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Abstract

Agriculture plays a crucial role in influencing the world's population health and
economy. Since the current global food production is not adequate to meet the steady
population growth and the impact of climate change, multiple joined approaches are
required to improve agricultural production in a more sustainable fashion. In this
context, a more extensive utilization of high-quality seeds for agricultural production
can markedly improve crop production. Seed quality is defined as the set of physical
(morphology, weight, color), physiological (viability, vigor), and genetic features
(genetic purity).

High-quality seeds present optimal germination performances, in terms of
germination rate, positively correlated with optimal plant growth, and consequently,
improved crop production and yield. Given the importance of seed quality for crop
production, the use of cost-effective, rapid, and accurate methods for seed quality
assessment represents one of the major objectives of seed companies and consumers
for maximizing the economic return. Although most of the conventional methods
currently applied for seed quality estimation, such as germination and tetrazolium
tests, are standardized for being applied in a multitude of different species, the time
required for the analysis, as well as limited number of information collected are
limiting factors that confine their application to specific contexts. Moreover, the
invasiveness, relating to the consumption of seed material required, that characterizes
these tests is in contrast with the need for sustainable approaches employed in
agriculture to save natural resources. For these reasons, in recent years optical
technologies (machine vision, NIR, Raman spectroscopy, thermal, x-ray, and
hyperspectral imaging) have been adapted and optimized for the non-invasive seed
quality estimation. Although these technologies present an elevated efficiency and
accuracy in detecting seed quality, the cost and the complexity associated with their
use, can limit their large-scale employment.

In the present work, different approaches for the non-invasive seed quality estimation
were developed. Approaches based on the detection of different markers of seed
quality, such as reactive oxygen species (ROS), volatile organic compounds (VOCs),
ultra-weak photon emission (UPE), and delayed luminescence (DL), were tested on
different species. Seeds with contrasting characteristics (high- versus low-quality)
were obtained either through priming treatments or heat shock, natural and artificial
aging protocols. Although the developed approaches are based on different
mechanisms, the obtained results highlighted their feasibility in estimating seeds
quality. While ROS detection can be considered as the most rapid, easy-to-use and
cost-effective approach, the detection of UPE/DL and VOCs, provide a much higher
quantity and accuracy of data, but require advanced equipment and skills to be
performed and analyzed.
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1. General Introduction

1. General Introduction

1.1 Seed quality in the context of agricultural production

Agriculture has a crucial role in global food production. Agricultural production is
not only fundamental to improving nutrition but is also the main source of income
for many nations. The increase in crop production is determinant to end hunger, as
well as for economic and social development. Over the past two decades, the global
agricultural production volumes of primary crops showed a steady upward trend (Fig.
1.1). The production of maize (Fig 1.1a) and soybean (Fig 1.1b), two of the most
consumed crops in the world, presented a continuous increase over the past twenty
years. This growth can be mostly due to the improved technologies related to
agriculture and the intensification of farming activities (FAO 2022).

(a) 2

(b)

Figure 1.1. Global production of (a) maize and (b) soybean from 2000 to 2022, expressed as
billion or million tons (t). UN Food and Agriculture Organization (FAO), FAOSTAT 2023
https://www.fao.org/faostat/en/#data/QCL/visualize.

Despite this trend, the current crop production is not sufficient to meet the future
global demand. A meta-analysis on projected global food demand estimated the need
to increase food production by 45% - 56%, against the more pessimistic prevision of
FAO, ranging between 60% - 110 % (Van Dijk et al., 2021). Regardless of the
perspective, food production must be increased to ensure food security for a steadily
growing world population. The global population reached 7.8 billion by mid-2020,
an increase from 7 billion in 2010, 6 billion in 1998, and 5 billion in 1986. The
average annual growth rate was approximately 1.1% between 2015 and 2020, which
gradually declined after reaching a peak of 2.3% in the late 1960s (Gu et al., 2021).
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1. General Introduction

Based on popular projections, the future global population will reach 10 billion by
2100 (Lee, 2011). In this context, the geographical distribution of population growth
is an important index to be considered. As shown in Fig. 1.2, most of the countries
with the highest growth rate are characterized by poor economic development and
are unable to provide enough food and good quality services to the current population
(Ezeh et al., 2012).

Population growth rate
(% per year) 2005-10
3 <000

[30.00-0-99
[11.00-1:99

3 :2:00

Figure 1.2. Population growth rate per year by country in the period 2005-2010. The countries
with rapid growth (growth rate greater or equal to 2%) are indicated in red, with a moderate
growth (rate between 1-1,99%) in light pink, low or no growth countries (0-0,99%) in blue,
and population decline countries in green (Ezeh et al., 2012).

In a complex scenario where global and local food production needs to be boosted to
be in line with the current population demands and future projections, other factors
play a negative role in reducing crop yields. Climate changes are generally associated
with the loss of agricultural productivity. It was reported that the global mean surface
temperature had increased by 0.85°C during 1880-2012. Furthermore, the global
annual mean precipitation had shown substantial changes over the period 1901-2008.
The most significant aspect of this climatic variation is the discrepancy in the spatial-
temporal characteristics of these two variables across different regions of the world.
In fact, the rate of temperature change in the Arctic was almost twice as much as the
global mean value in the past century, while the rate of precipitation increased
particularly in eastern North and South America, northern Europe, and northern and
central Asia, in comparison to the Mediterranean, southern Africa, and parts of
southern Asia, where a drying trend is observed (Shi and Chen, 2018). The frequency
of extreme events, defined as climatic events that occur rarely within the climatic
context of recent decades, represents an important feature of climatic changes.
Intense precipitations, floods, storms, tornadoes, and prolonged periods of drought
became more frequent and characterized the climatic conditions of several regions
(Zwiers et al., 2013). This marked change in the global climatic condition is the result
of enhanced human activities that altered the composition of the atmosphere through
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1. General Introduction

the massive release of greenhouse gases, including methane (CH4), carbon dioxide
(COy), and nitrous oxide (N,O) (Malhi et al., 2021). Through an estimation of the
impact of climate change, agriculture is revealed to be the most vulnerable sector.
Several studies highlight the negative effect of climatic events, like high temperatures
and rainfall, on the yield of crops. Moreover, the occurrence of adverse climate-
related events not only has a profound impact on the production of food but also on
its distribution, quality, and accessibility. Considering that food security is
inextricably linked with public health, all these events will result in the spreading of
hunger, poverty, and disease (Arora, 2019).

In recent years, multiple approaches have been employed to overcome this complex
challenge. The reduction of greenhouse gas emissions represents the initial step in
limiting the influence of climatic changes on food production. In this context,
technologies based on decarbonization and reduced CO, emissions, including
renewable energy, fuel switching, efficiency gains, nuclear power, carbon capture,
storage, and utilization, are being proposed. In particular, the production of
sustainable energy represents one of the priorities that drives current scientific
research. Innovative technologies, such as photovoltaic solar power, concentrated
solar power, solar thermal power for heating and cooling applications, wind power,
hydropower, marine power, geothermal power, biomass power, and biofuels, have
become common tools for producing new forms of renewable energy
(VijayaVenkataRaman et al., 2012). Despite these premises, the intermittent
nature/variability in power production is a limiting factor affecting the large-scale
production of sustainable energy forms. Moreover, non-technical factors, like
renewable energy investments, government stability, and administrative procedures
may delay the expansion of these technologies (Fawzy et al., 2020). Along with the
reduction of greenhouse gas emissions, the enhancement of crop production is an
important step to counterbalance the damage caused by climate change to agriculture.
The current agricultural practice has been influenced by the utilization of chemical
fertilizers to boost crop production (Delgado et al., 2016). Conventional fertilizers
present low utilization efficiency by plants due to fixation, leaching, microbial
degradation, photolysis, and volatilization. However, the repeated application of
these products, which is required to achieve maximum yield, negatively impacts on
the environment, polluting the underground water sources (Elemike et al., 2019). A
potential alternative is represented by the application of waste products of biomass
anaerobic digestion as sustainable and efficient fertilizers (Vaneeckhaute et al., 2013).
In addition, the knowledge of the different roles of amino acids in plant yield and
growth allowed the development of a novel and safer form of chemical fertilizer with
low environmental impact (Souri, 2016).

Traditional plant breeding, based on the selection of the most productive species and
varieties under optimal conditions, represents a method responsible for the linear
increase in food production observed in the last decades. However, this strategy does
not ensure the best production levels in low-yield environments (Tester and
Langridge, 2010). The advances in genetic knowledge regarding the factors affecting
the resistance to stress conditions are driving modern plant breeding processes, which
preserve crop productivity under non-optimal growing conditions (Lamichhane and
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1. General Introduction

Thapa, 2022). New plant breeding technologies (NPBT) constitute the results of
recent biotechnological innovations applied to plant breeding and crop production
improvement. These technologies, which include different approaches of genome
editing such as oligonucleotide-directed mutagenesis (ODM) and sequence-specific
nuclease (SSN), variants of conventional transformation methods including
cisgenesis and intragenesis, grafting, agro-infiltration, and manipulation of epigenetic
landscape (RNA-dependent DNA methylation, RADM), are emerging as a reliable
solution to enhance plant stress tolerance and yield (Enfissi et al., 2021). Although
the benefits of the NPBT approach are discussed in several studies (Raman, 2017;
Singh et al., 2022), the utilization of genetically modified (GM) crops represents
probably the most divisive symbol of modern agriculture and is at the center of
political, environmental, and scientific debates. Generally, one of the main limitations
of modern and artificial plant breeding methods is the adverse effect on biodiversity.
The potential effect of GM crops in inducing the progressive loss of biodiversity
(Schmeller and Henle, 2008) is in contrast with the purpose of improving crop
production, as the loss of species affects food security and availability (Ceccarelli,
2009). In the view of prioritizing the utilization of species with high resistance to
adverse climatic conditions and biodiversity preservation, the inclusion of lesser-
known local crops can enhance the final production. Orphan legumes, defined as
those leguminous crops that have been utterly ignored by policymakers and are
considered underutilized, are receiving increased attention from the scientific
community due to their tolerance to drought as well as high and low temperatures
(Chongtham et al., 2022; Balestrazzi et al., 2024). These legumes have adapted to
hostile environments through the development of a combination of morphological,
physiological, biochemical, cellular, and molecular mechanisms to rapidly respond
to stress (Cullis et al., 2018; Balestrazzi et al., 2024). Presently, different studies
report good germinability of orphan seeds in regions where few conventional crops
can grow (Cullis and Kunert, 2017; Popoola et al., 2022; Balestrazzi et al., 2024).

In agriculture, seeds represent the fundamental input factor influencing crop
productivity. Seed germination is indeed a critical initial stage in plant’s life, as it
enables the survival of plant species in natural environments and influences crop yield
in agriculture (Bailly and Roldan, 2023). Moreover, seeds are crucial elements for the
preservation of biodiversity and agrobiodiversity, referring to the species that are
critical for food production, influencing local and global food security (Pimbert,
2022). The importance of seeds for sustainable and adequate food production
explains the growth of the global market in previous years. The global seed market is
an important part of the agriculture sector, covering the production, manufacture,
distribution, and sale of seeds for a variety of crops. From the year 2000, the size of
the global seed market expanded from around 10 billion US dollars to a value of 52
billion in 2014 (OECD, 2018). Future projections confirm the same trend for the
following years, as indicated in Fig. 1.3. The market size indicates a continuous
increase, starting from 113.96 billion dollars in the current year to a value of around
189 billion in 2031, with a compound annual growth rate (CAGR) of 6.50%.
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Figure 1.3. Current global seed market value (in US dollars, USD) trend. Verified Market
Research. In-Depth ~ Industry  Outlook: Seed  Market Size & = Forecast
https://www.verifiedmarketresearch.com/product/seed-market/.

In this scenario, several factors are likely to be the driving forces of the observed
future growth. As discussed above, the growth of the world's population and the
effects of climate change require increased crop production, which in turn requires
an increase in the seeds used and produced. In addition, innovative seed treatments
and recent advances in seed storage also contribute to market value expansion. In
particular, strategies for the preservation and improvement of seed quality have a
profound impact on the global market.

The concept of seed quality is broad and includes multiple features of seed biology.
Seed quality (Fig. 1.4) is defined as the set of physical, physiological, and genetic
characteristics of seeds (Raman and Cho, 2016; Domergue et al., 2019).

Physical * Quality Seeds [ Sead
Purity Vigour

Uniform Seed
su » 4 mn'
Mo | v [ el
damage Purtty
Free form
Seed Born
Diseases

Figure 1.4. Physical, psychological, and genetic features defining seed quality
(https://novogoldseeds.com/quality-policy/).

Seed quality has a crucial role in agricultural production and in preserving plant
biodiversity since high-quality seeds present superior germination performances and
are more resistant to deterioration during long-term storage (Matthews et al., 2012)
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1. General Introduction

and to pathogen infestation (Kulik, 2020). Moreover, good seed quality assures high
germination percentage levels under non-optimal growth conditions, such as high
temperatures (Kumar, 2012).

The physical status of seeds is mainly influenced by environmental conditions during
growth and harvest (Barnard and Calitz, 2011) and includes all the features regarding
the overall external structure, like morphology, weight, and color. Seeds with optimal
physical quality present uniform size, weight, and color, and are free from diseases
and coat damage (Sundareswaran et al., 2023). All these features can individually
influence the germination capacity (Zabala et al., 2011). For instance, seed weight
influences water uptake during the early stage of germination, thus affecting seedling
growth (Hay et al., 2022). Considering its relevant effect on seed germination, the
observation of differences, in terms of seed weight, among species distributed in
different climatic conditions provides pieces of evidence on how this physical feature
responds to environmental factors as an adaptive trait, preserving plant fitness. Li et
al. (2015) documented a within-species variation in seed weight and germination
attributes, observing a correlation between physical parameters, time and percentage
of germination. Another study conducted on six populations of false Rhodes grass
(Chloris crinita) species from different humid and arid regions subjected to osmotic
stress indicates a strong correlation between stress tolerance and seed weight.
Although seed weight is a genetically stable feature, defined by a specific
evolutionary history, studies support the hypothesis of seed weight as an adaptive trait
to promote plant growth under stress conditions (Marinoni et al., 2022). Similarly,
seed morphology and color are important physical features reflecting germination
potential. These traits show a correlation with seed maturation level (Puga-Guzman
et al., 2023), as well as with some chemical compounds involved in biological
processes during germination (Shimada et al., 2021). In a recent study conducted on
native Tulipa species, seed morphology, and color were both correlated with the ratio
of embryotic length to seed length, an indicator of good germination potential.
Interestingly, the two physical characteristics were not reciprocally correlated,
suggesting they represent independent features both influencing germination capacity
(Zhang et al.,, 2023). The presence of damage has a variable effect on seed
germination, and it is often associated with animal/insect predation. Although seed
predation by animals or damage induced by pests affects seed integrity, germination
potential can be maintained if the embryo is not involved in the damage (Pérez et al.,
2008). Generally, partial seed predation has a variable effect, depending on the
species and the external structure of the seeds. Interestingly, the response to seed
damage can be an accelerated germination dynamic, probably induced by the
breaking of physical dormancy due to the scarification of the seed coat (Vallejo-Marin
et al., 2006). However, in most cases seed damage induced by pests promotes seed
aging, resulting in a loss of germination capacity (Pérez et al., 2008). In this context,
pest infestation is one of the physical characteristics that mostly affects seed
germination. Numerous studies report a marked loss of germination performances
due to post-harvest infection. A recent work on different varieties of chickpeas (Cicer
arietinum) reports a significant decrease in germination rate in all the growing
districts in Ethiopia caused by insect infestation. The analyses on seeds led to the
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1. General Introduction

identification of twelve different species of insects involved in the infestation, but
Callosobruchus chinensis was the most prevalent species, accounting for roughly
92.21% of the entire population (Berhe et al., 2023). Therefore, all physical
characteristics are directly related to seed quality, influencing the germination ability.
In some circumstances, these features allow plant adaptation and fitness preservation
in non-optimal growth conditions, acting as adaptive traits.

Aside the physical characteristics, physiological features are strongly related to seed
quality and include all the aspects that reflect germination behavior. Seed viability
and seed vigor are the main attributes related to the physiological state of seeds. Seed
viability corresponds to the portion of living seeds in a sample and represents an
essential prerequisite for germination and plant growth (Pradhan et al., 2022).
Although is often related to the concept of viability, seed vigor has a more elaborate
meaning. The term is used to refer to the concepts of "driving force" and "shooting
strength" of germinating seedlings, with the purpose of highlighting seeds that
produced seedlings with longer roots in comparison to those from "weaker" seeds
from the same lot (Marcos Filho, 2015). Physiological seed quality is mainly
estimated through the calculation of germination indices, reflecting the portion of
seeds germinated, the speed and the uniformity of germination, the length of shoots
and roots (Ranal and Santana, 2006). These aspects will be explored in-depth in the
next chapter.

Genetic purity constitutes an important part of the overall seed quality. The
germination performances of species and varieties in a specific environment are
strictly dependent on the genetic background of the seeds used by farmers. Hence, it
is important to evaluate the genetic purity to ensure optimal agricultural production
(Sedah et al., 2023). The biological basis is the presence of genes that are functionally
related to different aspects of seed quality. Currently, omics technologies, involved in
genome, epigenome, and transcriptome analyses, have facilitated the identification
of different genes and quantitative trait loci (QTLs) that are involved in seed quality
(Zhang et al., 2022). The current knowledge of DNA sequences linked to seed quality
includes different species of high relevance for food production. For instance, the
POWRI (Protein, Oil, Weight, Regulator 1) gene was found to be involved in seed
protein and oil content in Glycine max, influencing both weight and chemical
composition. POWRI is a domestication gene mainly expressed in developing coat
that regulates nutrient transport and lipid metabolism, controlling the equilibrium
between oil and protein synthesis (Goettel et al., 2022). The SWEET gene, first
identified in Arabidopsis thaliana and G. max, is another important regulator of seed
weight through the control of oil content. SWEET proteins are sugar transporters that
induce the uptake of sugars into embryos from maternal tissues, promoting embryo
cell division and expansion and lipid synthesis to the detriment of protein production
(Wang et al., 2020). Additional regulators of seed size are genes involved in plant
hormone synthesis, such as brassinosteroids (BRs), which were identified in Oryza
sativa (OsBRDI1, OsBRD2, OsD2, OsDWARF4, OsDWARFII), and Zea mays
(ZmDWF1, ZmDWF4, ZmDET2, ZmUPAI) (Sun et al.,, 2021). Seed viability is
another feature influenced by the information present in plant genome. The study of
Li et al. (2023) reported a negative correlation between seed viability and the
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1. General Introduction

presence of mutant alleles of the HXK genes in several species. These genes encode
for hexokinases, key enzymes involved in glucose metabolism and signal
transduction that affect several physiological processes, influencing seed size,
viability, and germination. Similarly, raffinose family oligosaccharides (RFO)
biosynthetic genes, such as genes encoding for galactinol synthase, raffinose
synthase, and stachyose synthase, affect seed vigor. RFOs are essential sugars that
protect against desiccation damage during seed maturity and provide energy for the
effective establishment of new seedlings during seed germination (Salvi et al., 2022).
Many QTLs involved in seed vigor have also been identified. A QTLs mapping work
on artificially aged Triticum aestivum seeds identified eight DNA sequences
correlated with eight traits related to seed vigor. Gene identification within the target
DNA sequences revealed seven genes involved in metabolic and cellular processes,
catalytic activity, and biological regulation (Shi et al., 2020). The identification of
QTLs related to seed quality represents an important step in improving food
production. By employing QTL analyses, it is possible to select molecular markers
for stress tolerance, germination potential, and physical/chemical structure, to
optimize crop yield and production (Csanadi, 2001). A more detailed description of
other approaches used for seed quality estimation will be provided in one of the next
chapters.

1.2 Metabolic aspects of seed germination

Seed germination represents a crucial phase in the life cycle of a plant, directly
influencing its growth and the yield of the crop. This complex event is the
consequence of a multitude of morphological, molecular, and biochemical processes
activated at specific time points to initiate seed germination under specific
circumstances. In recent decades, consistent research has been dedicated to the study
of seed germination, resulting in a significant accumulation of knowledge regarding
the biological processes that regulate and define this event. However, an analysis of
seed germination as a separate event within the plant development cycle provides an
incomplete understanding of the true complexity and significance of this process.
Numerous aspects of seed germination behavior are strictly linked to other stages of
plant development, such as seed maturation and dormancy establishment, as well as
biotic and abiotic factors (Penfield, 2017).

Seed maturation follows embryogenesis and can be divided into two stages:
morphogenesis and maturation. During seed maturation, seeds undergo a period of
embryo growth and accumulate storage molecules (Sajeev et al., 2019). Seed
maturation ends with a desiccation phase, after which the embryo enters a dormant
state (Gutierrez et al., 2007). Seed dormancy is an important physiological process
linked to seed maturation and germination. It is defined as the inhibition of seed
germination in viable seeds under unfavorable conditions. This event, which arrests
the activation of germination processes, is crucial in many species to facilitate seed
dispersal and to postpone germination until optimal conditions occur, thereby
optimizing the possibility of successful plant growth (Rehmani et al., 2022). Seed
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dormancy occurs in two different stages of the plant development cycle. The first
dormancy occurs at the end of seed maturation (primary dormancy). Once primary
dormancy is lost in response to specific post-harvest environmental conditions, seeds
enter in a secondary dormancy stage if the conditions required to induce germination
are absent. This secondary dormancy allows seed dispersal and activation of the
germination process at optimal conditions (Finch-Savage and Leubner-Metzger,
2006). Although the molecular mechanisms that induce seed dormancy remain
largely unknown, different studies pinpoint at different biological events. During
dormancy, the embryo undergoes a quiescent state in which germination-promoted
genes are not actively expressed. In this scenario, chromatin structure determines
gene expression, regulating the maintenance of the dormancy state or the activation
of the germination process. Hence, many epigenetic regulatory-related genes
associated with chromatin remodeling are involved in seed dormancy and
germination phases (Shu et al., 2016). In this context, the principal components of
the chromatin remodeling process are abscisic acid (ABA) and gibberellins (GAs),
which have been reported by several studies as the key regulators of dormancy and
germination phases (Sano and Marion-Poll, 2021). ABA and GA are phytohormones
actively involved in the modification of chromatin structure, influencing the
expressions of histone methyltransferase and histone acetyltransferase genes (Zheng
et al., 2012; Shu et al., 2016). However, the pivotal role of ABA and GA in seed
dormancy maintenance and the transition to germination is not limited to the
regulation of chromatin structure. Specifically, the dynamic balance between ABA
and GA represents the central point which determines the induction of seed dormancy
and germination events (Liu and Hou, 2018).

ABA is the main inducer and protector of seed dormancy. This evidence is supported
by studies that observed faster germination in ABA-deficient mutants and transgenic
plants constitutively expressing the ABA biosynthesis genes maintaining deep seed
dormancy (Shu et al., 2016). ABA starts accumulating after the embryogenesis step
of seed maturation phase, where it inhibits embryo growth and positively regulates
reserve accumulation and at later stages induces primary dormancy and desiccation
tolerance. Its biosynthesis is a multi-step process which starts with the cleavage of
cis-isomers of the oxygenated carotenoids, violaxanthin and neoxanthin, by a 9-cis
epoxycarotenoid dioxygenase (NCED). The 15-carbon product, xanthoxin, is then
transported from plastids to cytosol and converted into abscisic aldehyde by a short-
chain alcohol dehydrogenase, encoded by the ABA2 gene. The final biosynthesis step
is catalyzed by an abscisic aldehyde oxidase, which produces the ABA active
hormone (Wu et al., 2023). Although ABA accumulation shows a peak in the middle
of the maturation phase, genetic studies indicates that an initial source of this
hormone translocate from maternal tissues to seeds. According to studies conducted
on Arabidopsis thaliana, NCED3 is the main contributor to ABA production in
vegetative maternal tissues, while other dioxygenase forms are mainly involved in
the hormone synthesis inside seed tissues, such as NCED6, NCEDS, and NCED9
proteins (Chauffour et al., 2019). Once synthetized, ABA operates in a complex
signaling network and triggers the activation of downstream signaling genes involved
in seed maturation and dormancy. In this complex network ABA interacts with
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1. General Introduction

specific receptors which are reported by different studies to have an essential role in
seed, the PYL/RCAR family proteins. As illustrated in Fig. 1.5, in the absence of
ABA, PYLs proteins promote the release of protein phosphatase type 2C (PP2C) and
activate its phosphatase function. PP2C proteins, including ABA-insensitive 1/2
(ABI1/2) and ABA-hypersensitive germination 3 (AHG3), serve as negative
regulators within the ABA signaling system, suppressing the activities of downstream
ABA signaling protein like sucrose nonfermenting 1-related protein kinase 2s
(SnRK2s) through protein phosphorylation. This results in the inhibition of the
downstream ABA signaling network. In the presence of ABA, the PYR/PYL/RCAR
protein-ABA complex binds to the PP2C proteins, thereby inhibiting their
phosphatase activity and resulting in the release and activation of SnRK2s function
(Zhang et al., 2015; Ali et al., 2021). SnRK2s are a plant-specific protein kinase
family that function as positive regulators of the ABA signaling network. Despite the
family's composition of 10 distinct members (SnRK2.1-2.10), the ABA-related
activation is observed to occur through the involvement of SnRK2.2, 2.3, and 2.6
proteins. SnRK2 substrates, including the basic region/leucine zipper motif (bZIP)
transcription factors AREBs (ABA-responsive element binding factors), regulate the
expression of genes involved in seed maturation and dormancy (Jakoby et al., 2002;
Wang et al., 2013).

Absence of ABA Presence of ABA

Q' Aubaiinsde YR/PYL/PCAR
LEC1/2/ / iIs
FUS3/ABI3 PPZC/AHE-}{B

PP2C/AHG1/3 LAFL
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Figure 1.5. The ABA signaling pathway involved in seed development (Ali et al., 2021).

During seed maturation, important molecules activated during ABA signaling are
master regulator genes, such as abscisic acid intensive 3 and 5 (4B13 and ABI15) (Fig.
1.5), FUSCA3 (FUS3), leafy cotyledon 1 and 2 (LECI and LEC?2), which are
involved in the regulation of maturation-related genes. Specifically, ABI3 and ABI5
are the main master-regulators operating in maturing seeds, directly involved into the
control of late embryogenesis abundant (LEA) and dehydrin expression (Gutierrez et
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al., 2007; Zinsmeister et al., 2016). LEA genes are highly expressed during seed
maturation and are responsible for the production of proteins actively involved in the
establishment of desiccation tolerance, acting as osmoprotectants or chaperones
(Delseny et al., 2001). At the end of seed maturation, primary dormancy is
established. In this context, one of the most investigated proteins associated to ABA
activity is DOG1. DELAY OF GERMINATIONT1 (DOG1) is a heme-binding protein
identified for the first time in seeds of A. thaliana and subsequently found in many
other species, such as Hordeum vulgare, T. aestivum, O. sativa, Z. mays. Although
DOGT1 is involved in numerous phases of plant life, from seed maturation to
germination, its essential role in inducing temperature-dependent primary dormancy
is well documented. The expression of DOGI starts in the early stages of seed
maturation, and its strongly regulated by external temperature to be markedly reduced
in mature dry seeds. The activation of DOG/ gene is related to the activity of bZIP-
transcription factor 67 (bZIP67), which binds its promoter regions. Protein synthesis
is accompanied by their self-dimerization to form a fully activated complex, which is
able to bind PP2C ABA Hypersensitive Germination 1 (AHG1), enhancing ABA
signaling and the establishment of primary dormancy. The essential role of bZIP67
in DOG1 synthesis suggests that this protein is not crucial for ABA activity, however,
the improvement of ABA activity induced by DOGI1 is essential for primary
dormancy establishment (Carrillo-Barral et al., 2020; Matilla, 2020). When
unfavorable germination conditions persist, a novel phase of dormancy (secondary
dormancy) is induced, probably triggered by de novo ABA synthesis. Although
primary and secondary dormancy are similar physiological events induced by the
activation of the ABA-dependent pathways, the response to the environmental
conditions is markedly different. These studies support the hypothesis of other
regulatory pathways that are involved in enhancing ABA activity during secondary
dormancy. For instance, DOGI is actively involved in an environment-sensing
pathway during primary dormancy establishment but its activity is not documented
in secondary dormancy (Murphey et al., 2015). Although the nature of the sensory
mechanisms remains undetermined, specific environmental factors can directly
modify the metabolic status and favor secondary dormancy establishment. In the
work of Hourston et al. (2022), low temperatures promote ABA biosynthesis and
inhibit ABA degradation, leading to ABA accumulation. This event follows the
accumulation of numerous oleosin and LEA proteins and the modification of
chromatin structure through histone methylation and acetylation. An additional
component in the mechanism of secondary dormancy establishment may be played
by ABA-Insensitive 5 (ABIS), potentially involved in integrating stress signaling and
phytohormone levels (Buijs, 2020). During seed germination, ABA levels decrease
and ABA signaling is repressed. However, this trend does not imply that ABA
signaling is not involved in germination. Although all the ABA-associated genes
exhibit a reduced transcription, many of them operate in seed germination process.
The transcription factor ABIS, for instance, plays a critical role in ABA signaling as
a positive regulator, affecting the expression of PYL1I and PYLI2 genes by binding
to their promoters, which generates a PYL-ABI5S-PYL feedback loop to maintain
ABA signaling under a basal level during seed germination. At this stage, the binding
of exogenous ABA with PYL receptors induces a further activation of the SnRK2s-
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ABI5 pathway and the expression of ABA-associated genes and promotes the
expression of PYL genes (Yang et al., 2023). Hence, ABIS5 acts in different aspects
and triggers both seed dormancy and germination. The key that explains the
controversial role of ABIS is represented by the different expression and function of
PYL genes. Among the 12 PYL genes detected in seeds, the expression
of PYRI, PYLI, PYL2 or PYL4 is associated with germination inhibition and
stomatal closure, while the expression levels of PYL7, PYLY, PYLII,
and PYLI2 decrease significantly during seed germination. The complexity and
diversity of the expression patterns and biochemical properties of PYLs may probably
explain the different roles of ABA signaling and its components (Zhao et al., 2020).

