 96 countries and territories and conserving > 98 000 seed accessions (data 

accessed in April 2021) (Liu et al., 2018). 

1.2 Plant genetic resources and seed banks 

Plant genetic resources for food and agriculture (PGRFA or PGRs) are defined as ñany 

genetic material of plant origin of actual or potential value for food and agriculture (FAO 

2009)ò. They are among the most important natural resources, and their preservation is 

of paramount importance in order to treasure this richness. In situ conservation (i.e., in 

the natural habitat) represents a dynamic form of conservation, as it allows species to 

evolve in their original place and to retain a higher genetic diversity compared to seed 

bank accessions. Ex 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 location where it was collected. However, even if ex situ conservation of 

genetic resources is easy, cost effective and increase the accessibility of these resources; 

in situ conservation has the advantage of allowing species to evolve in their original place 

and to retain a higher genetic diversity compared to seed bank accessions.  Several ex situ 
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conservation strategies are employed for different crops, e.g. in vitro storage, seed 

banking, field genebanks, DNA banks. The most used strategy is conventional seed 

banking, as it allows the storage of thousands seed accessions in relatively small spaces 

and with low economic efforts; seed collections can provide a good sample of the genetic 

diversity within the crop gene pool, usually remaining viable for the long-term (Li & 

Pritchard, 2009). However, conventional seed banking, namely drying and subsequent 

freezing at -15/-18°C, is efficient only when conserving orthodox seeds, i.e. seeds that 

are desiccation tolerant to very low moisture contents (MC) (Roberts, 1973). Storage of 

orthodox seeds increases logarithmically with decreasing water contents, with a limit 

beyond which no further gain in storability is reached (Ellis & Roberts, 1980). Under 

ideal conditions, orthodox seeds can retain their ability to germinate for years, decades 

or centuries. On the contrary, recalcitrant seeds are characterized by short post-harvest 

lifespans and sensitivity to desiccation, while intermediate seeds are desiccation tolerant 

that retain their germinability for short periods under conventional seed bank conditions 

(Black & Pritchard, 2003; Roberts, 1973). These non-orthodox seeds (or seed parts, e.g. 

embryonic axes) can be efficiently conserved by exploiting cryogenic technologies, that, 

despite being far more expensive than conventional freezing, represent a safer and 

cheaper alternative to tissue culture, greenhouses, or field plantings (Walters et al., 2013). 

All the conservation techniques currently employed for PGRs ex situ conservation are 

described, with detailed standards and guidelines, by the FAO Commission on Genetic 

Resources for Food and Agriculture (FAO, 2014). Ex situ seed conservation in genebanks 

can be divided into seven main activities: acquisition, seed drying, seed storage, viability 

monitoring, regeneration, characterization, and distribution. Following acquisition and 

seed drying, the storage phase is critical for an optimal conservation of genetic resources. 

Temperature and RH need to be set in order to maximize seedsô lifespan an minimize the 

costs for the conservation facilities. For long-term conservation, it is recommended to 

store dried seed accessions at a temperature of -18 ± 3 °C. In addition to the long-term 

(óbaseô collection), some banks have duplicate samples in an active short-medium term 

collection stored at a temperature range between -5 and 10 °C. Seed conserved in this 

óactiveô collection are generally employed for regeneration, distribution and 

characterization, not to decrease the stocks conserved in the base collection. Viability 

monitoring, i.e. germination tests performed before and during storage, is fundamental 

for the correct management of a seed bank. Indeed, seed germination of stored accessions 

must be tested at regular intervals to understand the loss of viability in storage and to plan 

re-collection or schedule regeneration activities.  Seed germination is generally tested 

using standard protocols (ISTA, 2019) with light and temperature-controlled incubators, 

using agar or filter paper as the germination medium. International standards recommend 

that initial germination percentage should exceed 85% for crop seed accessions stored 

for conservation purposes. Moreover, seed multiplication is required when seed longevity 

declines, i.e. germination drops below 85% of the initial value, or when the quantity of 

seeds has been depleted due to frequent use of the accession. A sufficient number of seeds 

needs to be used for regeneration activities in order to maintain the genetic variability 

within the accessions and ótrueness to typeô of the regenerated material must be assessed. 

Beside some morphological and agronomical traits, trueness to type evaluation can be 

performed through molecular and physiological descriptors, e.g. RAPD, AFLP, 

microsatellites and genotyping techniques such as genotyping by sequencing or Diversity 

Arrays Technology sequencing - DArTseq (Börner et al., 2000; Chen et al., 2016). 
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1.3 Plant genetic resources, from endangered and wild species to crops 

The definition and classification of PGRs started with the work by Harlan & de Wet 

(1971), where the bases of the gene pool concept were established and are nowadays 

globally recognized by breeders. There are three major gene pools based on the degree 

of sexual compatibility: Primary Gene Pool (GP-1) comprising the domesticated crop 

and the its closed wild forms with which the crop can cross producing fertile hybrids; 

Secondary Gene Pool (GP-2) which includes less closely related species, from which 

gene flow, even if difficult, is still possible using conventional breeding techniques; 

Tertiary Gene Pool (GP-3) which includes species from which gene transfer to the crop 

is impossible without the use of "rather extreme or radical measures" (Hammer & Teklu, 

2008). 

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

¶ Cultivated materials, consisting of:  

- Landraces (or primitive cultivars): ñdynamic populations of a cultivated plant 

that have historical origin, distinct identity and lacks formal crop improvement, 

as well as often being genetically diverse, locally adapted and associated with 

traditional farming systemsò (Camacho-Villa et al., 2005); 

- Old cultivars: sometimes known as obsolete cultivars, refers to cultivated 

varieties which have fallen into disuse; 

- Modern cultivated varieties (modern cultivars): agronomic varieties in current 

use and newly developed varieties; 

-Special stocks: such as advanced breeding lines (i.e. pre-released varieties 

developed by plant breeders), mapping populations, CRISPR-edited lines and 

cytogenetic stocks.  

¶ Crop wild relatives (CWR): wild plant species that are genetically related to 

cultivated crops. CWR are not only the wild ancestors of the domesticated plant 

but also other more distantly related species. 

Another category of PGR of significance are the neglected crops, also referred as 

underutilized or orphan crops: ñcrop species that have been ignored by science and 

development but are still being used in those areas where they are well adapted and 

competitiveò (Hammer & Teklu, 2008). Among PGRs, CWRs represent the bulk of 

genetic diversity in crop gene pools. Given their relatively close relationships to a crop 

species and their adaptation to a wide diversity of habitats and range of environmental 

conditions, they are invaluable resources for plant breeding and improvement, through 

the introgression of genes into crop varieties to overcome biotic (e.g., pest resistance) and 

abiotic (e.g., drought tolerance) stresses, also in relation to climate change (Dempewolf 

et al., 2014; Nigel Maxted et al., 2006). Indeed, both CWRs and landraces are used to 

overcome the loss of genetic diversity that accompanies crop evolution and selection of 

modern cultivars. Genetic erosion, i.e., the loss of genetic diversity and variation within 

a crop, can be classified at the crop, variety and allele levels, with general reductions in 

allelic richness and evenness (Wouw et al., 2010). In order to perform the introgression, 

the following actions should be undertaken: i) CWR can be selected first based on 
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phenotypic, genotypic, or collection geographic data and are used in targeted crossing, 

and the evaluation is done in the offspring, or ii) a wide range of wild and domesticated 

species are crossed and selection of the trait of interest is made directly on the progeny 

in the domesticated background (Dempewolf et al., 2017). Some examples of successful 

CWR use in crop improvement can be found in Table 1.2. 
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Table 1.2: Examples of CWR use for crop improvement, from http://www.cropwildrelatives.org and 

Coyne et al., 2020 

Crop Donor species Trait  US $worth 

Tomato Lycopersicon 

peruvianum (L.) 

Mill.  

2.4% increase in 

solids content 

250 million 

Peanut Arachis batizocoi 

Krapov. & W.C. 

Gregory, A. 

cardenasii Krapov 

& W.C. Gregory,  

A. diogoi Hoehne 

Resistance to the 

root knot nematode 

100 million/year 

Maize Tripsacum 

dactyloides L. 

Resistance to corn 

blight, US$1,000 

million economic 

loss in the 1970s 

-- 

Bread and durum 

wheat 

Triticum dicoccoides 

(Körn. ex Asch. & 

Graebn.) Schweinf. 

Increased protein 

content 

-- 

Potato Solanum demissum 

Lindl. 

Resistance to 

potato blight 

-- 

Pea Pisum fulvum Sibth. 

& Sm. 

Bruchid resistance -- 

Other single gene-controlled traits have been introduced from CWR to confer virus 

resistance in rice, powdery mildew resistance in wheat (Triticum aestivum L.) and 

Fusarium and nematode resistance in tomato (Lycopersicon esculentum Mill.), as well as 

different genes from wild Brassica oleracea L. have been used to increase the anti-cancer 

properties in broccoli (http://www.cropwildrelatives.org).  

Apart from plant resistance to biotic and abiotic stresses, other traits are lost with 

domestication. The ódomestication syndromeô, i.e., plant traits that mark the divergence 

of domesticated crops from their wild progenitors, often regards reproductive traits that 

affect yield, such as seed size and number or shattering at maturity (e.g., wheat) (Iriondo 

et al., 2018; Nave et al., 2016).  For instance, when selecting crops for ready and uniform 

germination, dormancy (i.e., the inability of viable seeds to germinate under optimal 

environmental conditions) needs to be reduced or eliminated. Among the seed traits lost 

in this process diaspore heteromorphism is certainly one of the most frequent. Diaspore 

heteromorphism is the production by the same individual of two or more seed/fruit types 

(Baskin & Baskin, 1998). The difference between morphs can reside in different 

morphological traits, such as shape, colour and thickness of the seed coat, mass, as well 

http://www.cropwildrelatives.org/
http://www.cropwildrelatives.org/
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as in eco-physiological traits such as stress tolerance, longevity, dormancy, soil 

persistence and/or dispersal (Gianella et al., 2020). Heteromorphism is considered one of 

the main bet hedging strategies in flowering plants. The so-called óbet hedgingô strategy 

describes the adoption of a reproductive strategy that maximizes the long-term fitness to 

ensure survival when coping with an unpredictable environment or in the presence of 

fluctuating natural selection (Gianella et al., 2021). For instance, wild relatives of wheat 

show heteromorphism in terms of dormancy, longevity and antioxidant activity, 

possessing seed traits completely lost in their cultivated sister species. Moreover, CWRs 

as well as all native plants are gaining attention also for their value in revegetation and 

rewilding programmes, e.g., for ecological restoration, the process of assisting and 

managing the recovery of ecological integrity. Planting keystone species can indeed 

facilitate the immigration of other species to the restoration site and several wild relatives 

can serve the purpose also for their intrinsic adaptations to ruderal or harsh habitats 

(Maxted et al., 2007).  In this context, ex situ conservation is the best tool for keeping 

these invaluable genetic resources viable and available for the long term, allowing them 

to be studied, used and distributed for agricultural and ecological purposes. One of the 

biggest CWR collecting efforts was concluded this year: the Global Crop Diversity Trust 

and the Millennium Seed Bank of the Royal Botanic Gardens, Kew embarked in 2011 on 

a global, long-term project to collect, conserve, and initiate the use of CWRs. This 10-

year project, funded by the Government of Norway, was called óóAdapting Agriculture 

to Climate Changeôô and focused on wild relatives of 29 crops of major importance for 

food security (Müller et al., 2021). 

1.4 Seed longevity: definition and research approaches 

Seeds are exceptional examples of long-lived eukaryotes: radiocarbon dating sets the age 

of some still viable seeds at about 2000 and 1300 years ago (Phoenix dactylifera L. and 

Nelumbo nucifera Gaertn., respectively) (Walters, 1998). Seed longevity is defined as the 

viability, or ability to germinate, retained by seeds over a period of dry storage (Rajjou 

& Debeaujon, 2008). Moreover, germination must be followed by the development of 

normal seedlings able to establish and complete their development into normal plants 

(Bewley et al., 2013). The assessment of seed longevity is functional to guarantee the 

viability of a seed collection within a seed bank over this period, mainly predicting when 

collections should be recollected/regenerated and avoiding repetitive viability assays if 

the seed number is low (Colville & Pritchard, 2019; Niedzielski et al., 2009; C Walters, 

2003). Longevity estimates are usually obtained through artificial aging (AA) or 

controlled deterioration (CD) tests. These tests exploit high temperatures (40ï60°C) and 

RH (75%ï100%) to accelerate the natural processes of ageing and the resulting data can 

be used to compare the estimated storage periods of different species and seed lots 

(Delouche & Baskin, 1973; Newton, 2009; Powell & Matthews, 1981). In general, there 

is a wide range of temperature/RH combinations during storage conditions that are used 

by laboratories and they are named in different ways, such as ambient or natural ageing, 

AA or CD (Zinsmeister et al., 2020). The electrical conductivity (EC) test for seed quality 

is based on the leakage of solutes caused by damage to lipidic membranes, which can be 

measured through electrodes and it is used to assess damage during aging, as EC is known 

to be negatively correlated with seed vigour (Ozden et al., 2017; Powell, 1986). Elevated 
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partial pressure of oxygen (EPPO) storage is another method that mimics ageing under 

seed bank conservation, elevating the pressure to 18 kPa using scuba diving tanks. It has 

been developed to avoid the use of high temperature and RH, thereby reducing their effect 

on seed deterioration, even though pressure itself has detrimental effects on seed vigour 

(Groot et al., 2012; Nagel et al., 2016). Both RH and temperature affect seed longevity 

in different ways at the species and population level: several species and genotypes show 

different behaviours under different storage conditions or ageing methods (Zinsmeister 

et al., 2020). Indeed, the accuracy of AA methods is being questioned, in particular when 

estimating ranks and profiles of seeds conserved within seed banks in cold storage (Buijs 

et al., 2020; Ozden et al., 2017; Roach et al., 2018; Schwember & Bradford, 2010). This 

also because the storage conditions will determine the type of ageing reactions: storage 

over water vapor at 100% relative humidity (RH) and 42ï45°C will allow both the 

resumption of respiration, as seeds are progressively imbibing, and a heat stress leading 

to protein denaturation, whereas storage at 75% RH at 35°C does not allow respiration to 

occur because the cytoplasm is too viscous to allow molecular mobility. Thus, the 

different method used in different studies, even though used on the same species, make 

difficult the comparison, especially when studying the molecular processes driving seed 

ageing (Zinsmeister et al., 2020).  Additionally, only a few seed longevity studies were 

performed on seed material under long-term conservation (cold storage between ï15 and 

ï20 °C), as well as few comparative studies between AA and seed ageing in seed banks 

are available (Desheva, 2016; Hay et al., 2013; Walters et al., 2005). Also, since most 

seed banks have a relatively short-term history, declines in seed viability of the conserved 

accessions are unlikely to be detected (van Treuren et al., 2018). Indeed, often monitoring 

data have right-skewed distributions, making predictions difficult or inaccurate, as many 

assumptions need to be done in order to plot the distribution of seed mortality over time. 

The viability equations widely used to model seed ageing rates assume that seed deaths 

are normally distributed over time (Ellis & Roberts, 1980; Roberts, 1973), because they 

were developed using crop species with homogenous germination profiles and 

characteristic peaks of mortality. Wild collections are, on the contrary, quite 

heterogenous in their seed traits, and often their ageing rates are not well-fitted by the 

viability equations; indeed, differences in flowering, maturation and dormancy are often 

observed among individuals in wild populations, and these genetically regulated traits are 

known to contribute to seed ageing profiles (Walters, 2003).  According to Ellis & 

Roberts (1980), the loss of seed viability during storage generally follows a sigmoid 

pattern. Seed viability during storage is determined by transforming the viability 

percentage through link functions, among which the Probit function is the most 

commonly used and it assumes normality. Hay et al. (2014) proposed the use of the GLM-

Probit, using the binomial distribution with germinated seeds as response and sown seeds 

as scale factor. With the diverse range of possible distribution families and link functions, 

one must take care in selecting the model, but it is generally not appropriate to analyze 

the cumulative germination data with Probit analysis because the observed germination 

counts at successive time-points during ageing are not independent (Hay et al., 2014). 

Other studies use ordinary least square analyses, and efforts are being made in order to 

provide more robust tools, and in particular link functions, in order to avoid the 

disregarding of model assumptions. Recently Logit (GLM), Cauchy-SSF (OLS), and 

Cauchy (GLM) functions were found to estimate seed longevity more robustly than the 

Probit function also in crop species, and Logit is being preferred over Probit as it allows 

for a more reliable estimate/prediction of viability loss especially in the tails of the 
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distribution (i.e., < 10 % or >80 % germination) (e.g., de Faria et al., 2020; dos Santos et 

al., 2019; Guzzon et al., 2021; Ozden et al., 2017). Other models exploit the Avrami 

kinetics, which describe co-operative reactions based on visco-elastic properties, 

adapting it to different equations in order to calculate time coefficient (introduced by 

Walters, 1998). However, also the Avrami models are being questioned, in particular 

being less plausible than other models in predictions of seed survival when considering 

after-ripening, i.e., complex enzymatic and biochemical process that certain plant 

embryos must undergo before germination in apparently mature seeds, often exploiting 

temperature and RH in a manner similar to ageing (Bewley et al., 2013; Trapp et al., 

2012). In conclusion, further research is needed to improve the different methodologies 

used to mimic seed ageing and to model the survival rates used in different comparative 

studies. Additional studies need to be performed in order to obtain a standardized, 

efficient method to predict seed longevity. 

1.5 Seed longevity and environment during development, maturation and 

storage 

Longevity acquisition is regulated by hormonal and maternal factors and is under strong 

influence of the environment, during both maturation and storage. In general, longevity 

is developed during maturation, after the acquisition of desiccation tolerance, and the 

process spans between seed filling and weeks after storage (i.e. after-ripening) depending 

on the species. The environmental conditions that influence longevity include light, 

temperature, drought, and salinity, while temperature and water availability are the main 

driving factors (Zinsmeister et al., 2020, Fig. 1.1). These conditions are experienced by 

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

same species adapted to different habitats (Leprince et al., 2017). For instance, alpine 

plants from cool, wet climates are shorter-lived than those from warm, dry climates 

because of the low average temperature of the post-dispersal environment in alpine 

locations (Ellis et al., 1993; Mondoni et al., 2014). Indeed, longevity might be a long-

term adaptation to arid environments, with possible selective pressures on future 

generations. Alternatively, intraspecific variations in longevity might represent 

phenotypic plasticity mediated by the mother plant as a response to the environment, as 

demonstrated in studies where mother plants were grown in greenhouses manipulating 

temperature and water availability, and significant differences in longevity in the 

offspring were observed (Zinsmeister et al., 2020). Indeed, the maternal-derived tissues 

of seeds can contribute to longevity, in particular the seed coat, the pericarp and the 

endosperm. The latter is a triploid tissue that can develop into a storage organ or into a 

thin layer around the embryo that can control germination, it has an increased dosage of 

the maternal genome, and its association with seed ageing has been demonstrated 

(Probert et al., 2009; Tausch et al., 2019). Transgenerational effects on seed longevity are 

not limited to the manipulation of temperature and water availability, but they also have 

been observed when taking in consideration ozone-induced oxidative stress and 

endophyte symbiosis, the latter increasing seed moisture content with a consequent 

detrimental impact on longevity  (Ueno et al., 2020). Indeed, moisture content, partly 

influenced by relative humidity, is the major factor regulating seed ageing together with 

temperature and oxygen pressure (Sano et al., 2016; Walters, 1998, Fig. 1.1). 