Together with ABA, GAs represent a central component in the plant life cycle. These
hormones are essential for numerous developmental processes, including seed
germination, stem elongation, leaf expansion, trichome development, pollen
maturation, and the induction of flowering. Despite the number of GAs identified in
plants, fungi, and bacteria exceeding 130, only a few have been demonstrated to
possess biological activity. A considerable number of non-bioactive GAs are present
in plants, serving as precursors for bioactive forms or as deactivated metabolites. The
primary bioactive GAs include GA1, GA3, GA4, and GA7, with GA1 and GA4
representing the most prevalent bioactive GAs in plants (Kozaki and Aoyanagi,
2022). GAs are biosynthesized from geranylgeranyl diphosphate (GGDP), a common
C20 precursor for diterpenoids. Two terpene synthases (TPSs) located in the plastids,
ent-copalyl diphosphate synthase (CPS) and ent-Kaurene synthase (KS), are involved
in the conversion of GGDP to the tetracyclic hydrocarbon intermediate ent-Kaurene.
Ent-Kaurene is then converted to GA12 by two cytochrome P450 monooxygenases
(P450s) and to GA9 through three oxidations catalyzed by soluble 2-oxoglutarate—
dependent dioxygenases (20DDs) GA 20-oxidase (GA20o0x). A first bioactive
gibberellin, GA4, is formed from GA9 by a second 20DD, the GA 3-oxidase
(GA30x). Other bioactive forms of GAs are produced from GAI12 and involve
different enzymatic reactions (Yamaguchi, 2008). The network of interaction in
which GAs are involved includes a large number of different components. Studies
conducted in A. thaliana and O. sativa indicated as key molecules of the GAs
pathway the GA receptor gibberellin insensitive dwarf (GID1 and 2), the DELLA
transcription regulators (DELLAs), and the F-box proteins sleepyl (SLY 1) (Daviére
and Achard, 2013). In the GA signaling scheme, GAs are perceived by a plasma
membrane receptor GID1, inducing the formation of a GA-GID1-DELLA complex.
DELLAs are key intracellular proteins involved in repressing GA responses. The
putative identification of distinct DELLAs proteins in numerous plant species reflects
their importance in the GA pathway. Distinct DELLAs proteins are involved in
different events, from seed germination to floral development (Locascio et al., 2013).
When GAs are not linked to their receptors, DELLAs accumulate and repress seed
germination, growth, and almost all known GA-dependent processes, interfering with
the DNA-binding capacity of transcription factors or inhibiting the activity of
transcriptional regulators. Moreover, DELLASs operate as transcription factors and
directly activate the transcription of downstream genes (Hirsch and Oldroyd 2009).
The formation of the GA-GID1-DELLA complex promotes DELLAs proteasome-
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dependent degradation, inducing conformational changes in DELLAs proteins and
favoring their binding with F-box proteins. F-box proteins are E3 ubiquitin-ligase
complexes that catalyze the attachment of polyubiquitin chains to target proteins for
their subsequent degradation by the 26S proteasome (Daviere and Achard, 2013).

Although GAs are mainly involved in seed germination, where the dynamic balance
between ABA and GAs is shifted toward GAs biosynthesis, some studies indicate
their involvement also in maturation and dormancy stages. This evidence supports
the results of many studies that observed how pea (Pisum sativum) GA-deficit
mutants as well as overexpression of GA2ox caused seed abortion. A possible
explanation is given by the potential activity of GAs on specific components involved
in seed maturation, like leafy cotyledon 1 (LEC1), which can activate ABI3 and
FUS3, regulators of seed maturation and part of ABA signaling (Kozaki and
Aoyanagi, 2022). GAs might cover a similar effect during seed dormancy, where an
active biosynthesis of GA precursor GA9 and GA20 was found, as well as the
production of active forms (GA1 and GA4). However, the ratio ABA:GA during seed
dormancy is high. In fact, the biosynthesis of GAs is associated with a rapid
degradation of these compounds, keeping the dynamic balance between ABA and GA
shifted toward the first hormone. Furthermore, GAs are not reported to be actively
involved in the seed dormancy molecular network, reflecting a marginal activity,
compared to ABA, in seed dormancy establishment (Finch-Savage and Leubner-
Metzger, 2006).

Favorable germination conditions, such as increased temperature and presence of
light, induces DOGI gene repression and lead to a more efficient catabolism of ABA.
The absence of downstream components of ABA-dependent signaling (ABI3, ABI4,
and ABIS) promotes the biosynthesis of GAs, which in turn leads to the degradation
of DELLAs protein. This series of molecular events markedly shifts the dynamic
equilibrium between ABA and GA, favoring the second hormone (Zuo and Xu,
2020). While ABA is a key component in seed maturation and dormancy, GAs
constitute the central component of the germination molecular network, which
induces the synthesis of transcription factors that promote seed germination. Ogawa
et al. (2003) investigated the identities of the GA-regulated genes and found a large
number of genes upregulated and downregulated with a different time response to
GAs. Most of the genes upregulated are positive regulators of ABA involved in
different functions. Genes encoding for expansins, heat-shock proteins, hydrolases,
and proteinases are included in the early-upregulated genes group. The presence of
expansin genes suggests an activity of wall hydrolyses. Among the mid and late-
upregulated genes group (6h and 12h after GA induction), cytochrome P450
monooxygenase genes are reported, reflecting an intense metabolism of GA
intermediates to form bioactive GAs. Moreover, GA4 directly induces the production
of the transcription factor AtMyb34/ATR1, which operates as a positive regulator of
the ASA1 gene. ASAI gene encodes for the a-subunit of anthranilate synthase,
involved in the first committed step in tryptophan biosynthesis. Overall, this study
indicates that the main effect of GA involves the downregulation of ABA-upregulated
genes and endosperm weakening (Ogawa et al., 2003). The more recent study of Tuan
et al. (2019) supports these results, suggesting that GAs have two main roles in
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controlling germination. The first one is to enhance the weakening of the endosperm
by inducing the expression of genes involved in cell wall hydrolyses, such as -
mannanase, expansin, B-1,3-glucanase, and chitinase, while the second role is to
stimulate the growth potential of the embryo.

Although the dynamic equilibrium between ABA and GAs is the main factor in seed
maturation, dormancy establishment, and germination, other hormones operate as
well either influencing the ABA:GAs ratio or directly regulating the expression of
specific genes. Fig. 1.6 illustrates the main hormones that support ABA and GAs
activity and regulate seed dormancy and germination. Auxin is involved in both seed
dormancy and germination through cooperative work with ABA. Many biochemical
and genetic analyses showed that auxin is required to activate ABI3, inducing the
release of auxin response factors 10 and 16 (ARF10 and ARF16) from AXR2/3 (Liu
et al., 2013). ARF10 and ARFI16 also promote germination activating the
transcriptional function of ABIS and interacting with jasmonate zim-domain (JAZ),
repressors of jasmonic acid (JA) signaling (Mei et al., 2023).

?. .....

/ BIN2
ARF10/16 MI'B PKS5
\ ABI4 / DELLAs

\
ARF10/16 ot ABIS
\‘A BI3 CYP707A 1/2
| Dormancy release > @ Germination process>
Dormant Non-dormant Germinated
seed seed seed

Figure 1.6. Network of main phytohormones (ABA, GA, auxinx) interaction involved in the
control of seed dormancy and germination (Shu et al., 2016).

Jasmonates are a class of lipid-derived hormones able to interact both with GA and
ABA to modulate seed germination. These molecules are recognized by the receptor
coronatine-insensitive protein (COIl) and the jasmonate domain (JAZ)
transcriptional repressor, which results in the degradation of JAZ proteins and the
release of transcription factors, including MY C2/3/4, which are included in ABA and
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GA signaling pathways. MYC2 can interact with the regulatory component of ABA
receptor (PYLO6), support the release of ABIS, and ABI3, enhancing ABA signaling
to inhibit or delay germination. The preservation of ABA signaling mediated by JA
is also active during seed germination. The degradation of DELLA protein RGL2
induced by GA stimulates JAs production, which releases ABI5 and supports ABA
biosynthesis (Stamm et al., 2012; Pan et al; 2023). BRs are a class of plant steroids
widely distributed in the plant kingdom and active at small concentrations. Although
the crosstalk between BRs and ABA is unknown, some studies suggest a role of BRs
in promoting seed germination by interacting with the activity of ABA (Xue et al.,
2009). Similarly, cytokinins (CTKs) promote seed germination by antagonizing ABA
and inducing ABI5 degradation. Moreover, CTKs induce the expression of
Arabidopsis Response Regulators (ARRs) genes that are involved in attenuating the
ABA-mediated inhibition of germination (Smolikova et al., 2021). Ethylene also
counteracts the effect of ABA, promoting seed dormancy breaking. A role of ethylene
in reducing ABA biogenesis through the binding with the ETR1 and ETR2 (ethylene
response 1 and 2) receptors has been reported, while the potential crosstalk with GAs
is so far unknown (Shu et al., 2016).

Overall, the process of seed germination can be divided into three phases (Fig. 1.7).
Phase I is characterized by a rapid uptake of water, essential for activating the
metabolic processing promoting germination. Phase II follows the initial step of
imbibition and constitutes the point at which most of the metabolic reactions triggered
by water uptake occur. While phases I and II are indicative for the so-called pre-
germinative metabolism, phase III is representative for the post-germination stage
(Macovei et al., 2017; Smolikova et al., 2021).

Germination Post-germination

Transition

Phase | Phase Il

Synthesis of proteins

Transcription and translation of new mRNA
Translation or degradation of stored mRNA
Repair and replication of DNA

Repair of cell membranes

Phase Il

Water uptake

Epigenetic modifications
of chromatin

Time of germination

Figure 1.7. Main phases of seed germination (Smolikova et al., 2021).
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1. General Introduction
1.2.1 Pre-germinative metabolism and seed priming

As largely stated, seed germination is a complex process intrinsically related to seed
maturation and dormancy. The transition to different stages is determined by a
complex molecular network of several factors, which respond to changes in
environmental conditions. When optimal growth conditions occur, seed dormancy is
broken, and the germination process starts. One of the key events that determine the
transition between dormancy and germination is water uptake. This is required for
the reactivation of metabolic reactions, which ensures an appropriate germination.
The fact that water imbibition represents the initial stage of metabolic reawakening
is supported by analyses of seed respiration (estimated through the CO; efflux), which
indicate an increased release of carbon dioxide (Marler, 2019). The set of metabolic
events occurring during germination, known as pre-germinative metabolism,
represents an influential aspect of seed viability. The activation of pre-germinative
metabolism is strictly related to seed imbibition and appropriate water uptake and
occurs during the second stage of germination. Overall, the main events related to
pre-germinative metabolism include the production of energy, the reparation of DNA
and cell membranes, and changes in the transcriptome, proteome, and metabolome
profiles (Macovei et al. 2017).

Energy production is achieved through cell respiration, which requires the direct
consumption of oxygen and the presence of intact and functional mitochondria. The
generation of active mitochondria, known as mitochondrial biogenesis, represents
one of the earliest events of seed germination. Mitochondrial biogenesis is a complex
process currently described by two distinct models: the growth and division model
and the maturation model. Following the growth and division model, novel
mitochondria are generated through the binary fission of pre-existing mitochondria
and generally occur during cell mitosis, while the mitochondrial mass increases
during interphase. The second model is strictly associated with the concept of
promitochondria, structurally and biochemically simple organelles that respond to
specific signals, maturing into fully developed and metabolically active
mitochondria. Many studies support that mitochondrial biogenesis occurring during
seed germination follows the maturation model and it is induced by sequential and
dynamic events of gene expression, protein turnover, and post-translational
modifications (Logan et al., 2001). Specifically, the synthesis of proteins is an
essential step for mitochondrial maturation. Among mitochondrial proteins, several
enzymes involved in metabolism (aldehyde dehydrogenase, monodehydroascorbate
reductase, glyceraldehyde-3-phosphate dehydrogenase), respiration (Rieske protein,
cytochrome ¢, the alpha and beta subunits of ATP synthase), TCA and carbon
metabolism (the alpha and beta subunits of pyruvate dehydrogenase El, citrate
synthase, malate dehydrogenase, phosphoenolpyruvate carboxykinase),
import/transport (Tom40, voltage-dependent anion channel (VDAC), adenine
nucleotide translocator), stress response (manganese superoxide dismutase) and
development (late embryogenesis abundant protein), as well as chaperones and
proteins of the proteolytic system (Hsp60, Hsp70, mitochondrial processing
peptidase), exhibit high abundance in seed mitochondria. Another key event involved
in mitochondrial maturation is represented by the post-translational modifications
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(PTMs) of proteins, which affect protein localization, stability, and activity.
Carbonylation, phosphorylation, and S-nitrosylation have been identified in
numerous mitochondrial proteins during seed germination (Czarna et al., 2016).
Cytochrome ¢ (CYTc) is an important component involved in mitochondrial
biogenesis and energy production. The work of Racca et al. (2022) indicates that
CYTC genes are actively expressed during the early stages of germination and the
overproduction of the CYTc protein is positively associated with the increased
production of ATPs occurring during seed imbibition. These results indicate that
CYTC gene expression is a part of pre-germinative metabolism that influences
mitochondrial biogenesis and cell respiration activation during seed germination.

The dynamic balance between protein synthesis and hydrolysis is an important event
in the pre-germinative metabolism. Many genes involved in redox and metabolic
processes are actively transcribed in messenger RNAs (mRNAs) during early seed
imbibition and translocate into polysomes for the synthesis of novel proteins. The
active recruitment of polysomes is probably one of the main strategies for optimizing
the synthesis of proteins and is proved by an over-accumulation of ribosomal subunits
that support mRNA translation during seed germination (Pagano et al., 2023). The
intense turnover of proteins during seed germination is also supported by a recent
study on protein accumulation in carrot seeds during imbibition. In this context,
ribosomal and proteasome-related proteins exhibited the highest abundance levels, as
well as proteins involved in photosynthesis (photosystem II and photosystem I
proteins, ATP synthase subunit, cytochrome and ferredoxin-NADP reductase
proteins) and in carbohydrate metabolism (isocitrate lyase, malate synthase, succinate
dehydrogenase, malic enzyme, sucrose synthase, 6-phosphofructokinase, fructose-
bisphosphate aldolase, glucose 6-phosphate dehydrogenase) (Zhao et al., 2022).

DNA repair is an essential process occurring during pre-germinative metabolism. The
germination process coincides with an increase in cell cycle activity, including cell
division and DNA replication. The potential accumulation of DNA lesions during this
stage has dramatic consequences in seed quality, since the elevated rate of
mutagenesis negatively affect radicle protrusion, seedling growth and development
(Waterworth et al., 2022). Genome integrity is preserved through the coordinated
action of different DNA repair pathways, such as nucleotide and base excision repair
(NER, BER), homologous recombination (HR), and non-homologous end joining
(NHEJ) which play a critical role in preserving genome stability (Fig. 1.8)
(Balestrazzi et al., 2011; Ventura et al., 2012; Waterworth et al., 2019). Among these,
BER is highly active during seed germination (Pagano et al., 2019) and is involved
in the removal of oxidative base damage, alkylation, deamination, and abasic sites
(apurinic and/or apyrimidinic, AP). BER includes DNA glycosylases, enzymes able
to catalyze the hydrolysis of the N-glycosidic bond of the damaged deoxynucleoside,
causing the excision of the damaged bases. Single nucleotide (Short-Patch repair, SP,
carried out by the DNA polymerase b) or several nucleotides (Long-Patch repair, LP,
performed by replicative DNA polymerases d or ¢) are afterward inserted to fill the
gap, while the ends are rejoined by DNA Ligase III (SP-BER) and DNA Ligase I (LP-
BER) (Ventura et al., 2012; Waterworth et al., 2019). Many genes involved in BER,
such as the 8-oxoguanine DNA glycosylase/ lyase (OGGI) and the
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formamidopyrimidine-DNA glycosylase (FPG) are up-regulated during seed
imbibition (Balestrazzi et al., 2011), alongside tyrosyl-DNA phosphodiesterase
(TDP1I), which encodes for an enzyme responsible for the repair of topo [-mediated
damage (Macovei et al., 2010; Forti et al., 2020).

Bulky Base
adducts damage SSBs DSBs

B A=0IR 8 B
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NER BER HR NHEJ alt-NHEJ

Figure 1.8. Overview of DNA repair pathways in seeds. NER, nucleotide excision repair;
BER, base excision repair; HB, homologous recombination, NHEJ, non-homologous end
joining; alt-NHEJ, alternative NHEJ; Oxo G, 8-oxo guanine (Waterworth et al., 2019).

The NER pathway operates by removing the cyclobutane pyrimidine dimers (CPDs),
phosphor-products and other bulky lesions that cause helix distortions. Recognition
of lesion, incision of the damaged DNA strand on each side of the lesion, and release
of the oligonucleotide that harbors the lesion, are the processing step of NER. This
system is composed of two sub-pathways: the transcription coupled-nucleotide
excision repair (TC-NER), which removes damage from the transcribed strands of
active genes, and the global genome-nucleotide excision repair (GG-NER),
responsible for repairing lesions throughout the whole genome. While TC-NER
remove different lesions at a similar rate, GG-NER efficiency is related to the type of
lesion. Although both TC-NER and GG-NER require the activity of the transcription
elongation factor-1IH (TFIIH) to unwind the DNA helix around the damaged site, the
recognition mechanism of the lesion among the sub-pathways is different. TC-NER
is activated by the stalling of RNA polymerase II (RNAPII) during transcription,
while in GG-NER the lesion is detected by a molecular complex that includes the
UV-Damaged DNA-Binding protein complex (UV-DDB), the Xeroderma
Pigmentosum group C and the centrin proteins (Balestrazzi et al., 2011). HR and
NHE]J are involved in repairing the double-strand breaks, highly cytotoxic DNA
lesions which occur spontaneously in the cell, especially during DNA replication and
under oxidative stress. A central player in HR is the strand-exchange protein Rad51,
which promotes the formation of a physical connection between the invading DNA
substrate and homologous duplex DNA, leading to the formation of heteroduplex
DNA. The activation of Rad 51 is related to the interaction with Replication Protein
A complex (RPA). Although HR system is also characterized by alternative pathways
(single-strand annealing, SSA), the recruitment and the activation of Rad51 is always
required (Waterworth et al., 2019). In comparison to HR, which involves a
homologous sequence to guide repair, NHEJ directly ligates two ends without the
need for a homologous sequence. NHEJ can be subdivided into two classes
depending on the pathway used to repair the damage. The first one is Ku-dependent
classical/canonical NHEJ (c-NHEJ) repair, which involves the activity of Ku, a
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heterodimeric complex of 70 and 80 kDa subunits, that binds to broken DNA ends to
prevent degradation and facilitate alignment for the subsequent ligation step mediated
by DNA Ligase I'V. An alternative NHEJ pathway (Alt-NHEJ) operates through the
DNA polymerase 6 (PolQ) when the recruitment of Ku proteins is not required (Raina
et al., 2021).

The pre-sowing treatment triggering pre-germinative metabolism is the main
principle behind seed priming, a technique that allows controlled seed rehydration to
elicit the metabolic processes normally activated during the early phase of
germination but preventing the seed transition towards full germination. Priming is a
well-known approach for enhancing seed quality, improving the germination
performances in terms of percentage, speed, and synchrony, along the resistance to
pathogens and abiotic stresses (Paparella et al., 2015; Pagano et al., 2023). Although
a large number of studies documented the positive effect of seed priming in different
species, such as Allium cepa (Selvarani and Umarani, 2011), G. max (Lewandowska
et al., 2020; Griffo et al., 2023) along many other legume species (Rastin et al., 2013;
Maurya et al., 2020), O. sativa (Farooq et al., 2007), and 7. aestivum (Harris et al.,
2008), the efficacy of the treatment is strongly influenced by plant species/genotype
and physiology, seed lot and vigor, as well as to the priming method applied (Pagano
et al., 2023). As shown in Fig. 1.9, seed priming includes various techniques
dedicated to improving germination performance, seedling growth, and crop yield.
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Figure 1.9. Schematic representation of seed priming techniques (Rhaman et al., 2020).

Hydropriming consists of soaking the seeds in water before sowing and may or may
not be followed by air-drying of the seeds. Controlled water imbibition is a crucial
passage to ensure optimal activation of seed metabolism, thus seed soaking must be
monitored to avoid disproportionate water uptake and seed damage (Nawaz et al.,
2013). One of the primary benefits associated with the hydropriming technique is the
utilization of only water, which makes this approach simple and inexpensive (Jisha
et al., 2013). Hydropriming was successfully utilized to improve the germination
performances of many crop species (Damalas et al., 2019; Kaburu et al., 2024).
Instead, solid-matrix priming (SMP) is a technique in which seeds are mixed with a
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solid material and water in known proportions. This mixture allows the seeds to
imbibe and attain a threshold moisture content preventing radicle emergence (Wu et
al., 2019). SMP has been successfully used to improve the quality of different species
(Ermis et al., 2016; Sen and Mandal, 2016). Differently, halopriming relies on
soaking the seeds in inorganic salt solutions, i.e., NaCl, CaCl,, KNO;3, etc. Similarly
to drought stress, the inorganic salt solution lowers the seed water potential,
promoting the activation of mechanisms that act on plant stress memory to make
plants respond quickly to imminent abiotic stress. As a consequence, this treatment
can promote tolerance to other upcoming stresses and exhibits positive effects in
enhancing plant tolerance to adverse environmental conditions (Kumar et al., 2016;
El-Sanatawy et al., 2021). In the case of osmopriming, seeds are soaked in osmotic
solutions, still with decreased water potential, to control the water absorption rate and
ensure the activation of membrane repairing systems and metabolic processes (Bray,
2017). Although different osmopriming agents can be utilized, such as CaCl,, KNOs3,
KCl, K3PO4, NaCl, and mannitol, polyethylene glycol (PEG) is one of the most
suitable and utilized agents for osmopriming, as it is chemically inert and does not
induce damage to seed embryos. Moreover, PEG is non-damaging to proteins and
does not penetrate seed tissues due to its large molecular size (Lei et al., 2021).
Alternatively, the treatment using hormone solutions is referred to as hormo-priming
and is based on the utilization of plant growth regulators during seed imbibition.
Regulators such as ABA, GAs salicylic acid, ascorbic acid, cytokinins, auxins,
kinetin, ethylene, and polyamines are commonly used since they are well-known
molecules involved in controlling seed germination (Rhaman et al., 2020). On the
other hand, biopriming integrates biological (inoculation of seed with beneficial
organisms to protect seed) and physiological aspects (seed hydration) for enhancing
seed quality. It represents an ecological approach that uses selected microorganisms
that limit the toxic effect of soil- and seed-borne pathogens (Reddy and Reddy, 2013).
One of the main advantages related to microbes inoculation in biopriming is that their
utilization promotes nutrient acquisition via nitrogen fixation and solubilization of
insoluble minerals, organic acids, antimicrobial metabolites, lytic enzymes, growth
regulators, and stress-responsive/induced phytohormones, alleviating abiotic stress
such as drought, high soil salinity, and extreme temperatures (Chakraborti et al.,
2022). Apart from the priming techniques mentioned so far, novel priming
approaches (e.g., nano-priming, green-priming, use of physical agents like
temperature, electric fields, microwaves, atmospheric plasma) have been developed
and optimized to enhance the germination performances of seeds. There are many
pieces of evidence suggesting that exposing seeds to a modest high-temperature stress
(HTS) stimulus can improve the resistance to the same or different stress factors. This
is the principle behind the thermo-priming approach, which has been applied to
different species to improve seed quality and stress tolerance (Wang et al., 2014).

At a molecular level, the response to priming-induced stress rapidly triggers the
appropriate physiological, biochemical, and molecular adjustments, through the
activity of second messengers like calcium ions (Ca?") and reactive oxygen species
(ROS). This leads to a rapid adaptation in the genetic machinery, achieved through a
network of transcription factors (TFs) and microRNAs (miRNAs) (Khan et al., 2022).
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ROS constitutes a group of molecules at the center of seed physiology. A crucial event
of pre-germinative metabolism is indeed the production of ROS triggered with the
start of water uptake. ROS are key components of different signal transduction
pathways in seeds and many studies suggest that seed germination can be achieved
only when the ROS content is maintained under a critical threshold, called “oxidative
window for germination”, in which the ROS-mediated signaling mechanisms can be
induced (Bailly et al., 2008; Ventura et al., 2012). However, the impact of ROS in
seed physiology is not limited to their activity on seed germination but they also
operate in different stages of the plant life cycle.

1.2.2 Reactive oxygen species (ROS): an overview and roles in germination

ROS are intracellular chemical species that contain oxygen (O2) and exhibit reactivity
towards lipids, proteins, and DNA. The category of ROS includes the superoxide
anion (O>"), hydrogen peroxide (H»O,), and hydroxyl radicals (OH¢). ROS are more
chemically reactive than O, and can trigger a variety of biological events. As shown
in Fig. 1.10, different biochemical processes are responsible for ROS production in
plant cells. One of the main sources of ROS is linked to cell respiration in
mitochondria. The three sites mainly involved in ROS production are complex I, II,
and III within the mitochondrial respiratory chain, which is located in the inner
mitochondrial membrane. These complexes generate O, by the one-electron
reduction of molecular O; and release it into the mitochondrial matrix. Complex III
can also release O™ into the intermembrane space (Glasauer and Chandel, 2013).
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Figure 1.10. Major sites of ROS production in plant cells (Bose et al., 2014).
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1. General Introduction

Peroxisomes are subcellular organelles with a single membrane involved in the
production of H,O,and O, ~in plant cells. According to different studies, peroxisomes
represent the main source of intracellular H,O,, which results from different
biochemical processes, such as the photorespiratory glycolate oxidase (GOX)
reaction, the main enzyme of fatty acid f-oxidation, acyl-CoA oxidase, the enzymatic
reaction of flavin oxidases and the spontaneous or enzymatic dismutation of
O, radicals. Together with mitochondria and chloroplasts, peroxisomes produce O,
occurring in two different sites. The first site of O, production is the organelle
matrix, in which the generating system is xanthine oxidase (XOD), an enzyme that
catalyzes the oxidation of xanthine and hypoxanthine to uric acid. The other side of
O, production is the peroxisomal membrane, where a small electron transport chain
appears to be involved. This is composed of the flavoprotein NADH: ferricyanide
reductase of about 32 kDa and a cytochrome b protein and utilizes NADH and
NADPH as the electron donor for O, production (Bose et al., 2014; Del Rio and
Lopez-Huertas, 2016). Chloroplasts produce ROS through both photosystems. In
photosystem II (PSII), the excess energy produced leads to the formation of the triplet
state of light-excited chlorophyll (3Chl), which transfers the absorbed energy to
ground-state oxygen (O;), facilitating the production of highly reactive singlet
oxygen (10,). PSII is also involved in the production of O, -, H,O», and OHe. Electron
leakage on the PSII electron acceptor side produces O»~, which leads to the
dismutation and to the generation of H>O,, which is further converted to OHe by non-
heme iron. H>O; can also be produced by an alternative pathway that starts with
incomplete water oxidation. In PSI, the stepwise production of O, and H»O, is
dependent on ineffective photochemical and non-photochemical quenching (NPQ),
in which PSII-derived electrons are transferred to O, through PSI-associated electron
transport components (Li and Kim, 2022). ROS are also produced by NOX proteins,
which are primarily localized to the plasma membrane, in the endoplasmic reticulum
and mitochondria membranes. The catalytic subunit of FOX proteins utilizes
electrons donated by NADPH to generate O, through the one-electron reduction of
O, (Glasauer and Chandel, 2013).

ROS intrinsic chemical properties direct their reactivity toward specific biological
targets. One of the main targets of ROS is represented by proteins, which can be
damaged and/or inhibited by ROS-induced direct oxidation of amino acids. Different
interactions between amino acids and ROS have been elucidated. ROS can oxidate
arginine (Arg), lysine (Lys), proline (Pro), and threonine (Thr) residues, which
generate carbonyl groups in the side chains, inhibiting or altering their activities.
Sulfur-containing amino acids, and thiol groups specifically, are very susceptible sites
to ROS oxidation. Activated oxygen can abstract an H atom from cysteine residues
to form a thiyl radical (RS-) that reacts with a second thiyl radical to form disulfide
bridges. Membrane phospholipids are continually subjected to oxidation induced by
ROS, a phenomenon known as lipid peroxidation. The process of lipid peroxidation
in a membrane includes a set of chain reactions that are triggered by the abstraction
of a hydrogen atom (from a C — H bond), in an unsaturated fatty acyl chain of a
polyunsaturated fatty acid (PUFA) residue induced by ROS. The lipid radical (L") can
bind an oxygen molecule to form a lipid peroxyl radical (LOO"), which in turn can
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1. General Introduction

further propagate the peroxidation chain reaction by abstracting a hydrogen atom
from adjacent PUFA side chains. The resulting lipid hydroperoxide (LOOH) can
easily decompose into several reactive species, including lipid alkoxyl radicals (LO"),
aldehydes alkanes, lipid epoxides, and alcohols. The main consequence of lipid
peroxidation is the loss of membrane fluidity, which can lead to damage to membrane
proteins, and the inactivation of receptors, enzymes, and ion channels (Garg and
Manchanda, 2009). Another important ROS target is the DNA, which reflects cell
integrity. Although all four DNA bases can be oxidated by ROS, the pyrimidines
(cytosine and, especially, thymine) appear to be most susceptible. Base oxidations
can lead to ring saturation, ring opening, ring contraction, and hydroxylation
reactions, which result in the formation of local distortions in the double helix.
Moreover, the degradation of bases triggered by ROS induces the formation of
several toxic products, such as 8-hydroxyguanine, 8-oxoguanine, hydroxymethyl
urea, urea, thymine glycol, and thymine. The phosphodiester backbone can also be
oxidated by ROS. The resulting damage to the sugar and phosphate sites leads to
strand breaks and requires the activation of DNA repair mechanisms to restore DNA
integrity and maintain cell vitality. A further consequence of ROS-induced oxidation
of DNA is the cross-linking of DNA to proteins, which can block DNA transcription
(Garg and Manchanda, 2009; Storr et al., 2013).

Despite their attitude toward biological targets, only high levels of ROS are
associated with toxic effect. Aside the detrimental effects induced by over-
production, ROS are key signaling molecules involved in many biological events in
plant cells, such as control and regulation of cell growth, programmed cell death
(PCD), hormone signaling, plant responses to biotic and abiotic stress, and the
development of tissues. This duality depicts a scenario in which ROS play different
and opposite roles: as signaling molecules regulating many processes in plants under
normal and adverse conditions, and as toxic by-products involved in oxidative stress
and cell damage (Dat et al., 2000; Mittler et al., 2011). As signaling molecules, ROS
operate in a complex network of biochemical pathways to control several molecular
processes of seed maturation, dormancy, and germination (Martin et al., 2022). Low
levels of ROS have been associated with control of maturation and dormancy stages,
while the increase of radicals accumulation is an important factor promoting the
dormancy breaking and the start of germination. The main hypothesis suggests that
ROS production, accumulation, and scavenging are included in the complex
pathways of ABA and GAs networks (Wojtyla et al., 2016) (Fig. 1.11). GAs, as
germination-promoting hormones, stimulate the production of OHe, involved in
promoting radicle protrusion. GAs are also associated with H,O, production, which
is the most stable radicle form associated with different signaling events. ABA, which
operates by maintaining seed dormancy and inhibiting germination, is involved in the
inhibition of the Fenton reaction, a process in which H,O, oxidizes iron (II) to form
iron (III) and releases OHe. Additionally, ABA also suppresses H>O, production
(Jhanji et al., 2024). According to previous evidence, H.O, promotes ABA
degradation in several manners. The main mechanism of H,O,-dependent ABA
degradation includes the activation of ABA-8-hydroxylase, an ABA catalytic enzyme
(Mizutani and Todoroki, 2006), but a direct oxidation of ABA by H,O» can also occur.
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1. General Introduction

ROS are involved in the biosynthesis of hormones as well. H,O, promotes GAs
synthesis through the activation of mitogen-activated protein kinase (MAPK)
cascades, supporting the evidence that ROS have a positive impact on facilitating
dormancy release and promoting seed germination, inducing both GA synthesis and
ABA degradation (Jhanji et al., 2024). ROS also act as secondary messengers in other
plant hormonal signaling. Auxin and ROS signaling are closely related to each other
and are merged into a hormonal network that regulates seed germination and various
growth and developmental processes. An increase in H,O; synthesis after exogenous
auxin application indicates that ROS can have effects on auxin biosynthesis. H>O»
and other ROS can also affect auxin transport, metabolism, and signaling
(Krishnamurthy and Rathinasabapathi, 2013). ROS influence the activity of ethylene,
acting as secondary messengers for HCN (hydrogen cyanide) to activate several
transcription factors involved in ethylene signaling pathway to release seed dormancy
and promote germination. Moreover, H>O; can stimulate ethylene biosynthesis
(Ishibashi et al., 2013).
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Figure 1.11. Representation of H,O, functions in relation to seed germination. H,O, levels
are controlled by antioxidant mechanisms. Signaling functions and crosstalk with other
molecules and phytohormones, along with the selective oxidation of proteins and mRNA, play
key roles in regulating germination. H,O, directly interrupts dormancy, weakens the
endosperm, induces programmed cell death (PCD) in aleurone cells, and can have
antimicrobial properties (Wojtyla et al., 2016).

Given the fact that the activity of ROS is strictly associated with their intracellular
levels, a complex system of ROS scavenging operates to balance the processes
involved in radical production and maintain specific concentrations. ROS-
decomposing enzymes represent an essential part of the ROS scavenging system
since they promote plant survival under stress conditions, when ROS overproduction
occurs. The first group of enzymes involved in the antioxidant defense is constituted
by the superoxide dismutases (SODs), which decompose O>~ to H,O». In plant cells,
the principal SODs are FeSOD and MnSOD, characterized by different cofactors
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present at their active site. Individual SOD isozymes are compartmentalized into
mitochondria, peroxisomes, cytosol, chloroplast stroma, thylakoids, and nucleus
(Alscher et al., 2002). Catalases (CATs) are responsible for the detoxification of the
overproduced H»O,, catalyzing the decomposition of H,O» to H,O and O». Several
CAT isozymes have been found in numerous plant species and are mainly localized
in photosynthetic, vascular, and reproductive tissues (Sharma and Ahmad, 2014). The
presence of multiple CAT isozymes indicates that these exhibit functional versatility.
Indeed, CAT isoforms are indispensable for the plant response to stress, including
drought and salt, where CAT1 and CAT3 are involved, or heat and heavy metals,
where CAT?2 is required (Dvotak et al., 2021). Ascorbate peroxidases (APXs) are an
important group of heme-containing peroxidases involved in detoxifying
H,0O, through the electron transfer from ascorbate to form monodehydroascorbate
(MDHA) and H»O. Different APX isozymes have been found in plants and are
encoded by a multi-gene family. These isozymes have also different localization and
exhibit different kinetic properties like catalytic rate, optimal pH, stability, and
molecular weight (Wu and Wang, 2019). Glutathione peroxidases (GPXs) are a
family of isozymes that catalyze the conversion of H,O», hydroperoxides, and lipid
hydroperoxides, in water by using glutathione. Four different groups of GPXs have
been characterized, encoded by a small family of genes having different localization
in plant cells, from cytosol to chloroplast stroma (Ozyigit et al., 2016).

These enzymatic antioxidant defenses respond directly to ROS accumulation in plant
cells, triggering a series of signaling reactions to influence the expression of the
enzyme-encoding genes. For many radicals, the sensing process involves specific
radical receptors capable of transducing signals from extracellularly produced ROS
into intracellular signaling cascades. For instance, a group of receptor kinases specific
to H,O,, the hydrogen-peroxide-induced Ca** increases 1 (HPCA1) are involved in
sensing hydrogen peroxide (Dvorék et al., 2021). However, one of the most effective
manners to trigger the expression of genes encoding for the ROS scavenging enzymes
involves the activation of the mitogen-activated protein kinase (MAPK) signaling
pathway. This system consists of MAPKKKs (MAP3Ks), MAPKKs (MAP2Ks), and
MAPKs, which are consecutively phosphorylated, leading to the
activation/inactivation of a wide range of target proteins, including TFs. ROS directly
react and activate MAPKKKSs and phragmoplast localized kinases (ANPs), through
oxidation of cysteines or sulfenylation reactions, starting the phosphorylation cascade
of the MAPK system (Son et al., 2011). ROS can also influence the expression of
genes involved in the enzymatic antioxidant systems by modifying Ca?" cytosolic
concentrations. Ca®" is an important secondary messenger functioning in intra- and
extracellular signaling networks able to activate Ca** channels, ion pumps, plasma
membrane- and organelle-membrane-embedded Ca?* transporters, Ca®’-binding
proteins (calmodulin), and various Ca?’-dependent protein kinases, in response to
ROS production (Gorlach et al., 2015).

In addition to the enzymatic system, the non-enzymatic antioxidant defense is
mediated by low molecular weight metabolites such as a-tocopherol, carotenoids, and
flavonoids. a-Tocopherol is one of the eight forms of “vitamin E” and is universally
distributed in the plant kingdom, being the major form accumulating in
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photosynthetic tissues and, hence, in chloroplasts. It is part of a well-coordinated
network necessary to protect the chloroplasts from damage induced by radicals. In
particular, o-tocopherol cooperates with p-carotene in modulating the levels
of '0, and has a unique role in stopping the propagation of lipid peroxidation (Mesa
and Munné-Bosch, 2023). Carotenoids are also involved in the antioxidant defense
in plant cells through the inactivation of 'O, radicals. Moreover, they participate in
the protection of the photosynthetic machinery from excessive light, since they can
dissipate excess energy via xanthophyll-mediated non-photochemical quenching
(NPQ) (Cazzonelli, 2011). Although the mechanisms underlying flavonoid-mediated
ROS reduction in plants are still unclear, their presence in the chloroplast suggests a
role as scavengers of singlet oxygen and stabilizers of the chloroplast’s outer
envelope membrane (Agati et al., 2012).

1.3 Seed storage and seed deterioration

One of the most intriguing aspects of seed physiology is the capacity to enter a
quiescent state and maintain viability under different stress conditions for extended
periods. This quiescent state is established during the desiccation process that occurs
in the late seed maturation phase. This specific feature results in an optimization of
seed longevity, defined as the total time span during which seeds remain viable (Sano
et al., 2016). Seed longevity is an important factor that affects the reproductive
success of higher plants. Elevated seed longevity allows optimal seed dispersal,
avoiding competition for nutrients with other plant species and permits the start of
germination under favoring conditions. This complex parameter is strongly
dependent on the species and it is influenced by intrinsic and external factors. Fig.
1.12 illustrates the most relevant factors that influence seed longevity (Zinsmeister et
al., 2020), which are discussed below.
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Figure 1.12. Graphical representation of features affecting seed longevity (Zinsmeister et al.,
2020).
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Intrinsic features are determined during the maturation phase, under the influence of
maternal plant tissues. These include a range of molecules, such as lipophilic and
water-soluble antioxidant compounds, stress proteins (HSP and LEA proteins), RNA
binding proteins that conserve mRNA in the dry seeds, and non-reducing sugars
(sucrose and oligosaccharides) that prevent protein denaturation, protect membranes,
and participate to the formation of a glassy state. Among the intrinsic factors, there
are the mechanisms that repair genome lesions and preserve genome integrity
(Zinsmeister et al., 2020; Waterworth et al., 2024). The levels of these molecules are
strictly regulated by several hormones involved in seed dormancy and maturation.

The LAFL transcriptional regulators (i.e., LEC1, ABI3, FUS3, and LEC2), belonging
to ABA-dependent downstream signaling, are mainly involved in seed longevity
acquisition. Downstream of ABI3, there are several genes involved in seed longevity,
such as HSFA9 (heat shock factor A9), belonging to transcription factors that regulate
the expression of genes encoding for HSPs (heat shock proteins). In addition, ABI4
and ABI5 are regulators of seed longevity. ABI4 is hypothesized to coordinate the
dismantling of chloroplasts during seed maturation and the subsequent attainment of
seed longevity, acting in synergy with ABI5. ABIS is strictly regulated by DOGI,
operating during the first stages of the plant life cycle (maturation and dormancy).
Since DOG] participates in an environment-sensing pathway, it links the maturation
environment to the intrinsic features involved in seed longevity acquisition (Pirredda
et al., 2023).

External factors involved in seed longevity represent a key point for seed storage
practices since they constitute the storage environment. These factors are related to
the loss of seed quality during long-term storage, a process defined as seed aging.
Maintaining seed quality during storage is essential for the propagation of food crops,
as seeds are the first link in the food chain and the ultimate symbol of food security.
In addition, preserving seed quality helps conserve biodiversity, which is essential to
ensure food security under changing climatic conditions. Therefore, the purpose of
seed storage is to maintain seeds in a viable state for a long time and to delay the
aging processes in order to preserve genetic diversity and avoid wasting seed material
(Bakhtavar and Afzal, 2020). The main external factors affecting seed viability during
storage are the moisture content (MC), temperature, and the proportion of oxygen.
Moisture content influences dry seed longevity during storage, by affecting the rate
of viability loss. Elevated levels of MC have been associated with rapid seed
deterioration in different species, like soybean (Ali et al., 2014), wheat (Malaker et
al., 2008), rice (Genkawa et al., 2008), and onion (Tripathi and Lawande, 2014). One
explanation for the effect of high MC on seed deterioration is that an increase in seed
water content promotes the reactivation of metabolism. Specifically, the oxidative
reactions, mainly due to mitochondrial activity, are largely responsible for aging in
dry seeds, since they promote the production of ROS (Kibinza et al., 2006). As largely
stated in the previous subchapter, high levels of ROS are associated with loss of
membrane integrity, reduced energy metabolism, impairment of RNA and protein
synthesis, and DNA degradation. Moreover, lipid peroxidation occurring during seed
aging is directly related to ROS accumulation and has been demonstrated to be one
of the processes mostly affecting seed aging in long-term stored seeds. Additionally,
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an oxidative environment promotes Maillard reactions, responsible for the
inactivation of proteins (Zhang et al., 2021). Similarly to elevated MC, a high storage
temperature is associated with increased viability loss rates, since it increases the
respiration rate and enzyme activity. Indeed, numerous studies documented that seeds
stored at low-temperatures exhibit better germination performances than those stored
at high-temperatures, regardless of the storage period (van Treuren et al., 2018;
Gebeyehu, 2020). The detrimental effect of oxygen during storage has been
documented to induce chromosome aberrations during cell division, promoting the
accumulation of DNA lesions in seeds. Long-term storage under elevated
concentrations of oxygen is indeed linked to loss of seed quality (Groot et al., 2012).
Other factors can decrease seed longevity during storage, such as infestations caused
by insects and pests. Biotic factors are indeed responsible for weight loss, loss of
flavor, mold growth, and the production of toxins, which in turn determines the loss
of seed quality (Santos et al., 2016; Berhe et al., 2023). A prolonged life span after
drying is not an inner characteristic of all seeds. Optimal storage practices allow the
preservation of the viability of orthodox seeds (or desiccation-tolerant seeds), which
endure drying process and can be stored at freezing temperatures for long periods.
Recalcitrant (or desiccation-sensitive) seeds, which are sensitive to drying, cannot be
stored under conventional practices, thus limiting the long-term storage (Barbedo et
al., 2013). In summary, depending on the internal characteristics that affect seed
longevity, the storage environment can be adapted to optimize seed quality
maintenance. Nevertheless, even the implementation of the most optimal storage
conditions is unable to entirely prevent the deterioration of seeds.

As shown in Fig. 1.13, the typical trend of seed deterioration assumes the shape of a
sigmoid curve. The internal and external features involved in seed longevity can alter
the rates of seed quality loss and modify the typical pattern of seed deterioration,
emphasizing or reducing the sigmoid shape. The curve of seed deterioration is
characterized by an initial phase, called “asymptomatic phase”. During this stage, no
apparent loss of seed viability can be observed; however, the following reduction in
seed quality suggests that specific aging processes are occurring (Walters et al.,
2010). One of the main events involved in seed deterioration is the accumulation of
ROS during seed storage, which can be prompted by high temperatures and MC as
well as elevated oxygen concentrations during storage.
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Figure 1.13. Schematic diagram of the typical trend of seed viability responses to storage
time (Walters et al., 2010).

Membrane damage, a consequence of ROS-induced lipid peroxidation, is one of the
main events associated with seed aging during long-term storage. This event can
occur from the early stages of deterioration and alters the seed structural integrity,
inducing oxidative damage. Another event is the depletion of the stored reserves,
occurring during storage at relatively high humidity conditions. These are essential
to provide the metabolic needs of the embryo until the seedling reaches autotrophy.
Since aged seeds are metabolically active during storage, reserve molecules are
directly consumed to produce energy, impairing the maintenance of cells, and tissues
(Ebone et al., 2019). As largely stated, DNA and RNA are susceptible to ROS
reactivity. Seed aging is indeed associated with chromosome aberration, changes in
telomere length, DNA methylation, and abnormal gene expression (Waterworth et al.,
2019). Specifically, the oxidation of guanidine represents a type of DNA lesion
commonly found in aged seeds. Considering its single-stranded structure and the
absence of repair systems, RNA is particularly vulnerable to oxidation and inevitably
leads to a decrease in protein synthesis (Lopez-Fernandez et al., 2018; Ebone et al.,
2019).

Despite the current knowledge of the processes ongoing during seed storage and the
factors involved in seed deterioration, the explanation or the prediction of seed
quality loss during storage is limited. One of the main reasons is that the structural
modifications of seeds during storage affect the rates of oxidative and metabolic
processes, thus they need to be considered to estimate seed viability loss rate. In
recent years, different models have been developed for predicting the rates of seed
quality loss. One of the first and most popular models for seed viability loss prediction
during storage is the Robert-Ellis equation, which was developed on the assumption
that there is no interaction between the storage temperature and seed moisture content
that influences seed viability. Although this model had an important and positive
impact on the research of seed longevity under storage, it is only applicable within a
limited temperature range, and it is not suitable for predicting the longevity of seeds
stored at -20°C. Moreover, the interaction between storage temperature and seed
moisture is not regarded, but it affects seed viability (Tang et al., 2000; Zhou et al.,
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2016). Despite these limitations, the Robert-Ellis equation represents the basis of
novel models for seed longevity prediction during long-term storage. The Avrami
equation, which describes the cooperative reactions based on visco-elastic properties,
has been used to predict the pattern of seed aging through the formula In(N¢/N) =
(t/@)", where ¢ is storage time and Ny/N is the reciprocal of percentage germination.
The coefficients and n describe the shape of the sigmoidal curve, with the abruptness
at which viability declines increasing as » increases above 1, and @ is the time
coefficient, which is dependent on the temperature of storage (Walters et al., 2005).

An additional factor that constrains the investigation of the seed deterioration process
is the duration of the process itself. Seed deterioration is a gradual and prolonged
process, during which a series of biochemical reactions are initiated at specific
intervals. The approach that most contributed to the increase of knowledge regarding
the molecular aspects of seed deterioration is the artificial aging test, which is based
on the assumption that an adverse storage environment (in terms of moisture content
and temperature) promotes the increase in the speed of seed quality loss without
modifying the molecular pathway that acts during natural aging. Thus, this approach
allows the production of the so-called artificially aged seeds, theoretically presenting
the same characteristics as the naturally aged seeds (TeKrony, 2005).

1.3.1 Artificial seed aging

Artificial aging (AA) is a widely used approach to estimate the physiological quality
of seed lots with similar emergence behavior. This method simulates stress
conditions, promoting the triggering of the biochemical processes that cause seed
deterioration. The principle of this test is to promote a fast seed deterioration by
exposing them to high temperatures and relative air humidity, conditions that
intensify the aging process. Seeds with high vigor will maintain viability or be little
affected by stress conditions, while seeds with low vigor undergo a marked reduction
of viability, making it possible to establish differences in the physiological potential
of the lots (Fantazzini et al., 2018). One of the principal benefits of the AA test is the
capacity to collect data regarding seed quality and storage potential in a relatively
short period of time. This approach is one of the methods approved and standardized
for seed quality estimation by the International Seed Testing Association (ISTA) to
ensure its reproducibility across different species and varieties (TeKrony, 2005). As
previously stated, the fundamental assertion of AA is the increase in seed
deterioration rate through the induction of similar molecular and biochemical
mechanism that occurs during natural aging. In addition to the estimation of seed
quality, this approach has also been employed to elucidate the events that lead to
deterioration. Although this test is commonly utilized to rapidly obtain aged seeds for
a variety of analytical purposes, several studies have indicated that accelerated aging
may result in the activation of physiological processes that do not occur during
normal aging. Nevertheless, most studies on artificial aging conclude that the
biochemical alterations occurring during accelerated aging are similar to those
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observed in natural aging, with the primary distinction being the rate at which these
changes occur (Freitas et al., 2006).

The protocol of accelerated aging differs based on tested species. ISTA has defined
very specific protocols of AA tests for many species, including Brassica spp.
and Glycine max. Following ISTA rules for AA tests, seeds are stored for a defined
period in sealed containers at a high temperature and humidity up to 100% relative
humidity (RH). In contrast to ISTA indications, other studies performed AA tests at
lower RH and a range of cool to high temperatures (typically between 5 and 65°C),
depending on how quickly viability is lost. Since the effect of AA parameters is
dependent on the species tested, the Ellis-Roberts equation can be utilized to quantify
the viability loss based on moisture content, temperature, the initial viability of the
seed sample, and the ‘inherent’ longevity of the seeds of that species (Hay et al.,
2019). However, the conventional AA procedure has several limitations when applied
to species that produce relatively small seeds. One limiting factor is the non-uniform
water absorption among seed samples, which can result in different levels of
deterioration and, consequently, compromise the standardization of germination
results after aging (Rodo and Marcos Filho, 2003). A well-known alternative consists
of controlling RH to specific ranges by using saturated salt solutions, that is a mixture
of distilled water and a chemically pure salt. This approach, defined as saturated salt
accelerated aging (SSAA), allows to control the high RH and temperature to which
seeds remain exposed during the AA test, thus resulting in a controlled deterioration
that can be adapted to the species tested (Rodo and Marcos Filho, 2003; Bennett et
al., 2004).

1.3.2 Volatile organic compounds (VOCs)

The pattern of seed deterioration is characterized by a first stage of stable viability
(asymptomatic phase), which is rapidly accompanied by a second phase in which a
rapid loss of quality occurs. This non-gradual transition between the two phases
suggests the existence of a threshold that leads to permanent loss of seed quality. As
a result, metabolic and oxidative processes involved in seed deterioration must be
active during the asymptomatic phase, even if no reduction in seed quality is observed
at this stage. Several chemical reactions occur under dry conditions and are
responsible for seed deterioration, including fermentation, glycation (Maillard
reaction), oxidation, and peroxidation, the latter triggered or promoted by ROS. A
consistent group of products of these reactions is represented by small molecular
weight carbonyl compounds that escape into the air as volatile molecules. Since these
volatile organic compounds (VOCs) constitute the major byproduct of catabolic
reactions and can be rapidly detected, their assessment can be used to estimate the
chemical reactions occurring during the long-term storage of dry seeds (Mira et al.,
2016). Several studies investigated the VOCs released from seeds of different species
during natural or artificial seed ageing by using gas chromatography analyses.
Overall, all these works revealed that ethanol, methanol, and acetaldehyde are the
most abundantly released VOCs from seeds. Moreover, the levels of VOCs released
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are dependent on the status of seed deterioration; more deteriorated seeds or seeds
stored for longer time exhibit higher levels of released VOCs (Umarani et al., 2020;
Zhang et al., 2022). However, the set of volatiles emitted is extensive and includes
different aldehydes, alcohols, ketones, alkanes, alkenes, terpenes, and furans (Lee et
al., 2000; Mira et al., 2010). From these works it emerges that several features can
affect the final volatilome profile, including storage conditions (in terms of
temperature and RH) and seed chemical composition. These factors can promote
different chemical reactions or biochemical processes involved in seed deterioration,
which in turn leads to the emission of specific VOCs. In this context, the work of
Colville et al. (2012) provides insights into the principal processes occurring in dry
seeds and the highly emitted VOCs for each process (Fig. 1.14). Lipid peroxidation,
a process representative for seed deterioration, is initiated by ROS-induced oxidation
of fatty acids or from lipoxygenases activity. The products of lipid peroxidation
include aldehydes, alcohols (obtained from the conversion of aldehydes by alcohol
dehydrogenases), and methyl ketones. Alcoholic fermentation can also occur during
seed aging, favored by stress conditions, when pyruvate formed by glycolysis is
converted to acetaldehyde by pyruvate decarboxylase. This may be converted to
ethanol by alcohol dehydrogenase or it can be oxidized to acetic acid by aldehyde
dehydrogenase. Acetone is produced during the decarboxylation of pyruvate, while
methanol arises from the demethoxylation of pectin by methyl pectin esterases and
can subsequently participate in the formation of methyl acetate through esterification
with acetic acid. Degradation of carotenoids is an additive reaction occurring during
seed aging responsible for the release of xylene. The aldehydes produced by lipid
peroxidation can participate in Maillard reactions (M) with reducing sugars, to give
rise to dicarbonyl compounds and promote the release of 2,3-butanedione (Colville
et al., 2012).
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Figure 1.14. Schematic representation of biochemical reactions occurring in dry seeds during
long-term storage illustrated through their respective VOCs emitted (Colville et al., 2012).

In genebanks, the use of sealed containers during long-term storage represents a
factor that contributes to the preservation of seed quality. However, in this case VOCs
released from aged seeds can operate from the storage environment to accelerate the
rate of viability loss. Several studies have documented the deleterious effects of
specific volatile compounds on seed quality. While the detrimental activity of
commonly released VOCs, such as acetone, ethanol, methanol, and acetic acid has
been observed in some species and ranges of RH and temperature, acetaldehyde has
been proven to cause significant viability losses in multiple species and under a wide
range of storage conditions (Zhang et al., 1994; Taylor et al., 1999; Chinnasay et al.,
2022). Since VOCs constitute the byproduct of several metabolic reactions, their
emission can be indicative of the activation of germination mechanisms, in which
several processes are triggered. The analysis of VOCs in germinating seeds of
Cyclopia genistoides and Cyclopia subternata revealed both similarities and
differences in emitted volatiles, suggesting that common and different signaling
pathways responsible for inducing volatiles during germination may exist. Although
the germination process presents common mechanisms among seeds of different
species, the variations in emitted VOCs indicate that the metabolic status in
germinating seeds is influenced by other features, such as genetic variability and
chemical composition (Motsa et al., 2017). In summary, VOCs are significant
byproducts of catabolic reactions that occur in both dry and imbibed seeds. Since
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their release from seeds is strongly related to the deterioration process, they can be
utilized as biomarkers for rapid and reproducible assessment of seed quality.
Considering that the asymptomatic phase of seed deterioration is immediately
followed by a rapid loss of seed quality (Walters et al., 2010), the detection of VOCs
during this stage may contribute to assessing the processing activated at this level and
responsible for the subsequent reduction of seed viability.

1.4 Methods to measure seed quality

Overall, national and international seed systems ensure the production and
distribution of high-quality seeds, following specific rules for seed sampling and
testing. In this context, the existence of national and international organizations for
seed testing favors the trade of high-quality seeds, promoting the preservation of seed
security (McGuire and Sperling, 2016). The International Seed Testing Association
(ISTA) is an international organization that provides international seed analysis
certificates, produce rules for seed sampling and testing, promotes research toward
the development of innovative methods for seed quality assessment and the spread of
knowledge in seed science in technology (https://www.seedtest.org/en/home.html).
North American countries follow the Association of Official Seed Analysts (AOSA)
rules, which differ only in minor aspects from that of the ISTA
(https://analyzeseeds.com/). A variety of methods are currently available and
approved by ISTA for the assessment of seed quality, employed by seed industries
and germplasm genebanks. These approaches allow the estimation of seed quality
through the exploration of several features, such as physical structure and
morphology, chemical composition, seed viability and vigor, and genetic purity. A
common characteristic of all these methods is represented by the need to destruct or
consume seed materials to collect information related to seed quality. Although these
invasive approaches represent the most known and universally used approaches for
seed quality estimation, part of the current research regarding seed science concerns
the development of non-invasive methods, including the application of different
technologies for the sensitive detection of the external and internal seed structure,
seed viability, and chemical composition. Despite their effectiveness, the large-scale
implementation is frequently constrained by several limitations, including high costs
and specialized personnel. Consequently, no universal approach has yet been
developed, with the selection of the method dependent on the context of the
application. The present section explores the different approaches available for seed
quality estimation, divided into invasive and non-invasive methods.

1.4.1 Invasive methods

The invasive approaches require the consumption of the analyzed seeds. These
conventional approaches are currently approved and standardized by ISTA to ensure
the reproducibility of the tests to a broad range of species. Below, a list of the main
invasive approaches with their respective description is provided.
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Germination test represents the universal quality standard test for seed quality
assessment. The main scope of the test is to assess seed viability - defined as the
maximum germination capacity, in terms of embryo protrusion and development to a
seedling - under favorable germination conditions (MiloSevi¢ et al., 2010). Different
aspects are described by ISTA rules, such as the number of seeds and replicates, as
well as the time of germination (Schmidt, 2007). A more complex analysis of the
germination test results, achieved through the count of the germinating seeds during
each day of the germination time, allows the estimation of seed vigor, a physical
feature of seed quality that reflects the germination rate in function of the time
required for the seedling emergence (Scott et al., 1984; Matthews et al., 2012). This
analysis permits the calculation of indexes that reflect the percentage, speed, and
synchronicity of germination. The work of Ranal and Santana describes many
commonly used germination indexes:
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where ni is the number of seeds germinated in the time i (not the accumulated number,
but the number correspondent to the itk observation), ¢i corresponds to the time from
the start of the experiment to the ith observation (day), k£ is the last time of
germination, and Cni,2 = ni (ni-1)/2. The Z index can assume values comprises
between 1, which indicates a complete synchrony among germinating seeds, and 0,
reflecting the total absence of synchrony (Ranal and Santana, 2006).