Temperature can affect longevity, increasing or decreasing it, depending on species and 
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genotype. The mechanisms by which temperature acts on seed ageing at the maternal and 

zygotic levels are not yet fully understood, even if some studies demonstrated that it 

changes the seed coat (maternal tissue) permeability and it is probably involved in the 

hormonal regulation of seed dormancy (Zinsmeister et al., 2020). Also, water availability 

during seed maturation can positively or negatively influence seed longevity, either 

blocking or accelerating seed maturation and thus the acquisition of desiccation tolerance 

and then longevity. The plasticity that allows seeds to regain longevity depends on the 

degree of seed maturation itself at the time when water scarcity is experienced by the 

plant (Ellis & Yadav, 2016). Another factor that affects seed longevity in different 

manners is light. During maturation, seeds need to dismantle chloroplasts and degrade 

chlorophyll molecules, and the exposition to light can trigger chlorophyll production 

instead of facilitating its degradation. Indeed, failure in chlorophyll degradation in mature 

seeds is concomitant to a reduced shelf life. The photoperiod in which seeds are produced 

has an effect on seed longevity, as well as the intensity and the type of the light received 

by the plant (Zinsmeister et al., 2020). Finally, nutrient availability and thus the macro- 

and micro-nutrients uptake of the mother plant can alter the final germination 

performance in the offspring, as well as vigour and longevity (Nagel et al., 2015). 

As already mentioned, RH and temperature play a fundamental role in determining the 

seeds shelf-life during storage. Indeed, consistent relationships among temperature, RH 

and seed longevity have originated some basic rules for seed storage, a commonly used 

practical rule for seed storage (known as Jamesô Rule) is that the temperature (in 

Fahrenheit) plus the RH of the air (in percent) should total less than 100 for satisfactory 

seed storage. For example, if the RH is 50%, the storage temperature should be no greater 

than 50°F (10°C) for commercial (medium term) storage. Harringtonôs Rule states that 

storage life will approximately double for each 10°F (5.6°C) decrease in temperature and 

each 1% decrease in seed moisture content for temperatures between 0 and 40°C and 

moisture contents between 5 and 14%ò (Bewley et al., 2013). In general, the combination 

of low temperature and low moisture content is fundamental in order to extend longevity 

in orthodox seeds. At threshold water contents that range between 0.03 and 0.07 g H2O 

g-1 DW (dry weight), the tendency of increased longevity associated with drying is 

arrested: at lower moisture contents, longevity is unaffected or decreases for the 

excessive drying. Given the quantitative relationships between moisture content and the 

protection against ageing-induced damage, longevity is considered as a manifestation of 

desiccation tolerance (Walters, 2015). On the other hand, drying is not possible for the 

conservation of recalcitrant seeds, that cannot tolerate the classical drying and cooling 

approach as they often possess large, fleshy organs and thick covering layers sur- 

rounding the embryo as mechanisms to resist water loss. In this case, rather than 

desiccation tolerance, longevity is a manifestation of desiccation avoidance (Walters, 

2015).  Other abiotic and biotic factors can affect seed lifespan during storage, e.g., 

oxygen pressure and fungal/insect infestations, that in turn depend on, and act together 

with, temperature and relative humidity in the storage environment (Bewley et al., 2013) 

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

stress 

Seed physiology, and all the biological processes implied, differ enormously depending 

on the hydration state, i.e., dry seeds stored at different RH or imbibed seeds. In ideal 
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storage conditions, below 50% RH, integrated cellular processes, including respiration, 

ATP generation, transcription, translation, and enzyme activity, are either completely 

blocked or can be active but slowed down in the fraction of hydrated cells within the 

seed. On the contrary, in many studies of AA, where RH is above 50%, seeds are partially 

hydrated and enzyme activity and some metabolic reactions are possible (Bewley et al., 

2013). The seed hydration state is indeed involved in regulating the chemical-physical 

properties of the cytoplasm: during desiccation, cytoplasm changes its state from fluid to 

solid, forming the so-called ñglassy stateò, where cellular components are stabilized and 

the molecular mobility is severely restricted, an indispensable requirement for 

desiccation tolerance development (Buitink & Leprince, 2008).  When seeds are imbibed, 

the cytoplasm becomes fluid again, allowing molecular mobility and repair processes 

(Sano et al., 2016). The formation and stabilization of the glassy state depends on 

temperature and moisture content, that can alter the properties of different 

macromolecules. Among these molecules forming the glassy state, non-reducing 

oligosaccharides (5-10% of the dry mass), i.e., sucrose and raffinose family 

oligosaccharides (RFOs), replace water during desiccation and maintain lipids in a fluid 

state, thereby protecting membranes (Ballesteros et al., 2020; Sano et al., 2016). About 

50% of the seed dry matter is composed of proteins, of which up to 20% contain 

intrinsically disordered proteins (IDPs), such as late embryogenesis abundant (LEA) and 

heat-shock proteins (HSP). LEAs undergo desiccation-induced folding during cell 

drying, suggesting differential functions under different imbibition states: as cells dry 

(<95% RH) LEAs form a gel together with sugars and ions, encapsulating other cell 

structures such as cell organelles for stabilization and protection (Ballesteros et al., 2020). 

On the other hand, heat-shock proteins (HSPs) are chaperones that stabilize 

neosynthesized proteins to enable correct folding, contributing to seed longevity by 

protecting proteins against oxidative damage and also by refolding proteins damaged by 

seed ageing (Sano et al., 2016b). The glassy state prevents damages induced by auto-

oxidative processes and in particular RFOs could possess specific antioxidant activity 

possibly by scavenging hydroxyl radicals (Sano et al., 2016). Indeed, oxidative stress 

mediated by reactive oxygen species (ROS), affecting lipids, cell membranes, DNA, 

RNA and proteins, is considered as the main cause of seed deterioration during ageing 

(Bailly, 2004; Kurek et al., 2019; Rajjou & Debeaujon, 2008). Auto-oxidative processes 

that comprise the Amadori and Maillard reactions, lipid peroxidation and protein 

carbonylation are usually not catalysed by enzymes, thus require highly mobile 

molecules, ROS, that can diffuse through the cytosol and reach relatively distant targets 

(Ballesteros et al., 2020). Indeed, dry, mature seeds are quiescent, with little or null 

metabolic activity in terms of respiration and reserve mobilization from glyoxysomes, 

the two main ROS sources in metabolically active plant tissues (Bailly, 2004). Therefore, 

autoxidation is the main cause of ROS accumulation during ageing, and it acts as a 

progressive cascade during storage, producing peroxides, hydroperoxides, carbonyl and 

nitrosyl groups that can in turn react with other molecules, also forming adducts 

(Zinsmeister et al., 2020). Among the oxidation damages, lipid peroxidation is observed 

in aged seeds of a wide range of plant species, and it is measured through its by- and 

downstream products, e.g., malondialdehyde, propanal, butanal, hexanal, or by means of 

lipidomics and oxylipidomics (Bailly, 2004; Wiebach et al., 2020; Zinsmeister et al., 

2020). Indeed, even little modifications in phospholipid composition during storage can 

drastically change the chemical-physical properties of the membrane upon imbibition, 

leading to embryonic damages and cell/seed death (Zinsmeister et al., 2020). It follows 
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that in order to extend their longevity, seeds need to prevent ROS accumulation and to 

scavenge them upon imbibition, exploiting their reserve of enzymatic and non-enzymatic 

antioxidants accumulated during maturation and development, also influenced by the 

mother plant environment (Sano et al., 2016). Among enzymatic antioxidants, superoxide 

dismutases, catalases, glutathione and ascorbate peroxidases, and 

monodehydroascorbate, dehydroascorbate and glutathione reductases are the most used 

by seeds, and they can act in the cytosol, mitochondria or choroplasts (Bailly, 2004). 

Other proteins that have ROS scavenging and signalling functions in seeds are 

thioredoxins, peroxiredoxins and glutaredoxins. The main non-enzymatic ROS 

scavenging mechanisms in seed metabolism involve seed storage proteins and low 

molecular weight antioxidants, such as polyphenols, tocopherols (Vitamin E), ascorbate 

and glutathione (Sano et al., 2016). Reduced glutathione (GSH) is a major regulator of 

the intracellular redox environment due to its abundance and negative redox potential. 

The measurement of oxidized glutathione (glutathione disulfide, GSSG)/GSH redox 

couple and the determination of the half-cell reduction potential (EGSSG/2GSH) are used 

as markers of seed longevity (Nagel et al., 2015; Roach et al., 2018). Also seed storage 

proteins (SSPs) contribute to ROS buffering, acting as primary targets of oxidation due 

to their affinity to ROS and their relative abundance, thereby protecting indirectly other 

cellular components necessary for the survival of the embryo (Sano et al., 2016). Another 

target of oxidation with a fundamental role in regulating seed longevity is RNA. A 

reduction in total RNA and in RNA integrity is associated with seed ageing, and in 

particular 18S and 25S rRNA degradation can be used as a seed longevity marker (Sano 

et al., 2020).  Moreover, during storage, transcripts are broken by ROS attack at random 

bases, and the number of breaks is length-dependent: short mRNAs, often related to the 

transcriptional and translational machineries, remain mostly intact during storage, thus 

underlining the fundamental role of these biological processes for the germination 

process initiated with imbibition. Among different species subjected to natural and AA, 

significant reductions in transcripts of genes related to programmed cell death, 

antioxidants, seed storage proteins, heat shock transcription factors, and the glycolytic 

pathway are observed (Sano et al., 2020; Zinsmeister et al., 2020). Even though RNA is 

more vulnerable to oxidation because of its single-stranded structure, also DNA can be 

damaged by ROS accumulation during ageing (Kranner et al., 2010; Sano et al., 2015, 

2020). DNA and RNA fragmentation can accumulate in aged seeds also as a consequence 

of programmed cell death (PCD), while strand breaks in DNA are primarily caused by 

ROS, directly with desaturation of deoxyribose units or indirectly, by covalent 

modifications of bases (the most common is the hydroxylation of the C-8 position of 

guanine, resulting in 7,8-dihydro-8-oxoguanine (8-oxoG)) (Biedermann et al., 2011; 

Bray & West, 2005). Indeed, OGG1, an apurinic/apyrimidinic DNA glycosylase/lyase 

that removes oxidatively damaged guanosines from DNA, is associated with seed 

longevity in Arabidopsis thaliana (L.) Heynh., and more generally, base excision repair 

(BER) is probably the main repair system used by seeds for ageing-associated DNA 

damage, together with repair enzymes such as ligases IV and VI, involved in strand 

breaks repair, and poly(ADP)polymerase 3 (PARP3) (Chen et al., 2012; Kurek et al., 

2019; Waterworth et al., 2010, 2015).  In general, seed ageing is concomitant with DNA 

damage accumulation, in terms of abasic sites, base modiýcation, single strand breaks 

(SSBs) and double strand breaks (DSBs) (Cõrdoba-Cañero et al., 2014; Waterworth et 

al., 2015). Moreover, changes in nuclear/nucleolar structure can occur in aged seeds, 

often showing pyknotic phenotypes and reductions in heterochromatin density (Yan et 
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al., 2016). Finally, oxidation can alter protein synthesis, enzymatic activity and protein 

structure, e.g. transport protein receptors or ion channels, thus resulting in modified 

fluidity and extensive cellular dysfunction. Transcription factors, phosphatases and 

antioxidant enzymes are the most frequent targets of protein oxidation during ageing: 

their activity can be altered or blocked, leading to further oxidative stress and the inability 

to activate the metabolic processes necessary for germination, eventually resulting in seed 

death (Lehner et al., 2008; Sharma et al., 2012). Oxidation of methionine to methionine 

sulfoxide caused by ROS is one of the major forms of damage found in aged organisms 

and methionine sulfoxide reductase (MSR) activity is used as a seed longevity marker 

(Sano et al., 2016) (See Fig. 1.1. for a schematic representation of the physiology of seed 

longevity). 

1.7 Hormonal regulation of seed longevity, relationships and negative 

association with seed dormancy and seed priming. 

Dormancy and longevity possess distinct and shared signalling pathways, often related 

to endogenous hormonal balance that regulates physiological dormancy (Baskin & 

Baskin, 1998). Both traits contribute to seed survival and persistence, with dormancy 

delaying germination after dispersal to favour seedling establishment in optimal 

environmental conditions and reduce the risk of premature death (Bewley et al., 2013). 

At the hormonal level, abscisic acid (ABA), either generated by the cotyledons, or 

synthesized within the embryo axis, has the primary inhibitory role for seed germination, 

counteracted by the promotive action of gibberellic acid (GA). Both enzymes respond to 

environmental signals, and synthesis and deactivation, as well as their interaction with 

other hormones (e.g., brassinosteroids, ethylene) regulate their balance and therefore the 

seed entry in the germination phase (Bewley et al., 2013). The central role of ABA in 

regulating seed dormancy and longevity is demonstrated in the Arabidopsis mutants aba-

insensitive3 (abi3), that show reduced dormancy, intolerance to desiccation and rapid 

viability loss during dry storage, and also enhanced sensitivity to CD (Clerkx et al., 2004; 

Mao & Sun, 2015). Downstream ABI3, the seed-specific heat shock factor HSFA9 is 

expressed during late maturation, the acquisition of dormancy and desiccation tolerance, 

and possesses a central role in seed longevity-related signalling. It promotes the 

accumulation of HSPs and therefore thermoresistance, proved also in longevity studies 

using CD (Sano et al., 2016). ABA may also control water uptake and H2O2 

accumulation, and therefore oxidative stress, through the modulation of aquaporins 

ABI3-dependent, thus further regulating seed longevity (Mao & Sun, 2015). Auxin 

signalling also acts downstream ABI3 in regulating seed longevity, enhancing the seed 

lifespan by contrasting the inhibition of HSFA9 (Carranco et al., 2010). Moreover, 

longevity genes of Medicago truncatula Gaertn. are enriched with auxin binding-sites, 

suggesting a potential additional role of auxins in seed longevity (Righetti et al., 2015). 

Despite the fact that the antagonistic action of ABA and GA in controlling dormancy and 

longevity is well known, the role of GA is not yet fully clarified. Indeed, even though 

gibberellin-insensitive (gai) mutants do not show losses in terms of seed viability during 

storage, the accumulation of gibberellins and enzymes related to their biosynthesis was 

proved to be correlated with enhanced longevity (Sano et al., 2016). Gibberellins could 

act by modifying the seed coat (testa), that provides chemical and mechanical protection 

to the embryo: its structure, thickness and composition are critical factors in seed 

longevity (Bueso et al., 2014; Debeaujon & Koornneef, 2000). The chemical composition 
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of the testa is defined during seed development by the accumulation of polyphenols, 

polysaccharides, suberin and cutin within the maternal-derived tissues of the coat, that, 

at the end of the maturation, are composed of dead cells (Sano et al., 2016). The maternal 

origin of the seed coat implies a dependence of the chemical composition on the 

environmental factors experienced during development, i.e. temperature, water and 

nutrient availability, that modify the synthetic pathways through gene and hormone 

activation (Zinsmeister et al., 2020). Polyphenols, divided into flavonoids, lignins and 

lignans, are associated with seed longevity. Flavonoids-deficient mutants of Arabidopsis, 

Brassica napus L. and Linum usitatissimum L. showed reduced longevity in long-term 

storage, CD and AA, and an increased permeability to tetrazolium salt, suggesting a 

potential role of these metabolites in protecting the embryo from external water and 

oxygen (Clerkx et al., 2004; Debeaujon & Koornneef, 2000; Zhang et al., 2006). 

Flavonoids possess antioxidant properties, thus they may scavenge ROS during seed 

ageing or imbibition. The oligomeric flavonoids proanthocyanidins (PAs) elicit ABA 

synthesis, thereby interacting with dormancy and longevity onset (Sano et al., 2016). 

Other components of the seed coat, such as defense-related proteins, polyphenol oxidases 

(PPOs, e.g. catechol oxidases and laccases), peroxidases (PODs) and chitinases (Moïse 

et al., 2005; Pourcel et al., 2005) can influence seed ageing.  Lignin-deficient mutants 

show reduced seed longevity, probably due to the enhanced seed coat permeability and 

therefore the reduced mechanical protection from water and oxygen, while little or no 

data about the role of lignans in shaping seed longevity is available (Sano et al., 2016). 

Increased permeability of the seed coat is thought to be the primary cause of the fast seed 

ageing observed in primed seeds, i.e. seeds subjected to priming treatments and 

subsequently stored (Zinsmeister et al., 2020). Priming techniques are pre-sowing 

treatments that improve germination rates, speed, consistency, and viability, that can be 

followed by immediate sowing or by a period of storage (Paparella et al., 2015). In some 

cases, primed seeds show a delayed loss of viability when stored, probably because the 

repair mechanisms activated by imbibition allow them to maintain germinability for 

longer periods. Other studies report that primed seeds present reduced longevity when 

submitted to CD and AA tests, but this reduction in longevity compared to the unprimed 

seeds could be probably due to the high temperature and RH rather than on the priming 

treatment per se. The viability of primed stored seeds can be partially restored with post-

storage treatments, e.g., re-priming (Gianella et al., 2020). On the other hand, different 

priming methods have been used to overcome aging-associated damage by improving the 

germination rate, uniformity, and percentage. It has been suggested that the effectiveness 

of these treatments depends on repair mechanisms activated during the hydration phase, 

acting on nucleic acids, lipids and proteins, and also on the reactivation of transcription 

and antioxidant enzyme scavenging activity. Although hydropriming and osmopriming 

are the most used treatments, other compounds such as salicylic acid or metallic 

nanoparticles have been used on aged seeds, with positive effects both on germination 

and the seedling phenotype (Gianella et al., 2020). 