The tetrazolium test is a method used for a rapid estimation of seed viability and
vigor. The reduction of tetrazolium salt (2,3,5-triphenyl tetrazolium chloride - TTC)
(Fig. 1.15) is catalyzed by specific dehydrogenase enzymes, which catalyze
respiratory reactions in the mitochondria, during glycolysis (glyceraldehyde-3-
phosphate) and citric acid cycle, or Krebs cycle. In the reduced form, the TTC-salt is
a red-colored, stable, no-diffusible substance called triphenyl formazan or formazan.
When a seed is immersed in the colorless TTC solution, the TTC penetrates into the
seed tissues, interfering with the reduction processes of the living cells by accepting
a hydrogen ion. The reduction of TTC in triphenyl formazan in the tissue indicates
the presence of living cells, which assumes a red color. Thus, the resulting red color
is a positive indication of viability, while in the case of non-viable seed tissues, no
reduction occurs and the seeds remain colorless (Franga-Neto and Krzyzanowski,
2022). Different seed tissues can respond to tetrazolium staining, such as the embryo,
cotyledons, radicles, and nutritive endosperm tissues (Franga-Neto and
Krzyzanowski, 2019).
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Figure 1.15. Illustration of the reduction reaction of 2,3,5-triphenyl tetrazolium chloride in
triphenyl formazan occurring within living seed cells (Franga-Neto and Krzyzanowski, 2019).

Compared to germination tests, the utilization of TTC solution allows to estimate
seed viability and vigor levels in less than 20 h for the majority of crops. Moreover,
the TTC test is not influenced by environmental or intrinsic factors, such as seed
dormancy (Sores et al., 2016; Franga-Neto and Krzyzanowski, 2019). Despite the
amount of information provided, the interpretation of the results of the test requires
marked decision-making capability of expert seed analysts, making this approach
difficult to be utilized by non-specialists (Franga-Neto and Krzyzanowski, 2019).

Given the influence of water content on the physiological and metabolic status of
seeds, its estimation within seeds represents a sensitive approach to assess seed
quality. The conventional method approved by ISTA for seed moisture content
estimation consists of measuring seeds weight before and after an oven-drying
treatment (Obi et al., 2016; Hay et al., 2023). A crucial point in the application of the
oven drying method is the selection of a temperature that allows the exclusive release
of water. In this context, the chemical composition and structure of the seeds
represent the main features that affect the selection of the temperature and the
duration of the drying process. Although ISTA reference methods include a drying
phase in the oven of 103°C for 17 h, different tests on multiple species indicated more
rapid alternative treatments (130°C for 1 or 2 h) (Hay et al., 2023). The oven drying
method belongs to the direct, or primary, approaches for seed moisture content
estimation, which involve water removal.

Secondary approaches, involving some physical or chemical characteristics, are also
used to measure seed moisture content. Among these, the most common is the
electrical conductance method, a rapid and easy to use technique, although it requires
prior calibrations (Chen, 2003). The electrical conductivity (EC) test represents an
ISTA-approved method, which involves measuring the ability to conduct electric
current directly on seed or seed-steep water. Seed samples are soaked in deionized
water and the EC of the soak water is measured after 24 h (Matthews and Powell,
2006). The test is based on the link between conductivity and seed vigor/viability.
Seeds imbibed with water exude ions, sugars, and other metabolites from the
beginning of the imbibition period due to changes in the integrity of the cell
membranes as a function of the amount of water and the degree of seed deterioration.
In degraded seeds, the repair mechanism is absent or inefficient, or the membranes
are completely damaged, resulting in leaching of larger amounts of electrolytes
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(Fessel et al., 2006). Accelerated aging is an additional method for evaluating seed
quality. As described in detail in the previous sections, the ability of seeds to maintain
its quality under stress conditions is a characteristic of high-quality seeds (Fantazzini
et al., 2018).

In addition to the specific seed quality detection methods described, biochemical and
molecular techniques can be used to study the chemical composition and genetic
purity of seeds. Several works have performed quality estimation by detecting
chemical composition and metabolic profiling in seeds of different species using
liquid chromatography approaches (Wang et al., 2012; Hou et al., 2018), as well as
electrophoretic techniques for estimating genetic purity (Zheng et al., 2017; Anupama
et al., 2020).

1.4.2 Non-invasive methods

In the last decades, several non-destructive technologies have been developed for the
rapid, accurate, reliable, and simple evaluation of seed quality. Most of the methods
mentioned in this section are optical technologies. One of the most promising
technologies is machine vision (Fig. 1.16), an artificial intelligence technique that
emulates the processes of human vision.

lT:f,/ , il 1

Figure 1.16. Illustration of the components of a typical machine vision system, which
includes the seed sample (1), sample holding platform (2), camera (3), light sources (4), frame
grabber (5), and the computer (6).

A conventional machine vision system comprises a sample holding platform (which
also serves as the imaging background), a camera for capturing the image, a light
source for optimal illumination, and a computer for data elaboration (Fig. 1.16). The
digital information of the object is obtained from the acquired image, improving the
use of specific processing algorithms. A computer executes the processing of the
acquired digital image utilizing techniques such as image resizing, enhancement,
noise removal, edge detection, and filtering. An additional image segmentation
operation performed by the computer is necessary to separately identify individual
seeds from the background. This is achieved through a variety of methods, including
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threshold-based, region-based, gradient-based, or classification-based approaches.
The final stages of machine vision operation are recognition and interpretation.
Sample recognition is performed using a computer learning algorithm, which ranges
between the intuitive decision trees to a more complex neural network algorithm
(Rahman and Cho, 2016; Vithu and Moses, 2016). The main advantage related to the
application of machine vision for seed quality estimation is the ability to collect high-
quality physical information, such as seed size, color, and morphology (Rahman and
Cho, 2016), as well as the presence of insects or microbial infestations (Vithu and
Moses, 2016). Moreover, machine vision technology demonstrated marked
affordability in seed identification, which requires the expert skills of seed analysts
(Zhao et al., 2022). This approach has been successfully used to assess the quality of
pepper (Tu et al., 2018), rice (Ansari et al., 2021), wheat (Fazel-Niari et al., 2022),
and soybean (Mahajan et al., 2018) seeds. Despite its potential, this system is not able
to detect seed chemical composition and internal insect infestation, important factors
reflecting seed quality. Moreover, the results are highly affected by
operating/environmental conditions and by the selection of the learning algorithm
(Vithu and Moses, 2016).

Spectroscopy has been used to assess the chemical composition of seeds (Rahman
and Cho, 2016). The most common spectroscopy techniques used for seed testing are
near-infrared (NIR) and Raman. NIR spectroscopy deals with the near-infrared region
of the electromagnetic spectrum (from 780 to 2500 nm) which presents a longer
wavelength and lower frequency than visible light. As a vibrational technology, it is
based on molecular overtone and combined vibrations that penetrate deeper into the
seed sample and induce the vibration of molecules. Since the energy emitted by an
oscillating molecule is influenced by intramolecular interactions, the vibrations
around the equilibrium position are non-symmetric and specifically related to
different chemical groups (Reich, 2005; Siesler, 2007). The absorptions measured by
NIR spectroscopy correspond mostly to overtones and combinations of vibrational
modes involving C-H, O-H, and N-H chemical bonds. Recording the electromagnetic
radiation absorbed by these molecular bonds in the NIR wavelengths produces
spectra that are unique to a sample and operate as a "fingerprint". The collected
spectra contain data about the chemical and physical properties of the organic
molecules in the sample, and therefore important information about the composition
of the sample (Prieto et al., 2017). Although Raman spectroscopy also belongs to the
vibrational spectroscopies group, the principle behind this technique is different from
the NIR spectroscopy. This technology utilizes the Raman effect, which is the
inelastic scattering of photons on a quantized molecular system. Thus, during Raman
spectroscopy, the vibrational excitation generated by the excitation source of the
device induces a photon scattering process, which is distinct for every molecule.
Therefore, the obtained Raman spectra can be interpreted as a type of characteristic
“molecular fingerprint” of an examined inorganic, organic or biological molecule or
more complex systems, such as biological cells and tissue (Cialla-May et al., 2019;
Moon et al., 2023). The main advantages related to the application of spectroscopy
technologies are related to their elevated sensitivity, as they accurately detect the
internal chemical composition, the presence of damage/pest infestations of the seed
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material. However, many limitations related to the cost of the instruments and the
complexity of the data generated restrains the large-scale use of these approaches
(Rahman and Cho, 2016). NIR and Raman spectroscopies have been comparatively
utilized to assess the quality of corn (Ambrose et al., 2016), pepper (Seo et al., 2016),
and wheat seeds (Liu et al., 2019).

Imaging technologies have also been successfully applied as non-invasive seed
quality assessment. X-ray imaging is a rapid and easy-to-use method applied to detect
the seed's internal structure and morphology. Although X-rays are potentially
harmful, seeds are exposed to relatively low doses during the test to not provoke
adverse effects. The dose that determines the radiograph density, degree of contrast,
and image quality, can be optimized for different species (Gagliardi and Marcos-
Filho, 2011). This method has recently been used to estimate the quality of tomato
(Solanum lycopersicum L.) (Pessoa et al., 2023) and sugar beet (Beta vulgaris L.)
seeds (Hamdy et al., 2024). Similarly, thermal imaging technology has been adapted
to assess the seed quality in soybean (Franga-Silva et al., 2023) and pea (Men et al.,
2017). This technique records the infrared radiation emitted by seeds using infrared
detectors without the need for an illumination source. Since the infrared radiation
emitted from the object depends principally on its temperature, this thermal
information is converted into two-dimensional thermal pictures to show the
temperature gradient on the surface of the seeds. Given that the thermal properties
reflect many features related to seed quality, this type of imaging allows a rapid and
accurate evaluation. Compared to classical methods of temperature measurements,
this approach provides the recording of the temperature for all spots in the whole
examined material without direct contact with the seeds tested (E1Masry et al., 2020).
The limiting aspect of thermal imaging technology is represented by the different
features that can influence the performance of the imaging system, divided into
environmental (ambient temperature, atmospheric temperature, relative humidity,
and shadow effects of nearby objects), related to the software (color pallet used for
image visualization), and the object (distance between the object and the camera,
moisture and thermal properties of objects) (Rahman and Cho, 2016; EIMasry et al.,
2020). A complex imaging system is represented by the hyperspectral imaging
technique, which can be used for seed classification and grading, viability and vigor
detection, damage and pests/insects’ infestation detection, and internal seed
composition (Feng et al., 2019). The main advantage related to hyperspectral imaging
technology is the ability to acquire both spectral and spatial information
simultaneously, combining the advantages of spectroscopic and imaging techniques
(Reddy et al., 2022). Given the quality of the information provided, this approach has
been used to detect seed quality in different species, such as tomato (Shrestha et al.,
2016) and corn (Zhu et al., 2012; Ambrose et al., 2016).

A common point in all the mentioned optical technologies utilized for seed quality
estimation is data elaboration and interpretation. Although different approaches
collect distinct types of data, the high quantity of information gathered requires the
application of sophisticated hardware and programs. In this context, the application
of machine-learning algorithms for data classification markedly improved the data
processing step, allowing a more affordable and accurate interpretation of
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spectroscopic and imaging information. Classification algorithms, such as deep
learning, support vector machine (SVM), k-nearest neighbor (KNN) algorithm, are
combined with hyperspectral imaging (Nie et al., 2019; Wonggasem et al., 2024),
NIR spectroscopy (Zhu et al., 2024), and X-ray (Hamdy et al., 2024) to enhance data
processing and allow the prediction in different seed quality groups. This trend
indicates the potential improvements related to seed quality assessment promoted by
the integration of artificial intelligence (Al) models.
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2. Aim of the research

Given the status of the state-of-the-art presented in the Introduction, the objective of
the current PhD thesis was to develop non-invasive methods to sustainably assess
seed quality. Considering the multidisciplinary of seed quality, encompassing
different features, the work focused on the development of different approaches,
based on the detection of distinct markers of seed quality.

The first method developed was based on ROS detection, using two biochemical
assays (FOX-1 and DCFH-DA), which provide different information regarding ROS
types and levels. FOX-1 was used to assess the concentration of hydrogen peroxide
and peroxidic radicals’ concentration [ROOH] released from seeds, while DCFH-DA
provides a general measure of the oxidative stress level. The two methods were tested
in a contrastive system constituted by high-quality (primed) and low-quality (heat
shock) seeds of Glycine max, Solanum lycopersicum, and Triticum aestivum. ROS
levels were also measured during seed imbibition, in order to evaluate the time course
of ROS production.

The second approach was based on the detection of two phenomena related to
photons emission, respectively the ultra-weak photon emission (UPE) and the
delayed luminescence (DL). An experimental light analyzer (LIANA®O©, provided by
the Super-Lab company) was used for testing different accessions belonging to five
legume species (Lathyrus sativus, Cicer arietinum, Vicia faba, Pisum sativum,
Phaseolus vulgaris). In this work, the contrastive system of high and low-quality
seeds was constituted by seeds stored for more than ten years either at -18°C (standard
approach of seed storage) or at room temperature (22-24°C, naturally-aged seeds).
This work was performed in collaboration with the Leibnitz Institute for Plant
Genetics and Crop Plant Research (IPK, Gatersleben, Germany), holding one of the
biggest genebank germplasm collections in the world.

The last approach focused on the detection of volatile organic compounds (VOCs).
The technology applied was based on the proton transfer reaction-quadruple ion
guide-time of flight-mass spectrometry (PTR-Qi-TOF-MS), a method able to rapidly
and accurately detect VOCs in real-time. High and low-quality seeds, obtained
through hydropriming and artificial aging, were used. The species investigated
included two commercial G. max accessions (OL996 and EM PURA), and three
orphan legume species, with two accessions each (P, sativum var. arvense, accessions
Forrimax and Guifredo; L. sativus, accessions Maleme-107 and Sofades; 7. foenum-
graecum accessions Rayhane and Tborsek). This work was performed in
collaboration with the INFRA-VOL phenotyping platform, hosted at the Italian
National Research Council — Institute for Sustainable Plant Protection (CNR-IPSP,
Portici, Italy).
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3. Noninvasive methods to detect reactive oxygen
species as a proxy of seed quality

The work included in this chapter was published on March 3, 2023 in the journal
Antioxidants (Impact Factor 6.0) with the title “Noninvasive Methods to Detect
Reactive Oxygen Species as a Proxy of Seed Quality” (https://www.mdpi.com/2076-
3921/12/3/626). My contribution to this article is hereby described. I was involved in
the identification of the optimal hydropriming and heat shock treatments, hence
development and characterization of the experimental system with high- and low-
quality seeds. I also optimized the use of FOX-1 and DCFH-DA assays for seeds, as
well as participated in the gene expressions analysis studies through qRT-PCR.
Additionally, I performed data representation, statistical analysis, and results
interpretation.

Abstract

ROS homeostasis is crucial to maintain radical levels in a dynamic equilibrium within
physiological ranges. Therefore, ROS quantification in seeds with different
germination performance may represent a useful tool to predict the efficiency of
common methods to enhance seed vigor, such as priming treatments, which are still
largely empirical. In the present study, ROS levels were investigated in an
experimental system composed of hydroprimed and heat-shocked seeds, thus
comparing materials with improved or damaged germination potential. A preliminary
phenotypic analysis of germination parameters and seedling growth allowed the
selection of the best-performing priming protocols for species like soybean, tomato,
and wheat, having relevant agroeconomic value. ROS levels were quantified by using
two noninvasive assays, namely dichloro-dihydro-fluorescein diacetate (DCFH-DA)
and ferrous oxidation-xylenol orange (FOX-1). qRT-PCR was used to assess the
expression of genes encoding enzymes involved in ROS production (respiratory burst
oxidase homolog family, RBOH) and scavenging (catalase, superoxide dismutase,
and peroxidases). The correlation analyses between ROS levels and gene expression
data suggest a possible use of these indicators as noninvasive approaches to evaluate
seed quality. These findings are relevant given the centrality of seed quality for crop
production and the potential of seed priming in sustainable agricultural practices.

3.1 Introduction

Seed quality can be defined based on the set of physical, genetic, and physiological
characteristics, as per the guidelines given by the International Seed Testing
Association (ISTA) (Milivojevi¢ et al.,, 2018). Because seed quality affects
germination, its evaluation has become increasingly important for consumers and
seed companies, as it constitutes a valuable tool to optimize crop production, with
practical and economic benefits (Huang et al., 2015). This can be achieved through
the development of approaches aimed at determining seed quality in an efficient,
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noninvasive manner (Rahman and Cho, 2016). The current standard approach to
monitoring seed viability is mostly based on germination tests which are time-
consuming and destructive (Hay et al., 2017). Research efforts dedicated to
improving seed viability testing are constantly performed, but so far no universal
approach has been developed.

Starting from the primordial state of development on the mother plant, seeds undergo
endogenous and exogenous stresses that may undermine cellular structures and
functions. As a consequence, reactive oxygen species (ROS) are produced during all
phases of seed development, from seed dehydration to storing and germination,
posing different outcomes on seed longevity and quality (Bailly, 2019; Pagano et al.,
2019; Rehmani et al., 2022). In addition to ROS, more recently reactive nitrogen
species (RNS) and especially nitric oxide (NO) have also been shown to carry
essential functions in seed biology, from their intervention in the regulation of seed
dormancy, germination, and aging, to their possible use as seed pretreatments to
increase seed quality (Ciacka et al., 2022).

ROS production is a side effect of many metabolic pathways (e.g., mitochondrial and
plastid electron transport chains, peroxisomal reactions, lipid autooxidation)
occurring both under physiological and stress conditions (Richards et al., 2015;
Ishibashi et al., 2018; Farooq et al., 2022; Klupczynska et al., 2022). Uncontrolled
ROS accumulation causes oxidative damage and compromises seed viability (Kurek
etal., 2019; Juan et al., 2021). Aside from detrimental effects, positive physiological
functions of ROS were highlighted during the pre-germinative metabolism, related
to signaling, dormancy release, reservoir mobilization, and radicle elongation (Bailly
et al., 2008; Macovei et al., 2017; Doria et al., 2019; El-Maarouf-Bouteau, 2022).
Thus, ROS play a key role in the activation of pre-germinative metabolism (Macovei
et al., 2017; Doria et al., 2019). Accumulation of ROS in seeds has been well
documented in multiple species and at different developmental stages (Schopfer et
al.,, 2001; Bailly et al., 2002; Jurdak et al., 2022). At the cellular level, several
components (e.g., mitochondria, peroxisomes, cell membrane, and apoplast) act as
preferred production sites. The reactivation of metabolism during seed imbibition
causes an enhanced accumulation of ROS, generally resulting from electron leakage
within the mitochondrial electron transport chain (Kranner et al., 2010). Due to their
dual nature, ROS must be kept under stringent control by antioxidant defenses. If the
balance between ROS production and scavenging is lost, the seeds undergo oxidative
stress which can induce seed death. In this view, the presence and diffusion of ROS
throughout the cell compartments are spatially and temporally regulated to avoid
damage (Mittler et al., 2011; Wrzaczek et al., 2013). Given the double nature of ROS
functions in seeds, the concept of an “oxidative window” of germination is used to
evidence this critical range in which ROS can play a positive role in seed metabolism
without being detrimental (Bailly, 2019).

Fast and uniform seed germination and successful seedling establishment are high
priorities for enhancing crop yields. Technologies designed to improve germination
performance (generally known as seed priming) can contribute to building up
dynamic and sustainable agriculture practices (Devika et al., 2021; Reed et al., 2022;
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Pagano et al., 2023). Seed priming is the process of regulating seed germination by
managing a series of parameters during the initial stages of germination (Paparella et
al., 2015; Mal et al., 2019; Marthandan et al., 2020). For instance, the so-called “on-
farm” seed priming, a low-cost technique consisting of soaking seeds in water before
sowing, has led to 22% faster seed emergence translated into a 21% yield increase,
whereas under stress conditions the plants proved to be more tolerant, gaining up to
22-28% in yield improvements (Carrillo-Reche et al., 2018). The main effect of
priming is the activation of the metabolic processes triggered during the early phase
of germination, or the pre-germinative metabolism (Paparella et al., 2015; Macovei
et al., 2017; Pagano et al., 2023). Although the success of seed priming is strongly
correlated to plant species, genotype, seed lot, and vigor, it has also been proven to
be effective in improving germination performances during environmental
constraints (Paparella et al., 2015; Mal et al., 2019; Rhaman et al., 2020; Johnson and
Puthur, 2021; Yang et al., 2022). Among the different priming treatments,
hydropriming (water soaking with or without aeration) is especially useful in those
agricultural areas where crop cultivation is impaired by adverse climate conditions,
and it does not require the use of chemical substances (Carrillo-Reche et al., 2018;
Forti et al., 2020; Forti et al., 2020; Adhikari et al., 2021; Forti et al., 2021). Despite
its simplicity, hydropriming has been reported to improve germination performances
(in terms of germination time, speed, and percentage) in many species (Dezfuli et al.,
2008; Damalas et al., 2019; Forti et al., 2020; Forti et al., 2020; Adhikari et al., 2021;
Forti et al., 2021; Colombo et al., 2023). In the case of some practices (e.g.,
osmopriming, chemopriming), several studies have indicated that these act by
delaying water entrance into the seed and thus may limit ROS oxidative injury (Marta
etal., 2016; Lechowska et al., 2019; Mirmazloum et al., 2020), whereas in most cases
priming acts at the level of seed transition from dormancy toward full germination,
touching processes like the activation of DNA repair and antioxidant mechanisms,
essential to obtain seeds with improved quality (see comprehensive reviews Paparella
et al., 2015; Macovei et al.,, 2017; Pagano et al., 2023). When considering the
antioxidant response, enhanced enzymatic activity or increased expression of genes
encoding antioxidant enzymes (e.g., SOD, APX, CAT, GR), were evidenced during
seed germination and priming treatments (Wojtyla et al., 2006; Lee et al., 2010;
Balestrazzi et al., 2011; Macovei et al., 2014).

As seed priming is still an empirical procedure, hallmarks useful to monitor the seed
response to priming and to discriminate between high- and low-quality lots are
necessary to enable the development of efficient protocols (Pagano et al., 2019; Forti
et al., 2020; Forti et al., 2020; Forti et al., 2021). Because ROS play a vital role in
seed dormancy and germination, measuring their levels can provide relevant
information about seed viability under different conditions. ROS levels have been
evaluated as a possible indicator of overpriming seed performance in Medicago
truncatula, showing that their accumulation during dehydration positively correlates
with the loss of desiccation tolerance (Pagano et al., 2022). ROS levels were also
used as a tool to monitor seed quality in Solanum melongena, pinpointing that low-
quality seed lots defined by low germination rates were characterized by enhanced
accumulation of ROS (Forti et al., 2020). Additionally, in Pisum sativum, accessions
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with low ROS levels were associated with long-lived seeds, which maintained good
germination profiles, whereas short-lived seeds were characterized by higher ROS
accumulation (Giannella et al., 2022).

Despite recent advances, the thresholds at which ROS induces toxicity are unknown
and conditioned by many factors. Moreover, the necessity to avail of a palette of
universal, cost-effective, and noninvasive tools or techniques to monitor seed quality,
is highly requested by seed technologists working in industry and seed banks. To this
purpose, the current study employed two different biochemical assays, namely
dichloro-dihydro-fluorescein diacetate (DCFH-DA) and ferrous oxidation-xylenol
orange (FOX-1), to quantify ROS levels in seeds subjected to contrastive treatments
leading to enhanced (hydropriming) or impaired (heat-shock) seed quality, in
different plant species. These data were also integrated with the expression profiles
of genes encoding enzymes involved in ROS production and scavenging.

3.2 Materials and Methods

3.2.1 Seed materials and treatments

Seeds of Glycine max (commercial variety, provided by Sipcam Oxon SpA, Milan,
Italy), Solanum Ilycopersicum (commercial variety, provided by ISI Sementi S.p.A.,
Fidenza, Italy), and Triticum aestivum (commercial variety, provided by ITQB
NOVA, Oeiras, Portugal) were used. The seeds were collected from the respective
providers and stored at 4 °C until use. Hydropriming (HP) treatments were conducted
in a species-specific manner, especially regarding the time spent during the seed
imbibition phase. For instance, in soybean seeds, HP treatments were carried out for
2,4, and 8 h of imbibition (Fig. 3.1). Considering the S. lycopersicum and T. aestivum
systems, the HP treatments based on seed imbibition in water were carried out at
different intervals of time, namely 2 h, 8 h, 24 h for tomato, and 2 h, 4 h, 6 h for wheat
seeds. Subsequently, the seeds were air-dried overnight at room temperature to
perform the dry-back (DB) phase of the priming treatment. The heat-shock (HS)
treatment was carried out in an oven at 90 °C for 30 min for G. max and T. aestivum,
while S. lycopersicum seeds were kept in the oven for 3 h. Nontreated controls
(CTRL) consisting of dry seeds were also used in the experimental system. A
schematic representation of the experimental design representative for G. max
treatments is given in Fig. 3.1.

48



3. ROS and seed quality

Hydropriming
Imbibition Dry-back Germination

3d CTRL

2h overnight 3d HP2

4h overnight 3d HP4

Glycine
max 8h overnight 3d HPS

3d X Hs

No seedlin
Imbibition Dry-back Heat-shock x deueiopmeﬁ-ut

Figure 3.1. Example of the experimental system applied to Glycine max seeds. Imbibition
steps are indicated in blue, dry-back is indicated in yellow, and heat-shock is indicated in
orange. CTRL, non-treated control; HP2, hydropriming for 2 h; HP4, hydropriming for 4 h;
HP8, hydro-priming for 8 h; HS, heat-shock.

3.2.2 Germination parameters

For germination tests, treated/untreated seeds were monitored in parallel compatibly
with the guidelines provided by ISTA (Milivojevi¢ et al., 2018). For this purpose, all
germination tests were performed in triplicate, where 20 seeds/replicate were placed
in Petri dishes containing a filter of blotting paper moistened with 2.5 mL water. All
containers were kept in a growth chamber at 25 °C under light conditions with a
photon flux density of 150 umol m2s™!, a photoperiod of 16/8 h, and 70-80%
relative humidity. Germination was assessed daily for a period of three days for
soybean, five days for wheat, and six days for tomato seeds. At the end of the
indicated periods, the following germination indices were calculated: germinability
(G), peak value (PV), mean germination time (MGT), mean germination rate (MGR),
coefficient of velocity (CVG), uncertainty index (U), and synchronicity index (Z)
(Ranal and de Santana, 2006). G is defined as the percentage (%) of germinated seeds
at the end of the germination test. PV is the highest ratio between the number of
germinated seeds at a given time point and the corresponding time, providing an
indication of germination rates both in terms of percentage and speed. MGT
calculates the average germination time, in which lower MGT values indicate a faster
germination. MGR is calculated as the reciprocal of MGT, and it provides an
estimation of germination frequency, in which higher MGT values correspond to
higher germination frequency. CVG is calculated as the MGR expressed in
percentage (%); hence it provides an estimation of germination frequency, in which
higher CVG values correspond to higher germination frequency. U is associated with
the distribution of germination during the germination test timespan, and higher U
values indicate lower synchronization and more dispersion. Z is relative to the
synchrony of germination during the experimental monitoring, in which higher Z
values indicate a high degree of synchronization and lower dispersion in time (Ranal
and de Santana, 2006). The formulas used for the calculation of these parameters are
shown in Table. 3.1.
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Table 3.1. Germination parameters used in this study to assess seed germination as reported
by Ranal and Garcia de Santana (2006). For each parameter, definition, formula, limits of
measurement, and unit are shown. *, #i is the time from the start of the experiment to the ith
observation (day); ni: number of seeds germinated in the time i (not the accumulated number,
but the number correspondent to the itk observation), and £ is the last time of germination. **,
fi is the relative frequency of germination, ni the number of seeds germinated on the day i,
and £ the last day of observation. ***, Cni,2 is the combination of the seeds germinated in the
time i, two together, and ni is the number of seeds germinated in time i.

Parameter Formula Limits Unit
G% (percentage of | G = (100*n. of germinated | 0 < G <100 %
germination) seeds)/
total n. of seeds

PV (peak value) | PV = {Ni/Ti = Nmax} 0<PV<N N/day
MGT (mean ¥k nixdi 0<t<k day
germination time)* (MGT) = Tk ni
crGg cvG = k., fi/ 0<CrG=<100 | %
(coefficient of | Y% | fixi) =100
velocity of
germination)
MGR (mean | v=CV/100 0<v<l1 day-1
germination rate)
U E= kK, filog fi) 0<U<log2n | bit
(uncertainty being fi = ni/¥¥  ni

associated with the
distribution of the
relative frequency

of germination)**

z 7= o Xemi,2 0<z<1 Z score
(synchronization Ynix X (ni — %)

index) ***

Aside from the germination parameters, seedling growth was biometrically assessed.
The seedling growth was monitored at the end of the experiment by using ImageJ
(https://imagej.nih.gov/ij/) software. To this purpose, at least five seedlings/replicates
were photographed and used to determine the seedling length (in terms of roots and/or
aerial parts).
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3.2.3. DCFH-DA assay

ROS levels were quantified in CTRL and HP, HS, and DB seeds. The assay was
carried out by using the fluorogenic dye 2,7-dichlorofluorescein diacetate (DCFH-
DA,; Sigma-Aldrich, Milan, Italy). The dye is converted to a nonfluorescent molecule
following deacetylation mediated by esterases, and it is subsequently oxidized by
ROS into the fluorescent compound 2,7-dichlorofluorescein (DCF), which can be
detected by fluorescence spectroscopy with maximum excitation and emission
spectra of 495 nm and 529 nm, respectively. The assay was carried out as described
by Pasqualini et al., with the following modifications (Pasqualini et al., 2011). Seed
samples (1 seed/replicate for G. max and T. aestivum and 10 seeds/replicate for S.
lycopersicum) were incubated for 30 min with 500 pL of 10 uM DCFH-DA (for G.
max and T aestivum) and 70 pL of 50 uM DCFH-DA (for S. lycopersicum) or for 15
min. Five replicates were used per sample. Subsequently, the fluorescence sensor (at
517 nm) of the Rotor-Gene 6000 PCR apparatus (Corbett Robotics, Brisbane,
Australia) was used, setting the program for one cycle of 30 s at 25 °C. A sample
containing only DCFH-DA was used as a negative technical control to subtract the
baseline fluorescence. Data were expressed as relative fluorescence units (RFU).