1.8 Genetic and epigenetic bases of seed longevity 

Despite the mechanisms of seed ageing and the acquisition of longevity are still not fully 

clarified, several genetic and epigenetic factors are known to contribute to these complex 

traits. Transcription factors ABI3 (ABSCISIC ACID INSENSITIVE3), FUS3 

(FUSCA3), and LEC2 (LEAFY COTYLEDON2) (B3 domain family) together with 



19 

 

LEC1 (LEAFY COTYLEDON1), (NFYB protein family) regulate seed maturation. 

ABI3 and LEC1 can influence the acquisition of longevity, by forming complexes with 

other proteins and acting redundantly (Zinsmeister et al., 2020). The reduction of 

longevity and dormancy in abi3, lec and fus3 mutant seeds is due to their failure to acquire 

desiccation tolerance and induce dormancy during late seed development (North et al., 

2010). Downstream the ABI3 function, several genes are implicated in seed longevity, 

e.g. the transcription factor HSFA9 or stay-green (SGR) genes involved in the catabolism 

of chlorophylls, fundamental for proper seed maturation and longevity acquisition (Sano 

et al., 2016). ABI3 and LEC1 regulate, either directly or indirectly, the expression of 

HSPs and LEAs, as well as SSPs that are associated with seed longevity (Sugliani et al., 

2009). The alternative splicing of ABI3 mRNA can also contribute to differential seed 

longevity profiles, with the prevalence of full-length transcripts at the beginning of seed 

development when seed longevity is acquired. In the dry seed, the spliced form ABI3-ɓ 

increases and becomes prevalent. Such event is regulated by SUPRESSOR OF ABI3ï5 

(SUA1 to SUA4), a RNA binding protein involved in seed longevity (Zinsmeister et al., 

2020). Alternative splicing is a frequent process in developing seeds, in particular in 

genes associated with mRNA catabolism. In general, RNA processing and translation are 

the functions associated with the most expressed genes during the acquisition of longevity 

in M. truncatula (Verdier et al., 2013). Another gene involved in the ABA signalling 

pathway, 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. Together, DOG1, ABI3, 

ABI5 and homologous ABF genes interact in the acquisition of longevity in Arabidopsis 

(Zinsmeister et al., 2020). Auxin-related genes are also involved in the complex network 

of seed longevity acquisition, e.g., the short-lived transcriptional repressor AUXIN-

RESPONSIVE PROTEIN 27 (HaIAA27), the cis-regulatory element ARFAT (auxin 

response factor binding site), and CYP79B2, involved in a minor auxin biosynthesis 

pathway. Gibberellin-related proteins, such as the transcription factor HOMEOBOX25 

(ATHB25; involved in GA biosynthesis control), or brassinosteroid (BR)-related proteins 

contribute to longevity. This is the case of the Arabidopsis BR-deficient mutants 

cyp85a1/a2 and det2 showing increased seed longevity (Zinsmeister et al., 2020).  

QTLs for seed longevity have been investigated in several species subjected to different 

ageing conditions. Six Arabidopsis recombinant inbred line (RIL) populations were used 

to identify loci associated with seed longevity, with several Germination Ability After 

Dry Storage (GAAS) loci co-localized with DOG genes, showing an inverse correlation 

between storability and dormancy (Nguyen et al., 2012). Moreover, the study underlined 

a difference in longevity QTLs between the same accessions treated with long-term 

storage and CD, this indicating an incomplete overlapping of the genetic and metabolic 

pathways recruited in the seed response to these two ageing types (Nguyen et al., 2012), 

recently confirmed by another study that reveals that the EPPO method is the most similar 

to natural ageing when taking in consideration QTLs in Arabidopsis (Buijs et al., 2020). 

Also in barley, EPPO and CD show partially common QTLs but also distinct 

characteristic loci and genetic markers (Nagel et al., 2016). Moreover, loci associated 

with AA are related to floral and seed development, seed quality (germination, dormancy 

and yield), stress signalling, abiotic stress response and pathogen resistance in barley 

(Nagel et al., 2015). A QTL for seed longevity was found on chromosome 1A of bread 
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wheat (Triticum aestivum L.) and a QTL on chromosome 3B (QRG.ipk-3B, linked to 

number of grains per ear, thousand grain weight and coleoptile length, thus to seed and 

seedling vigour) of durum wheat (Triticum durum L.) (Arif & B örner, 2019; Börner et 

al., 2017). Regarding rice, within the QTL identified on chromosome 2, 45 genes 

potentially relevant to seed longevity mechanisms, such as antioxidant activity and DNA 

repair, were found in the japonica subspecies, and an additional QTL on chromosome 8 

was recently found in a particularly long-lived variety of O. sativa (Liu et al., 2018; 

Raquid et al., 2021). Another study, taking in consideration both cultivated and semi-

wild rice, unveiled that RNA modification, oxidation-reduction, protein-protein 

interactions and abscisic acid signal transduction play roles in seed longevity, with 

genetic markers on chromosomes 1, 3, 4 and 8 associating ŭ-tocopherol (vitamin E) with 

extended seed lifespan under AA (Lee et al., 2020). In maize, some QTLs identified after 

AA are linked to the energy metabolism, stress response, signal transduction, and protein 

degradation pathways (Wang et al., 2016). Interestingly, Arabidopsis, cabbage (Brassica 

oleracea L.) and tomato (Solanum lycopersicum L.) showed QTLs with the potential 

candidate gene GolS encoding galactinol synthase, a key enzyme in the synthesis of RFOs 

involved in the glassy state formation and stabilization, crucial for the acquisition of 

desiccation tolerance and longevity (de Souza Vidigal et al., 2016). The latter require a 

complex regulatory network associated with metabolic shutdown and storage material 

accumulation. These processes seem to be ABA-dependent in many species, and include 

the ABI3, FUS2, LEC1 and LEC2 functions (Kijak & Ratajczak, 2020). 

Epigenetic stability is another aspect of seed longevity that still deserve exploration, as 

few data are currently available and only for a  few species and ageing conditions. In 

general, cytosine DNA methylation (mC) is an epigenetic modification fundamental for 

the regulation of gene expression in plants (Gehring & Henikoff, 2007). This kind of 

regulation allows plant cells to adapt to new conditions without affecting the DNA 

sequence, and to control development and responses to various environmental stresses 

(Mira et al., 2020).  The DNA methylation profile changes during seed storage in Mentha 

aquatica L., in terms of both new methylation marks and demethylations, that could result 

in changes in gene expression (Mira et al., 2020). Also in rye (Secale cereale L.) 

increased epigenetic instability is observed in both aged seeds and seedlings (Pirredda et 

al., 2020). Interestingly, changes in the methylation states are detected also in plants 

regenerated from stored seeds, indicating that some of these alterations could be 

transmitted as adaptive transgenerational inheritance (Mira et al., 2020; Pirredda et al., 

2020). In general, an increase in global DNA methylation level could prevent DNA 

damage, and therefore may contribute to desiccation tolerance, also observed when 

comparing the methylation profiles, of orthodox seeds subjected to conventional and 

cryogenic storage (Pérez et al., 2017; Plitta-Michalak et al., 2021). A recent study 

demonstrated that aged maize seeds possess increased DNA methylation levels, with 

genotype-dependent differences in methylation (Carvalho, 2020). Both the genetic and 

epigenetic processes involved in shaping seed longevity still need to be studied and fully 

clarified among the different plant species and ageing conditions. 
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Figure 1.1 Schematic representation of the main factors, processes and biomolecules 

known to influence seed longevity (Adapted from Zinsmeister et al., 2020). 
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2. Aims of the work 

The main goal of this PhD project was to study the different eco-physiological and 

molecular aspects of seed longevity, still poorly explored, in crops and crop wild 

relatives. The investigation focuses on the following crop species: maize, garden pea and 

wheat wild relatives, analysed in the context of seed banking, in order to expand the 

current knowledge about the dynamics of artificial and natural ageing. The experimental 

activity included three distinct research lines: 

Project 1 ï Comparison between AA and long-term storage in heteromorphic wheat wild 

relatives: Aegilops tauschii Coss., donor of the DD genome to the hexaploid bread wheat 

and Triticum monococcum subsp. aegilopoides Boiss., wild relative of the cultivated 

Triticum monococcum L. This activity was carried out at the Plant Biotechnology 

Laboratory-DBB (University of Pavia), in collaboration with Dr. Andreas Börner (IPK-

Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany).  

Project 2 - Screening of seed longevity in the CIMMYT maize collection. This activity 

was carried out during an 8-months Internship at the Genebank Viability Lab of the 

International Maize and Wheat Improvement Center, CIMMYT, Mexico (1st February-

30th September 2020), part the Genetic Resources Program (GRP). 

Project 3 ï Molecular, physiological and ultrastructural aspects of seed longevity in 

Pisum sativum varieties subjected to different storage conditions. This activity was 

carried out at the Plant Biotechnology Laboratory-DBB (University of Pavia), in 

collaboration with Dr. Andreas Börner (IPK-Leibniz Institute of Plant Genetics and Crop 

Plant Research, Gatersleben, Germany).  

The different experimental systems were selected in order to obtain a wider picture of 

some common physiological processes involved in shaping seed longevity, i.e. oxidative 

stress in terms of antioxidant activity, ROS accumulation, oxidative damages and 

protective mechanisms. The different seed accessions were studied with a 

multidisciplinary approach, from the macroscopic analyses of germination profiles and 

seed phenotype to the microscopic exploration of nuclear/nucleolar ultrastructure and 

gene expression. Several biochemical compounds were measured in the different species, 

seed accessions and imbibition/ageing timepoints, with the purpose of exploring the 

ageing process over time and along with the activation of pre-germinative metabolism.  
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3. Materials and methods 

3.1 The wheat wild relatives 

3.1.1 Plant material 

Caryopses (hereafter referred to as seeds) of Ae. tauschii and T. monococcum subsp. 

aegilopoides (for simplicity, hereafter referred to as T. boeoticum) were kindly provided 

by the Genebank Department of the Leibniz Institute of Plant Genetics and Crop Plant 

Research (IPK), Gatersleben (Germany). In both species seed longevity loss has been 

investigated after 40 years of genebank bank storage at the IPK (-18 ± 2°C, 8 ± 2 % seed 

moisture content; hereafter referred to as ñSBò) and under AA condition (hereafter 

referred to as ñAAò), using for the latter fresh seeds produced by plants of the same 

genotype held in genebank. Seed samples were regenerated at the experimental fields of 

IPK in Gatersleben (latitude 51° 49ô 19.74ôô N, longitude 11° 17ô 11.80ôô E, 110.5 

m.a.s.l., black soil of clayey loamy type) and the collected seed lots are hereafter referred 

to as ñfreshò or 0d. Seeds were extracted from the spikelets and sorted out according to 

the morph as previously described (Gianella et al., 2020): the larger, basal morph óAô and 

the smaller, apical morph óBô. After the cleaning process, seeds were kept in standard 

dry-room conditions at the Plant Germplasm Bank of the University of Pavia (Italy) at 

15% relative humidity (RH) and15°C (ISTA, 2018) until use. 

3.1.2 Germination tests and imbibition curves 

Germination tests were carried out in triplicates of 20 seeds each in Petri dishes with 1% 

agar as substrate. Dishes were placed in temperature- and light-controlled incubators 

(LMS, Sevenoaks, UK) using a 12-h daily photoperiod (photosynthetically active 

radiation 40ï50 ɛmol m-2 s-1) at 20 °C (Guzzon et al., 2015). Petri dishes were checked 

every 12 h for germination, and seeds scored as germinated once the radicle had reached 

2 mm length. At the completion of each germination test (4 weeks after sowing), non-

germinated seeds were cut-tested to confirm whether they were empty. Imbibition curves 

were determined using 6 replicates of 5 seeds, placed in Petri dishes between double filter 

paper discs, moistened with dH2O and sealed in plastic bags to avoid evaporation. Seeds 

were then withdrawn; the residual superficial water was removed with sterilized filter 

paper and seed mass was measured at 1h-intervals until radicle protrusion was observed. 

Water uptake was estimated by subtracting dry mass to the weight registered during 

imbibition and expressed as increase in % (Louf et al., 2018). 

3.1.3 Controlled ageing test (CAT) 

Seed longevity was tested with a modified protocol for AA from Newton (2009), 

according to Guzzon et al. (2018) Prior to storage, seeds were first rehydrated for 14 days 

in open Petri dishes over a non-saturated solution of LiCl in a sealed electrical enclosure 

box (Ensto UK, Southampton, UK) at 47% RH and 20 °C. Thereafter, seed equilibrium 

relative humidity (eRH) was verified with an AWDI0 water activity probe used in 

conjunction with a Hygro-Palm 3 display unit (Rotronic Instruments UK, Crawley, UK). 

Once the seeds had reached eRH, the initial germination was assessed using triplicates of 
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20 seeds and the protocol described above. Next, seed lots were stored in the dark in a 

sealed box over a non-saturated LiCl solution at 60% RH at 45 ± 2 °C, placed in a 

compact incubator (Binder FD53; Binder, Tuttlingen, Germany). When necessary, 

aliquots of distilled water were added to the LiCl to keep the RH at the required 

equilibrium, which was monitored inside the enclosure box (Tinytag View 2 

Temperature/Relative Humidity Logger; Gemini Data Logger, Chichester, UK). At nine 

intervals during storage, three replicates of 20 seeds per lot were extracted and viability 

was tested with the same protocol as used for the preliminary germination test, until a 

complete viability loss was reached. 

3.1.4 ROS detection 

The fluorogenic dye 2ô,7ô-dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich, 

Milan Italy) was used to quantify ROS levels released from dry seeds. Following 

deacetylation by cellular esterases, the dye is converted to a non-fluorescent molecule 

which is subsequently oxidized by ROS into the highly fluorescent 2ô,7ô-

dichlorofluorescein (DCF). The assay was carried as described by Forti et al. (2020) with 

the following modifications. Dry seeds were incubated in the dark for 30 min with 150 

ɛl of a 10 ɛM DCF-DA solution. Subsequently, three replicates (50 ɛl each, per seed lot) 

were pipetted into 0.2 ml tubes and the emitted fluorescence was measured using the 

green channel (510 ± 5 nm) of a Rotor-Gene 6000 PCR apparatus (Corbett Robotics, 

Brisbane, Australia), after a single cycle of 30 s at 25°C. As negative control, three 

replicates containing only DCF-DA were used to subtract the baseline fluorescence. 

Relative fluorescence was calculated by normalizing samples to controls and expressed 

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

3.1.5 qRT-PCR 

The RNA extraction was performed according to Oñate-Sánchez & Vicente-Carbajosa, 

(2008) from dry, 1h- and 18h-imbibed seeds of Ae. tauschii, and from dry, 1h- and 14h-

imbibed seeds of T. boeoticum. Retro-transcription was carried out using the iScript 

cDNA Synthesis kit (Bio-Rad, Milan, Italy), according to the manufacturerôs 

instructions. qRT-PCRs were performed using SYBR Green qPCR Master Mix (2X) 

(Fermentas, Milan, Italy) and a Rotor-Gene 6000 PCR apparatus (Corbett Robotics, 

Brisbane, Australia). For oligonucleotide primer design, sequences were obtained from 

the online database EnsemblPlants: an alignment was performed between sequences from 

Ae. tauschii and T. boeoticum with the online software Multiple Sequence Alignment by 

CLUSTALW in order to select common and species-specific primer oligonucleotides 

used for the amplification of reference and target genes. The resulting oligonucleotide 

primers are listed in Table 3.1.1.   
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Table 3.1.1 List of oligonucleotide primers used for qRT-PCR analyses. 

Gene Forward primer (5ô-3ô) Reverse primer (5ô-3ô) Species 

Reference genes 
ACT 

Actin 

CGACAGGATGAGCAAGGA

GA 

GAGGGAGGCGAGGATGGA Ae. 

tauschii 

ACT 

 

TGCATAGAGGGAAAGCAC

G 

AACCCAAAAGCCAACAGA

GA 

T. 

boeoticu

m 

ARF 

ADP-ribosylation 

factor  

CACCACCATCCCCACAATC CCTCAACAACACGCTCTCT

G 

Both 

GAPDH 

Glyceraldehyde-3-

phosphate 

dehydrogenase 

CGCAGAGATTCCTTGGGGT

A 

CACCACTTTCTTAGCACCA

CC 

Both 

ELF1  

Elongation Factor 1 

alpha 

TGGTGGTTTTGAGGCTGGT

A 

TACTTGGGAGTGGTGGCA

TC 

Ae. 

tauschii 

ELF1  

 

ATTAGGTTTGGTGGCGGG

A 

CGGTCGTTGTTGGAGTTGT

C 

T. 

boeoticu

m 

RPT6 

26S protease 

regulatory subunit   

ATGTTGGCGAGGTTGTGA

AG 

GGGCAGGATAAGGTGAAG

C 

Both 

UBI 

Ubiquitin 

CGGTGGAGGTGGAGAGC ACGAGGTGAAGCGTGGAC Both 

Target genes 

APX 

Ascorbate 

peroxidase 

TCTCCTCCTTGATGGGCTC GAAGAACTGCTCCCCGCT

C 

 

Both 

CAT 

Catalase 

AACTACCTGATGCTCCCCG TCCTCGTCTTCTCCCTTTTT

CC 

Ae. 

tauschii 

CAT 

 

GCGTTGTCGTTGTTCCAGA ATCGTTGCTTCCTCCGTTC T. 

boeoticu

m 

DHAR 

Dehydroascorbate 

reductase (cytosolic) 

CCACACACACACAAGCAA

GT 

CCAAGGCGACCAAGGAGA Ae. 

tauschii 

DHAR ATCACAGCAGGCATCTAA

G 

GCTCAGTATTTCCATCTTG

TT 

T. 

boeoticu

m 

GSR 

Glutathione sulfo-

reductase 

ATCCTTGGTGGTTCTGGTG

T 

GTCGTGTGCCTTTGCTTTG

A 

Both 

MDAR 

Monodehydroascorb

ate reductase 

(cytosolic) 

ACCTTGCTCATCGCCACT GCCTTCCCATCCTTCTTTG

C 

Both 

SOD 

Superoxide 

dismutase 

GTAAGCACAGCCACAGCC CATCCCATCCCCCAAGTCA

T 

Both 
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To analyze the expression of genes encoding enzymes belonging to the ascorbate-

glutathione ROS scavenging pathway (ascorbate peroxidase, APX, catalase, CAT, 

dehydro-ascorbate reductase, DHAR, glutathione reductase, GSR, mono-dehydro-

ascorbate reductase, MDAR and superoxide dismutase, SOD) the geometric mean of two 

reference genes, was used as standard control. Quantification was carried out using the 

following reference genes for the experimental conditions (AA and SB) used in this work: 

ARF (ADP-ribosylation factor) and ELF (elongation factor 1-alpha) for Ae. tauschii AA 

and SB seeds, ACT (actin) and ELF for T. boeoticum SB, GAPDH (glyceraldehyde-3-

phosphate dehydrogenase) and UBI (ubiquitin) for T. boeoticum SB. Selection was 

performed using the GeNorm algorithm (https://genorm.cmgg.be) (Figures 3.1.1 and 

3.1.2). Oligonucleotide primers were designed with the online software Primer3Plus and 

thermodynamic parameters were checked with Oligoanalyzer (Table 3.1.1). qRT-PCR 

conditions were denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s and elongation 

at 72 °C for 30 s. Once aspecific fluorescence was subtracted, the raw fluorescence data 

obtained from the Software Rotor-Gene 6000 Series 1.7 (Corbett Robotics) were used to 

retrieve PCR Efficiency (E) and threshold cycle number (Ct) for each transcript 

quantification. The Pfaffl method (Pfaffl, 2001) was used for relative quantification of 

transcript accumulation and the two reference genes, selected for each species in the 

different ageing conditions, were used to normalize the values by calculating the ratio 

between target gene transcripts and the geometrical mean of the reference genes 

transcripts.
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Figure 3.1.1 Selection of reference genes for qRT-PCR analysis in Ae. tauschii SB seeds 

(a) and AA seeds (b). Average expression stability values (M), calculated using GeNorm 

algorithm (https://genorm.cmgg.be), of the six putative reference genes analysed in dry 

and imbibed seeds throughout the tested time points of the experimental design. ACT, 

actin, ARF, ADP-rybosilation factor, ELF, elongation factor 1 alpha, GAPDH, 

glyceraldehyde 3-phosphate dehydrogenase, RPT6, 26S protease regulatory subunit, 

UBI, ubiquitin. SB, seed bank ageing, AA, accelerated ageing.  
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Figure 3.1.2 Selection of reference genes for qRT-PCR analysis in T. boeoticum SB 

seeds (a) and AA seeds (b). Average expression stability values (M), calculated using 

GeNorm algorithm (https://genorm.cmgg.be), of the six putative reference genes 

analysed in dry and imbibed seeds throughout the tested time points of the experimental 

design. ACT, actin, ARF, ADP-rybosilation factor, ELF, elongation factor 1 alpha, 

GAPDH, glyceraldehyde 3-phosphate dehydrogenase, RPT6, 26S protease regulatory 

subunit, UBI, ubiquitin. SB, seed bank ageing, AA, accelerated ageing. 

3.1.6 Statistical analysis 

Statistical analysis was carried out in SPSS 21 and Genstat 9. Origin Pro 9.1 was used to 

build survival curves and heatmaps were plotted in the R software environment for 

statistical computing and graphics (v. 4.1.0). The R packages used are: ótidyrô (Wickham, 

2021), ódplyrô (Wickham, 2021) and óggplot2ô (Wickham, 2016). Before analyses, data 

were checked for normality and homoscedasticity (ShapiroïWilkôs and Leveneôs tests, 

respectively). Probit analysis was carried out using GenStat 9 to obtain the time for 

viability to fall by 50% (p50), used then as measure for seed longevity by fitting the 

viability equation (Ellis & Roberts, 1980) as previously described by (Gianella et al., 

2020). P50s 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 studentôs tests. A GLM with gamma 

distribution, log link, was applied to compare the longevity profiles of the two morphs in 

the two species when subjected to the same ageing treatment. Heatmaps represent the 

Log2 fold change (Log2FC) of the relative gene expression and ROS levels of aged seed 

lots (AA and SB) compared to the controls, i.e., the maximum germination % of freshly 

harvested seeds (0d Ae. tauschii, 21d T. boeoticum due to after-ripening). 

3.2. The maize collection at CIMMYTôs genebank 

3.2.1 Conservation conditions 

Maize caryopses (hereafter referred to as óseedsô) were originally conserved in a 

seedbank located at the National School of Agriculture at Chapingo (Texcoco, Mexico) 

since 1943, in what can be considered the first germplasm bank of Latin America. After 

that, from the 1960s to 1971, the accessions included in this study were conserved in a 

temporary refrigerated seed storage facility (0 ± 5 °C) located in the basement of the 

National School of Agriculture at Chapingo University (Texcoco, Mexico), when they 

were moved to the first CIMMYT germplasm bank at its recently built headquarters in 

El Batán, Texcoco, Mexico. Here they were conserved in metallic cans with pressure lids 

at 0 °C and 45 % relative humidity, with the seeds dried below 10 % of moisture content 

prior to storage (CIMMYT, 1974, 1988). Starting in 1984, each seed collection was 

divided, and equal halves were moved to a base chamber (ï15 °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 óactiveô seed lot and óbaseô 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 Wellhausen-Anderson Plant Genetic Resources Center, 

where seeds are conserved in hermetic plastic flasks at ï3 ± 2 °C (active chamber) and in 

hermetically sealed aluminum envelopes at ï15 ± 3 °C (base chamber). 

3.2.2 Study accessions 

Germination tests of 987 seed lots from the base chamber were carried out for this study. 

Of these same accessions, 835 from the active chamber were also tested for germination. 

The number of seed lots tested for the active chamber is lower than that for the base 

chamber because some accessions in the active chamber did not have enough seeds to 

perform the germination test. Nineteen accessions were tested only in the active chamber 

since data from recent germination tests (carried out from 2016 to 2019) were available 

for the base chamber. Overall, a total of 1006 accessions from the base chamber were 

included in this study. One accession was tested only in the active chamber, due to lack 

of seeds in the base chamber. Overall, 855 accessions from the active chamber were 

tested in this experiment. The study accessions were chosen according to the following 

criteria: (1) having complete passport data including storage date, collecting site 

geographical information and information on the repropagation site); (2) having both 

initial and monitoring germination data; (3) being representative of the different grain 

types of maize (dent, floury, flint, popcorn and sweet) conserved in the CIMMYT 

collection; (4) being among the oldest collections for each grain type; and (5) maximizing 

the environmental range (in terms of latitude and elevation of the collecting sites) among 
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the study accessions. The study accessions originated from seed collections made in 33 

different countries, covering an altitudinal range from 2 to 3919 m a.s.l. Considering the 

grain type of the study accessions: 363 were dent, 361 flint, 218 floury, 11 popcorn and 

54 sweet. Popcorn and sweet accessions were less represented in the experiment in 

concordance with their overall lower representation in the collection. The ranges of 

storage dates for each grain type were as follows: dent (1965ï1971), flint (1960ï1974), 

floury (1969ï1978), popcorn (1970ï1996) and sweet (1968ï2002). The average age of 

the accessions tested for this study was 48 years. More recent accessions of popcorn and 

sweet maize were used in the study due to the scarcity of older accessions of these grain 

types in the collection. The study seed lots are identified in the CIMMYT GRIN-Global 

database as well as marked with a special label (Longevity project) in the conservation 

chambers; those seed lots will not be substituted with new regenerations, with the hope 

that researchers can continue, in the next decades, to study the viability of this set. Only 

one accession was represented by seeds from its original collection. All other accessions 

had been regenerated in a Mexican or US location prior to conservation (11 regeneration 

locations in total). Historical initial germination data collected prior to storage were 

available for the study accessions, and the average initial germination was 99%. 

Moreover, results of an additional germination monitoring test were available, but only 

for the active chamber, since systematic germination monitoring of seeds conserved in 

the CIMMYT base chamber only began in 2012. Prior to the germination tests carried 

out for this study, seed mass and moisture content of the accessions (from both the active 

and base chambers) were measured. Seed mass was determined by weighing three 

replicates of 20 seeds, kept in one of the dry rooms of the CIMMYT Germplasm Bank at 

9ï15 °C and 10ï20 % RH, randomly sampled from each seed lot, using an analytical 

balance (Adventurer Pro AV 8101, OHAUS, Parsippany, NJ, USA). The seed moisture 

content (MC) of the accessions was tested using a moisture meter (SL95, Steinlite, 

Atchison, KS, USA). The accession passport data considered in this study, besides the 

historical germination data, were grain type and colour, regeneration site, co-ordinates 

(latitude and longitude), elevation and climatic zone of the original collection site. 

Climatic zones of the collecting sites were based on the KöppenïGeiger 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, Lab-Line) at 

a constant temperature of 25 °C and a 12 h photoperiod. Distilled water was added to the 

trays as needed, to avoid desiccation. Germination scoring was performed 1 week after 

sowing. A seed was considered to be germinated if it had developed into a normal 

seedling, according to ISTA (2018) criteria. A label with a unique, identifier QR code 

was attached to each paper roll. The germination scoring was performed through the app 

GB zone, that is connected to the GRIN-Global genebank database, by means of QR code 

scanners (two models: CS 4070, Symbol, Zebra, USA; and S740 2D, Socketmobile, 

USA) connected to a laptop or tablet device. The germination experiments were 

performed in March and April 2020 in the Seed Viability Laboratory of the CIMMYT 
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Germplasm Bank (Texcoco, Mexico). 

3.2.4 Statistical analysis 

Data analysis and graphic representation were carried out in the R software environment 

for statistical computing and graphics (v. 3.6.2). The R packages used for the analyses 

are: ócorrplotô (Taiyun and Viliam, 2017), ódplyrô (Wickham et al., 2021), óecotoxô, 

ófmsbô (Nakazawa, 2019), óggplot2ô (Wickham, 2016), óggpubrô (Kassambara, 2020), 

ólsmeansô (Lenth, 2016), ókgcô (Bryant et al., 2017), ómultcompô (Hothorn et al. 2008), 

ópsychô (Revelle, 2019) and óstatmodô (Giner and Smyth, 2016). Before analyses, data 

were checked for normality and homoscedasticity (ShapiroïWilkôs and Leveneôs tests, 

respectively). Two ScheirerïRayïHare tests were applied to determine if mass and 

moisture content differed among accessions and conservation chambers (active and 

base). A KruskalïWallis test was used to determine if there were differences among grain 

types in terms of seed mass. Pairwise comparisons were carried out with the Bonferroni 

test. Multiple parameters were used to characterize seed longevity: final germination 

(germinated/sown seeds at the end of the germination test); and p50 and p85, 

corresponding to the time for viability to fall to 50 % and 85 % of the initial value 

(retrieved from historical, pre-storage data), respectively, estimated or predicted by logit 

analyses. Generalized linear models (GLMs) with binomial distributions, with logit as 

the link function, were carried out for p50 and p85 predictions of the accessions conserved 

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

a higher goodness of fit, compared by means of analysis of variance (ANOVA; ɢ2 test) 

and AIC (Akaike information criterion) scores, when compared with probit analysis (d.f. 

0, deviance = ï462.23, P < 0.001; AIC logitðprobit: ï460). Moreover, logit function, as 

previously observed by dos Santos et al. (2019) and de Faria et al. (2020), allows for a 

more reliable estimate/prediction of viability loss when compared with probit, especially 

in the tails of the distribution (i.e., < 10 % or >80 % germination), thus making it more 

suitable for the p85 estimation. Smaller differences between logit and probit models are 

observed in the central points of the function (50% germination, p50). Longevity estimates 

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

and a p85 lower than the years of storage. This was done to estimate the p85 based only on 

observed data and not predictions, in order to avoid unrealistic values driven by the 

absence of viability loss in a significant percentage of the seed lots. Yamasaki et al. 

(2020) also highlighted this issue, suggesting that only longevity estimates within the 

storage period should be considered, while the reliability of a prediction extrapolated 

beyond the observation period needs further data accumulation and verification, 

especially considering that viability loss does not follow a linear pattern, but rather a 

sigmoidal one (Walters et al., 2005). Another parameter used to characterize seed 

longevity was the ageing rate (named L), calculated using the following formula: 

ὒ
Ὃ Ὃ

Ὃ
ὼ
ρ

ὣ
 

Where Gi is the initial germination in percentage, tested before storage; Gf is the most 

recent germination result in percentage; and Y corresponds to the storage time 

experienced by the seed accession, expressed in years. A GLM, with a binomial 

distribution and logit as link function, was applied to determine the effect of the 
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conservation in the two different chambers (active or base) on final germination, and a 

post-hoc Bonferroni test was used for pairwise comparisons of the same seed accession 

in the two conservation conditions. A Kendallôs tau b correlation test was performed on 

germination in the active and base chambers, in order to assess if there was a correlation 

between the decline in viability in the two chambers, and, in particular, whether the 

decline in seed viability of any accession in the active chamber was similar to its decline 

in the base chamber. Monitoring intervals were calculated as one third of the p85, with an 

upper limit set to 40 years as suggested by the Genebank Standards for Plant Genetic 

Resources for Food and Agriculture (FAO, 2014). A KruskalïWallis test was used to 

determine if there were differences among grain types in terms of monitoring intervals. 

Pairwise comparisons were carried out with the Wilcoxon rank sum test. A correlation 

plot was built based on a mixed correlation matrix for both active- and base-conserved 

seed lots, considering the following variables: ageing rate (L), seed mass and moisture 

content, grain type and colour, and regeneration site, as well as latitude, longitude, 

elevation and climatic zone (Köppenï Geiger) of the original collection sites. Moreover, 

a partial correlation analysis, using Kendallôs test, was performed, for both the chambers, 

in order to evaluate the relationship of each single variable with the ageing rate (L), 

adjusting for the effect of the other variables. A GLM with a compound Poisson-gamma 

tweedie distribution was applied to assess the effect of grain type on the ageing rate (L). 

3.3 Pisum sativum accessions from the IPK collection 

3.3.1 Plant material and germination tests 

Seeds of four yellow pea (Pisum sativum) accessions (PIS 2, PIS 8, PIS 15, and PIS 224) 

and four green pea accessions (PIS 686, PIS 706, PIS 783, and PIS 2865) were kindly 

provided by the Genebank Department of the Leibniz Institute of Plant Genetics and Crop 

Plant Research (IPK), Gatersleben (Germany). Yellow and green accessions were 

renamed Y1, Y2, Y3, Y4 and G1, G2, G3, G4, respectively (Table 3.3.1).  
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Table 3.3.1 Main features of the eight Pisum sativum L. accessions investigated in this study. Y, yellow. G, 

green 

Seed  

lot 

Accession 

number 

(IPK)  

Seed 

coat  

colour 

Accession name Country 

of origin 

Biological  

status 

Y1 PIS 2 

 

Yellow - Greece Landrace 

Y2 PIS 8 Yellow Nordost Kleine 

Weiße 

Germany Improved 

Cultivar 

Y3 PIS 15 Yellow Kronenerbse Germany Improved 

Cultivar 

Y4 PIS 224 Yellow Sperba Germany Improved 

Cultivar 

G1 PIS 686 Green Fügeder Erbse 

Monte Express 

Unknown Improved 

Cultivar 

G2 PIS 706 Green Mauthner-Fall 

Express 

Germany Improved 

Cultivar 

G3 PIS 783 Green Grüne Saxa Germany Improved 

Cultivar 

G4 PIS 2865 

 

Green Frogel Unknown Mutant 

 

For each accession, both fresh (F) seeds harvested in 2019, and stored seeds, harvested 

in 2001, were tested. As for stored seeds, one lot (A) was kept at cold chamber under 

controlled conditions (-18 ± 2°C, 8 ± 2 % seed moisture content) and another lot (R) was 

conserved at room temperature conditions (20 ± 2°C, 9 ± 2 % seed moisture content). 

Seed moisture content was measured using a moisture meter (Precisa XM 66, 

Switzerland). For each seed lot, three replicates of 20 seeds were sown in Petri dishes 

with 1% agar as substrate and then placed in a growth chamber (22 ± 2°C, 70-80 % RH, 

150 ɛmol m-2 s-1 photon density, 16/8 h photoperiod). Petri dishes were checked every 

12 h for germination and seeds scored as germinated once the radicle had reached 2 mm 

length. Germination was evaluated using the following parameters: G (germinability), 

MGT (mean germination time), MGR (mean germination rate), and Z (synchronization 

index), as described by Ranal & Santana (2006) (Table 3.3.2).  
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Table 3.3.2 Germination parameters used in this study as reported by Ranal and Garcia de Santana (2006). 

For each parameter, definition, formula, limits of measurement and unit are shown. N: total seed number; 

ni: number of seeds germinated at the ith observation; ti: time at the ith observation (hours); k: time at the 

end of the experiment; fi: relative frequency of germination; Cni,2: combination of the seeds germinated in 

the time i, two together. 

Parameter Definition  Formula Limits  Unit  

G Germinability 

 

 

╖
В ▪░
▓
░ ᶻ

╝
 

0 Ò G Ò 

100 

% 

MGT Mean germination 

time 

 

╜╖╣
В ▪░◄░
▓
░

В ▪░
▓
░

 

0 < 

MGT Ò 

k 

Hours 

CVG Coefficient of 

velocity of 

germination 

╒╥╖
В █░
▓
░

В █░▪░
▓
░

ᶻ  

 

0 Ò CVG 

Ò 100 

% 

MGR Mean germination 

rate 

 

 

╜╖╡
╒╥╖

 
0 < 

MGR Ò 

1 

hour-1 

Z Synchronization 

index ╩
В ╒▪░ȟ
▓
░

╒В▪░ȟ
 

 

0 Ò Z Ò 1 Unit-

less 

3.3.2 ROS detection 

The fluorogenic dye 2ô,7ô-dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich, 

Milan Italy) was used to quantify ROS levels released from dry seeds. Following 

deacetylation by cellular esterases, the dye is converted to a non-fluorescent molecule 

which is subsequently oxidized by ROS into the highly fluorescent 2ô,7ô-

dichlorofluorescein (DCF). The assay was carried out as described by Forti et al. (2020), 

with the following modifications. Dry seeds were incubated in the dark for 30 min with 

500 ɛl of a 10 ɛM DCF-DA solution. Subsequently, three replicates (50 ɛl each) per seed 

lot were pipetted into 0.2 ml tubes and the emitted fluorescence was measured using the 

green channel (510 nm) of a Rotor-Gene 6000 PCR apparatus (Corbett Robotics, 

Brisbane, Australia), after a single cycle of 30 s at 25°C. As negative control, three 

replicates containing only DCF-DA were used to subtract the baseline fluorescence. 

Relative fluorescence was calculated by normalizing samples to controls and on the seed 

mass, then expressed as Relative Fluorescence Units (R.F.U.). 