3.2.4. FOX-1 assay

Peroxyl radicals and hydrogen peroxide (H.O,) concentrations were quantified in
control and treated seeds at the indicated time points as presented in Section 3.2.1.
The assay was carried out by using the reagent xylenol orange (Carlo Erba, Milan,
Italy), which reacts with Fe*" (derived from the oxidation of Fe*" induced by peroxyl
radicals and H»O,) to give a blue-violet complex with an absorption maximum at 560
nm. The working solution (FOX-1 solution) was prepared as described by Bridi et
al., 2015. A solution containing ammonium ferrous (II) sulphate
(NH4)2Fe(S504)2:6H>0 25 mM (Merk’s Reagents, Darmstadt, Germany) in H2SOa4
0.25 M (Honeywell, Charlotte, NC, USA) was added to a Milli-Q water solution
containing Xylenol Orange 125 uM (Carlo Erba, Milan, Italy) and D-sorbitol 100
mM (Duchefa Biochemie, Haarlem, The Netherlands) in a ratio of 1:100. The
solutions were mixed gently until the color became uniform. Seed samples (1
seed/replicate for G. max and T. aestivum and 10 seeds/replicate for S. lycopersicum)
were incubated in a sufficient volume (1.5 mL for S. lycopersicum and 3 mL for 7.
aestivum and G. max) of FOX-1 working solution to allow seeds complete immersion
for 45 min. Five replicates were used per sample. Subsequently, 1 mL of medium was
recovered from each sample and the absorbance was determined at 560 nm by using
a Biochrom WPA Biowave (Biochrom Ltd.,, Cambridge, United Kingdom)
spectrophotometer. A calibration curve (Fig. 3.2) was performed by using FOX-1
solution with different concentrations (0, 1.25, 2.50, 5 uM) of H,O,, and data were
represented as [ROOH] concentration values.
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Figure 3.2. FOX-1 calibration curve performed with several concentrations (0, 1.25, 2.50, 5
uM) of hydrogen peroxide (H2O3).

3.2.5. Quantitative real-time-polymerase chain reaction (QRT-PCR)

Total RNA was isolated from G. max treated/untreated seeds by using
TRIzol™ (Thermo Fisher Scientific, Monza, Italia), as indicated by the provider.
Subsequently, a DNase (Thermo Fisher Scientific) treatment was performed. RNA
was quantified by using NanoDrop (Biowave DNA, WPA, Thermo Fisher Scientific).
Subsequently, cDNAs were obtained by using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s
suggestions. The qRT-PCR reactions were performed with the Maxima SYBR Green
gPCR Master Mix (Thermo Fisher Scientific) according to the supplier’s indications,
by using a CFX Duet, Real-Time PCR System (BIO-RAD, Milano, Italy).
Amplification conditions were as follows: denaturation at 95 °C for 10 min, and 45
cycles of 95 °C for 15 s and 60 °C for 60 s. Oligonucleotide sequences (Table 3.2)
were designed by using Primer3Plusl (https://primer3plus.com/) and verified with
Oligo Analyzer.2 (https://eu.idtdna.com/pages/tools/oligoanalyzer).

Table 3.2. List of oligonucleotide sequences used for the qRT-PCR analysis

Gene Phytozome Accession No. = Primer Forward (5°-3%) Primer Reverse(5’-3%)

MnSOD  Glyma.04G221300 GGTGTGGCTTGGTCTGG CATGCTCCCAAACATCAATACC
SODI Glyma.19G240400 GAGGGTGTCACTGGAACTATTITC GTAGTGTCCCCCAAGGCA
CATS Glyma.06G017900 GAACGTGTTGTCCATGCCA GCTACCACGCTCATGAATGAC
CATI Glyma.17G261700 CTCATCGTCCGTTTCTCCA GTGGGACTTGGGGTTGG

APX2 Glyma.12G073100 CCGTTGAGAAGGCGAAGAAG CGGAGGGGTGCTTTATGG
RbohE2 Glyma.08G005900 GAGGGCAAGAGAGGGTGAG AAGAGCAGAGCGAGCATCA
RbohC2 Glyma.06G162300 TTTCTATAACCTCCGCCCCT GTCCACTCTTGCCGTTGTC

CYP Glyma.12G024700 ACGACGAAGACGGAGTGG CGACGACGACAGGCTTGG
RP40S Glyma05G37470 TTCCACCTCGCAACCATGAT CGAAGCAAACTCCCTCTTGG

Relative quantification was carried out by using the CYP (peptidyl-prolyl cis-trans
isomerase) and RP40S (ribosomal protein 40S) as reference genes (Wan et al., 2017).
Raw fluorescence data provided by Software 1.7 (BIO-RAD) were used to determine
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the threshold cycle number (Ct) values for each transcript quantification. Relative
quantification of transcript accumulation was performed as described by Thomsen et
al. by using the Xy method in which a conversion of the exponentially related Ct
values is introduced to arrive to linearly related values, representing the amount of
starting material in a qPCR reaction (Thomsen et al., 2010). All reactions were
performed in triplicate. The choice of investigated genes was based on in silico gene
expression data mining obtained from Arabidopsis thaliana and Glycine.
max orthologues, recovered from BAR ePLANT
(http://barutoronto.ca/eplant_soybean/) (Severin et al., 2010) and Arabidopsis eFP
browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (Bassel et al.,, 2008),
respectively. The selected genes encoding enzymes involved in ROS production and
scavenging include superoxide dismutase (SODI1, Phytozome accession No.
Glyma.19G240400) manganese superoxide dismutase (MnSOD, Phytozome
accession No. Glyma.04G221300), catalase 1 (CAT1, Phytozome accession No.
Glyma.06G017900), catalase 5 (CAT5, Phytozome accession No.
Glyma.17G261700), ascorbate peroxidase 2 (APX2, Phytozome accession No.
Glyma.12G073100), respiratory burst oxidase homolog E2 (RbohE2, Phytozome
accession No. Glyma.08G005900), and respiratory burst oxidase homolog C2
(Rboh(C2, Phytozome accession No. Glyma.06G162300).

3.2.6. Statistical analyses

Germination data were analyzed with the Student #-test by using the Microsoft Excel
package using as threshold the p-value < 0.05 (‘*’). Estimation of oxidative stress
and ROS data were analyzed by two-way ANOVA and Tuckey—Kramer test,
where p < 0.05 is considered as significantly different, by using the software
developed by Assaad et al., 2015. Letters were used to indicate significant differences
among all samples. For correlation analyses, Pearson’s correlation coefficient and the
relative p-values ~ were  determined by  using  MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/) (Pang et al., 2021). The same software was also
used for principal component analysis (PCA) performed by using the germination
parameters and ROS detection data. The obtained “biplot” and “score plot” graphics
show how the different sample groups are clustered according to the results obtained
in the performed analyses.
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3.3 Results

3.3.1 Hydropriming improves germination performance in multiple species

Because hydropriming has been already proven to be effective in improving seed
germination potential (Carrillo-Reche et al., 2018; Forti et al., 2020; Forti et al., 2020;
Adhikari et al., 2021; Forti et al., 2021), this initial part of the work was dedicated to
select the most appropriate time points of seed imbibition as this is generally
dependent not only on plant variety/genotype but also on the respective seed lots
(Paparella et al., 2015; Forti et al., 2020). To test the efficiency of hydropriming
treatment in improving seed germination, we first focused on soybean, as it is one of
the most cultivated species that dominate global agriculture (Karges et al., 2022). It
has a sequenced and well-annotated genome (Schmutz et al., 2010), with data present
in several bioinformatics platforms (e.g., Phytozome, BAR ePLANT). Due to the
time-specific sensitivity of hydropriming treatments, several imbibition time points
were tested. Additionally, to develop a competent experimental design, HS treatments
were implemented to decrease seed quality and germination were included along with
the control (CTRL). The experimental system described was validated and the results
are shown in Fig. 3.3.
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Figure 3.3. Evaluation of hydropriming efficiency in Glycine max seeds. (a) Germination
percentage (%). (b) Root length (cm). (¢) Representative images of germinated soybean
seedlings after three days of treatments. Statistical differences among treatments and control
are represented with asterisks (*). P <0.05. CTRL, non-treated control; HP2, hydropriming
for 2 h; HP4, hydropriming for 4 h; HP8, hydropriming for 8 h; HS, heat-shock.
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The analyses indicated that hydropriming resulted in a significantly enhanced
germination percentage (G%) compared to CTRL (Fig. 3.3a) for all the tested
treatments during the first two days of monitoring. This improved G% was also
translated into significantly enhanced root growth when measured at the end of the
experiment (after three days) (Figs 3.3b and 3.3c¢). Data collected for other
germination parameters shown in Table 3.3 confirm that HP improves germination
performance.

Table 3.3. Germination parameters calculated for Glycine max. Statistical differences among
treatments and control are represented with asterisks (*), P < 0.05. Formulas and measure
units for each parameter are provided in the supplementary materials. PV, peak value; MGT,
mean germination time; MGR, mean germination rate; CVG coefficient of velocity; U,
uncertainty index; Z, synchronicity index; CTRL, nontreated control; HP2, hydropriming for
2 h; HP4, hydropriming for 4 h; HP8, hydropriming for 8 h; HS, heat-shock.

CTRL HP2 HP4 HP8 HS
PV 6.67 +0.76 1167 +058* 14+265* 14+2* 0+0*
MGT 218 +£0.09 1.41+0.06* 1:22 012> 1332017* n.d
MGR 0.46 £ 0.02 0.71+0.03* 082+0.08* 0.76+0.10* nd
CVG 4589 + 1.87 7098+276* 8224+784~ 757+9.95* nd
U 1.28 £ 0.08 1.1+£0.13 072+021* 1+£0.34 0+0*
Z 0.43+0.02 0.48 +0.03 065+0.13* 0.56+0.15 0+0*

Specifically for soybean, all the imposed HP treatments showed significant
differences compared to CTRL, in terms of PV, MGT, MGR, and CVG, whereas the
U and Z parameters were improved only with the HP4 treatment. This indicates that
the best time point at which to stop the priming treatment for this soybean commercial
variety is after 4 h of imbibition in water, a treatment that brings positive outcomes
in terms of germination percentage, speed, and uniformity. The HS treatment was
highly damaging and no seed germinated, showing that this can be used as a system
to decrease seed quality.

To confirm that these treatments can be universally implemented for different plant
species and seed types, the experiments were also performed on S. lycopersicum (Fig.
3.4a,b) and 7. aestivum seeds (Fig. 3.4¢,d), which show the time course of G% and
the average length of roots and shoots. Roots/ shoots average length was measured
from the images collected and illustrated in Fig. 21. Moreover, additional germination
parameters were calculated and illustrated in Table 3.4. The gathered results show
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that HP2 and HP8 treatments were efficient in improving germination and seedling
growth in tomatoes, whereas for wheat the only significant data regarded G% after
one day of monitoring. The results indicate that hydropriming treatments are efficient
in boosting germination, but the imbibition time points need to be tailored for each
species/genotype/seed lots, as evidenced in other cases (Forti et al., 2020; Forti et al.,
2020; Adhikari et al., 2021; Forti et al., 2021).
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Figure 3.4. Evaluation of hydropriming efficiency in tomato (Solanum lycopersicum) and
wheat (Triticum aestivum) seeds. (a) Germination percentage (%) measured daily in tomato
for a time period of six days. (b) Root length (cm) measured in 6-days-old tomato seedlings.
(¢) Germination percentage (%) measured daily in wheat for a time period of five days. (d)
Seedling length (cm) measured in terms of roots and aerial parts in 5-days-old wheat plantlets.
Statistical differences among treatments and control are represented with asterisks (*), P <
0.05. CTRL, non-treated control; HP2, hydropriming for 2 h; HP4, hydropriming for 4 h;
HP6, hydropriming for 6 h; HP8, hydropriming for 8 h; HP24, hydropriming for 24 h; HS,
heat shock.
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Table 3.4. Germination parameters calculated for Solanum Iycopersicum, and Triticum
aestivum. Statistical differences among treatments and control are represented with asterisks
(*), p-value < 0.05. PV, peak value; MGT, mean germination time; MGR, mean germination
rate; CVG coefficient of velocity; U, uncertainty index; Z, synchronicity index; CTRL, non-
treated control; HP2, hydro-priming for 2 h; HP4, hydropriming for 4 h; HPS, hydropriming
for 8 h; HS, heat shock.

S.lycopersicum CTRL HP2 HP8 HP24

I Media St.dev. | Media St.dev | Media  St. dev| Media St. dev.
Peak Value 664 + 097 | 856 + 0,50* 788 + 0,96 | 8,00 + 0,88
MGT 335 t 0,05 308 + 0,12* 3,11 + 007*| 318 + 014
MGR 0,30 * 0,00 0,33 =+ 0,01* 0,32 + 0,01* | 0,31 + 0,01
VG 29,85 * 0,43 | 32,50 = 1,28 32,17 = 0,67° | 31,46 + 1,38

] 098 + 0,13 0,76 & 0,21 090 + 0,20 0,98 i 0,14

z 056 t+ 003 | 073 + 0,08 066 + 008 | 066 + 0,05
T.aestivum CTRL HP2 HP4 HP6 |
TI Media St. dev. Media St.dev | Media St. dev| Media St. dev. |
1PcakValue 7,00 + 1,80 6,06 + 1,23 6,00 + 180 | 6,17 + 0,76 |
IMGT 207 + 011 1,99 + 048 1,94 + 030|191 + 0,21
IMGR 0,48 * 0,03 052 + 0,3 052 + 008|053 = 006 |
iCVG 4841 = 2,56 52,40 * 1323 | 52,29 * 8,15 |5268 = 5,53
IU 128 = 044 144 + 040 | 158 + (0,15 | 1,54 * 0,22 |
z 0,50 + 0,8 03 + 009 | 031 + 006|033 + 006 |

3.3.2 ROS Profiles are influenced by the applied treatments

Once we have shown that the implemented experimental system can be used to boost
or damage seed quality (in terms of germination performance), the next set of
analyses was dedicated the evaluate different protocols to measure ROS levels. The
two assays hereby employed, namely DCFH-DA and FOX-1, have different targets
and specificities. Quantification based on the use of the DCFH-DA molecule
measures the general oxidative status (Eruslanov and Kusmartsev, 2010). In
particular, in the absence of metal or enzymatic catalysts, the DCFH; molecule
(produced in the cells through the activity of esterases) is not able to react with some
ROS (e.g., O, LOO™, H,0O,) whereas it can react with oxygen and nitrogen radicals,
including -OH and peroxynitrites (Eruslanov and Kusmartsev, 2010). In contrast, the
FOX-1 assay directly detects peroxidic radicals (ROO") and in particular
H,0, released in the medium whereas it has a low reactivity towards other molecules
(Wolff, 1994; Ijaz et al., 2019). Both assays were used to assess these different aspects
of ROS accumulation or release by using whole seeds. The levels of ROS detected in
G. max seeds with the two assays are illustrated in Fig. 3.5.
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Figure 3.5. ROS detection in G. max seeds subjected to hydropriming and HS treatments. (a)
Data collected by using the DCFH-DA fluorimetry assay and represented as relative
fluorescence units (RFU). (b) Data collected from the FOX-1 assay through
spectrophotometric measurements and represented as [ROOH] concentration values.
Statistically significant differences (P < 0.05) are indicated by the occurrence of different
letters. CTRL, non-treated control; HP2, hydropriming imbibition for 2 h; HP4, hydropriming
imbibition for 4 h; HPS, hydropriming imbibition for 8 h; HP-DB, dry-back treatment
following hydropriming imbibition; HS, heat-shock.

The gathered data show that the highest amount of oxidative stress (Fig. 3.5a) and
peroxide radicals (Fig. 3.5b) are registered in seeds treated with HS. Moreover, the
seeds subjected to HP treatments appeared to have the lowest levels of measured
ROS, using both the DCFH-DA and FOX-1 assays. To validate these results, the two
assays were applied to the tomato and wheat seeds following the same experimental
approaches. The results of these analyses are shown in Fig. 3.6. As shown in the
figure, although the FOX-1 results maintained a similar pattern of ROS being
released from the seeds, the DCFH-DA assay presented much more elevated levels
of variability.
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Figure 3.6. ROS detection in Solanum lycopersicum and Triticum aestivum seeds subjected
to hydropriming and heat shock treatments. (a) Levels of relative fluorescence units (RFU)
measured with the DCFH-DA assay in T. aestivum. (b) ROS levels as revealed by FOX-1
assay in T. aestivum. Data are reported as concentrations of hydrogen peroxide and peroxyl
radicals [ROOH] in pM. (c¢) Levels of relative fluorescence units (RFU) measured with the
DCFH-DA assay in S. lycopersicum. (d) ROS levels as revealed by FOX-1 assay in S.
lycopersicum. Statistically significant differences (P < 0.05) are indicated by the occurrence
of different letters. CTRL, non-treated control; HP2, hydropriming imbibition for 2 h; HP4,
hydropriming imbibition for 4 h; HP8, hydropriming imbibition for 8 h; HP-DB, dry-back
treatment following hydropriming imbibition; HS, heat shock.

Subsequently, a PCA analysis was carried out to evidence how the different
treatments (CTRL, HP, and HS) are clustered according to the obtained data. The
clustering of the group of seeds subjected to the imposed treatments in G. max, shown
in Fig. 3.7 shows a distinct grouping of the HP treatments compared to CTRL and
HS.
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Figure 3.7. PCA using data gathered for the imposed treatments (CTRL, HP2, HP4, HPS, HS)
for G. max. (a) Score plot grouping of samples subjected to different treatments. (b) Biplot
obtained with data from germination tests (G, PV, MGT, Z, Rad) and ROS measurements
(FOX-1, DCHF-DA) on the clustering of the groups subjected to the different treatments.
Because the data provided consisted in triplicate values, the designation 1, 2, 3 in the plots
refers to the replicate number.

According to the biplot generated by the PCA analysis (Fig. 3.7b), the main
contributors to this this clustering are the germination parameters. The CTRL samples
clustered separately from the groups subjected to HP and HS treatments, mainly due
to the data obtained from the FOX-1 and DCHF-DA analyzes. Finally, the separation
of the HS group is, according to the PCA analysis, mainly due to the values obtained
for MGT as well as FOX1 and DCHF-DA (Fig. 3.7b). Similar patterns of clusters
were also obtained for tomato and wheat, shown in Fig. 3.8.

60



3. ROS and seed quality

(a)

Scores Plot

AcTRLL

actRLa

actm 2

Woo_1
P2

W23 hpa 1

w22

Scores Plot

& CTRL
Hi
* HP24.

HS

ACTBCAR 1

WP
L2z

acTR3
xMP24 3
HPB_34 92 3

Figure 3.8. Principal Component Analysis using data gathered for the imposed treatments
(CTRL, HP2, HP4, HP8, HS) for Triticum aestivum and Solanum lycopersicum. (a) Scores
plot grouping of samples subjected to different treatments for 7. aestivum. (b) Bi-plot
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3. ROS and seed quality
3.3.3. ROS-related gene expression is induced by hydropriming treatments

To better investigate ROS homeostasis in the proposed working system, qRT-PCR
analyses were carried out to quantify the relative expression of genes encoding
enzymes involved in ROS scavenging and production. To select which genes would
provide the most relevant information, a preliminary in silico data mining approach
was conducted simultaneously for A. thaliana and G. max models. Data relative to
multiple isoforms of CAT, SOD, APX, and Rboh genes were comparatively examined
during seed maturation in soybean as well as during the early phases of seed
germination in Arabidopsis (Fig. 3.9).
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Figure 3.9. Heatmaps evidencing relative expression patters of multiple homologue genes
involved in ROS scavenging (SOD, CAT, APX) and production (Rboh) in seeds of G. max (a)
and A. thaliana (b). Expression values were collected from the BAR ePLANT database
(http://bar.utoronto.ca/eplant) and used after Z normalization to generate heatmaps using the
Orange software (https://orangedatamining.com/). Blue color indicates gene downregulation
whereas red color indicates gene upregulation.

This analysis showed that different isoforms of the studied genes are differently
expressed during soybean seed maturation with the highest expression being most
prevalent for 14DAF (days after flowering), 21DAF, and 35DAF, whereas for
Arabidopsis the majority of genes are highly expressed at 48 h of seed
imbibition/germination. Based on this investigation, the following genes were
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selected to perform the qRT-PCR analyses during soybean HP treatment: MnSOD,
SODI1, CATI, CAT5, APX2 as genes encoding enzymes involved in ROS scavenging,
and RbohE2, Rboh(C?2 as genes encoding enzymes involved in ROS production. Their
expression levels were evaluated in soybean dry seeds (CTRL), in seeds subjected to
4 h imbibition (HP4) as the most promising HP timepoint to boost germination, as
well as after dry-back (HP4DB) as the last phase of the HP treatment. The results are
shown in Fig. 3.10.
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Figure 3.10. Relative expression of genes encoding enzymes involved in ROS scavenging
and production mechanisms in G. max seeds subjected to hydropriming treatments. (a)
Superoxide dismutases, MnSOD and SODI. (b) Catalases, CAT! and CAT5. (¢) Ascorbate
peroxidase 4PX2. (d) Respiratory burst oxidase homologs, RbohE2 and RbohC2. Statistically
significant differences obtained by using the Student t-test (P < 0.05) are indicated with an
asterisk (*). CTRL, untreated seeds; HP4, seeds soaked for four hours in water; HP4DB, seeds
soaked for four hours and subjected to the desiccation required by hydropriming protocols.

The gathered data revealed that all genes were significantly upregulated both after
seed imbibition (except for MnSOD) as well as after the dry-back treatments (except
for APX2), as compared with the CTRL samples. Interestingly, this trend was
common for genes encoding enzymes involved in ROS scavenging as well as ROS
production mechanisms. Nonetheless, the highest gene expression levels were
registered for the two CAT genes (ROS scavenging) whereas the lowest expression
was observed for the Rboh genes (ROS production), namely RbohE?2 gene.
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Subsequently, correlation analyses were performed between data obtained from the
ROS detection methods (DCFH-DA and FOX-1) and gene expression profiles (Fig.
3.11).

DCFH-DA RbohE2 RbohC2

G.max

Figure 3.11. Pearson correlation indices calculated for G. max hydroprimed seeds taking into
consideration the biochemical assays for ROS quantification (FOX-1 and DCFH-DA) and the
ROS homeostasis gene (CAT1, APX2, CAT5, MnSOD, SOD1, RbohE2, Rboh(C2) expression
levels. The blue color indicates negative correlations whereas red indicates positive
correlations. Statistically significant correlations (P < 0.05) are indicated by an asterisk (*).

In general, a negative correlation is observed between the gene expression and ROS
levels. For example, this is observed between the data obtained in the FOX-1 analysis
and the CAT1. RbohE2, APX2, and SOD1 expression levels. The same trend is
observed for the data obtained with the DCFH-DA analysis and
the CAT1, CATS, RbohE2, APX2, and SODI1 relative expression. In contrast, positive
correlations are generally observed between the gene expression data, namely
for CAT1, CATS, and APX2 compared to SOD1. Furthermore, it is interesting to note
that the RbohE2 (gene responsible for the production of ROS in seed) expression
levels also showed a positive correlation with the expression levels of all the genes
responsible for ROS removal (MnSOD, SOD1, CAT1, CATS, APX2). A similar trend
is observed also for RbohC2. Finally, significantly positive correlations are observed
between the ROS levels measured through the FOX-1 assay (in terms of peroxide
species concentration) and the DCFH-DA (in terms of oxidative stress levels) assay.
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3.4 Discussion

Currently, standard germination tests approved by ISTA represent the main methods
that allow the observation of seed behavior in the postsowing phase (Milivojevi¢ et
al., 2018; Petrovi¢ et al., 2022). The most common methods for seed quality
establishment are invasive and do not allow the continued evaluation of seeds over
time. Among the invasive techniques, aside from germination tests, the evaluation of
moister content (Kim, 2018; Balbaaki et al., 2012), tetrazolium test (Soares et al.,
2016; Franga-Neto and Krzyzanowski, 2019), and accelerated aging systems (Demir
et al., 2004; Dutra and Vieira, 2006) are also used often. Most of these chemical and
physical techniques exhibit good accuracy and reliability but also present certain
limitations, such as high cost, health hazards, lengthy duration, and high operator
requirements (Huang et al., 2015). These methods also raise problems related to the
direct use of seeds and the time required to obtain relevant information. The
development of new techniques and procedures by which to analyze seed
characteristics is driven by the need to overcome these drawbacks. Therefore, several
nondestructive methodologies have been developed, many of them being based on
the use of different imaging techniques supported by computer vision to rapidly
collect and interpret high-resolution images (Patel et al., 2012; Rahman and Cho,
2016; Lin et al., 2019; Galletti et al., 2020). These include thermal imaging (Men et
al.,2017; EIMasry et al., 2020), X-rays (Gagliardi and Marcos-Filho, 2011; Giannella
et al., 2020; Musaev et al., 2021), and spectroscopic techniques such as near-infrared
spectroscopy (NIRS) technologies (Font et al., 2006; Al-Amery et al., 2018; Pagano
et al., 2019; Hacisalihoglu et al., 2020), Raman spectroscopy (Edwards et al., 2005;
Ambrose et al., 2016; Rahman and Cho, 2016), or hyperspectral imaging (Ambrose
etal., 2016; Feng et al., 2019). Although these noninvasive methods represent a faster,
deeper, and more precise way to retrieve important information for the evaluation of
seed quality, the associated costs, and the required expertise are still prohibitive for
large-scale screening of seed lots. Therefore, there is still the need to expand the
palette of methods by which to reduce their costs or to promote the development of
other cost-effective and sustainable methods.

Given these premises, the current study proposes two biochemical assays that can be
employed to detect the levels of ROS as a proxy of seed quality. Why focus on ROS?
Because, as already indicated, these are essential molecules with well-proven roles
in seed dormancy and germination (Mittler et al., 2011; Wrzaczek et al., 2013; Bailly,
2019; Pagano et al., 2019; Rehmani et al., 2022), relevant processes in the context of
seed vigor and seed quality assessment. To prove that the proposed assays can be
adopted as methods to test seed quality, we have first developed appropriate materials
by applying treatments meant to boost (hydropriming) or inhibit (heat-shock) seed
germination. We have adopted soybean as a reference species in this study because
of its high agroeconomic relevance as well as possible model legume and availability
of database resources (Schmutz et al., 2010; Karges et al., 2022). However, to show
that these approaches can be universally applied, we have extended the study to other
relevant crops like tomato and wheat, hence covering seed morphological diversity.
Indeed, our results show that hydropriming improved germination performance but
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this is conditioned by the soaking time. On the other hand, the HS treatments imposed
in this study suppressed seed germination.

Having defined the experimental systems, the following step consisted of evaluating
ROS levels and comparing the two proposed approaches. Interestingly, even if the
DCFH-DA and FOX-1 assays relatively measure different components, namely
oxidative status and H,O, released radicals respectively, in the case of soybean the
results obtained follow the same pattern: higher levels of ROS in HS and CTRL and
low levels during the HP treatments. For the FOX-1 assay, this trend is also
maintained in the other investigated species, whereas the DCFH-DA results were
much more variable. This may be due to the different types of measurement
techniques; on the one hand, the use of a fluorimeter with extracting the baseline
fluorescence levels, and, on the other hand, the use of spectrophotometric readings
plotted to a standard curve. Moreover, the DCFH-DA assay is generally used to
quantify intracellular ROS levels (Lepage et al., 2013; Ortega-Villasante et al., 2016;
Wang et al., 2016), whereas FOX-1 is used for measuring the release of specific ROS
in the surrounding environment (Bellincampi et al., 2000; Balestrazzi et al., 2011;
Bridi et al., 2015). The DCFH is usually oxidized to the fluorescent product DCF by
multiple reactive species, and thus it is not specific for a particular ROS (Zielonka et
al., 2012; Forman et al., 2015). In addition, other limitations include the fact that
DCFH is not oxidized directly by H,O,, but only after its conversion to more reactive
species, and this oxidation is also sensitive to O levels, light, and pH. Consequently,
several studies have indicated that the observed fluorescence may not be proportional
with the accumulation of ROS (Kalyanaraman et al., 2012; Kowaltowski, 2019). By
contrast, FOX-1 is generally used in an acidic environment, and it relies on the
oxidation of Fe*" to Fe** (Aryal et al., 2019). In this case, hydroperoxides oxidize the
ferrous ion to ferric ion, subsequently treated with the XO reagent to generate a ferric-
XO complex, resulting in a blue—purple color readable at 550-560 nm (Moon and
Shibamoto, 2009). This approach has received much attention not only because of its
low cost but also because it is not affected by environmental conditions (e.g., Oa,
light) (Christodoulou et al., 2022).

To show that the applied methods are noninvasive, we have monitored the
germination percentage of seeds imbibed in the DCFH-DA and FOX-1 reagents for
15 and 30 min, respectively. The results, shown in Fig. 3.12, indicate no significative
differences were observed between CTRL and imbibed seeds.
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Figure 3.12. Germination percentage (G%) evaluated for S. lycopersicum, G. max, and T.
aestivum seeds imbibed in the presence of DCFH-DA and FOX-1 for 15 min and 30 min,
respectively. The number of germinated seed was monitored for three days and the data
collected at the 3rd day was used to generate the graphic. Statistical differences among
treatments and control are represented with asterisks (*), P < 0.05.