3.3.3 Determination of MDA levels 

Malondialdehyde (MDA) levels were quantified according to Sari et al. (2012) and Zeb 

et al. (2016), with the following modifications. Dry seeds were grinded in a Retsch Mixer 

Mill M 301 (Retsch­Allee, Haan, Germany) three times for 30 s at the vibrational 

frequency of 30 Hz s­1. For each lot, the resulting powder was divided into three replicates 
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(0.2 g each) that were resuspended with 5 ml of a H2O: 0.5 M HClO4 solution (4:1) with 

2 % BHT (butylated hydroxytoluene, Sigma-Aldrich) in ethanol to precipitate proteins. 

Samples were subsequently centrifuged (4°C, 10 min). MDA was determined as a 

thiobarbituric acid reactive substance (TBARS), following its reaction with thiobarbituric 

acid (TBA, Sigma-Aldrich) at high temperature. For each sample, an aliquot of 100µl 

was mixed with 100 µl of TBA in 1 ml dH2O and the mixture was heated in a boiling 

water bath at 95°C for 60 min. Test tubes were cooled at room temperature and 

absorbance was measured at 254 nm using an UV-visible spectrophotometer (UV-1800, 

Shimadzu, U.K.). A standard MDA (Sigma-Aldrich) solution (100 µl, in a range of 0.025-

0.1 mg ml-1) was added in a 1 ml test tube and mixed with TBA (100 µl) as previously 

described (Figure 3.3.1a). 

 

Figure 3.3.1 a) Malondialdehyde (MDA) standard curve measured at 254 nm using an UV-visible 

spectrophotometer (UV-1800, Shimadzu, U.K.). b) The ɔ-tocopherol standard curve measured using the 

HPLC system (Kontron Instrument 420 system) equipped with a C18 column (250 x 4.6 mm, 5 mm). c) 

Proline standard curve measured at 520 nm using an UV-visible spectrophotometer (UV-1800, Shimadzu, 

U.K.). d) Glucose standard curve measured at 540 nm using an UV-visible spectrophotometer (UV-1800, 

Shimadzu, U.K.). 

3.3.4 Extraction and analysis of tocopherols 

The extraction procedure was performed as described by Kurilich & Juvic (1999) and 

Doria et al. (2009) with the following modifications. Dry seeds were grinded as 

previously described. For each lot, an aliquot (0.5 g) of seed powder was added to 5 ml 

of ethanol containing 0.1 % butylated hydroxytoluene (BHT, Sigma-Aldrich) and the 

mixture was incubated for 10 min at 85°C. Subsequently, samples were subjected to 

saponification by adding 150 µl of 80 % KOH and incubated for 10 min. After adding 3 

ml of H2O, samples were placed on ice for 3 min, then 3 ml of pure hexane were added. 

After shaking 10 min at 800 rpm and centrifuging at 12.000 rpm, the upper phase was 

transferred into a separate test tube, and pellet was re-extracted using 2 ml hexane. The 
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combined hexane fractions were washed with 3 ml of dH2O, vortexed, centrifuged for 10 

min and transferred into another test tube. Hexane fractions were dried used a vacuum 

evaporator and the residue dissolved in 200 µl acetonitrile:methanol : dichloromethane 

45:20:35 (v/v/v) prior to injection into a HPLC system (Kontron Instrument 420 system, 

Kontron Instruments, Munich, Germany) equipped with a C18 column (Zorbax ODS 

column 250 x 4.6 mm, 5 µl, Agilent Technologies). The isocratic mobile phase consisted 

of acetonitrile:methanol (60:40) (v/v), flow rate was 1.0 ml min-1 at room temperature 

and absorbance was measured at 220 nm. As standard, ɔ-tocopherol (Sigma-Aldrich) was 

used for a calibration curve and identified in the chromatogram (Figure 3.3.1b). 

3.3.5 Determination of free proline content 

Free proline content was measured as described by Abrahám et al. (2010) with the 

following modifications. Dry seeds were grinded as previously described. The seed 

powder (0.1 g) was added to 500 ɛl of 3 % sulfosalicylic acid (Sigma-Aldrich). Following 

centrifugation at 13.000 rpm for 5 min, a 100 ɛl aliquot of the extract was added to 500 

ɛl of 3 % sulfosalicylic acid: glacial acetic acid: acidic ninhydrin (1:2:2) (v/v/v). The 

reaction of ninhydrin with free proline was carried out at 96°C for 60 min and stopped 

on ice. Samples were then extracted with 1 ml of toluene. After 20 s vortex, phases were 

allowed to separate. The upper phase was transferred to quartz cuvettes and absorbance 

was read at 520 nm using an UV-visible spectrophotometer (UV-1800, Shimadzu) and 

toluene as reference. A standard proline solution (100 ɛl, in a range of 0.001-0.1 mg ml-

1) was prepared, added to a 2 ml test tube and mixed with the ninhydrin solution as 

previously described (Figure 3.3.1c). 

3.3.6 Spectrophotometric determination of reducing sugars 

The content of reducing sugars was measured as described by Miller (1959).Dry seeds 

were grinded as previously described. The seed powder (0.5 g) was added to 5 ml of 

dH2O, vortexed and incubated 2 h at 80°C in a water bath. After centrifugation at 3500 

rpm for 15 min, the upper phase was transferred in new test tubes and the content of 

reducing sugars was quantified using DNS (3,5 dinitrosalycilic acid, Sigma-Aldrich) 

solution. Absorbance was read at 540 nm using an UV-visible spectrophotometer (UV-

1800, Shimadzu) and dH2O as reference. Standard solutions of glucose in the range of 

0.4-1.5 mg ml-1 were used (Figure 3.3.1d). 

3.3.7 Thermogravimetric analysis and differential scanning calorimetry 

Inorganic content and thermal decomposition of the pea seed biomass were investigated 

by thermogravimetric analysis (TGA) in an air and nitrogen environment, respectively, 

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

temperature range was from 25 to 800°C with a gas flow in the oven (air or nitrogen) of 

4 l h-1. The samples were grounded into powder and sieved to a size of 100 µm. About 5 

mg of sample was used in each test. 

3.3.8 Nuclear staining with Toluidine Blue 

Embryos excised from dry seeds of Y1 and G4 accessions were fixed with 2 % 
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paraformaldehyde/0.2 % glutaraldehyde (Sigma-Aldrich) for 3 h at 4°C. Embryos were 

rinsed in phosphate-buffered saline (PBS, pH 7.2) overnight, and then incubated in 0.5 

M NH4Cl for 30 min at room temperature. Semithin sections (500 nm in thickness) were 

cut using an ultramicrotome, embedded in acrylic LR-White resin (Agar Scientific, 

Stansted, UK) and allow to harden at 60°C overnight. Toluidine blue staining was 

performed by covering the tissue sections, prepared as previously described, with a drop 

of the die and incubating for 5 min at 100°C. Sections were then washed thoroughly with 

dH2O to remove die excess, airdried, mounted in Mowiol (Sigma Aldrich) and finally 

imaged using Zeiss Axioskop 2 plus microscope. 

3.3.9 Immunodetection of ɔH2AX foci   

In order to detect the occurrence of ɔH2AX foci in the nucleus, sections prepared as 

previously described were subjected to indirect immunohistochemical reaction by 

incubating them with the primary antibody Phospho-Histone H2A.X (Ser139) Polyclonal 

Antibody from rabbit (ThermoFisher Scientific, Milan, Italy) according to the Supplierôs 

suggestions and subsequently with a secondary antibody coupled with 12 nm colloidal 

gold grain. Sections were stained by EDTA regressive technique and observed with a 

Jeol JEM-2100Plus electron microscope equipped with a 30 mm objective aperture and 

operating at 80 kV. Images were submitted to morphometric analyses using the software 

ImageJ (https://imagej.nih.gov/ij). The results are expressed as mean values ± SEM. For 

each sample, 10 nuclei were scored for the presence of ɔH2AX foci. The density of foci 

was calculated as follows: 100 squares (each one with an area of 400 nm2) were identified 

and the number of foci per single area was counted. The measurement was performed 

considering 10 cells for each sample and 10 squares per single cell. 

3.3.10 Statistical analysis 

Statistical analysis was performed in IBM SPSS 21.0 and in R environment for statistical 

computing and graphics (studio version 4.0.2). The following packages were used: 

ódplyrô (Wickham et al., 2021), óggplot2ô (Wickham, 2016), ócorrplotô (Wei & Simko, 

2017), ómultcompô (Hothorn et al., 2008), and ólsmeansô (Lenth, 2016). After checking 

data for normality and homoscedasticity, GLMs were applied to evaluate the effect of 

accession, type of conservation, their interaction on different variables (germination 

parameters, ROS levels, chlorophyll content, tocopherols, MDA, free proline, reducing 

sugars); post-hoc Tukeyôs or Bonferroni tests were used to perform multiple 

comparisons. A two-way ANOVA was used to determine the effect of accession and 

conservation on the temperature of glass transition (Tg). A heatmap was used to represent 

the Log2 fold changes (Log2FC) between fresh (F) and aged (A, R) seeds in terms of 

mean MDA, tocopherols, free proline and reducing sugars contents. Correlations were 

performed with Pearson or Kendallôs Tau-b tests. Statistical analysis to quantify the 

occurrence of ɔH2AX foci in the nucleus was performed using the two-tailed paired 

Studentôs t test.  
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4. Results 

4.1 Wheat wild relatives 

4.1.1 Imbibition and germination 

Fresh seeds of Ae. tauschii and T. boeoticum were subjected to imbibition and 

germination tests in order to select the appropriate timepoints for subsequent analyses. 

Both species showed the quickest water absorption in the time interval between 

imbibition and 1 h of soaking (Figure 4.1.1). 

 

Figure 4.1.1 Imbibition curves of (a) Ae. tauschii and (b) T. boeoticum seeds. Seeds were imbibed with 

dH2O on filter paper, then withdrawn 1 hour-intervals until radical protrusion was observed. Water uptake 

was estimated by subtracting dry mass to the weight registered during imbibition after residual superficial 

water was removed, and then expressed as increase in %. 
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Thus, the 1 h-interval was selected in order to analyze the ROS content and gene 

expression after the activation of the pre-germinative metabolism induced by water 

absorption. 1h imbibition is also the endpoint of the so-called óabrupt imbibitionô in 

wheat, corresponding to the embryo water uptake, followed by the water absorption in 

the other seed parts (Lev & Blahovec, 2017). Another time point was selected, 

corresponding to two hours before the first radicle protrusions were observed for Ae. 

tauschii (18 hours after imbibition) and for T. boeoticum (14 hours after imbibition). This 

was done in order to select an appropriate timepoint for the analysis of the late stage pre-

germinative metabolism, while avoiding the comparisons among different phenological 

states (seeds vs radical protrusions). Unlike Ae. tauschii, which did not show any after-

ripening requirement, both morphs of T. boeoticum reached the maximum germination 

percentage after 21 days of AA treatment. Therefore, this timepoint was chosen as control 

for the subsequent analyses, while 0 days was chosen as control for Ae. tauschii. See 

Table 4.1.1 for the controls and ageing intervals of the different seed accessions tested 

in this study. 

Table 4.1.1: a) ageing intervals of the Ae. tauschii and T. boeoticum seed accessions tested in this study: 

seeds were tested fresh, artificially aged, AA (method: controlled ageing test, CAT) and aged in cold 

storage (SB, seed bank). d=days; y=years. b) harvest year of the accessions aged in the cold chambers. 

Control=seed lots used as controls in the molecular analyses, fresh (0d) for Ae. tauschii, after-ripened (21d) 

for T. boeoticum. 

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

 Ageing time 

Control (d) 0 21 

Artificially aged, AA (d) 14, 21, 29, 35, 42, 49, 56, 

63, 70 

14, 21, 28, 35, 42, 49, 56, 

63, 70 

Aged in cold storage, SB 

(y) 

10, 11, 17, 19, 40 14, 17, 38 

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

Cold-stored accessions 1978, 1999, 2001, 2007, 

2008 

1980, 2002, 2005 

4.1.2 SB and AA 

P50 was calculated for the two species in the SB and AA conditions and the survival 

curves fitting the viability equations are represented in Figure 4.1.2. 
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Figure 4.1.2 Survival curves fitted by probit analysis of Ae. tauschii a) AA seeds, b) SB seeds, and T. 

boeoticum c) AA seeds, d) SB seeds. AA = AA, SB = ageing in seed bank conditions (cold storage) 

When subjected to AA, both species showed significant differences in terms of p50 among 

morphs: Ae. tauschii, A = 39.66 d, B = 49.55 d, P < 0.05, Figure 4.1.2a; T. boeoticum, 

A = 37.02 d, B = 51.49 d, P < 0.001, Figure 4.1.2c. In SB conditions, Ae. tauschii showed 

no differences among the two morphs (A = 27.76 y, B = 27.49 y, P = 0.665, Figure 

4.1.2b), while the two morphs of T. boeoticum showed significantly different longevity 

profiles (A = 38.95 y, B = 55.66 y, P < 0.001, Figure 4.1.2d). Thus, Ae. tauschii morphs 

showed different longevity profiles when subjected to SB and AA. Also, the two species 

showed similar lifespans when subjected to AA (GLM, species*morph Wald Chi-

squared=3.071, P=0.08), while both morphs of T. boeoticum were largely longer-lived 

than those of Ae. tauschii during SB storage: the species*morph interaction had a 

statistically significant effect on p50 (Wald Chi-squared=27.402, P<0.001), with morph 

A and B of T. boeoticum significantly longer-lived than morph A and B of Ae. tauschii, 

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

4.1.3 ROS accumulation in aged seeds 

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

controls was represented by means of heatmaps in Figure 4.1.3 (AA) and Figure 4.1.4 

(SB). Hereafter, when referring to ólowerô or óhigherô contents, ñincreaseò or ñdecreaseò,  

a statistically significant difference was found (P < 0.05). 
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Figure 4.1.3 Heatmaps representing the Log2 fold-changes, i.e, ratios, of ROS levels and relative gene 

expression in a) Ae. tauschii and b) T. boeoticum artificially aged (AA) seeds compared to the fresh controls 

(a, 0d; b, 21d). In b), ROS levels and gene expression were compared to controls also for 0d seeds, i.e., before 

after-ripening. APX, ascorbate peroxidase; CAT, catalase; DHAR, dehydroascorbate reductase; GSR, 

glutathione sulfo-reductase; MDAR, mono-dehydroascorbate reductase; SOD, superoxide dismutase. a) 39d, 

39 days of AA, corresponding to the p50 of morph A. 49d, 49 days of AA, corresponding to the p50 of morph 

B. b) 0d, fresh, dormant seeds before the AA treatment. 37d, 37 days of AA, corresponding to the p50 of 

morph A. 51d, 51 days of AA, corresponding to the p50 of morph B. 
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Figure 4.1.4 Heatmaps representing the Log2 fold-changes, i.e., ratios, of ROS levels and relative gene 

expression in a) Ae. tauschii and b) T. boeoticum seeds aged in seed bank conditions (cold storage, SB) 

compared to the fresh controls (a, 0d; b, 21d). APX, ascorbate peroxidase; CAT, catalase; DHAR, 

dehydroascorbate reductase; GSR, glutathione sulfo-reductase; MDAR, mono-dehydroascorbate reductase; 

SOD, superoxide dismutase. a) Ae. tauschii: T78, seed accession harvested and stored in 1978; T99, 1999 

seed accession; T08, 2008 seed accession. b) T. boeoticum: B80, 1980 seed accession; B02, 2002 seed 

accession; B05, 2005 seed accession. 

In both species, ROS accumulation was observed along with AA compared to the controls 

(Figure 2a, b) at 1h after imbibition in both morphs, while at the end of the pre-

germinative metabolism a significant decrease was observed except for aged seeds A of 

T. boeoticum. Also, in dry seeds of Ae. tauschii a higher ROS accumulation was observed 

when compared to the controls (Figure 4.1.3a), while in T. boeoticum both fresh and 

aged seeds showed lower ROS levels compared to the after-ripened controls (Figure 

4.1.3b). Regarding SB, a very strong ROS accumulation was observed in both morphs of 
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Ae. tauschii, slightly less evident in morph B and maximum at the beginning of the pre-

germinative metabolism (Figure 4.1.4a). In T. boeoticum SB seeds the highest increase 

was again observed at 1 h after imbibition, while ROS levels showed a decrease in the 

late stages of pre-germinative metabolism in the more recent seed lots (Figure 4.1.4b). 

Thus, a more consistent pattern among timepoints and imbibition states was observed 

during SB ageing, while AA conditions showed more variables consequences in terms of 

ROS accumulation. In general, in all the ageing conditions a higher ROS accumulation 

was observed after the activation of the pre-germinative metabolism (1 h after 

imbibition), while at the late stage a lower level was observed in T. boeoticum SB seeds 

and Ae. tauschii AA seeds. Indeed, high ROS levels were observed in SB seeds of Ae. 

tauschii also at 18 h after imbibition. 

4.1.4 Expression profiles of genes involved in H2O2 scavenging in AA seeds 

Hereafter, when referring to ólowerô or óhigherô contents, ñincreaseò or ñdecreaseò, a 

statistically significant difference was found (P < 0.05). The expression levels of the 

genes belonging to the H2O2 scavenging pathway were measured in AA seeds of Ae. 

tauschii (Figure 4.1.3a). GSR and APX transcripts showed an increase in all the 

imbibition states in the two morphs during ageing compared to the controls. CAT mRNA 

was detected at higher levels in dry seeds A at 39 and 49 d of AA (0.37 and 1.75 Log2FC, 

respectively), with a subsequent increase at 1h after imbibition in both morphs followed 

by a decrease in the late stage of pre-germinative metabolism. DHAR mRNA showed 

lower levels in morph A dry seeds compared to the control (39d=-2.65 and 49d=-2.05 

Log2FC), and little variations at 1h and 18h after imbibition in both morphs compared to 

the controls. Also, the SOD transcript showed little variation at the late stage of 

imbibition, while accumulation was observed at 1h in both morphs (in the range of 0.6-

0.7 Log2FC). The MDAR gene showed very variable expression profiles in the different 

morphs, imbibition stages and ageing timepoints.  

In T. boeoticum (Figure 4.1.3b) dry seeds at 0d, i.e. before the after-ripening in the 

incubator, only MDAR (2.88 Log2FC) and DHAR (0.36 Log2FC) genes showed higher 

expression levels compared to the controls, while the other four genes revealed lower 

transcripts levels (in the range ï0.67 to -1.74 Log2FC). At 1h after imbibition seed A and 

B 0d showed generally lower gene expression levels compared to the control (-0.14 to -

1.82 Log2FC). At 14 h after imbibition, seed A showed higher transcript levels for all the 

tested genes except APX, while seed B showed only upregulation of DHAR gene (3.10 

Log2FC). At p50 of seed A, 37d, both morphs at the dry state showed lower transcript 

levels compared to the control, while in seed A higher expression levels were observed 

at both the start and the end of the pre-germinative metabolism, with a notably higher 

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

transcripts at 1h after imbibition, and an upregulation of DHAR and CAT genes at 14 h. 