Lastly, to prove that the ROS turnover is influenced within the proposed system, a
gRT-PCR approach was adopted to monitor the expression of genes encoding
enzymes involved in both ROS production (RbohE2, RbohC2) and scavenging
(MnSOD, SODI, CATI, CATS, APX2). The scientific literature is rich in studies
evidencing that seed priming treatments result in differential expression of a myriad
of antioxidant genes (Wojtyla et al., 2006; Lee et al., 2010; Forti et al., 2020; Forti et
al., 2020; Forti et al., 2021; Zhou et al., 2021; Pagano et al., 2022). And indeed, the
observed upregulation of the selected genes is in agreement with the cited data. The
upregulation of both ROS production and scavenging genes indicates active ROS
turnover; thus while ROS are being produced the antioxidant systems are being
activated. Additionally, a correlation analysis was carried out between the measured
ROS through the two assays and the levels of expression of the investigated genes.
The positive correlations observed between the DCHF-DA and FOX-1 data in the
case of soybean seeds indicate that the different types of ROS detected by the two
assays display a similar accumulation pattern. By contrast, during seed priming the
expression of genes involved in ROS turnover increases while the observed levels of
measured ROS decrease. This is statistically reinforced by the recurrent negative
correlations observed between the ROS patterns and gene expression levels. This can
be thus interpreted as an indication of the efficiency of the antioxidant response in
reducing ROS accumulation.

The noninvasiveness and relative rapidity of the proposed assays can have promising
outcomes in multiple experimental and applicative contexts. For instance, from an
experimental point of view, these can be used to track the kinetics of ROS dynamics
for individual seeds, providing a time-lapse to monitor the progression of priming
protocols or the activation of the seed pre-germinative metabolism within the
“oxidative window” (Bailly, 2019). For the applicative side, whenever seed materials
are scarce these assays may allow the evaluation of the quality of a seed lot without
losing valuable material. This can be applied to seed bank accessions and elite
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breeding materials with important implications on biodiversity preservation in crops
and wild species.

3.5 Conclusion

The current study proposes two noninvasive, rapid, cost-effective, and potentially
universal techniques by which to measure ROS production in seeds as a proxy of seed
quality evaluation. Although the DCFH-DA assay is more variable and subjected to
certain limitations in terms of types of measured ROS and interaction with
surrounding factors, the FOX-1 approach appears to be more reliable when applied
to different types of seeds. Additional proof of the accuracy of the investigated
methods is provided through the correlation analysis performed, taking into
consideration the measured ROS levels and the expression of genes involved in ROS
turnover. To further validate the obtained data, the methods could be subsequently
applied to other species, varieties/genotypes, seed types, and experimental
conditions, such as different seed lots collected from diverse environments, seed
storage conditions, seed aging protocols, and damaging or beneficial treatments.
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4. Non-invasive methods to assess seed quality based
on ultra-weak photon emission and delayed
luminescence

The work in this chapter was published in Scientific Reports (Impact Factor 3.8) on
November 5, 2024 with the title “Non-invasive methods to assess seed quality based
on ultra-weak photon emission and delayed luminescence”
(https://www.nature.com/articles/s41598-024-74207-9%#citeas). My contribution to
this article is described below. I performed the UPE and DL measurements using the
LIANA® light analyzer. I carried out the germination tests, calculated all the
associated parameters, and integrated all data to obtain the complete datasets for
machine-learning operations. I developed different predictive models, calculated the
classification parameters, and carried out the statistical analysis. I was actively
involved in data analysis and all the manuscript preparation steps. This work was
supported by the Bayer Foundation Fellowship Program 2022 “Jeff Schell
Fellowships for Agricultural Sciences” which grated me funding for the 6 months
spent at IPK (https://www.bayer-foundation.com/news-stories/science/meet-our-
2022-scientific-fellowship-awardees).

Abstract

Seed quality is the set of physical, genetic, and physiological characteristics,
reflecting the overall germination potential. Maintaining an optimal seed quality is
essential for agriculture and seed banks to preserve genetic diversity. Compared to
conventional methods (e.g., germination tests), non-invasive approaches allow a
more sustainable and rapid evaluation of seed quality but this is limited by high costs.
The measurement of ultra-weak photon emission (UPE) and delayed fluorescence
(DL), defined as biological phenomena potentially related to the physiological status
of living systems, may represent a suitable approach to estimate seed quality. To test
this hypothesis, seeds of five agriculturally relevant legume species (Phaseolus
vulgaris L., Lathyrus sativus L., Cicer arietinum L., Pisum sativum L., and Vicia faba
L.), stored at different conditions (room temperature or -18 °C) for several years,
were analyzed using a LIANA© prototype to collect data regarding DL and UPE
occurring after UV excitation. The obtained data were integrated with germination
parameters which underline species-specific behaviors in response to storage
conditions. The prediction models show variable efficiency in classifying seeds based
on germination which underline species-dependent links between photon emission
and seed quality. Therefore, these measurements represent novel, non-invasive,
universal, and rapid approaches to evaluate seed quality.
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4.1 Introduction

Seed quality is the set of genetic, physiological, and physical features of seeds
(https://www.seedtest.org/). Since seed quality reflects the overall germination
potential and influences crop production, its evaluation is crucial for seed companies
and consumers to both optimize economic profits and increase the final crop yield
(Huang et al., 2015). Crop production must be increased to meet the ZERO HUNGER
target relative to the Sustainable Developmental Goal SDG#2 of the 2030 UN Agenda
for Sustainable Development (https://www.un.org/sustainabledevelopment/). In a
scenario where crop production must be sustainably enhanced, novel methods to
assess seed quality can substantially increase the availability of high-quality seeds,
with a positive effect on agriculture costs and food production.

Monitoring seed quality is very important for many stakeholders, including
germplasm banks, breeders, agronomists, seed companies and consumers (Huang et
al., 2015). The use of high-quality seeds is a proxy of the seed market, which
translates into a continuous increase in the commercial seed market trends
(https://www.thebusinessresearchcompany.com/report/seeds-global-market-report).

Several methods are available for seed quality testing. Conventional germination,
electrical conductivity, seedling growth, triphenyltetrazolium chloride (TTC) test,
and accelerated ageing are approved by the International Seed Testing Association
(ISTA) and constitute the most used approaches so far (McDonald, 1989; McDonald,
1998; Elizalde et al., 2016). However, these methods have some considerable
limitations, including invasiveness, extensive amount of test work required, long test
periods, low accuracy, and operator biases (Huang et al., 2015). To efficiently
measure seed quality and avoid the waste of resources, novel methods to assess it and
subsequent quality attributes are necessary and highly sought. To this purpose, non-
invasive optical techniques, including machine vision (Ureia et al., 2001; Lin et al.,
2019), NIR (Near-InfraRed), Raman spectroscopies (Zhu et al., 2015; Li et al., 2022),
thermal, X-ray, and hyperspectral imaging (Feng et al., 2019; EIMasry et al., 2020;
Musaev et al., 2022), have been developed and applied to test seed quality. Despite
their advantages in gaining high-throughput information in a rapid, non-invasive, and
accurate manner, the high cost and the complexity of these technologies limit their
large-scale use (Rahman and Cho, 2016). So far, no universal approach has been
developed to assess seed quality in a rapid, accurate, economic, and non-destructive
manner. Therefore, the search for such methods is still highly required and requested.

Ultra-weak photon emission (UPE) is defined as the luminescence generated from
the production of electronically excited species produced from the oxidative
processes (Du et al., 2023). Since oxidative reactions are solely responsible for the
spontaneous generation of photons, this phenomenon potentially occurs in living cells
of all organisms, from bacteria to animals (Cifra and Pospisil, 2014). Although the
origin and the nature of the electronically excited species are partially unknown and
very complex, Cilento and Adam (Cilento and Adam, 1995) described the concept of
electronic excitation and the electronic configuration of molecules on the ground state
TO, the singlet state S1, and the triplet state T1, which stand at the basis of this
process. The transition of electrons that occurs in common oxidation and reduction

77



4. UPE/DL and seed quality

reactions results in the transition of the molecule into different energy states (T0, S1,
TT1) due to the different energy of the electrons exchanged. Photon release marks the
transition of a molecule from an excited state (S1 or T1) to the starting state TO
(Cilento and Adam, 1995; Cifra and Pospisil, 2014). Most of the pathways that
generate electronically excited species involve radical species as well as oxygen
molecules for the electronic transition (Cilento and Adam, 1995), confirming the
importance of ROS (reactive oxygen species) in this process. UPE can be
spontaneous, where the release of photons during the oxidative processes happens
without any external stressors or stimuli, or it can be induced by stress and oxidative
factors that promote oxidative reaction rates (Wang et al., 2011; Cifra and Pospisil,
2014). Another phenomenon related to UPE is Delayed Luminescence (DL), defined
as the long-term afterglow of biological systems after illumination (Popp and Yan,
2002). The DL general trend is characterized by an initial peak of intensity (in terms
of the number of photons released per time) followed by a rapid decay. DL can occur
for seconds or milliseconds, depending on the time of the inductor and the system
used (Goltsev et al., 2009).

In recent years, the possible link between UPE, DL, and the physiological state of
biological systems has gained more interest from the scientific community. Because
UPE and DL are generated from oxidative processes occurring during metabolic
reactions, it is connected with ROS production (Kobayashi, 2014; Pospisil et al.,
2014; Sun et al., 2022; Zhang et al., 2022), molecules involved in many biological
processes (Murphy et al., 2011), including seed quality and germination (Griffo et al.,
2023). UPE and DL have been successfully applied to evaluate food quality (Stolz et
al., 2019). Similarly, these phenomena have been linked to germination, pointing to
a connection between the physiological state and photon release (Grasso et al., 2018;
Adeboye and Borner, 2020). In the context of seed evaluation, DL has been applied
to detect additional features like water content (Yan et al., 2003) and viability
(Costanzo et al., 2008). Although these initial reports provide insights into the UPE
and DL application in seed biology, the complex features of the phenomena and their
implications, require further investigation. Therefore, the aim of this study was to
assess the use of UPE and DL as universal tools to predict seed quality taking into
consideration multiple species and accessions. Germination performance was
evaluated in five legume species (Phaseolus vulgaris L., Lathyrus sativus L., Cicer
arietinum L., Pisum sativum L., and Vicia faba L.), using seeds stored at different
conditions (room temperature or -18 °C) for more than ten years. UPE and DL
occurring after UV excitation were collected using a LIANA®© prototype and the
generated data were integrated with the germination parameters using machine
learning algorithms to generate prediction models to estimate seed quality in a non-
invasive manner.
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4.2 Materials and Methods

4.2.1. Seed materials and storage

Seeds of five legume species, namely bean (Phaseolus vulgaris L.), Faba bean (Vicia

faba L.), pea (Pisum sativum L.), grass pea (Lathyrus sativus L.), and chickpea (Cicer
arietinum L.), were originated from the genebank collection of the Leibniz-Institute
of Plant Genetics and Crop Plant Research (IPK, Gatersleben, Germany) where the
material was regenerated under field conditions. Harvest of the seeds was made by
hand. After threshing and cleaning the seeds were placed in a drying chamber at a
temperature of 22 + 2°C and a relative humidity of 11 = 3% for four weeks.
Afterward, the material was divided and transferred either to the cold chamber of the
genebank (Cold, sealed glass chars, silica gel on top of the seeds, -18°C + 2°C) or to
an ambient storage room (Amb, paper bags, 20°C £ 2°C, 50% + 3% RH). For each
species, 200 seeds per accession were used in the present work. These were divided
into distinct seed samples (biological replicates) based on seed size; for L. sativus
accessions, four replicates of 50 seeds each; for C. arietinum and P. sativum
accessions, five replicates of 40 seeds each; for P. vulgaris and V. faba accessions,
eight replicates of 25 seeds each. Different numbers of accessions per species were
used as follows: 22 accessions for P. vulgaris, P. sativum, and C. arietinum, 12
accessions for L. sativus, and 11 accessions for V. faba. The time of storage was
selected based on previous seed bank analyses carried out to identify the most suitable
conditions where contrastive germination performance could be observed (Nagel and
Borner, 2010). The accessions used here were collected at different harvest years:
2010 for L. sativus and P. sativum, 2012 for P. vulgaris, and 2013 for V. faba and C.
arietinum.

4.2.2. Germination parameters

Germination tests were performed following the guidelines provided by ISTA
(International Rules for Seed Testing (https://www.seedtest.org/) with some
modifications. The conditions for each species/accession were as follows: for P
vulgaris, and C. arietinum seed were germinated at 25°C for 8 days; for P. sativum
seed were germinated at 20°C for 8 days; for V. faba and L. sativus seed were
germinated at 20°C for 10 days. For V. faba, seeds were maintained at 4°C for 7 days
before starting the germination test. Seeds stored at Amb and Cold conditions were
monitored in parallel. Different groups of seeds (L. sativus, 4 replicates of 50
seeds/replicate; P. sativum and C. arietinum, 5 replicates of 40 seeds/replicate; V. faba
and P. vulgaris, 8 replicates of 25 seeds/replicate) were placed in germination trays
containing filter paper moistened with distilled water. All containers were kept in a
growth chamber at the indicated temperatures under 16 h dark/8 h light. At the end
of germination, the following germination indices were calculated: germination
percentage (G), mean germination time (MGT), and synchronicity index (Z) (Ranal
and de Santana, 2006). The formulas used for the calculation of these parameters are
the following.
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o — number of germinated seeds)
(1) 6% = ( total number of seeds ) x 100
_ Zﬁlni xti
(2) MGT = e
(3) 7 = Y. Cni,2

Y ni x Z(ni—%)

In MGT (2) and Z (3) formulas, ni is the number of seeds germinated in the time i
(not the accumulated number, but the number correspondent to the ith observation),
ti corresponds to the time from the start of the experiment to the itk observation (day),
k is the last time of germination, and Cni,2 = ni (ni-1)/2. Germination data were
analysed with Student #-test using the Microsoft Excel package using as threshold the
p-value <0.05 (“*).

Seedling growth was monitored on the final day of the germination test by using
ImagelJ (https://imagej.nih.gov/ij/) software. For each accession and replicate, 20%
of the seedlings were photographed and used to determine the seedling length in
terms of roots and/or aerial parts.

4.2.3. Statistical analyses

Germination and physical traits data were analysed with Student #-test using the
Microsoft Excel package using as threshold the P < 0.05 (“*°). For correlation
analyses, Pearson’s correlation coefficient and the relative p-values were determined
by using MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/) (Pang et al., 2024). The
same software was also used for principal component analysis (PCA) performed by
using all the germination parameters. The obtained “score plot” graphics show how
the different sample groups are clustered according to the results obtained in the
performed analyses.

4.2.4. UPE and DL detection

A light analyzer (LIANAO, SuperLab, Kéthe-Kruse-Str. 11, 26160 Bad
Zwischenahn, Germany, https://www.super-lab.de//liana.html) has been used to
collect UPE and DL data of seed samples. This prototype is covered by the SuperLab
IP copyright patent number EP 2613139 Al. As shown in Fig. 4.1, the LIANAO
prototype contains seven photomultiplier tubes along with filters to form seven
sensors that detect light emission at different wavelengths. The characteristics of the
photomultiplier tubes (PMTs, Hamamatsu Photonics), including model type,
spectrum and filter bandpass wavelength are presented in Table 4.1.

For the DL excitation, 6 LED with the spectral range 380-420 nm were used. The
measurements were conducted with the following parameters: time, 10 (10 seconds
measurement time); frequency, 100 (measure every 0.1 second); size, 100; distance,
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10; surface, 10; illumination time, 1 (1-second illumination); darkcount time, 5 (5
seconds darkcount data before and after each measurement); dark-count frequency,
100 (measure every 0.1 second). For each sample, measures were taken five times
(technical replicates), from which eventual outliers have been eliminated. At least
three technical replicates have been retained for each seed sample. For a more
realistic photon count estimation, a darkcount measurement is automatically
performed before and after each measurement, averaged and subtracted from the
values of the PMTs (the photon counted during the measurement time). Then a “real
amount of photons” is calculated by multiplying this new value by correction factors,
based on the position of the PMTs, the filter used, and the overlapping of wavelengths
with other PMTs. In addition to the corrected photon counts, a large number of
features reflecting the UPE and DL phenomena are acquired and included in the
datasets.

Wavelength (A) w

Figure 4.1. Representative images showing the structure of the LIANA®© device and its use
for light analysis on seeds. (a) The main structure of the LIANA®© device illustrating (1) the
excitation source, which includes the PMTs (photomultiplier tubes), (2) the sample chamber,
and (3) the electrical block. (b) The seed chamber. It can be opened by releasing the clips on
either side (top left). The front door can be drawn down to access the internal drawer with the
sample holding block (top right). The drawer must be pulled out completely while inserting
the seeds into the tray for the analysis (bottom). (¢) The excitation source (UV) and the PMTs.
These include seven photomultiplier tubes along with filters to form seven sensors which can
detect the emission at different wavelengths.
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4. UPE/DL and seed quality

Table 4.1. Features of the photomultiplier tubes (PMTs) of the LIANAO device, including
model type, spectrum and filter bandpass wavelength.

No. 1 2 3 4 5 6 7
PMT R1924P | R3788 | R3788 | R7154 | R3788 | R3896 | R3896
Model

PMT 300-650 | 185- 185- 160- 185- 185- 185-
spectrum 750 750 320 750 900 900
nm

Filter No Filter | 280- 315- No 430- 530- 610-
bandpass 310 400 Filter 510 610 690
Wavelength

nm

4.2.5. Generation of prediction models

Prediction models for the classification of seed samples were assigned and improved
using the RapidMiner software (Kotu and Deshpande, 2014; Hofmann and
Klinkenberg, 2016). Seeds were classified based on G% values into optimal (100-
80%) and non-optimal (below 80%) quality. The prediction process is described in
Fig. 4.2.

Read CSV Set role Select attributes Shuffle Cross-validation o8
fi b out exa [T exa exa [T exa exa A exal exa mod
¢ - p—d 74 oug q 3 °"B q |2 mg % mg
' | tes D
per])
per))
Random Forest Apply model Performance
qw mod) mod § ot oa wp—q= @ =P tes
A ) wipe—Qu * ma) e ea) per
wei) e

Figure 4.2. Illustration of the RapidMiner prediction model. The operators displayed in the
model are connected and execute distinct actions. The Read CSV operator allows the
uploading of the file. To facilitate the manual integration of germination percentages into the
CSV file, the records were sorted. The Set role operator was used for data labelling. Attributes
highly correlated to the label were excluded from the learning model with the operator Select
attributes. The operator Shuffle was employed to randomize the records within the datasets.
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4. UPE/DL and seed quality

The several operators used in the learning process are connected in a specific order
and perform different operations. A stratified 10-fold cross-validation operation
approach was used to validate the model. The classifier Random Forest was selected
for outcome prediction to maximize accuracy. Accuracy %, area under the curve
(AUC), sensitivity %, specificity %, positive predicted value (PPV) %, and negative
predicted value (NPV) % values were obtained at the end of the validation.

4.3 Results

4.3.1. Development of an experimental system for UPE and DL data collection

The experimental system proposed in this study is based on using seeds stored at
different conditions: a seed bank optimal storage conditions at -18 °C (hereby defined
as Cold) and an ambient room temperature (22-24 °C) storage (hereby defined as
Ambient). The give legume species (P, vulgaris, L. sativus, C. arietinum, P. sativum,
V. faba) and accessions were stored for more than ten years under Ambient and Cold
conditions prior to use. Fig. 4.3 depicts the experimental model along with the
analyses carried out to obtain the final dataset for the predictive models developed
through machine learning approach.

1. Material 2. UPE and DL detection 3. Germination test
; = \
A\ /
e LAT - Lathyrus vulgaris (50 seeds/R) ;
e FAB - Vicia faba (25 seeds/R) . - .
Foll the Int ti |
e PHA - Phaseolus vulgaris (25 seeds/R) LIANAQ light analyzer, SuperLab 2 S“T““g, eAn bl onz? TA
e CIC - Cicer arietinum (40 seeds/R) (https://www.super-lab.de/) Sele esting Association (ISTA)
e PIS - Pisum sativum (40 seeds/R) l s l
Data extraction Germination indices estimation
\, One dataset A e Gx
(CsvV file) for { o MGT
E each species Y o Z
e root length
e shoot length

|

4. Predictive models . .

DEVELOPMENT and Defalitegration

VALIDATION O Germination percentage (G
< %) values integrated to the

performed with RapidMiner software datasets

Figure 4.3. Schematic representation of the experimental system. Multiple accessions of
seeds of five legume species stored at room temperature (Ambient) or -18 °C (Cold) for more
than ten years were ordered in different biological replicates (R) based on their size. The
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4. UPE/DL and seed quality

replicates were analyzed with the LIANAO© light analyzer and subsequently used for
germination test, following the ISTA rules for each species. At the end of the germination test,
several indices were calculated (G%, Z, MGT, root and shoot length) and the germination
percentage data was integrated into the extracted CSV file containing for the same replicates
the UPE and DL data. The complete datasets were independently used for the development
of machine learning models for germination percentage prediction from seed samples using
RapidMiner® software.

Seed samples were used to detect UPE and DL and subsequently germinated to assess
a set of indices indicative of seed quality. To develop the predictive models, seed
samples were classified into two groups (optimal, non-optimal) based on the
germination percentage, where optimal germination ranges between 80-100% while
below 80% is considered as non-optimal.

4.3.2. Germination performance under different storage conditions

Germination tests were performed to estimate the effect of storage conditions on
germination performances on each of the investigates species and selected accession.
Given the high amount of data, the values (mean =+ st.dev.) of germination percentage
(G%), mean germination time (MGT), synchronicity index (Z), root and shoot length
are provided for each species/accession in the Supplementary dataset. For the overall
representation of these data, a principal component analysis (PCA) was performed
(Fig. 4.4).
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Figure 4.4. PCA score plots generated using the germination data, physical, and LIANA©
parameters gathered from seeds stored at Ambient (red) and Cold (greed) storage conditions.
(a) Cicer arietinum (CIC). (b) Lathyrus sativus (LAT). (¢) Phaseolus vulgaris (PHA). (d)
Pisum sativum (PIS). (e) Vicia faba (FAB).
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4. UPE/DL and seed quality

The data depicts two scenarios; first, represented by C. arietinum (CIC) and V. faba
(FAB), where there is a distinct clustering between the Ambient and Cold groups, and
second, represented by P. vulgaris (PHA), L. sativus (LAT), and P. sativum (PIS)
where the two clusters are overlapping. These two different trends reflect different
behavior, in terms of germination performances between Amb and Cold groups,
between species. Starting from C. arietinum, Table 4.2 shows the germination data,
in terms of G%, MGT, Z, average root length (Root), and shoot length (Shoot)

Table 4.2. Germination parameters calculated for C. arietinum accessions stored at room
temperatures (Amb) and at -18 °C (Cold). Asterisks (*) indicate a significant difference (P <
0.05) between the Amb and Cold groups for each accession.

C. arietinum G% MGT 4 Root Shoot
Media St. dev Media St. dev Media St. dev Media St.dev  [Media St. dev
CIC5_Amb_2013 54.5 + 11.911 2.89 + 0.179 0.38 + 0.075 5.47 + 1758 [2.17 + 0.378
CIC5_Cold_2013 95 + 1.768* 1.55 + 0.304* 0.48 + 0.159 12.82 + 0.802* |3.05 + 0.362*
CIC18_Amb_2013 50.5 + 20.872 2.50 + 0.058 0.46 + 0.056 6.11 + 2126  |2.06 + 0.693
CIC18 Cold_2013 92.5 + 8.101* 1.47 + 0.195* 0.53 + 0.109 1050  + 2.322* [2.48 + 0.311
CIC28_Amb_2013 19.5 + 10.216 2.77 + 0.353 0.31 + 0.128 7.48 + 2.789 1.80 + 0.318
CIC28 Cold_2013 88.5 + 6.519* 1.55 + 0.104* 0.47 + 0.029* 12.00  + 0.903* [3.27 + 0.66*
CIC31_Amb_2013 25.5 + 9421 2.92 + 0.36 0.33 + 0.083 4.70 + 1.795 1.93 + 0.549
CIC31_Cold_2013 96 + 2.85% 1.22 + 0.059* 0.66 + 0.065* 9.94 + 1.836* [3.27 + 0.329*
CIC49_Amb_2013 46 + 18.08 2.62 + 0.175 0.44 + 0.037 3.47 + 2.815 1.64 + 0.556
CIC49_Cold_2013 89 + 3.354* 1.43 + 0.306* 0.56 + 0.06* 11.21 + 1.383* [2.54 + 0.242*
CIC50_Amb_2013 41 + 5.184 2.45 + 0.166 0.51 + 0.114 8.54 + 0.888 3.52 + 0.322
CIC50_Cold_2013 90 + 3.953* 1.40 + 0.126* 0.52 + 0.042 11.09 + 3.227 3.92 + 0.597
CIC53_Amb_2013 36 + 12.324 2.90 + 0.397 0.38 + 0.144 7.34 + 2.680 2.63 + 0.751
CIC53_Cold_2013 95.5 + 2.092* 1.74 + 0.379* 0.49 + 0.018 12.83 + 1.036* |4.03 + 0.477*
CIC58 Amb_2013 31.5 + 15.969 3.63 + 0.878 0.38 + 0111 2.43 + 1308 |0.72 + 0.585
CIC58_Cold_2013 84.5 + 11.236* 2.70 + 0.868 0.41 + 0.101 9.27 + 0.766*% |2.02 + 0.513*
CIC90_Amb_2013 56.5 + 12.196 3.01 + 0.493 0.33 + 0.098 7.05 + 2476  |2.22 + 0.700
CIC90_Cold_2013 89.5 + 4.472* 1.62 + 0.269* 0.46 + 0.036* 1114  + 0.851* [3.24 + 0.087*
CIC92_Amb_2013 25.5 + 8.732 2.86 + 0.252 0.32 + 0.091 3.32 + 1.590 0.92 + 0.376
CIC92_Cold_2013 86 + 8.404* 1.76 + 0.47* 0.43 + 0.091* 9.43 + 2.519*% |3.35 + 0.32*
CIC94_Amb_2013 11 + 5.184 3.03 + 0.916 0.44 + 0.318 1.70 + 1.155 0.63 + 0.612
CIC94_Cold_2013 78.5 + 6.755* 2.38 + 0.39 0.39 + 0.076 9.17 + 0.248* [1.94 + 0.204*
CIC180_Amb_2013 [24.5 + 11.911 3.09 + 0.595 0.35 + 0.215 2.61 + 1.245 1.18 + 0.529
CIC180_Cold_2013 |93 + 4.809* 1.82 + 0.577* 0.45 + 0.133 12.30 + 1.276* [3.34 + 0.281*
CIC204_Amb_2013 |28 + 7.786 2.88 + 0.161 0.42 + 0.143 4.84 + 2373 1.74 + 0.493
CIC204 Cold_2013 |89 + 8.023* 1.44 + 0.183* 0.52 + 0.135 11.95 + 1.697* 14.12 + 0.819*
CIC205_Amb_2013 |38 + 6.471 3.36 + 0.16 0.29 + 0.044 3.61 + 1.151 1.40 + 0.280
CIC205_Cold_2013 (89 + 2.85% 2.03 + 0.754* 0.48 + 0.087* 1097 + 0.716* [3.17 + 0.632*
CIC209_Amb_2013 [29.5 + 10.368 3.2 + 0.577 0.34 + 0.168 3.02 + 1.805 0.75 + 0.542
CIC209 Cold_2013 [92.5 + 4.677* 2.03 + 0.445* 0.48 + 0.128 12.21 + 0.999* [3.23 + 0.411*
CIC210_Amb_2013 |27 + 5.701 3.33 + 0.45 0.31 + 011 4.13 + 0.815 1.28 + 0.244
CIC210_Cold_2013 |83 + 6.937* 241 + 0.741* 0.42 + 0.079 11.01 + 1.652* [2.79 + 0.31*
CIC221_Amb_2013 |36 + 5.184 3.26 + 0.505 0.35 + 0.072 4.30 + 0.541 1.01 + 0.311
CIC221 Cold_2013 [94.5 + 1.118* 2.13 + 0.836* 0.45 + 0.055* 1148 + 0.816* [3.18 + 0.314*
CIC648 Amb_2013 |53 + 18.235 2.56 + 0.104 0.45 + 0.057 4.51 + 1.954 271 + 0.697
CIC648 Cold_2013 |98 + 2.092* 1.2 + 0.217* 0.75 + 0.18* 12.16 + 1.723* |3.35 + 0.424
CIC694 Amb_2013 |16 + 12.068 3.25 + 0.863 0.22 + 0.204 6.14 + 2.267 1.90 + 0.738
CIC694 Cold_2013 [86.5 + 9.454* 1.72 + 0.13* 0.42 + 0.049* 12.18 + 0.548* [3.07 + 0.399*
CIC701_Amb_2013 |16 + 10.84 3.01 + 0.515 0.33 + 0.199 3.18 + 1.583 1.18 + 0.818
CIC701_Cold_2013 |90 + 3.953* 1.18 + 0.095* 0.73 + 0.119* 12.91 + 1.333* |3.53 + 0.435*
CIC702_Amb_2013 7 + 1.118 2.83 + 0.441 0.2 + 0.183 3.92 + 1.757 0.98 + 0.431
CIC702_Cold_2013 74.5 + 9.083* 1.65 + 0.31* 0.42 + 0.055* 10.05 + 1.529* 2.32 + 0.387*
CIC737_Amb_2013 50.5 + 9.585 3.24 + 0.879 0.32 + 0.116 7.91 + 1.070 1.88 + 0.519
CIC737_Cold_2013 92.5 + 1.768* 2.12 + 0.774* 0.48 + 0.051* 13.32 + 1.975*% 2.49 + 0.264*
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Table 4.3. Germination parameters calculated for V. faba accessions stored at room
temperatures (Amb) and -18 °C (Cold). Asterisks (*) indicate a significant difference (P <
0.05) between the Amb and Cold groups for each accession.