At p50 of seed B, 51d, little variation was observed in dry seeds compared to the controls, 

except for MDAR gene, more expressed in morph B (3.09 Log2FC). At 1h after 

imbibition transcript levels were higher in seed B and lower in seed A compared to the 

controls, while, on the contrary, at 14 h gene expression was higher in seed A (especially 

for GSR and CAT genes) and lower in seed B.  
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4.1.5 Expression profiles of genes involved in H2O2 scavenging in SB seeds 

The expression levels of the genes involved in the H2O2 scavenging pathway were 

measured in SB seeds of Ae. tauschii (Figure 4.1.4a). Notably, both APX and SOD gene 

expression patterns were consistent with the ROS levels measured in aged seeds. 

Compared to the controls, APX transcript levels resulted lower (in the range -2.87 to -

9.05 Log2FC) whereas SOD transcript levels were higher (in the range 1.27 to 3.79 

Log2FC), proportionally decreasing or increasing, respectively, along with ROS levels 

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

showed lower expression levels compared to the controls, while GSR showed higher 

transcript levels. At 1 h after imbibition, expression decreased in the oldest seed lots 

compared to the fresh controls, except for the more recent seed lots (T08, 2008), that 

showed higher levels especially in morph B, and except for the GSR gene, more expressed 

also in the T99 (1999) seed lots (0.63-0.82 Log2FC). GSR was also highly expressed at 

18 h after imbibition, while DHAR and CAT genes revealed lower expression levels 

except for morph B of the T99 and T08 seed lots. Also, the MDAR gene showed higher 

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

lots. 

In T. boeoticum (Figure 4.1.4b) dry seeds aged in SB conditions, SOD and GSR transcript 

levels were lower compared to the controls, while the MDAR gene showed higher 

expression levels. CAT and APX transcript levels showed low variations compared to the 

controls, except for morph A of the oldest seed lot (B80, 1980), that showed higher 

expression levels (APX=2.31 and 2.69 CAT=Log2FC). DHAR gene expression was 

generally lower except for morph B of the 2002 seed lot (B02). At 1H after imbibition, 

lower transcript levels were observed compared to the controls, except for CAT in morph 

A of the1980 and 2002 seed lots, SOD and DHAR in the morph B of 1980 and 2002 seed 

lots, respectively, and for DHAR in morph B of the 2002 lot and morph A in the 2005 lot. 

At 14 h after imbibition, higher GSR and CAT transcript levels were observed more 

evident in morph A (3.15 to 9.42 Log2FC). DHAR and SOD mRNA levels were lower in 

all the aged seed lots, except for SOD in morph B of the 2002 seed lot. MDAR gene 

expression was higher in the more recent seed lot (B05) compared to the controls 

(A=1.64, B=1.91 Log2FC). 

In Ae. tauschii a consistent pattern of the GSR gene expression among ageing treatments 

and imbibition states was observed. In T. boeoticum the expression pattern is similar 

among imbibition states, in particular in the higher expression of GSR and CAT at 18 h 

after imbibition. 

4.2. The maize collection at CIMMYT ôs genebank 

4.2.1 Seed mass and moisture content 

Seed mass differed among accessions (d.f. 841, H = 4844.662, P < 0.001), ranging from 

1.43 ± 0.05 to 14.53 ± 0.15 g in the different study accessions. Seed mass was not 

significantly different between the seed lots of the same accession conserved in the two 

chambers (d.f. 841, H = 99.64, P = 1). Seed mass was different among grain types (d.f. 

4, H = 1091.7, P < 0.001); the highest values of seed mass were detected in floury 
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accessions (mean seed mass 7.3 ± 1.2 g), followed by dent (6.6 ± 1.5 g), flint (4.7 ± 1.2 

g), sweet (4.7 ± 0.9 g) and popcorn (2 ± 0.4 g). Moisture content differed among 

accessions and between chambers (respectively d.f. 841, H = 3110.262, P < 0.001; d.f. 1, 

H = 982.336, P < 0.001), ranging from 4.98 to 15.16 % (average = 9.42 ± 1.95 %) in the 

base chamber and from 5.15 to 15.48 % (average = 11.00 ± 1.46 %) in the active chamber. 

4.2.2. Final germination: active and base chambers 

The final germination data obtained from the experiment showed significant differences 

among accessions, the two conservation chambers (active and base) and their interaction 

(Table 4.2.1).  

Table 4.2.1 Analysis of deviance of generalized linear model (GLM) with binomial distribution and logit 

link function: model effects on germination percentage of 835 maize accessions conserved in 2 different 

chambers. 

 Df Deviance Resid. Df Resid. Dev P value 

Accession 834 10003.77 4173 9868.27 <0.001 

Chamber 1 3261.02 4172 6607.25 <0.001 

Accession*Chamber 834 2923.84 3337 3678.53 <0.001 

Among the 835 accessions tested from both active and base chambers in this experiment, 

284 showed a significant difference in germination between the two chambers (34.01 % 

of total). Of the 284 statistically significant pairwise comparisons, 275 accessions showed 

a higher germination in the base chamber (96.83 % of the comparisons). The remaining 

nine accessions, with a better performance in the active chamber, accounted for only 3.17 

% of comparisons. Considering all accessions tested in this experiment from both 

chambers, the average germination was 92.1 ± 9.1 % for the seed lots conserved in the 

base chamber and 81.4 ± 16.3 % for the seed lots conserved in the active chamber (Figure 

4.2.1). 
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Figure 4.2.1 Density plot representing the frequency of seed lots showing different values of germination 

percentage on a continuous scale, divided by conservation chamber (active and base). Dashed lines represent 

the average germination percentage for the two chambers (intercept). 

In the base chamber, 84.5 % of the seed lots showed a final germination percentage above 

the threshold of 85 % of the initial germination value (FAO, 2014), while in the active 

chamber the final germination of 53 % of the seed lots was above this threshold. 

Moreover, in the active chamber, we detected twice the number of seed lots in the final 

germination range between 70 and 85 % of the initial compared with the base chamber, 

and about seven times the number in the base chamber between 50 and 70 %. Only four 

seed lots below 50 % of the initial germination were found in the base chamber 

(accounting for 0.4 % of the total), while 44 seed lots were found in the active chamber 

(5.2 %, Table 4.2.2).  

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

germination % ranges. 

Germination % % of acc. Active % of acc. Base 

>85% 53 84.5 

70-85% 27.3 12.8 

50-70% 14.6 2.2 

<50% 5.2 0.4 

Total 100 100 

Considering the 835 accessions tested for both the active and base chambers, 47.8 and 

13.9 % of the seed lots in the active and base chambers, respectively, showed a final 

germination below the 85 % threshold of the initial germination and therefore need 

regeneration (FAO, 2014). Based on a Kendallôs test, a positive correlation was found 

between the germination of the seed lots of the same accession in the active and base 

chambers (Tau b = 0.35, P < 0.01), indicating a similar behaviour, in terms of viability 

loss, of the same accession conserved in the two different chambers. 
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4.2.3 P50 and p85 

The p50 and p85 predictions were performed only for the active chamber for which 

historical data on seed germination were available. Three viability data points were 

available and used in the analysis: initial germination, an intermediate point 

(corresponding to a viability monitoring test performed between 1985 and 2011, 

depending on the accession) and the germination data obtained from the current 

experiment. Of the total 855 active accessions, logit analysis successfully predicted p85 

and p50 for 400 accessions (46.78 % of the total). p85 spanned between 4.2 and 54.4 years, 

with an average of 37.6 years; p50 values of the same accessions were between 16.5 and 

91 years, with an average of 60 years. The observed differences among accessions in 

longevity estimates were statistically significant (d.f. = 854, residual deviance = 

8245.112, P < 0.001). Due to the fact that reliable longevity estimates (p85 and p50) could 

not be calculated for all of the accessions, the ageing rate (L) was selected as the longevity 

indicator for subsequent analyses, making it possible to also include accessions that did 

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

4.2.4 Correlations 

Correlation plots were made for both óactiveô and óbaseô seed lots, based on mixed 

correlation matrices (Figure 4.2.2).  

 

Figure 4.2.2 Correlation plots of active and base chambers. Coefficients of correlation are represented by 

numbers in the lower part of the graph, and by colours in the upper part. Continuous variables: elevation 

(Elev), ageing rate (L), latitude (Lat), longitude (Long), moisture content (MC) and mass. Polytomous 

variables: KöppenïGeiger climatic zone (CZ), grain colour (G.Colour), type (G.Type) and regeneration site 

(Reg.Site). Correlations among geographical variables are indicated as NA. 

Correlations between L and all the other variables were statistically significant (P < 0.5), 

except for moisture content in the base chamber (P = 0.23). The ageing rate L showed 

the strongest correlation with the polytomous variable ógrain typeô consistently in both 

conservation chambers (Figure 4.2.2). The partial correlation analysis confirmed that the 

variable with the strongest correlation with L was grain type, followed by seed mass. 

Correlations with geographical coordinates were also significant, and a cautious 
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interpretation of this correlation is reported in the Manuscript (section 7, page 97), as 

accessions were collected in different years and in limited areas within the same country. 

4.2.5 Effect of grain type 

Since grain type showed the strongest correlation with the ageing rate (L), a GLM was 

performed to understand how L differed among the grain types. Grain type showed a 

significant effect on the ageing rate L both in the active (d.f. 4, residual deviance = 

162.7146, P < 0.001) and in the base chamber (d.f. 4, residual deviance = 223.7943, P < 

0.001). In particular, in the active chamber, flint and floury seeds, without significant 

differences between them (P = 0.22), showed the lowest L, and therefore the lowest loss 

of seed viability across time, when compared with dent seeds (P < 0.001). In the base 

chamber, flint seeds showed the lowest L (P < 0.001), while floury and dent seeds did 

not show differences (P = 0.32). Overall, flint seeds showed a lower ageing rate when 

compared with the other grain types in terms of both the average and mode of the ageing 

rate L (Figure 4.2.3).  

 

Figure 4.2.3 Violin and box plots representing the ageing rate (L) in the three most represented grain types, 

in both the active and base chambers. Letters above violins represent statistically significant differences. 

In this latter analysis, only the three major grain types, floury, flint and dent, were 

considered since the sample sizes were much lower for sweet and popcorn in the set of 

accession used in this study (see óStudy accessionsô in Materials and Methods 3.2.2). 

4.2.6 Monitoring intervals 

Viability monitoring intervals were calculated as one-third of the p85, with a maximum 

interval of 40 years between monitoring points, for all the active seed lots, as suggested 

by FAO (2014). For this calculation, no filter on the p85 was applied; all the p85s, 

extrapolated from the logit model, were employed in this analysis, since, following FAO 

(2014) a maximum interval of 40 years is adopted, even when p85 is >120 years. The 
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average viability monitoring interval for the accessions conserved in the active chamber 

is 17.5 ± 7.7 years. Monitoring intervals (measured in years) were significantly different 

among the three main grain types, flint, dent and floury (d.f. = 2, KruskalïWallis ɢ 2 = 

80.30, P < 0.001), as follows: flint accessions (20.3 ± 9 years, P < 0.001), significantly 

longer than dent (14.6 ± 4.9 years) and floury (18.0 ± 7.6 years; P < 0.001). The difference 

in monitoring intervals between dent and floury was also significant (P < 0.01). 

4.3 Pisum sativum accessions from the IPK collection 

4.3.1 Germination profiles reveal genotype-dependent changes in pea seed 

longevity 

Germination tests were performed with seeds from the yellow (Y1, Y2, Y3, Y4) and 

green (G1, G2, G3, G4) pea accessions (Figure 4.3.1a).  

 

Figure 4.3.1 a) Seed lots used in this study. Y, yellow. G, green. F, harvested in 2019 (fresh). A, harvested 

in 2001 and kept in cold storage (aged). R, harvested in 2001 and conserved at room temperature conditions. 

b) Germination percentage of the 8 pea accessions (fresh seeds; seeds aged in cold storage and at room 

temperature conditions). c) ROS levels measured in dry pea seeds using the DCF-DA fluorescent dye. Letters 

above bars represent statistically significant differences (GLM with Tukey post-hoc test, P < 0.05) within the 

same accession. R.F.U., relative fluorescence unit. ROS, reactive oxygen species. DCF-DA, dye 2ô,7ô-

dichlorofluorescein diacetate. Asterisks represent statistically significant differences between aged and fresh 

seeds within the same accession (** = P < 0.01). d) Kendallôs Tau-b correlation between ROS levels and 

germination profile of dry seeds from the yellow (Y1, Y2, Y3, Y4) and green (G1, G2, G3, G4) accessions. 

 

Both fresh seeds (F) and seeds stored under different environments (A, cold chamber; R, 
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room-temperature conditions) were analyzed (Figure 4.3.1b). No significant difference 

in terms of germination percentage was observed between F and A seeds in all the tested 

accessions. However, significantly lower germination percentages were observed in R 

seeds when compared to F (P < 0.01), with the exception of G4 variety. The latter 

conserved nearly 100 % germination in F, A and R conditions, revealing an impressive 

longevity profile (Figure 4.3.1b). Accessions and storage conditions (F, A and R) had a 

statistically significant effect on germination percentage, as did the 

accession*conservation interaction (P < 0.01) (see Table 4.3.1 for the corresponding 

Wald ɢ-squared values and d.f.).  

Parameter Factors Wald ɢ-squared d.f. P value 

G  

Accession 1842.469 6 <0.001 

Conservation 146.002 2 <0.001 

Accession*Conservation 1482.498 14 <0.001 

MTG 

Accession 71.755 6 <0.001 

Conservation 13.539 2 <0.001 

Accession*Conservation 97.988 14 <0.001 

MGR 

Accession 148.311 6 <0.001 

Conservation 455.482 2 <0.001 

Accession*Conservation 137.744 14 <0.001 

Z 

Accession 4.98 6 0.546 

Conservation 7.151 2 0.007 

Accession*Conservation 15.025 14 0.02 

MC 

Accession 438.199 6 <0.001 

Conservation 1845.743 2 <0.001 

Accession*Conservation 398.148 13 <0.001 

ROS 

Accession 42.261 6 <0.001 

Conservation 246.989 2 <0.001 

Accession*Conservation 78.308 14 <0.001 

Overall, MGT and MGR showed a significant increase in A and R seeds when compared 

to F while Z did not show significant differences among accessions or conservation 

conditions (Table 4.3.1). In order to figure out any possible effects related to chlorophyll 

content on seed germination, chlorophyll a and b levels were measured in dry and 

imbibed seeds of the green pea accessions. No correlation was found between chlorophyll 

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

4.3.2 Increased ROS levels correlate with seed deterioration 

ROS accumulation was determined in yellow and green pea seeds and the different 

conditions, namely fresh seeds (F) and seeds stored in cold chamber (A) or at room 

temperature (R) were analyzed (Figure 4.3.1c). In the yellow accessions (Y1, Y2, Y3, 
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Y4) and in the green accession G3, the F seeds showed a higher ROS content, compared 

to A seeds whereas F and R seeds shared similar ROS content (P < 0.05). When 

considering the different storage conditions, R seeds showed a significantly (P < 0.05) 

higher ROS content compared to A seeds in all the tested accessions, except for G4. The 

latter showed similar ROS levels in F, A and R seed lots (Figure 4.3.1c). Overall, ROS 

content in aged seeds (both A and R) showed a negative correlation with germination 

percentage (Tau-b: -0.76) (Figure 4.3.1d). Additional measurements were carried out on 

seeds collected at 24 h and 48 h of imbibition. ROS contents detected in seeds at 24 and 

48 h of imbibition showed a negative correlation with germination percentage (Tau-b: -

0.57, -0.59, respectively). Accessions, storage conditions (F, A and R) and their 

interaction had a statistically significant effect on ROS content (P < 0.01) (See Table 

4.3.1 for the corresponding Wald ɢ-squared values and d.f.). Given the exceptional 

behaviour of G4 in terms of seed longevity and ROS profiles, this accession was selected 

for subsequent evaluations. The G1 and Y1 accessions, showing an intermediate (about 

40 % germination in R seeds) and low (about 10 % germination in R seeds) longevity 

profile, respectively, and the Y2 accession whose R seeds did not germinate were also 

chosen for this study.  

4.3.3 Wrinkled seed longevity correlates with reduced lipid peroxidation and 

enhanced tocopherols content 

In-depth analyses were carried out to assess oxidative damage at the level of lipid 

membranes in Y1, Y2, G1 and G4 accessions showing contrasting longevity profiles. 

MDA contents were measured as hallmark of lipid peroxidation. Results are shown in 

Figure 4.3.2 as heatmap where values represent the Log2 FC of MDA levels monitored 

in A and R seeds compared with F seeds.  

 

Figure 4.3.2 Levels of malondialdehyde (MDA), tocopherols, free proline, and reducing sugars in dry seeds 

of the yellow (Y) and green (G) pea accessions. F, harvested in 2019 (fresh). A, harvested in 2001 and kept 

in cold storage (aged). R, harvested in 2001 and conserved at room temperature conditions. Heatmaps 

represent changes of relevant metabolites in A and R seeds, compared to F seeds. For each metabolite, the 

mean values are available in Figure 4.3.3. Asterisks represent statistically significant differences between 
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fresh and aged seeds within the same accession, showed by the post-hoc Bonferroni test (* = P < 0.05; ** = 

P < 0.01).   

Mean values are available in Figure 4.3.3a.  

 

Figure 4.3.3 Levels of A) malondialdehyde (MDA), B) tocopherols, C) free proline, D) reducing sugars 

measured in pea seeds of the yellow (Y1, Y2) and green (G1, G4) accessions. F, fresh seeds harvested in 

2019. A, seeds harvested in 2001 and kept in cold storage. R, seeds harvested in 2001 and conserved at room 

temperature conditions. Asterisks above bars represent statistically significant differences, comparisons 

made between F and A/R seeds (GLM with post-hoc Bonferroni test, * P < 0.05, ** P < 0.01) within the 

same accession.  