V. faba G% MGT 4 Root Shoot
Media St.dev  |Media St.dev  |Media St. dev  [Media St. dev  [Media St. dev
FAB82_Amb_2013 [63.5 + 8.668  |3.45 + 0311 0.28 + 0111  |3.59 + 1.104 |1.58 + 0.597
FAB82_Cold_2013 98 + 2.138*% |1.83 + 0.396*% |0.42 + 0.104* [14.71 + 1.868* [3.92 + 0.655*
FAB129_Amb_2013 |76 + 11.514 [2.78 + 042 0.24 + 0.077 8.58 + 1.820 2.65 + 0.443
FAB129_Cold_2013 [96.5 + 3.964* [1.14 + 0.127* |0.88 + 0.117* [17.42 + 2.704* |5.53 + 1.311*
FAB571_Amb_2013 [71.5 + 10.351 (3.41 + 0.452 0.18 + 0.038 7.59 + 1.450 3.14 + 0.681
FAB571_Cold_2013 [97.5 + 2.976*% [1.59 + 0.244* |0.49 + 0.104* [16.04  + 2.342* [5.37 + 0.751*
FAB6146_Amb_2013 [69.5 + 12.083 |2.61 + 0.455 0.24 + 0.042 |6.35 + 1.202  |2.80 + 0.435
FAB6146_Cold_2013 [97.5 + 2.976* [1.48 + 0.157* |0.47 + 0.063* [11.14  + 2.453* [3.71 + 1.002*
FAB6956_Amb_2013 [55.5 + 8.928 [3.48 + 0.367 |0.20 + 0.086 [4.70 + 1.695 |2.08 + 0.552
FAB6956_Cold_2013 [98 + 3.024* |1.97 + 0.442* |0.36 + 0.116*% [12.08 + 2.364* [3.52 + 1.03*
FAB6975_Amb_2013 |0 + 0 NULL + NULL + + +
FAB6975_Cold_2013 [94.5 + 6.74* 1.33 + 0.172* |0.73 + 0.117* [12.26 + 1.96* 4.70 + 0.904*
FAB6997_Amb_2013 [77.5 + 10.24 3.36 + 0.337 0.23 + 0.043 5.36 + 1.887 2.43 + 0.642
FAB6997_Cold_2013 [97 + 2.828* [1.62 + 0.284* |0.51 + 0.135*% [13.72  + 2.298* [5.02 + 0.814*
FAB6999_Amb_2013 |70 + 15.269 [3.62 + 0473 0.22 + 0.068 |5.99 + 1.692  |2.33 + 0.890
FAB6999_Cold_2013 [97 + 4.14* 1.43 + 0.364* |0.60 + 0.235% [12.80  + 2.286* [4.72 + 0.539*
FAB7200_Amb_2013 [80.5 + 8.928 [2.72 + 0.328 |0.23 + 0.05 6.45 + 0.931 [3.08 + 0.611
FAB7200_Cold_2013 |100 + 0* 1.04 + 0.048* |0.95 + 0.058* [11.73 + 1.975*% [4.58 + 0.636*
FAB7458_Amb_2013 [43.5 + 8.124 3.20 + 0.668 0.15 + 0.037 2.39 + 0.783 1.67 + 0.945
FAB7458_Cold_2013 [97.5 + 3.665*% [1.17 + 0.116*% |0.74 + 0.089* [14.62 + 2.650* [5.00 + 0.706*
FAB7479_Amb_2013 |65 + 9.008 2.79 + 0.39 0.23 + 0.037 7.34 + 2.452 3.03 + 1429
FAB7479_Cold_2013 [99.5 + 1.414* [1.25 + 0.166* |0.69 + 0.167* [12.73  + 1.656* [3.49 + 0.614*

For CIC (Table 4.2) and FAB (Table 4.3), the majority of accessions stored under
cold conditions present an optimal G% (80-100%) while storage at room temperature
resulted in reduced G% below 80% (e.g., 53 — 7% in CIC648 and CIC702; 76 — 0%
in FAB129 and FAB6975). For the second scenario, reflecting the trend of PIS (Table
4.4), PHA (Table 4.5), and LAT (Table 4.6) datasets, multiple seed samples stored
under Ambient conditions (Amb group) show optimal values of germination
percentage, therefore the distinction between Amb and Cold groups is less
pronounced. Among the PIS accession (Table 4.4), 38 samples present germination
above 80% while 6 samples are classified in the group below 80%.
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Table 4.4. Germination parameters calculated for P. sativum accessions stored at room
temperatures (Amb) and -18 °C (Cold). Asterisks (*) indicate a significant difference (P <
0.05) between the Amb and Cold groups for each accession.

p. sativum G% MGT 4 Root Shoot

Media St. dev Media St. dev Media St. dev Media St. dev Media St. dev
PIS14 Amb_2010 74 + 5.755 3.60 + 0.165 0.34 + 0.064 8.36 + 0.800 2.39 + 0.239
PIS14 Cold_2010 99.5 + 1.118* 3.09 + 0.049* 0.69 + 0.08* 11.63 + 0.430* 3.02 + 0.324*
PIS17_Amb_2010 96.5 + 2.85 3.63 + 0.335 0.45 + 0.063 9.22 + 1.132 2.34 + 0.339
PIS17_Cold_2010 99 + 1.369 3.14 + 0.212* 0.55 + 0.112 11.65 + 0.560* 3.25 + 0.336*
PIS40_Amb_2010 64.5 + 3.26 3.47 + 0.242 0.44 + 0.119 5.93 + 0.654 1.53 + 0.338
PIS40_Cold_2010 100 w @ 3.31 + 0.272 0.46 + 0.174 9.19 i @5EE 2.94 + 0.347*
PIS41_Amb_2010 98 + 2.092 3.50 + 0.149 0.42 + 0.013 9.78 + 2.613 2.96 + 0.631
PIS41_Cold_2010 99.5 + 1.118 3.59 + 0.126 0.38 + 0.059 10.72 + 1.574 2.96 + 0.501
PIS108_Amb_2010 99 + 1.369 2.60 + 0.254 0.40 + 0.061 10.41 + 0.822 4.28 + 0.288
PIS108_Cold_2010 100 + 0 2.52 + 0.311 0.50 + 0.076* 10.94 + 0.969 4.27 + 0.513
PIS213 Amb_2010 81 + 8.404 4.69 + 0.297 0.36 + 0.046 5.62 + 0.852 1.01 + 0.152
PIS213 Cold_2010 98.5 + 2.236* 4.15 + 0.271* 0.40 + 0.032 9.83 + 0.732* 1.76 + 0.555*
PIS493 Amb_2010 87.5 + 10.155 4.09 + 0.331 0.35 + 0.087 10.42 + 0.891 3.34 + 0.502
PIS493 Cold_2010 79.5 + 9.253 3.74 + 0.174* 0.31 + 0.028 11.20 + 0.912 3.28 + 0.468
PIS942_Amb_2010 94.5 + 3.26 3.46 + 0.178 0.48 + 0.113 12.73 + 0.756 3.07 + 0.330
PIS942_Cold_2010 98 + 2.092* 3.73 + 0.243* 0.29 + 0.093* 12.55 + 0.711 3.38 + 0.447
PIS1135_Amb_2010 96 + 3.354 2.89 + 0.212 0.40 + 0.031 11.69 + 1.409 3.96 + 0.570
PIS1135_Cold_2010 96 + 2.85 3.27 + 0.339* 0.29 + 0.034* 11.16 + 0.964 3.75 + 0.115
PIS5049_Amb_2010 79.5 + 11.236 4.17 + 0.375 0.40 + 0.054 6.04 + 0.742 1.25 + 0.183
PIS5049_Cold_2010 100 + 0* 3.47 + 0.207* 0.46 + 0.09 9.14 + 0.529* 2.00 + 0.336*
PIS7226_Amb_2010 96 + 3.791 4.01 + 0.164 0.39 + 0.055 7.60 + 0.588 1.57 + 0.185
PIS7226_Cold_2010 98.5 + 2.236 3.37 + 0.465* 0.40 + 0.048 11.28 + 0.807* 2.54 + 0.676*
PIS7238_Amb_2010 88 + 4.809 3.98 + 0.347 0.26 + 0.052 10.34 + 0.835 2.80 + 0.552
PIS7238_Cold_2010 79.5 + 6.471* 4.06 + 0.312 0.26 + 0.056 10.21 + 0.756 2.74 + 0.308
PIS7243_Amb_2010 93 + 5.701 3.85 + 0.137 0.35 + 0.078 10.75 + 1.408 2.28 + 0.421
PIS7243 Cold_2010 100 0 3.47 + 0.091* 0.41 + 0.071 14.35 + 1.095* 3.16 + 0.499*
PIS7246_Amb_2010 88 + 7.374 3.69 + 0.189 0.36 + 0.04 8.87 + 0.557 2.23 + 0.331
PIS7246_Cold_2010 99.5 + 1.118* 3.08 + 0.4* 0.52 + 0.046* 12.55 + 1.268* 3.42 + 0.436*
PIS7253_Amb_2010 53 + 8.178 4.74 + 0.273 0.24 + 0.07 5.53 + 0.613 0.95 + 0.147
PIS7253_Cold_2010 100 + 0 3.81 + 0.284* 0.38 + 0.051* 10.72 + 0.889* 2.18 + 0.223*
PIS7261_Amb_2010 88.5 + 4.873 3.56 + 0.255 0.37 + 0.028 7.99 + 0.610 2.39 + 0.391
PIS7261_Cold_2010 100 + 0% 2.75 + 0.199* 0.54 + 0.069* 11.60 + 0.429* 3.82 + 0.210*
PIS7264_Amb_2010 97 + 2.092 3.68 + 0.15 0.38 + 0.07 10.28 + 0.436 2.80 + 0.230
PIS7264_Cold_2010 99.5 + 1.118* 3.58 + 0.188 0.45 + 0.049 11.50 + 1.134* 3.22 + 0.759
PIS7271_Amb_2010 89 + 3.791 3.98 + 0.28 0.37 + 0.058 7.15 + 0.437 1.74 + 0.113
PIS7271_Cold_2010 99.49 + 1.147* 3.05 + 0.215* 0.42 + 0.157 11.07 + 0.472* 3.62 + 0.509*
PIS7365_Amb_2010 97.5 + 1.768 3.42 + 0.161 0.43 + 0.075 10.94 + 0.873 3.36 + 0.178
PIS7365_Cold_2010 G5 + 2.236* 3.17 + 0.296 0.45 + 0.115 11.92 + 0.817 4.41 + 0.455*
PIS7560_Amb_2010 90.5 + 6.471 5.16 + 0.157 0.4 + 0.06 3.12 + 0.944 1.11 + 0.117
PIS7560_Cold_2010 100 + 0% 3.79 + 0.27* 0.45 + 0.117 9.80 + 0.964* 2.60 + 0.253*
PIS7569_Amb_2010 99.5 + 1.118 3.74 + 0.153 0.34 + 0.042 10.49 + 0.919 2.72 + 0.413
PIS7569_Cold_2010 98 + 2.092 3.34 + 0.31* 0.49 + 0.109* 12.01 + 1.143* 3.26 + 0.476*
PIS7760_Amb_2010 99 + 1.369 2.82 + 0.175 0.58 + 0.122 10.33 + 0.524 3.34 + 0.700
PIS7760_Cold_2010 100 + 0 2.48 + 0.276* 0.53 + 0.13 12.30 + 0.754*% 4.03 + 0.312*

For the PHA accessions (Table 4.5), 33 have optimal germination while the
remaining 11 present non-optimal germination below 80%. Lastly, LAT (Table 4.6)
is divided into 13 accessions with optimal germination above 80% and 11 accessions
with non-optimal performance. The remaining germination indices follow a similar
pattern as G% in the different species, accessions, and storage conditions, thus
supporting the divergent PCA clustering.
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Table 4.5. Germination parameters calculated for P. vulgaris accessions stored at room
temperatures (Amb) and -18 °C (Cold). Asterisks (*) indicate a significant difference (P <
0.05) between the Amb and Cold groups for each accession.

P. vulgaris G% MGT z Root Shoot
Media St. dev  |Media St. dev  |Media St. dev  |Media St. dev  |Media St. dev
PHA99_Amb_2012 88.48 + 5.392 3.66 + 0.32 0.19 + 0.039 15.13 + 2.774 6.40 + 1.692
PHA99 Cold_2012 97.5 + 3.665* [3.17 + 0.275* |0.17 + 0.049* [19.82  + 1.884* [8.92 + 1.850*
PHA100 Amb_2012 85.5 + 8.536 3.38 + 0.464 0.34 + 0.103 9.47 + 1.887 3.39 + 1.083
PHA100_Cold_2012 100 + 0* 1.78 + 0.181* ]0.63 + 0.182* [19.26  # 2.537* [6.38 + 1.705*
PHA161 Amb_2012 87.5 + 6.908 2.98 + 0.249 0.36 + 0.091 11.46 + 1.278 3.78 + 0.496
PHA161_Cold_2012 99 + 2.828* |1.76 + 0.202* |0.66 + 0.171* [18.44 £ 2.375* [7.92 + 1.986*
PHA167_Amb_2012 74.5 + 12.817 [3.54 + 0.509 0.34 + 0.111 9.26 + 1.598 4.60 + 2.050
PHA167_Cold_2012 99.5 + 1.414* [1.93 + 0.361* |0.47 + 0.11 16.69  + 2.405* |8.86 + 2.544%*
PHA182_ Amb_2012 79.5 + 13.427 (3.23 + 0.413 0.31 + 0.062 13.07 + 2.287 6.53 + 1.481
PHA182_Cold_2012 100 + 0* 2.31 + 0.245* |0.31 + 0.053 18.14  + 2.618* 19.30 + 0.940*
PHA254 Amb_2012 71 + 10.637 [4.29 + 0.723 0.24 + 0.062 7.94 + 2.382 4.25 + 1.995
PHA254_Cold_2012 93.5 + 6.392* 14.06 + 0249 |0.14 + 0.02* 13.48  + 2.693* |6.47 + 1.947*
PHA309 Amb_2012 98 + 3.024 2.59 + 0.411 0.37 + 0.069 16.20 + 0.606 8.16 + 1.446
PHA309_Cold_2012 99.5 + 1414  |2.66 + 0.227 |0.26 + 0.045* ]18.20 £ 2.046* [9.66 + 1.273*
PHA386_Amb_2012 83.83 + 10.486 [2.72 + 0.395 0.42 + 0.089 10.28 + 2.311 5.70 + 1.720
PHA386_Cold_2012 98.5 + 2.07* 1.89 + 0.147* |0.48 + 0.058 [14.21  + 1.928* [8.89 + 1.649*
PHA390 Amb_2012 69.5 + 18.26 2.69 + 0.458 0.36 + 0.094 8.89 + 2.078 3.64 + 1.140
PHA390_Cold_2012 98 + 3.024* [1.51 + 0.255* 0.48 + 0.219 17.63 + 1.943* [9.31 + 1.050*
PHA416_Amb_2012 91.5 + 5.831 |2.57 + 0322 |0.27 + 0.062 1716  + 3.692  |9.02 + 2719
PHA416_Cold_2012 99 + 1.852* [2.05 + 0.329* |0.46 + 0.142* |21.14 + 2.217* [12.21 + 2.228*
PHA419_Amb_2012 89 + 9971 |2.81 + 0.266  |0.27 + 0.054 |13.06 # 1.253 |[5.75 + 1.306
PHA419 Cold_2012 100 + 0* 1.74 + 0.209* |0.59 + 0.151* |20.56 + 2.303* [8.35 + 2.599*
PHA507_Amb_2012 91.5 + 7231 |2.79 + 0.36 0.34 + 0.047 |13.55 £ 2176  [5.91 + 1.421
PHA507_Cold_2012 99 + 1.852* [2.43 + 0.225* (0.31 + 0.075 18.42 + 2.478* |10.80 + 1.553*
PHA673_Amb_2012 43 + 15.82  |4.83 + 1193 |0.24 + 0.074  [2.35 + 1942 |0.79 + 0.938
PHA673_Cold_2012 50 + 13.352 |[4.76 + 1.129 0.17 + 0.04* 6.86 + 1.834* [2.36 + 1.103*
PHA869_Amb_2012 87.46  * 6.177  [2.93 + 0325 |03 + 0.054 |14.05 £ 2328 |7.06 + 1.989
PHA869 Cold_2012 100 + 0* 2.33 + 0.285* |(0.37 + 0.092* |17.65 + 2.634* [10.91 + 0.813*
PHA1448 Amb_2012 [91.5 + 10.351 |3.03 + 0.347 |0.32 + 0.068 [11.99 £ 1317 [8.79 + 2.242
PHA1448 Cold_2012 [100 + 0* 2.13 + 0.105* |0.38 + 0.087 13.68 + 1.499* [11.48 + 1.782*
PHA1450_Amb_2012 [91.5 + 4986 |3.76 + 0391 |0.38 + 0.074 1098  # 1.295 |[5.79 + 1.249
PHA1450 Cold_2012 [100 + 0* 2.68 + 0.305* |0.38 + 0.087 17.54 + 2.220* |10.30 + 1.391*
PHA6017_Amb_2012 |70 + 21.594 |3.71 + 0.407 |0.36 + 0.134  |4.05 + 1106 |2.38 + 0.689
PHA6017_Cold_2012 (99 + 1.852* [1.63 + 0.178* |0.57 + 0.128* |14.61 + 2.398* [8.56 + 2.582*
PHA6018 Amb_2012 (65 + 11.263 [2.83 + 0.45 0.37 + 0113 |7.14 + 3206 |5.07 + 2.463
PHA6018 Cold_2012 (97 + 2.828* [1.8 + 0.286* |(0.37 + 0.111 14.16 + 2.221* |[11.90 + 1.761*
PHA6019_Amb_2012 |79 + 12.048 |3.55 + 0492 043 + 0.147 ]10.03 £ 1.555 |4.58 + 0.636
PHA6019 Cold_2012 [100 + 0* 1.63 + 0.273* |0.61 + 0.204* |19.55 + 2.548* [8.85 + 2.338*
PHA6020_Amb_2012 [53.77  + 17.743 |4.36 + 0.866 |0.18 + 0.041  [5.46 + 1.565 |2.68 + 1.308
PHA6020_Cold_2012 (91 + 8.485* [3.86 + 0.441 0.15 + 0.025* |11.74 + 2.835* [6.23 + 2.136*
PHA6021_Amb_2012 85.5 + 7.69 3.62 + 0.334 0.45 + 0.135 9.08 + 2.434 4.60 + 1.247
PHA6021_Cold_2012 98.5 + 2.976* 2.46 + 0.243* 0.46 + 0.117 15.35 + 0.972* 7.33 + 0.758*
PHA6022_Amb_2012 68.5 + 14.412 3.48 + 0.396 0.37 + 0.114 4.97 + 1.040 2.81 + 0.740
PHA6022_Cold_2012 99.5 + 1.414* 1.79 + 0.136* 0.58 + 0.145* 12.80 + 2.826* 7.81 + 1.571*
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Table 4.6. Germination parameters calculated for L. sativus accessions stored at room
temperatures (Amb) and -18 °C (Cold). Asterisks (*) indicate a significant difference (P <
0.05) between the Amb and Cold groups for each accession.

L. sativus G% MGT Y4 Root Shoot
Media St. dev |Media St. dev  |Media St.dev  |Media St.dev_ |Media St. dev
LAT227_Amb_2010 (94 + 2828 |2.45 + 0.258 |0.53 + 0.127 9.46 + 1.019 6.09 + 0.930
LAT227_Cold_2010 [100 + 0* 2.12 + 0.054* [0.79 + 0.089* |10.81 + 1.251 5.95 + 0415
LAT237_Amb_2010 (96 + 2828 |2.46 + 0371 |0.57 + 0.161 1046  + 0.922 6.28 + 0.771
LAT237_Cold_2010 (94 + 2828 [2.33 + 0.223 0.57 + 0.173 12.03 + 2117 6.63 + 0.523
LAT412_Amb_2010 [75.5 + 8.062 3.15 + 0.707  |0.55 + 0.192 10.69 + 0.774  |4.05 + 0.121
LAT412_Cold_2010 (98 + 1.633* [3.43 + 0.264 |0.48 + 0.089 1090 +2.036 [3.70 + 0.291*
LAT416_Amb_2010 [39.5 + 6.608 [3.79 + 0322 |0.36 + 0.078 [6.84 + 0.642 3.14 + 0441
LAT416_Cold_2010 [97.5 + 0.993* [3.04 + 0.075* [0.70 + 0.051* |9.23 + 1.570* [4.01 + 0.230*
LAT434_Amb_2010 (60 + 10.198 |3.81 + 0342 |0.34 + 0.085 9.62 + 1416 |4.25 + 0.118
LAT434_Cold_2010 (98 + 2.828* [2.69 + 0.269* [0.58 + 0.127* |9.91 + 0.631 5.07 + 0.257*
LAT438_Amb_2010 (39 + 4.163 3.76 + 0.6 0.38 + 0.201 5.48 + 1.395 3.82 + 0.736
LAT438_Cold_2010 (93 + 2% 2.62 + 0.234* [0.49 + 0.089 10.16  + 0.830* [4.39 + 0.282
LAT443_Amb_2010 (47 + 3.83 4.30 + 0.158 |0.26 + 0.026  [6.92 + 1.897 |4.05 + 1.263
LAT443_Cold_2010 [90.5 + 8.699* [3.31 + 0.185* [0.58 + 0.045* |11.01 + 0.539*% |4.67 + 0481
LAT455_Amb_2010 |3.5 +1 7.75 + 1.555 0.00 +0 0.92 + 0.712 1.19 + 0.217
LAT455_Cold_2010 (98 + 2.828* [3.84 + 0.113* (041 + 0.087* |8.94 + 0.755* [4.00 + 0.542*
LAT456_Amb_2010 [13.5 + 6.608 |6.13 + 1.139 |0.22 + 0.077 1.71 + 0.683 1.38 + 0473
LAT456_Cold_2010 (96 + 1.633* [3.49 + 0.526* [0.40 + 0.032* |11.32 + 1.554* [3.44 + 0.585*
LAT457_Amb_2010 (21 + 1.155 343 + 0.277 |0.37 + 0.047 6.09 + 1.087 2.89 + 0.284
LAT457_Cold_2010 (92 + 1.633* [2.61 + 0.101* [0.48 + 0.021* |11.07  + 1.466* [4.74 + 0.606*
LAT458_Amb_2010 [27.5 + 5.26 3.40 + 0.385 |0.59 + 0.286  [8.65 + 0.674 |3.47 + 0.511
LAT458_Cold_2010 [95.5 + 1.915*% [2.29 + 0.571* [0.46 + 0.041 11.71 + 0.730* [4.75 + 0.332*
LAT468_Amb_2010 |1.5 + 1.915 7.00 + 3464 |0.25 + 0.5 1.36 + 1.003 1.45 + 0.872
LAT468_Cold_2010 (76 + 5.416*% [4.01 + 0.645 0.27 + 0.055 8.09 + 0975 471 + 0343

To evaluate the degree of correlation between the different germination indices, the
Pearson coefficient » was calculated and graphically represented in Fig. 4.5.

(a)CIC (c) PHA

MGT z Shoot % Root MGT z Shoot 6% Root

(e) FAB

MGT z 6% Root Shoot MGT z G% Root Shoot

Figure 4.5. Pearson correlation analysis based on using (G%), mean germination time (MGT),
synchronicity index (Z), root and shoot length. (a) Cicer arietinum (CIC). (b) Lathyrus sativus
(LAT). (¢) Phaseolus vulgaris (PHA). (d) Pisum sativum (PIS). (e) Vicia faba (FAB).
Statistically significant correlations are indicated with an asterisk (*, P < 0.05).
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Similar trends of correlations are observed among all the investigated species. MGT
is negatively correlated with all the other parameters which are positively correlated
to each other. This suggests that seed groups with optimal germination percentages
are also characterized by high speed and synchrony, in addition to enhanced seedling
growth.

This first step of the study allowed to characterize a system with different germinative
performances that can be used to test novel methods dedicated to predicting seed
viability in a non-invasive manner.

4.3.3. Application of predictive models for seed classification

Following the collection of data characterizing the investigated seeds and their
germination performance, a predictive model was formulated. For each species, a
dataset containing UPE, DL, and final germination percentage, was obtained from
the analyses performed in this study. To train the models, the samples (records) were
classified into two quality classes ranging from optimal (80-100%) and non-optimal
(< 80%) germination. The 80% threshold was selected based on previous studies on
genebank accessions dedicated to understanding how long seeds can retain their
viability over extended periods of uncontrolled temperature or non-optimal
conditions (Nagel and Borner, 2010). Fig. 4.6 shows the accuracies of the prediction
models.

LEGUMES =
PIS =5
PHA =
LAT —
FAB e
cic —
0 10 20 30 40 50 60 70 80 90 100

Accuracy %

Figure 4.6. Percentage (%) of accuracy for the prediction models developed using the
RapidMiner software based on germination data. Validation was performed using the “cross-
validation” operator (number of folds = 10). CIC, C. arietinum; LAT, L. sativus; PHA, P.
vulgaris; FAB, V. faba; PIS, P. sativum.

The models developed for the single species datasets (CIC, LAT, PHA, PIS, FAB)
indicate different accuracy values. Models developed using V. faba and C. arietinum
datasets presented a moderate accuracy (73.96% and 72.5%, respectively), while the
accuracy of the other species reached higher values (above 85%). Subsequently, to
uniformize these data, the dataset “Legumes” was obtained by unifying the
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collections of data from the single species with the operator “append” of RapidMiner
software. This operator merges two or more datasets with the same attributes building
a new combined set. The accuracy of the prediction model developed with the
“Legumes” dataset is around 75.29% (Fig. 4.6), indicating a good prediction
efficiency. Table 4.7 presents other classification metrics that describe the overall
efficiency of predictive models.

Table 4.7. Predictive performance of learning models obtained after cross-validation. TP true
positive, TN true negative, FN false negative, FP false positive, TPR true positive rate, FPR
false positive rate. Area under the curve (AUC) = fX1=0 TPR(FPR™!(x))dx, Sensitivity =
TP/(TP + FN). Specificity = TN/(TN + FP), Positive predictive value (PPV) = TP/(TP + FP).
Negative predictive value (NPV) = TN/(FN + TN).

AUC Sensitivity (%) Specificity (%) Positive Negative
predictive predictive
value (PPV) (%) value (NPV) (%)

Cic 0.814 +0.062 55.94% +11.56%  85.94% = 5.89% 76.34% = 7.88% 71.10% = 5.22%
FAB 0.826 +0.048 83.04% = 5.72% 58.32% = 9.62% 77.51% = 4.33% 67.00% = 9.61%
LAT 0.963 +0.022 92.67% = 6.05% 78.74% +11.85%  85.80% * 6.52% 89.87% = 7.33%
PHA 0.876 +0.054 98.34% = 1.17% 58.79% =+ 6.02% 89.58% = 1.30% 91.17% = 5.80%
PIS 0.922 +0.035 100.00% +0.00% 15.83% = 11.42% 90.18% + 1.21% 100.00% = 0%

LEGUMES 0.824 +0.028 98.57% = 0.76% 22.87% = 3.23% 74.22% = 0.77% 87.93% = 5.81%

While positive predictive value (PPT) and negative predictive values (NPT) follow
the trend exhibited by the accuracy parameter, sensitivity and specificity percentages
reflect a critical issue in classifying seed samples in the appropriate group in most
models. In particular, the model developed from the PIS dataset registers the lowest
value of specificity (approximately 15.83%). One potential solution is represented by
the “MetaCost” operator of RapidMiner, which makes the prediction cost-sensitive
by utilizing a specified cost matrix (configured by the operator) (Kim et al., 2012,
Wang et al., 2021).

a b
100

MetaCost
' S
? e

Apply model

| =

Performance

= (o o ) [
D RS P (a]»« a g = 80 I i +
\;’_1 60 ‘

Random Forest
qn ma) =t
* )
wh

Accuracy%  AUC %  sensitivity % specificity %

m No balancing @ Balanced

Figure 4.7. MetaCost operator utilization on CIC learning model. (a) Structure of the cross-
validation operator, including the MetaCost operator into the Training subprocess and the
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Random Forest classifier, included into the MetaCost operator. (b) Histograms showing the
classification parameter percentages (Accuracy, AUC, sensitivity, and specificity) calculated
on the CIC predictive model with (Balanced, light blue) and without (No Balancing, dark
blue) MetaCost operator.

In the learning model depicted in Fig. 4.7a, the “MetaCost” operator was used as trial
to improve the sensitivity value of the predictive model developed from the CIC
dataset (55.91%, Table 4.7), configuring a cost matrix that assigns a cost of 5 and 4
to false negatives and false positives, respectively. The results are presented in Fig.
4.7b, which shows the main classification parameters of the model with (Balanced)
and without (No Balancing) MetaCost operator. The histogram illustrates a notable
improvement of the sensitivity, which was the objective of “MetaCost” operator
utilization. However, this improvement is balanced by a reduction in specificity,
while the accuracy and the AUC values exhibited a slight impact from the
optimization process.