Lipid peroxidation, measured in terms of MDA contents, was significantly higher in A 

seeds of Y1 (P < 0.01), G1 (P < 0.01), and G4 (P < 0.05). It was also significantly higher 

in R seeds in Y1 (P < 0.01), Y2 (P < 0.05) and G1 (P < 0.01) accessions with the exception 

of G4 (Figure 4.3.2, MDA). In this accession, characterized by high seed longevity, the 

estimated MDA content of R seeds (1.7 Ñ 0.11 ɛg/gFW) was similar to that found in F 

seeds (1.66 Ñ 0.06 ɛg/gFW) (Figure 4.3.3a). Accessions, storage conditions (F, A, R) and 

their interaction had a statistically significant effect on MDA levels (Table 4.3.2).  

Table 4.3.2 Results of the generalized linear models (GLMs) performed on the levels of biochemical 

compounds MDA (malondialdehyde), tocopherols, free proline, and reducing sugars measured in the four 

selected accessions in their three conservation states. F, fresh seeds, harvested in 2019. A, seeds harvested in 
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2001 and kept in cold storage. R, seeds harvested in 2001 and conserved at room temperature. Y, yellow. G, 

green. 

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

(Figure 4.3.4a).  

Parameter Factors Wald ɢ-squared d.f. P value 

MDA  

Accession 177.029 3.000 <0.001 

Conservation 139.220 2.000 <0.001 

Accession*Conservation 54.472 6.000 <0.001 

Tocopherol 

Accession 349.369 3.000 <0.001 

Conservation 69.546 2.000 <0.001 

Accession*Conservation 43.455 6.000 <0.001 

Proline 

Accession 24.779 3.000 <0.001 

Conservation 46.787 2.000 <0.001 

Accession*Conservation 77.307 6.000 <0.001 

Reducing sugars 

Accession 2097.451 3.000 <0.001 

Conservation 517.180 2.000 <0.001 

Accession*Conservation 272.290 6.000 <0.001 
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Figure 4.3.4 Kendallôs Tau-b correlations between germination percentage and a) malondialdehyde (MDA), 

b) tocopherols, c) free proline, and d) reducing sugars contents of seeds from the yellow (Y1, Y2) and green 

(G1, G4) accessions, in both fresh and aged (cold storage, room temperature conditions) seeds. 

The reduced levels of lipid peroxidation detected in the R seeds of G4 suggest for the 

presence of protective mechanisms, unique to this accession.  

The total tocopherols content was determined in order to assess the possible contribution 

to the seed antioxidant response. Results are shown in Figure 4.3.2 as heatmap where 

values represent the Log2 FC of tocopherols content monitored in A and R seeds 

compared with F seeds. Mean values are available in Fig. 4.3.3b. In all the tested 

accessions, no significant difference in terms of total tocopherols content was observed 

in A seeds compared to F seeds. A significant (P < 0.01) decrease was found in R seeds 

of Y1 and Y2, compared with F seeds. No significant (P = 1) decrease in total tocopherols 

content was detected in both G1 and G4 seeds stored at room temperature conditions (R), 

compared to F seeds. In the long-lived G4 accession, the estimated total tocopherols 

content of F seeds (1.58 ± 0.11 mg/gFW) was similar to that found in A (1.62 ± 0.16 

mg/gFW) and R seeds (1.62 ± 0.14 mg/gFW) (Figure 4.3.3b). Accessions, storage 

conditions (F, A and R) and their interaction had a statistically significant effect on 

tocopherols levels (Table 4.3.2). Total tocopherols content was positively correlated to 

germination (Tau-b: 0.58; P < 0.01) (Figure 4.3.4b), suggesting for a role of these 

antioxidant compounds in the high-longevity profile of the wrinkled seeds.  
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4.3.4 Increased free proline content is a stress-induced hallmark of pea seed 

deterioration 

Proline accumulation, typically observed in planta under oxidative stress conditions, has 

been also reported during prolonged seed storage (Kong et al., 2015). In order to further 

assess the metabolic response of the Y1, Y2, G1 and G4 varieties showing contrasting 

longevity profiles, the free proline content was measured. Results are shown in Figure 

4.3.2 as heatmap where values represent the Log2 FC of proline levels monitored in A 

and R seeds compared with F seeds. Mean values are available in Figure 4.3.3c. The 

metabolite amount was significantly higher only in R seeds of Y1 (P < 0.05) and Y2 (P 

< 0.01), compared to F. The estimated amount of free proline was 149.34 ± 0.84 ɛg/gFW 

(R seeds, Y1) and 150.18 Ñ 3.05 ɛg/gFW (R seeds, Y2) (Figure 4.3.3c). Variety, storage 

conditions (F, A, R) and their interaction had a statistically significant effect on proline 

levels (Table 4.3.2). A negative correlation with germination percentage was observed 

(Tau-b: -0.61; P < 0.01) (Figure 4.3.4c), thus strengthening the role played by this low-

molecular weight osmolyte as hallmark of seed ageing. 

4.3.5 High levels of reducing sugars are found in wrinkled seed 

Considering the documented role of reducing sugars in seed deterioration (Murthy & Sun, 

2000) the levels of these metabolites were measured in the Y1, Y2, G1 and G4 accessions 

showing contrasting longevity profiles. Results are shown in Figure 4.3.2 as a heatmap 

where values represent the Log2FC of reducing sugars monitored in A and R seeds 

compared with F seeds. Mean values are available in Figure 4.3.3d. A significant (P < 

0.01) reduction of reducing sugars was observed in the R seeds of Y1, Y2, and G1 

accessions. In G4, showing the highest longevity in R seeds, the estimated total reducing 

sugars content of F seeds (26.19 ± 0.41 mg/gFW) was similar to that found in A seeds 

(28.61 ± 1.72 mg/gFW) and R seeds (29.40 ± 1.32 mg/gFW), being these levels 

significantly higher than those observed in the other accessions (Figure 4.3.3d). 

Accessions, storage conditions (F, A, and R) and their interaction had a statistically 

significant effect on the reducing sugars contents (Table 4.3.2). A positive correlation 

with germination percentage was observed (Tau-b 0.58; P < 0.01) (Figure 4.3.4d), thus 

suggesting a relationship between the availability of reducing sugars and seed longevity 

in wrinkled seeds. 

4.3.6 Thermodynamical properties of the pea wrinkled seeds suggest for the 

presence of low molecular weight components 

Temperatures of glass transition (Tg) were measured using differential scanning 

calorimetry. Even though Tg was significantly different among accessions (F = 28.634; 

d, f = 3; P < 0.01) and conservation states (F = 6.597; d, f = 2; P < 0.01), no clear 

association with longevity was observed. Indeed, Tg was not significantly correlated with 

germination percentage (Tau-b = - 0.04, P = 0.806). Moisture content was measured in 

all the pea accessions, for the different conservation conditions (F, A, R). Although the 

accession*conservation interaction showed a significant effect on moisture content, no 

significant differences among accessions were consistent with their longevity profiles 

(Table 4.3.1). Moisture content was also evaluated by thermogravimetric analysis 

(Figure 4.3.5).  
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Figure 4.3.5 Weight loss (%) TG curves for dry seeds of the yellow (Y) and green (G) pea accessions. 

The moisture content of the pea dry seeds was 10 ± 1 %, visible as a weight loss close to 

100°C. TGA measurements were made both in air and in nitrogen atmosphere. 

Interestingly, under nitrogen atmosphere, curves showed a thermal decomposition profile 

including two steps: the first one occurred close to 250°C and the second one, more 

evident, was detected at 300°C. In order to better evidence the differences in composition 

between seeds, curves were translated to match the same dry weight at 170°C. This point 

was chosen because at this temperature the loss of water was completed, and thermal 

decomposition had not started yet. As shown in Figure 4.3.5, it is evident that those 

curves corresponding to the G4 seeds in the three different tested conditions started to 

lose material close to 200°C. This is indicated by the different slope observed for the G4 

seeds in the range 200-300°C. This profile might correspond to the decomposition and/or 

evaporation of relatively small molecules exclusively found in the wrinkled seeds. 

Periodic acid-Schiff (PAS) staining combined with transmission electron microscopy 

was used to localize the occurrence of polysaccharides in the pea embryo axes. The 

progression of the oxidation reaction within polysaccharides, and the consequent 

generation of aldehyde groups, is delayed in these high molecular weight polymers, 

featuring the occurrence of dark-stained dots. By contrast, oxidation is accelerated when 

low molecular weight oligosaccharides are the predominant substrates, resulting in 

staining of weak intensity. As for the G4 wrinkled seeds, in the cytoplasm of cell embryos 

the PAS reaction highlighted the occurrence of dots of low intensity (Figure 4.3.6, a and 

b) whereas dark-stained dots were observed in the PAS-treated Y1 cells (Figure 4.3.7). 
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Figure 4.3.6 Transmission electron microscopy analysis of sections of dry embryos excised from the G4 

wrinkled seeds and subjected to periodic acid-Schiff (PAS) staining for 30 min in order to localize the 

occurrence of polysaccharides versus oligosaccharides in the pea embryo axes. (a) Cytoplasm region of a 

PAS-stained cell showing the distribution of some proplastids (pp, arrows). (b) Enlarged section of a PAS-

stained cell showing a proplastid (pp) surrounded by several lipid bodies (lb) and the occurrence of weak 

dots inside the proplastid (arrow), resulting from the PAS mediated oxidation of polysaccharides. (c) 

Negative control (osmium ammine staining, without periodic acid treatment): enlarged section of a cell 

showing a proplastid (pp) and the surrounding lipid bodies (lb, arrow). 
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Figure 4.3.7 Transmission electron microscopy analysis of sections of dry embryos excised from the Y1 

seeds and subjected to periodic acid-Schiff (PAS) staining for 30 min in order to localize the occurrence of 

polysaccharides versus oligosaccharides in the pea embryo axes. (a) Cytoplasm region of a PAS-stained cell 

showing the distribution of some proplastids (pp), surrounded by several lipid bodies (lb) and the occurrence 

of intense precipitates inside the proplastid (arrow), resulting from the PAS mediated oxidation of 

polysaccharides. (c) Negative control (osmium ammine staining, without periodic acid treatment): enlarged 

section of a cell showing a proplastid (pp). 

Dark dots reflect the ongoing oxidation of polysaccharides in the Y1 cells while the poor 

signal detected in the G4 sample indicates that the same process was already concluded. 

The different reactivity hereby observed might reflect for different carbohydrate 

composition profiles in the seeds of the two pea accessions, particularly the occurrence 

of low molecular weight oligosaccharides in the G4 seeds, as suggested by the TGA 

measurements. 

4.3.7 The high longevity profile of the wrinkled seeds features expanded 

heterochromatic areas and reduced occurrence of ɔH2AX foci 

To assess the impact of almost 20 years of storage at room temperature on the nuclear 

architecture of the wrinkled seeds, the nuclear compartment was explored in the G4 

embryos. A comparison was made with the Y1 embryos. Preliminary nuclear staining 

with Toluidine Blue carried out on sections of pea embryo axes revealed consistent 

nuclear shrinkage, with an expansion of the area of heterochromatin domains, in the 

wrinkled seeds (Figure 4.3.8, a and b). 
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Figure 4.3.8 Nuclear staining with Toluidine Blue. Ultrastructural profile of Y1 a) and 

G4 b) nuclei of embryo axis excised from seeds stored at room temperature (Y1-R, and 

G4-R). Ultrastructural changes in chromatin distribution highlighted in Y1 c) and G4 d) 

nuclei subjected to osmium ammine staining for TEM analysis. hc, heterochromatin. ec, 

euchromatin. nu, nucleolus. n, nucleus. 

 

In order to investigate changes in chromatin distribution that might represent 

ultrastructural hallmarks related to the high-longevity profile of the G4 accession, 

sections of pea embryo axes underwent osmium ammine staining for TEM analysis. The 

ultrastructural profile of Y1 and G4 nuclei is shown in Figure 4.3.8 (c and d). In the Y1 

nuclei, large heterochromatin areas are visible, as expected when dehydration occurs 

(Figure 4.3.8c, hc, arrows), as well as regions of decondensed euchromatin (Figure 

4.3.8c, ec). Some of these condensed heterochromatin regions are located close to the 

nucleolus. In the G4 nuclei, chromatin condensation patterns were remarkably enhanced, 

covering the entire nuclear area (Figure 4.3.8d, hc). Such an unusual expansion of the 

packed chromatin might be indicative of an effective strategy driving genome 

maintenance in the G4 accession, possibly limiting long-term DNA damage 

accumulation in these extremely long-lived seeds. To assess this hypothesis, the 

distribution of ɔH2AX foci was investigated. 

Upon DNA damage, ATM phosphorylates the histone variant H2AX on Ser139 (Burma 
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et al., 2001) and such modification (ɔH2AX) can spread for up to 1 Mb away from the 

break site, acting as a platform to recruit the DNA repair enzymes (Iacovoni et al., 2010). 

In order to map the ɔH2AX foci in the Y1 and G4 pea nuclei, immunocytochemical and 

TEM analyses were performed, using an antibody raised against the human histone 

variant H2AX on Ser139. Representative examples of the distribution of ɔH2AX foci in 

the nuclei of R seeds, in both Y1 and G4 accessions are shown in Figure 4.3.9 (a and b).  

 

Figure 4.3.9 Distribution of ɔH2AX foci in the nucleus of embryo axis excised from seeds stored at room 

temperature: a) Y1-R and b) G4-R. Detection of ɔH2AX foci was performed by immunocytochemical and 

TEM analyses. n, nucleus. nu, nucleolus 

The estimated density of ɔH2AX foci, expressed as nÁ foci per 400 nm2 of nuclear area, 

was significantly higher (P < 0.05) in the Y1 nuclei (1.6), compared to G4 nuclei (1.1). 

Thus, the limited genotoxic impact exerted by long-term storage on the wrinkled seeds 

might be the consequence of the highly compacted chromatin conformation previously 

described.  
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5. Discussion 

Even though seed longevity is currently one of the main focus of seed biology, many 

aspects concerning its underlying mechanisms still remain unexplored or not sufficiently 

clarified. Indeed, given the importance of seed lifespan for food security, habitat 

restoration and biodiversity conservation, current studies are focusing on seed longevity 

at the intra- and inter-specific level, as well as in optimal vs. stressful storage conditions, 

and at different levels of analysis, i.e., eco-physiological, genetic, and molecular 

processes. In this context, the present work focused on the analysis of seed longevity in 

crops and wild relatives, with the aim of expanding the current knowledge about the 

dynamics of artificial and natural ageing in seed bank, long-term storage. 

Few studies addressed the existing differences in longevity profiles between different 

accessions of the same plant species, and still fewer data are available when considering 

different morphs belonging to the same genotype (Gianella et al., 2021; Guzzon et al., 

2021). Understanding how these biological entities age in seed bank conditions is crucial 

for the definition of appropriate monitoring and regeneration intervals in order to secure 

the invaluable richness of the plant genetic resources (PGRs) we are conserving for the 

future of our planet and the tomorrowôs human generations. Intra-crop and intra-genotype 

comparisons were performed in maize, garden pea and wheat wild relatives. The wheat 

wild relatives experiment confirmed the presence of heteromorphism in terms of seed 

longevity (Gianella et al., 2020; Guzzon et al., 2018), but for the first time it was observed 

that the two morphs age differently also in seed bank (and not artificial) ageing 

conditions. This finding highlighted different needs in terms of viability monitoring also 

within the same genotype. Regarding the maize project, the seed viability and longevity 

estimates were significantly different among accessions considered, e.g., the p50 varied 

from 16.5 to 91 years. Within a large seed bank such as CIMMYTôs, where the 

experiments took place, it is of particular importance to identify group of accessions that 

show different longevity profiles, in particular the ones that mostly require regeneration 

efforts, in order to optimize human resources and funding allocations (Hay et al., 2013). 

In the pea project, even though involving few accessions, significant differences were 

found, thus confirming the differential behaviour in terms of seed ageing within the same 

crop species. Indeed, in both the yellow and green pea accessions, seed viability was 

maintained in the samples kept under cold storage conditions whereas a significant 

decrease occurred in the samples maintained at room temperature, except for the G4 

accession. According to the seed bank database, the G4 accession was classified as a 

mutant of the pea variety named óFrogelô. Among the different accessions, the observed 

decline in seed viability varied, spanning between complete (0% germination), 

intermediate (40%) or null (100%).  

The second level of analysis was the comparison of the longevity profiles among different 

ageing conditions, namely cold storage (base chamber, -18°C; active chamber, 3 °C), 

room conditions and artificial ageing (AA). In the wheat wild relatives project, different 

behaviours were observed when the two species were subjected to seed bank ageing and 

AA. Morph B of T. boeoticum was significantly longer-lived than morph A in both 

conditions. Differently, Ae. tauschii did not show significantly different p50 values among 

morphs when aged in cold storage, while morph B was significantly longer-lived when 

subjected to AA. These differences in the longevity estimates and slope of the curves 
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detected between the two ageing conditions can be due to several factors, such as the 

different number of time-intervals between storage conditions or environmental factors 

at regeneration stage that influenced seed heteromorphism and longevity. Nevertheless, 

the possibility that these differences are due to the fact that AA and cold storage affected 

seed survival in different ways cannot be ruled out (Walters et al., 2010; Colville & 

Pritchard, 2019). It follows that predictions made with AA should be used with caution 

to infer ranks of longevity under cold-storage and, therefore, to make subsequent decision 

on seed bank management (e.g., change seed processing methodologies, prioritization of 

accessions for regeneration and/or viability monitoring). Maize seed accessions 

conserved at CIMMYT genebank for up to 60 years showed a very high viability, higher 

than previously reported from maize accessions stored in similar conditions (Walters et 

al. 2005; Nagel and Börner 2010; Yamasaki et al. 2020). Given that, the germination 

percentage of the accessions conserved in active conditions was significantly lower and 

more variable than that observed in samples stored in the base chamber. The positive 

correlation between the germination profiles of the same accession in the active and in 

the base collection highlights an accession-specific behaviour in terms of viability loss. 

This indicates that the conservation conditions are the cause of the steeper decline in 

viability observed in the active chamber, where temperature and RH are higher compared 

to the base. Regarding the pea accessions, no significant decline in the final viability was 

observed in seeds conserved in cold storage for 20 years. On the contrary, all the 

accessions except G4 showed a pronounced viability loss when conserved at room 

conditions. This underlines the importance and effectiveness of cold storage in preserving 

PGRs: even though not all the different genotypes survived to 20 years in conditions of 

ónaturalô ageing, the germination performance was optimal for all the accessions 

conserved in cold storage. 

Among the seed traits correlating with seed longevity, morphology was a leitmotif in all 

the three projects composing this thesis. Seed dimensions were correlated with longevity 

in both maize and wheat wild relatives. In previous studies we demonstrated that different 

morphs of the same species respond differently to AA in several wheat wild relatives, 

with smaller seeds possessing higher longevity, dormancy and antioxidant profiles 

(Guzzon et al., 2018; Gianella et al., 2020). These seed traits are known as part of a bet-

hedging evolutionary strategy that provides smaller seeds with a longer soil persistence 

(Arshad et al., 2019; Gianella et al., 2021), thereby reducing the risk of germination 

failure over time. The results of the experiment carried out for this thesis show for the 

first time that differences in seed longevity due to heteromorphism may occur also in 

seeds held under genebank conditions, which may have important implications for the ex 

situ conservation practices. In the maize project, the ageing rate (L) of the study 

accessions correlated with seed-related traits, namely seed mass and grain type. The 

ageing rate was positively correlated with seed mass, a trait that showed a great variation 

among the studied accessions, meaning that larger seeds aged faster than smaller ones 

(Fig. 2). This has been observed in other cereal crop gene pools such as rice (Rao et al., 

1996) and the aforementioned wheat wild relatives. The biological bases for this inverse 

correlation in maize are not fully clarified yet and further research is needed to verify this 

observation. In the pea experiments, even though seed mass was not correlated with 

longevity, the role played by seed colour was the first research question raised at the 

IPKôs seed bank, as green seeds seemed to possess a longer lifespan. However, in the 

pool of accessions considered in this study, a variable pattern was encountered, and a 
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possible role of chlorophyll content in shaping the different longevity profiles was ruled 

out. Results hereby provided evidence that the outstanding viability retained by G4 seeds 

after 20 years of room storage is associated more with the seed coat wrinkled phenotype 

rather than its colour.  

Oxidative stress levels and the seed antioxidant response were explored in both the 

experimental systems of wheat wild relatives and pea seeds. The conditions applied to 

AA or cold storage affect the cytoplasmic viscoelastic properties and the biochemical 

processes taking place within it, in turn influencing the physiological pH and the redox 

state (Nagel et al., 2015). Oxidative stress is considered as the main cause of seed ageing, 

and it arises due to an imbalance between the accumulation of ROS, also functioning as 

signalling molecules, and the cellular antioxidant capacity. The latter plays an essential 

role in order to avoid cellular damages induced by the oxidative reaction that affect 

nucleic acids, lipids and proteins (Kurek et al., 2019). In the wheat wild relative study, 

the oxidative stress status was explored in order to compare AA and ageing in cold 

storage. The two studied species did not show similar patterns in terms of ROS 

accumulation within the same ageing conditions. In the dry state, in Ae. tauschii an 

increase in ROS levels was observed, compared to the fresh controls in both ageing 

treatments, while T. boeoticum showed generally lower ROS levels in the comparison 

with the after-ripened controls. ROS accumulation in the after-ripened controls could be 

due to the fact that after-ripening was performed within the ageing box (45°C, 60% RH), 

and even if germination was higher, the conditions of high temperature and RH used for 

AA could have triggered ROS production. Indeed, the conditions that determine the loss 

of dormancy during after-ripening are the same, i.e., increased temperature and RH, and 

it is considered as the first stage of seed ageing in seeds with primary dormancy (Bewley 

et al., 2013). Indeed, ROS levels are generally higher in non-dormant seeds than in 

dormant seeds (Bailly et al., 2008). No consistent patterns of ROS accumulation were 

observed between morphs, in terms of response to ageing treatments and timepoints as 

well as imbibition states. A and B did not show consistent ROS accumulation. Ae. 

tauschii showed lower ROS contents in morph B only at the dry state of SB aged seeds. 

The possibility that a differential imbalance between ROS accumulation and antioxidant 

capacity, might occur in the two morphs, linked to their different lifespan, cannot be ruled 

out. Also, a different antioxidant capacity that could rescue seeds from irreversible 

oxidative stress could explain the lower ROS accumulation in morph B compared to 

morph A at the end of pre-germinative metabolism. Indeed, this was observed in T. 

boeoticum in both ageing conditions, and in the AA seeds of Ae. tauschii. In these three 

conditions a dimorphism in longevity was observed, with morph B significantly longer-

lived than morph A. This antioxidant response could be linked partly to a differential 

endowment of antioxidant molecules accumulated during maturation and then depleted 

with ageing, but also to a differential production of newly synthesized molecules during 

pre-germinative metabolism (Bewley et al., 2013; Sano et al., 2016). A general increase 

of ROS accumulation was observed at 1 h of imbibition, the first stage of pre-germinative 

metabolism, in all the species and ageing treatment combinations compared to the dry 

seed lots. This observation is in agreement with the finding that water uptake during seed 

imbibition triggers metabolism resumption, and the conversion of oxygen into superoxide 

and H2O2 at the level of mitochondria (Bailly et al., 2008). The comparative analysis of 

the eight pea accessions confirmed the inverse correlation between ROS levels and seed 

longevity. As for the fresh seeds (F), all the tested accessions displayed ROS contents 
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varying within a limited range. Indeed, ROS production in fresh seeds during post-harvest 

storage has been documented (Bailly et al., 2008). The low ROS levels observed in seeds 

aged for about 20 years under controlled conditions (A), compared to fresh seeds, well 

correlated with the high germinability profiles of all the investigated accessions. The 

long-term storage at room temperature conditions (R) resulted in significant ROS 

accumulation in all the yellow and green pea accessions showing a drop in germination, 

except for G4. This finding posed the question about the mechanisms underlying the 

ability of G4 wrinkled seeds to control ROS levels.  

Following imbibition, all the biological processes associated with germination are 

reactivated, including respiration, reserve mobilization, DNA synthesis and repair, 

translation and degradation of stored mRNAs, transcription and translation of newly 

synthesized mRNAs (Bewley et al., 2013). In the wheat wild relatives project, transcript 

levels of genes coding for the enzymes with ROS scavenging activity or belonging to the 

glutathione-ascorbate pathway were evaluated in aged seeds at the dry state and during 

pre-germinative metabolism triggered by imbibition. The lowest variations compared to 

the controls were at 1 h after imbibition. A general decrease in transcript levels was 

observed at this stage compared to the dry seeds, as expected for the initial period of 

phase II of germination, when transcripts are degraded or translated in order to generate 

the ROS scavenging enzymes (Bewley et al., 2013). Considering all the six genes 

analysed, no clear pattern between morphs was observed. This could be due to several 

reasons, e.g., different kind of ROS produced and accumulated, similar levels of 

oxidative stress, different enzymes needed at the same timepoint of imbibition (thus 

different genes need to be expressed). At the late stage of pre-germinative metabolism, 

an increase in transcript levels was detected, compared to controls, suggesting that 

storage and AA might require higher antioxidant activities. When taking in consideration 

the expression of single genes among ageing treatments, GSR showed a consistent pattern 

among all the imbibition states in Ae. tauschii, while in T. boeoticum both GSR and CAT 

showed consistent profiles at 18 h after imbibition in the two ageing treatments. The 

GSH/ GSSG redox couple is a viability marker associated with seed longevity in barley 

(Nagel et al., 2015; Roach et al., 2018). Glutathione scavenging activity is particularly 

important in seeds with lower oil contents like cereals, as it is water-soluble compared to 

other lipid-soluble antioxidants (e.g., tocopherols) (Nagel et al., 2015). The consistent 

expression of GSR detected in this study could be linked to the enzymatic activity 

necessary to the GSSG to GSH re-conversion in the glutathione-ascorbate pathway. 

Moreover, GSR and CAT activity has been reported to be higher in the late stage of pre-

germinative metabolism in sunflower for H2O2 scavenging and limitation of lipid 

peroxidation (Bailly, 2004). In the maize project, a GWAS is in progress, taking in 

consideration the 6 longevity parameters used in the study: germination (active and base), 

L (active and base) and p85 and p50. Preliminary results indicate that 120 genes are 

annotated by all the significant SNPs, and the SNPs were mainly annotated in transcript 

regions. Following Gene Ontology analysis, results show that most genes are involved in 

intracellular processes, especially related to the nucleus and cytoplasm (intracellular and 

intracellular part), including organized structures of distinctive morphology and function 

occurring within the cell, i.e., nucleus, mitochondria, plastids, vacuoles, vesicles, 

ribosomes and the cytoskeleton. Further analyses are ongoing with the aim of clarifying 

the specific pathways in which these genes are involved. One issue encountered in these 

analyses was that the results of the prediction of the trait performance by the significant 
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SNPs, to report how much phenotypic variance the significant SNPs could cover, was 

low (<15%).  This might indicate a low heritability of these traits that are known to be 

greatly influenced by environmental factors during regeneration and storage. It will be 

important to evaluate whether these factors can be incorporated into analysis to account 

for G x E x M (Genome X Environment X Management) and subsequently enhance 

prediction accuracies. Overall, these preliminary results further underline the complexity 

of the biological and environmental framework that must be considered when dealing 

with seed longevity studies. 

In this thesis, oxidative stress-linked hallmarks were further investigated in the pea 

experimental system. To address the research question about the exceptional longevity 

of G4 and the observed limited oxidative damage, specific metabolites associated with 

the seed ability to scavenge the toxic free radicals were measured. The investigation was 

restricted to four pea accessions, namely Y1, Y2, G1, and G4, showing contrasting 

germination and ROS profiles. ROS-driven oxidation mainly targets polyunsaturated 

fatty acids, generating lipid peroxides responsible for membrane disruption, further ROS 

production and, after additional degradation into reactive compounds, cross-linking with 

proteins and nucleic acids (Gaschler & Stockwell, 2017). Similar levels of lipid 

peroxidation were detected in both F and R seeds of the G4 variety, confirming its unique 

long-term oxidative stress resilience, in contrast with the progressive enhancement of 

lipid peroxidation observed during ageing in all the other pea varieties. The G4 seeds 

displayed the highest levels of the lipophilic antioxidant tocopherols, known for their 

ability to interact with polyunsaturated acyl groups and scavenge lipid peroxyl radicals 

(Fritsche et al., 2017), independent on their conservation state (F, A, R). Thus, it appears 

that there was no need to exploit the tocopherols pool in G4 seeds, since lipid 

peroxidation did not overcome a critical damage threshold. In the G1 accession, 

characterized by a low tocopherols content (approximately 50% less, compared to G4), 

longevity was compromised following long-term storage at room temperature conditions. 

The comparative analysis showed that tocopherols were utilized by the Y1 and Y2 

varieties to face ROS toxicity, however this was not sufficient to avoid the dramatic drop 

in germinability observed in R seeds. Among other non-enzymatic antioxidants, free 

proline is an efficient ROS scavenger and a compatible osmolyte involved in the response 

to various abiotic stresses such as drought or salinity (Hayat et al., 2012; Liang et al., 

2013). Increased free proline content contributed to oxidative stress adaptation in oat 

(Avena sativa L.) seeds with higher moisture content, stored for up to one year (Kong et 

al., 2015). A similar free proline content was detected in both G1 and G4 accessions, in 

all the tested treatments (F, A, R) whereas a significant accumulation occurred in the Y1 

and Y2 seeds stored under room temperature conditions (R). This finding corroborates 

the role of free proline as a seed-specific oxidative damage marker for the first time 

during long-term ageing under seed bank conditions. Future in-depth gene expression 

studies might help defining the role of proline in the longevity response of wrinkled 

seeds. The fresh seeds of the G4 accession displayed significantly higher levels of 

reducing sugars, compared to Y1, Y2, and G1, and this is a characteristic of the wrinkled 

seed phenotype (Stickland & Wilson, 1983). The reducing sugars content of A and R 

wrinkled seeds did not decrease upon long-term storage, differently from what occurred 

in Y1, Y2, and G1. Reducing sugars participate in non-enzymatic protein glycosylation 

(Maillard reaction) that, together with lipid peroxidation, is indicative of the biochemical 

deterioration associated with seed ageing (Murthy & Sun, 2000). Evidently, the low ROS 
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content of G4 seeds prevented the occurrence of this type of damage whereas reducing 

sugars are engaged in the Maillard process triggered by the oxidative environment of Y1, 

Y2, and G1 seeds. The research question that arises from the reported data is how the G4 

seeds can maintain constitutive low ROS levels despite 20 years of storage, considering 

that ROS are continuously generated in an oxygenic environment and the activity of ROS 

scavenging enzymes is restricted in the glassy state of dry cytoplasm (Nagel et al., 2019). 

In such environment, the dry seed exploits the pool of available antioxidant compounds 

to withstand oxidative deterioration, as hereby observed for the Y and G accessions. The 

study of mechanical properties within the dry cytoplasm of pea embryonic axes has 

revealed low molecular mobility over a broad range of moisture contents and 

temperatures, possibly due to steric hindrance between adjacent macromolecules, and 

such features might contribute to seed longevity (Ballesteros & Walters, 2019). However, 

there is scanty information concerning the mechanical properties of the dry cytoplasm in 

wrinkled pea seeds and their possible role in longevity. Results of this multidisciplinary 

investigation, aimed at dissecting the high-longevity phenotype of G4 seed, point at their 

ability to maintain a reducing cellular environment. The TGA profiles recorded in the G4 

seeds, independent on treatments, suggested for the presence of relatively small 

molecules. Indeed, in wrinkled pea seeds carrying mutations at the r and 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 associated with membrane stability (Crowe et al., 1992). At the moment, we 

cannot rule out the possibility that G4 seeds use specific low molecular-weight 

antioxidant molecules, e.g., glutathione and L-ascorbic acid, as redox buffer to maintain 

ROS within a threshold critical to ensure longevity. It has been reported that mutations 

at the r locus altering seed composition and hygroscopic properties, can affect seed 

longevity (Lyall et al., 2003). However, to our knowledge, this is the first study providing 

evidence of high longevity under long-term storage conditions in a wrinkled seed 

accession. 

Structural peculiarities linked to the glassy state are thought to influence the viscoelastic 

properties of the cytoplasm, therefore influencing the molecular mobility and the ability 

to buffer ROS accumulation (Buitink and Leprince, 2008; Ballesteros & Walters, 2011). 

The latter is expected to restrict genotoxic damage but certainly some structural 

rearrangements within the nucleus might also provide protection against nucleic acid 

deterioration (Lee et al., 2020). In the pea project, almost all the nuclear area of the G4 

accession is filled with heterochromatin. Chromatin condensation occurring upon severe 

water loss might be promoted by increased levels of cations and changes of histone 

variants. In addition, larger nucleoprotein grains and thicker fibrils, found in nuclei of 

quiescent embryo cells, disappeared at the onset of germination (Deltour, 1985; Washio, 

2014). This aspect is still poorly explored in the context of seed longevity and the G4 

accession might provide a unique working system for further investigations on the 

dynamics of nuclear architecture in response to desiccation. According to Bhattacharyya 

et al. (1993), the high sucrose content of pea wrinkled seeds enhances the embryo osmotic 

potential, increasing water up-take during seed development. Subsequently, during 

desiccation, excess water is lost causing the wrinkled phenotype. These shrinkage 

dynamics might lead to a tighter chromatin conformation useful for genome maintenance 

(Bhattacharyya et al., 1993). The G4 seeds aged at room temperature also showed a 

significantly lower frequency of the ɔH2AX foci, compared to the Y1 seeds. It has been 
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reported that chromatin compaction protects DNA from damage, but it also blocks the 

expansion of H2AX phosphorylation (Cann & Dellaire, 2011; Nair et al., 20127). It is 

possible that the high-longevity profile of tee G4 seeds and the associated resilience to 

genotoxic stress were positively influenced by such chromatin dynamics. Results hereby 

obtained in the pea seeds are in agreement with those described in both yeast and 

mammalian cells revealing that the ɔH2AX foci at double strand break sites were formed 

at lower levels in heterochromatin, when compared to euchromatin (Cowell et al., 2007; 

Kim et al., 2007). On the other hand, the protective effect of chromatin compaction might 

be related to non-histone chromatin proteins that physically shield the genomic DNA 

(Falk et al., 2008).  

In the maize project, grain type was the trait more strongly correlated with the longevity 

rate (L).. Flint accessions were the longest lived among the three main grain types (dent, 

flint, floury). This confirmed the observation of Bewley and Black (1994) that seeds of 

flint varieties are longer-lived when compared to other grain types. Grain-type is a 

qualitative trait based mainly on the seed coat morphology and endosperm texture: grains 

of varieties of flint maize have mostly hard, glassy endosperm compared to the softer and 

starchier endosperms typical of dent and floury varieties (Zilic et al., 2011). Several 

landraces can show intermediate appearance between two different grain types. 

Therefore, more quantitative measures will be needed to study the effect of the grain type 

on seed longevity and eventually organize viability monitoring intervals of accessions of 

different grain types showing different longevity estimates. We can therefore hypothesize 

that the higher seed longevity detected in flint varieties could be due to structural (i.e. 

glassy endosperm) or physiological (e.g. seed coat, antioxidant capacity) peculiarities, 

but further investigations, e.g. metabolomic and antioxidant profiling, and analyses of 

visco-elastic properties of the endosperm, will be performed to clarify the biological basis 

of the differences in seed longevities detected among grain types. 

In conclusion, different aspects of seed longevity were dissected, and the obtained results 

enlarged the current knowledge about the ageing behaviour and mechanisms under 

genebank conditions. The effectiveness of cold storage in preserving PGRs for the long 

term was evidenced in all the three projects, involving material conserved in two of the 

worldôs major seed banks (IPK and CIMMYT). Although conservation in base chambers 

proved to be more effective, and therefore less resource-consuming, than that in active 

chambers, different viability monitoring intervals should be applied based on the 

accessionsô characteristics (i.e., grain type in maize and seed morphs in wheat wild 

relatives). The accuracy of AA as a predictive tool for longevity rankings was further 

questioned by the results obtained comparing cold storage ageing and AA in wheat wild 

relatives, adding novel information to the emerging literature on the topic. These results 

underline the current need for new ageing methods (alternative to cold storage and AA) 

and/or molecular and physiological hallmarks for fast and accurate predictions of seed 

lifespan and rankings in storage. The biochemical, molecular and structural hallmarks 

used in this thesis improved the profiling of the considered accessions in both the wheat 

wild relatives and the garden pea projects. Features related to the oxidative stress status 

and the antioxidant response correlated with the germination capability after storage, 

further strengthening the prominent role of ROS and ROS buffering in shaping seed 

longevity. In this work we tested approaches still poorly used in this research field, such 

as the measurement of alternative ageing hallmarks (e.g., proline, reducing sugars) and 
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the ultrastructural analysis of chromatin compaction and genome integrity. In particular, 

the preliminary results obtained with the TEM techniques appear very promising, and 

their application to larger experimental systems could add a deeper level of detail to 

studies about the seed longevity dynamics. Indeed, multidisciplinary approaches are 

fundamental in the characterization of such a multi-faceted biological process.  
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