4.4 Discussion and Conclusion

The need for the development of novel, non-invasive, easy-to-use, economic, and
universal methods for seed quality assessment was the driving force of this work,
which proposes the use of UPE and DL as novel tools to evaluate seed quality. To
maximize the number of samples with a wider range of germination percentages, this
method was tested in a system composed of seeds stored for more than ten years at
different conditions (Ambient and Cold) and characterized from the point of view of
germination behaviour and photon emission. Following classification in quality
classes (optimal, non-optimal), the generated data were used to build prediction
models to test the relation between photon emission and seed quality. To our
knowledge, currently, there is no study that evaluated the UPE and DL phenomena
taking into consideration different species and different accessions of the same
species. The LIANA®© prototype used in this study is easy-to-use, fully automated,
allowing rapid measurements for diverse purposes covering different surface
measurements, while it was not specifically design for seeds. Although the prototype
can be further optimized for more accurate analyses on seeds, the costs of its use
relate mainly to covering electricity and licensing of the software.

Several studies performed on legumes (Koskosidis et al., 2022), as well as other
species (Agackaet al., 2013), have evidenced differences in germination percentage
between different storage conditions. In a second scenario, reflected from the data
obtained from pea, beans, and lathyrus, the distinction between ambient and cold is
less pronounced. The data collected from P. sativum can be given as an example from
this group. In this case, it appears that seeds stored at both ambient and cold
conditions are able to maintain seed germinability in several accessions. A recent
study reported similar results in ten varieties of soybeans stored at cold and room
temperatures (Koskosidis et al., 2022). Other studies showed that pea seeds stored
under ambient conditions retained their viability for more than twenty years (Nagel
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and Borner, 2010). In addition, Giannella et al. reported different germination
performance when analysing eight accessions from which one proved to be
maintained prolonged seed longevity also at room temperature (Giannella et al.,
2022). This accession was characterized by low levels of ROS and increased
antioxidant activity and genome stability. Different germination performances
between varieties may be explained by several aspects. Genetic variability influences
plant hormone signalling and other crucial processes related to seed germination
(Miransari and Smith, 2014).

The results of the learning models exhibit variable results, which can be grouped in
two scenarios. The models developed from the datasets CIC and FAB exhibit a
moderate efficiency in classifying seed samples appropriately, while the processes
obtained from the remaining datasets show high performances. Several factors can
affect the quality of prediction and explain the differences in accuracy between the
different types of models. For instance, the size of dataset is a crucial issue for
machine learning: an optimal training process require an appropriate number of
examples representing a wide variety of conditions (Barbedo, 2018). The choice of
the classifier substantially affects the efficiency of the model. In this study, the
predictive models are based on a Random Forest classifier, an ensemble approach
widely used for classification tasks that allows the optimization of accuracy and
prevents overfitting of the models (Rodriguez-Galiano et al., 2012). However, an
efficient data-cleaning phase is crucial for optimizing the efficiency of the predictive
models since the presence of outliers can interfere with the classification (Fernandez
et al., 2022). A cost-sensitive classification with the MetaCost operator of
RapidMiner has been demonstrated to enhance sensitivity, improving the efficiency
of prediction. Thus, this approach may be employed with other models to enhance
the balancing of error rates between optimal and non-optimal classes. Apart from the
technical aspects related to machine learning, the trend observed may confirms the
hypothesis of a correlation between seed quality and UPE and DL phenomena. This
is in agreement with other publications indicating that DL and UPE measurements
can be used to assess seed viability (Grasso et al., 2018; Li et al., 2022). In addition,
the results obtained from the single datasets may suggest the hypothesis of a species-
dependent photon emission.

To conclude, seed quality evaluation is a complex aspect since different features
(genetic, physiological, and physical factors) are involved in its determination
(Rahman and Cho, 2016). UPE and DL have been previously correlated to oxidative
stress (Pospisil et al., 2014), water content (Yan et al., 2003), and seeds vigour
(Grasso et al., 2018), therefore this can be envisioned an accurate method to assess
seed quality. The data collected in this report suggest a complex scenario, in which
intrinsic seed characteristics of different species may play an important role in the
link between seed quality and photon emission. Despite its potential, UPE and DL
phenomena require further in-depth characterization to understand their biological
relevance in the seed context. The use of machine learning allows to bypass some of
the drawbacks related to the lack of information about UPE and DL, enabling more
accurate prediction of a specific outcome, while contributing to a better
understanding of these phenomena.
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5. Volatilome profiling as a tool to assess legume
seed quality in a non-invasive manner

This manuscript is currently in preparation for submission in the Physiologia
Plantarum (Impact Factor 5.4) journal, with the title “Volatilome profiling as a tool
to assess legume seed quality in a non-invasive manner”. My contribution to this
article is hereby described. I performed germination tests to assess the efficacy of
hydropriming and artificial aging treatments to improve and reduce seed quality,
respectively. I contributed to the VOCs analyses through PTR-Qi-TOF-MS, carried
out at the INFRA-VOL phenotyping platform, and performed statistical analyses.
This work was supported by the SeedGrant 2023 program awarded by SIBV (Societa
Italiana di Biologia Vegetale) (https://www.sibv.eu/premi-e-borse-di-studio/seed-
grants/seed-grants-2023).

Abstract

Seed quality is a complex trait related to seed biology, defined as a set of physical,
genetic, and physiological characteristics. Since seed quality reflects the overall
germination potential, its accurate, sustainable, and cost-effective evaluation is
important for the agrifood sector. Non-invasive techniques to estimate seed quality
are highly requested in view of sustainability principles. In this context, the emission
of volatile organic compounds (VOCs) from seeds can constitute a non-invasive and
accurate approach since the emission of these molecules reflects the metabolic
activity of seeds and the occurrence of processes involved in the acceleration of seed
deterioration. In the present work, the volatilome profiles of Glycine max (accessions
EM PURA and OL996), Pisum sativum var. arvense (accessions Forrimax and
Guifredo), Lathyrus sativus (accessions Maleme-107 and Sofades), and Trigonella
foenum-graecum (accessions Tborsek and Rayhane) seeds, treated with
hydropriming and artificial aging, were investigated. Proton transfer reaction — time
of flight — mass spectrometry (PTR-Qi-TOF-MS) was used for real-time monitoring
of VOCs at very low concentrations and without prior sample concentration and
destruction. The results show significant differences in the quantity and quality of
VOCs emitted by different species and in response to the imposed treatments. All the
440 m/z values detected through PTR-Qi-TOF-MS exhibited statistically significant
differences among treatments. From correlation analysis and machine-learn model
utilization a list of relevant m/z to germination were identified. Apart from ethanol,
whose emission is a known indicator of low seed quality, 2(3H)-furanone and cresol
isomers were also found to be associated with aging or stress, while methanetriol
release was identified to be positively related with an high quality of seeds.
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5.1 Introduction

The role of agriculture encompasses every aspect of modern society. It is not only
fundamental for food production, but it also has a significant impact on global and
local economies, particularly in low-income countries where agricultural practices
account for a substantial proportion of income and employment (Dethier &
Effenberger, 2012). Although crop production has continuously increased since the
year 2000 thanks to the enhancement of technologies and the intensification of
farming activities (FAO 2022), the current output is not sufficient to meet the future
global demand, strongly affected by the steadily growing world population (Lee,
2011) and the negative impact of climate changes of crop yield (Zwiers et al., 2013;
Shi and Chen, 2018). In recent years the application of novel technologies of plant
breeding (Raman, 2017) and genetically modified (GM) crops (Singh et al., 2022)
resulting from modern scientific research, reported a positive impact on agricultural
production (Tester and Langridge, 2010; Kavhiza et al., 2022). However, their large-
scale utilization is strongly limited by the potential negative effect on biodiversity
(Schmeller and Henle, 2008; Carpenter, 2011) and the uncertainties of public opinion
regarding GM safety (Kvakkestad and Vatn, 2011). An effective approach to promote
the sustainable improvement of crop production is represented by the utilization of
high-quality seeds for agricultural practices, which are characterized by optimal
germination performances. Seed quality is a complex trait related to seed biology,
defined as the set of genetic, physiological, and physical features of seeds
(https://www.seedtest.org/). As seed quality is indicative of the overall germination
potential, the use of high-quality seeds can also be related to improved crop yield
(Huang et al., 2015).

A number of techniques are currently available for the assessment of seed quality.
The International Seed Testing Association (ISTA) has approved and standardized
several methods for seed quality assessment, including conventional germination
tests, which represent the standard method for seed quality estimation (McDonald,
1998). However, these methods present notable limitations, including invasiveness,
prolonged test periods, low accuracy, and operator bias (Huang et al., 2015). To
ensure the efficient measurement of seed quality and to prevent the waste of
resources, novel methods for assessing seed quality and subsequent quality attributes
are required. Non-invasive optical techniques have been developed and applied to
assess seed quality, including machine vision (Lin et al., 2019), NIR (near-infrared)
spectroscopy (Zhu et al., 2015), Raman spectroscopies (Li et al., 2022), thermal
imaging, X-ray imaging, and hyperspectral imaging (Feng et al., 2019, ElMasry et
al., 2020, Musaev et al., 2021). Despite the advantages these technologies offer, their
high cost and complexity present significant limitations for large-scale use (Rahman
and Cho, 2016).

Since one of the main products of chemical reactions occurring in dry seeds is
represented by volatile organic compounds (VOCs), defined as small molecular
weight carbonyl compounds that escape into the airspace as volatile molecules (Mira
et al., 2016), the analysis of the seed volatilome profile can be used for the non-
invasive collection of information regarding seed metabolism and the rate of seed

98



5. VOCs and seed quality

deterioration. The analysis of VOCs released from seeds was investigated in different
works to estimate seed quality, and mainly seed deterioration (Umarani et al., 2020;
Zhang et al., 2022). These studies revealed different patterns of VOCs release,
including several aldehydes, alcohols, ketones, alkanes, alkenes, terpenes, and furans
(Lee et al., 2000; Mira et al., 2010), reflecting specific processes occurring, such as
lipid peroxidation, alcoholic fermentation, glycation, and respiration (Colville et al.,
2012).

Given these premises, the following study aims to investigate the seed volatilome
profiles in multiple legume species and accession. The seed collection includes two
commercial accessions of Glycine max (OL996 and EM PURA), one of the most
cultivated corps worldwide, along with different orphan legume species, namely
Lathyrus sativus (Maleme-107 and Sofades), Pisum sativum var. arvense (Forrimax
and Guifredo), and Trigonella foenum-graecum (Tborsek and Rayhane). Recently,
orphan legumes are being considered as ‘climate-smart’ crops having important
agronomic and nutritional features (Balestrazzi et al., 2024). To obtain seeds with
different qualitative traits, hydropriming and artificial aging treatments were applied.
Priming is a well-known approach for enhancing seed germination performance and
resistance to stress, by triggering the seed pre-germinative metabolism (Paparella et
al., 2015; Pagano et al., 2023). Differently, artificial aging is an approach based on
the storage of seeds at high temperatures and relative humidity (Tian et al., 2019;
Wang et al., 2022), thus causing seed deterioration without modifying the molecular
pathway that acts during natural aging (TeKrony, 2005).

5.2 Materials and Methods
5.2.1. Seed material

Seeds of Glycine max (accessions EM PURA and OL996, provided by Sipcam Italia
S.P.A, ltaly), Pisum sativum var. arvense (accessions Forrimax and Guifredo,
provided by Batlle Desde 1802, Spain), Lathyrus sativus (accessions Maleme-107,
provided by Hellenic Agricultural Organization ELGO-DIMITRA and Sofades,
provided by Agroland S. A, Greece), and Trigonella foenum-graecum (accessions
Tborsek and Rayhane, provided by Université de Sfax, Tunisia), were used in this
study.

5.2.2. Seed treatments

Seeds from each accession were subjected to two distinct treatments: hydropriming
(HPS8) and artificial aging (AA). For the HP8 treatment, seeds were imbibed in
distilled water for eight hours and subsequently dried for 24 hours at room
temperature (22-24°C). The AA treatment involved heating the seeds in sealed glass
containers with 150 ml of distilled water at 55°C (for 7. foenum-graecum Tborsek
and Rayhane, G. max OL996 and EM PURA, and P. sativum Guifredo) or 60°C (for
L. sativus Maleme-107 and Sofades, and P. sativum Forrimax) for eight hours.
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Treated and untreated seeds were subsequently used for further analyses. The
experimental design used in this work is illustrated in Fig. 5.1.

Seed material
G. max
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Figure 5.1. Schematic representation of the experimental system. HPS, hydropriming; AA,
artificial aging; CTRL, non-treated seeds (control group); PTR-Qi-TOF-MS, proton transfer
reaction-quadrupole ion guide-time of flight-mass spectrometry.

5.2.3. Germination test

Germination tests were performed following the guidelines provided by ISTA
(International Rules for Seed Testing (https://www.seedtest.org/) with some
modifications. For all species, seeds were placed in germination trays containing
filter paper moistened with distilled water and kept in a growth chamber (25°C + 1°C)
under 16 h dark/8 h light for 7 days. Three replicates of 30 seeds each were used. At
the end of germination, the following germination indices were calculated:
germination percentage (G%), mean germination time (MGT), synchronicity index
(Z) (Ranal and de Santana, 2006). The formulas used for the calculation of these
parameters are the following:

os — number of germinated seeds)

(1) G% = ( total number of seeds ) x 100
_ 21":1 nix ti

(2) MGT = —Z{f’:lni

(3) 7 = > Cni,2

 Enix y(ni-d)

In MGT (2) and Z (3) formulas, ni is the number of seeds germinated in the time i
(not the accumulated number, but the number correspondent to the ith observation),
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ti corresponds to the time from the start of the experiment to the itk observation (day),
k is the last time of germination, and Cni,2 = ni (ni-1)/2.

5.2.4. VOC analysis of legume seeds by PTR-Qi-ToF-MS

Seed volatile fingerprints were analyzed with a commercial PTR-MS equipped with
Time of flight and quadrupole ion guide (PTR-Qi-TOF-MS, Ionicon Analytik GmbH,
Innsbruck, Austria) by using H;O" as reagent ion for the proton transfer reaction. For
each sample, 50 grams (weight recorded before each treatment) were weighed and
transferred in a 100-mL glass bottle, equipped with a GL45 3-valve screw cap. Four
replicates per sample were used. Before each measurement, samples were incubated
at 60°C for 10 minutes. Headspace VOCs profiles were measured by direct injection
of the volatile mixture into the PTR-Qi-TOF-MS drift tube via a heated (80°C) peek
inlet tube connected to a valve of the GL45 3-valve screw cap with a flow rate of 35
sccm (standard cubic centimeters per minute) for 6 min. To avoid low pressure inside
the vial, clean air was continuously flushed through the glass bottle at 1 liter per
minute (LPM). The drift tube conditions were 80°C temperature, 3.80 mbar drift
pressure, and 900 V drift voltage corresponding to an E/N ratio of about 128
Townsend (1 Td = 10-17 V ¢m?) (with E corresponding to the electric field strength
and N to the gas number density). The acquisition rate of TOF mass spectrometer was
one spectrum per second with a mass spectrum ranging from m/z 15 and 373. The
raw PTR-Qi-TOF-MS data were acquired by the TofDaq software (Tofwerk AG,
Switzerland) and processed using the R package ptairMS (Roquencourt et al., 2022).
To achieve a good mass accuracy an internal calibration was performed on three
calibration points: m/z=21.022 (H30"), m/z=203.943 (1,3-diiodobenzene fragment
of internal gas standard) and m/z=330.848 (1,3-diiodobenzene internal gas standard).
Seeds' volatile concentrations were expressed as normalized count per second (ncps)
by normalization to the primary ion signal. The m/z signals were blank corrected by
subtracting the signal obtained from the empty glass bottle and the peaks associated
with the PTR-MS ion source, including those ascribed to water chemistry or other
interfering ions; m/z=32 (0:"), m/z=31.022 (NO"), m/z=37, and m/z= 39.033
(corresponding to H3'"*O" and water cluster ions H,O-H3'®O", respectively), were
manually removed from the data set. Most of the mass peaks were tentatively
identified based on the available literature or by comparisons with genuine standards.

5.2.5. Statistical analysis

Germination data were analyzed with Student f-test using the Microsoft Excel
package using as threshold the P < 0.05 (“*). Principal component analysis (PCA),
analysis of variance (ANOVA, P < 0.05), Pearson’s correlation analyses, and the
relative  p-values were determined by using MetaboAnalyst 6.0
(https://www.metaboanalyst.ca/, Pang et al., 2024). R internal statistical functions
were also used for volatilome data elaboration. Two-way ANOVA test was performed
using GraphPad 8.0 software (https://www.graphpad.com/scientific-
software/prism/www.graphpad.com/scientific-software/prism/) to assess
significative differences between groups in terms of volatile emission.
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5.2.6. Machine-learning modeling

The Altair® RapidMiner® software (https://altair.com/altair-rapidminer) was used to
develop learning model for the classification of seed samples. Model validation was
performed with a stratified 3-fold cross-validation system, using the “Cross-
Validation” operator. “Performance” operator was set to perform the calculation of
classification parameters, based on the number of TP (true positive), TN (true
negative), FP (false positive), FN (false negative), and the estimation of the TPR (true
positive rate) and FPR (false positive rate) obtained through the confusion matrix:
accuracy = (TP + TN)/(TP + TN + FP + FN), area under the curve (AUC) =

fX1= OTPR(FPR_l(x))dx, sensitivity = TP/(TP + FN). specificity = TN/(TN + FP),
positive predictive value (PPV) = TP/(TP + FP). negative predictive value (NPV) =
TN/(FN + TN).

5.3 Results and Discussions
5.3.1. Germination performance of primed and aged seeds

Germination performance of treated/untreated seeds were evaluated to establish seed
quality through ISTA indicated methods. A pronounced decline in germinability
resulting from the aging treatment was observed in all the accessions tested in the
following experiments (Fig. 5.2). However, the extent of deterioration varies among
accessions. In the L. sativus accessions (Fig. 5.2a,b) and G. max EM PURA (Fig.
5.2h), the AA-treated seeds exhibit a significantly lower percentage of germination
(17,78% =+ 5,1 in Maleme-107, 22,22% + 12,6 in Sofades, and 18,89 £ 1,9 in EM
PURA) compared to the other species/accessions, where the G% values were
approximately 40%. With regard to T. foenum-graecum seeds (Figs 5.2e,f), G%
reached values ranges between 33.33% and 57.78%. For L. sativus Maleme-107 (Fig.
5.2a) and Sofades (Fig. 5.2b), as well as P. sativum Forrimax (Fig. 5.2d), the
temperature utilized for the AA treatment was 60°C, while for the other species was
55 °C. This modification of the AA protocol was due to the fact that these accessions
were more resistant to the high temperature and humidity treatments.
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Figure 5.2. Time course of germination percentage (G%) in L. sativus (a) Maleme-
107 and (b) Sofades, P. sativum var. arvense (¢) Guifredo and (d) Forrimax, T.
foenum-graecum (€) Rayhane and (f) Tborsek, G. max (g) OL996 and (h) EM PURA.
Significant differences are indicated by asterisks (*, P < 0.05). CTRL, control (non-
treated seeds); HP8, hydro-primed seeds; AA, artificially aged seeds.

Concerning the HP treatments (Fig. 5.2), the results obtained in all the accessions
tested exhibit significantly higher G% values compared to CTRL mainly during the
initial days of germination, while no significant differences are observed towards the
end of the experimental period. These findings suggested that HP promotes an
improvement in the speed of germination without significantly influencing the
germination percentage. To confirm this, additional features reflecting germination
speed (MGT) and synchrony (Z), were calculated (Fig. 5.3). The data show that HP8
treatments result in lower MGT value compared to CTRL, thus supporting the trend
observed for the time course of germination. AA decreases the speed of germination
in most of the accessions, except for L. sativus Maleme-107. Regarding the Z values
(thombus), no statistically significant differences are observed among
species/accesses in the absence of treatments. is not observed in all the accessions
tested. However, significantly higher Z values are observed on the HPS seeds of L.
sativus Sofades (Fig. 5.3b), P. sativum Guifredo (Fig. 5.3¢) and Forrimax (Fig. 5.3d),
and 7. foenum-graecum Tborsek (Fig. 5.3f), while a negative influence of AA
treatments is observed only in P. sativum Forrimax (Fig. 5.3d).
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Figure 5.3. Graphical representation of the mean germination time (MGT) and
synchronicity index (Z) in L. sativus (a) Maleme-107 and (b) Sofades, P. sativum (¢)
Guifredo and (d) Forrimax, 7. foenum-graecum (e) Rayhane and (f) Tborsek, and G.
max (g) OL996 and (h) EM PURA. MGT values are shown as histograms and Z score
in rhomboids. A significant difference from the MGT and Z values of control is
indicated by asterisks (*, P < 0.05). CTRL, control (non-treated seeds); HPS, hydro-
primed seeds; AA, artificially aged seeds.

Overall, the information collected from the germination tests indicate a variation in
seed quality induced by the treatments; namely, AA inhibits seed germination and
therefore lowers the quality of the seeds, while HP improves germination and
enhances seed quality. In agreement with the hereby obtained results, several other
studies evidenced a negative effect of AA on the germination performance in legumes
(Kapoor et al., 2010; Mohammadzadeh et al., 2019). At the same time, the positive
effect of HP on legume seed germination is reported (Singh et al., 2017; Damalas et
al., 2019; Pagano et al., 2022). So far, no data are available concerning the study of
germination in orphan legumes; therefore, the current study provides novel and
relevant information about this system, showing that these seeds are more resistant
to high-temperature treatments and that their quality can be still improved by the use
of priming.

5.3.2. General overview of volatilome profiles

After defining the experimental system with high- and low-quality seeds,
encompassing a range of genetic variability in terms of different legume species and
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accessions, these were subjected to PTR-Qi-TOF MS analyses to identify and
measure VOC profiles. From the analyses, a total of 440 mass-to-charge values (m/z)
were found. From the whole m/z groups, only 123 present a specific VOC or a group
of VOCs identified. As an initial characterization, the whole volatilome was used to
conduct a principal component analysis (PCA) distinguishing between the treatments
and species/accessions (Fig. 5.4).
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Figure 5.4. Principal component analysis (PCA) of volatilome profiles obtained
through PTR-Qi-TOF-MS for characterization of (a) treatments and (b) groups
(defined by the treatment and the accession). The variance explained by each
component is reported in brackets.

Overall, the principal components obtained with the analysis present low values,
reflecting a complexity in differentiating the groups based on the whole dataset.
However, as shown in Fig. 5.4a, the treatments are clearly separated from each other,
while for the accessions (Fig. 5.4b), most of the groups tested are separated, except
for the CTRL groups of Rayhane, EM PURA, Sofades, Maleme-107, and Forrimax,
suggesting a similar behavior in terms of volatile detected in the absence of
treatments. The group with the highest level of separation is represented by HP
Tborsek (dark blue), while the other treatments of the same accession (AA_Tborsek,
yellow; CTRL_Tborsek, pink) occupy a near position in the scores plot.

A deeper exploration of volatilome profiles among treatments/groups is provided by
the heatmaps (Fig. 5.5), where defined clusters among treatments and groups can be
observed. Namely, the CTRL and AA groups of the Tborsek accession are clustered
together in the lower part of the heat map (1 and 2, respectively), while the
HP_Tborsek group present a distinct cluster of volatiles on the top of the heat map
(3) (Fig. 5.5a). In the heatmap showing the difference among treatments (Fig. 41b),
distinct groupings can be observed for each treatment, supporting the diversification
obtained in the PCA.
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Figure 5.5. Heat maps of VOCs emitted from different (a) groups and (b) treatments.
Seed groups are in columns (24) and the volatiles m/z values are in rows (440). Each
colored cell on the map corresponds to a concentration value following a blue/red
chromatic scale. All the m/z detected in the following study are significant (ANOVA
P <0.01).

Additionally, the hierarchical clustering (Fig. 5.6) provides an overview of the
behavior of the seed groups/treatments based on the volatilome emitted. The resulting
dendrogram confirms the peculiar behavior of the HP_Tborsek group, which cluster
separately from the other HP group. Moreover, AA and CTRL groups of Tborsek
accession are located nearby, which reflects a similar behavior, in terms of VOCs
emitted. This data also shows a partial overlapping of the treatments CTRL and AA,
as observed in the PCA.
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Figure 5.6. Cluster Dendrogram of seed samples produced by Hierarchical
Clustering. Colors indicate the treatments of seed samples: blue, hydropriming (HP);
red, artificial aging (AA); green, non-treated seeds (CTRL). Euclidean distance
measure and Ward clustering algorithm were used.

Overall, the data collected and shown through PCA, heatmaps, and hierarchical
clustering, report differences in the volatilome among treatments and accessions.
Several studies evidenced quantitative and qualitative differences in terms of VOCs
emissions between non-treated and artificially (Han et al., 2021; Liu et al., 2024) or
naturally aged seeds (Zhang et al., 2022). So far, no study has looked into the VOCs
profiles during HP treatments, therefore, the hereby results are useful to fill in the
gaps regarding this topic. Importantly, the substantially different emission of VOCs
observed in the HP seeds appear to be be consistent with the effect that priming has
on the seed metabolism (Ali et al., 2019; Pagano et al., 2023). Concerning the
differences in VOC profiles observed between the different investigated
species/accessions, this is in agreement with other studies conducted on different
species (Colville et al., 2012; Mira et al., 2016; Michalak et al., 2021). Considering
that seed metabolism, and potentially the volatilome emission, is strongly affected by
the chemical composition and genetic variability (Wilson, 2004; Toubiana et al.,
2012), the different volatilome profiles obtained are coherent with the chemical and
genetic differences characterizing the species/accessions tested in this study.

5.3.3. Selection of the most relevant compounds based on seed quality and
germination behavior

To identify the m/z values that are crucial to the diversification among treatments,
two different approaches were utilized: one based on PCA and correlation analyses
and another based on machine learning prediction models.
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First, the most relevant parameters (m/z values) included in the PCA analysis were
observed, in order to highlight the most differently emitted VOCs among CTRL, HP,
and AA (Table 5.1). The degree of relevance is indicated by the weight score. These
data indicate that many VOCs, such as acetaldehyde (m/z 45.0328), 1-2 ethanediol
(63.0427), ethanol (m/z 47.0482), methanetriol (49.0098), and sesquiterpenes (m/z
205.193), are actively involved in the obtained grouping regarding the different
treatments.

Table 5.1. List of the most relevant m/z for the PCA grouping (weight score higher than 0.7).
For each m/z value detected through PTR-TOF-MS, the weight score (from 1 to 0), the
putative identification, and the reference articles of the putative identification are reported.
High weight scores indicate a relevant impact on the classification of seed groups in the
different treatments (CTRL, AA, HPS). M/z values without a putative identification were not
included in the list.

m/z Weight score |Putative identification References

45.0328 0.983|Acetaldehyde Vita et al.,, 2015

63.0427 0.977|1,2-Ethanediol Cappellin et al., 2012

59.0479 0926 Oxetane, Propanal, Athone, 2-Propen-1-ol, 2- |Cappellin et al., 2012; Taiti et al., 2018; Brilli et al.,
Propen-1-ol, Methyl vinyl ether 2011; Graus et al., 2010

47.0482 0.913|Ethanol Jordan et al., 2009

27.059 0.901 1,3-Propanediol, Propylene glycol (Propane-  |Cappellin et al., 2012

1,2-diol)

51.0428 0.851|Methanol water cluster Fasbender et al., 2018

205.193 0.835|Sesquiterpenes Cappellin et al., 2012; Taiti et al., 2018

49.0098 0.827|Methanetriol Vita et al., 2015; Pedrotti et al., 2021
2-Butenal, fragment of isoprene Cappellin et al., 2012; Liu et al., 2013

71.0475 0.817|hydroperoxide, Methacrolein, Methyl Vinyl
Ketone

89.0583 0.782 1,3-Dioxane, Ethyl acetate, 1,4-Dioxane Cappellin et al., 2912; Vita et al., 2015; Feilberg et

al., 2015, Pedrotti et al., 2021

2-Pentanone, 3-Pentanone, 2-Methylbutanal, |Cappellin et al., 2012; Vita et al., 2015; Yafez-

87.0777 0.706|Pentanal, 2-Methyl-3-buten-2-ol, 3-Methyl-2- |Serrano et al., 2019, Pedrotti et al., 2021
buten-1-ol

The current study also examined the potential link between volatile compounds
emitted and germination performance. A Pearson correlation analysis was conducted
to investigate the correlation between the m/z values detected through PTR-Qi-TOF-
MS and the germination performances, defined by the percentage of germination
(G%), the mean germination time (MGT), and the synchronicity of germination (Z),
using all the seed groups tested in this study. Table 5.2 illustrates the list of the most
20 m/z values with the highest or lowest coefficient of correlations. M/z with no
identification of VOCs were excluded from the representation, as well as the neutral
correlation, defined by the Pearson coefficient near 0. From the lists provided, most
of the m/z values are associated with negative germination performances. For
instance, there are no m/z values exhibiting a positive correlation coefficient in the
case of G%, while for Z there is only one m/z value with a positive Pearson
coefficient. For MGT, three m/z values are negatively correlated with MGT.
Comparing the different lists, the VOCs that are correlated with all the germination
parameters, include 2(3H)-furanone (m/z 85.0266) and cresol (m/z 109.0626).
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Table 5.2. Lists of the top 20 m/z with the highest or lowest Person correlation coefficient.
For each germination parameter (G%, MGT, Z), a list of the 20 most positively or negatively
correlated m/z is represented with their putative identification. All the correlations shown are
statistically significant (P < 0.05). G%, percentage of germination; MGT, mean germination
time; Z, synchronicity index. Pc, Pearson correlation coefficient.

G% MGT z
m/z Pc Putative identification m/z Pc Putative identification m/z Pc Putative identification
z 0.44993 85.0266 (0.7302 2(3H)-Furanone 49.0098 |0.5823 Methanetriol

Geranyl acetone (6,10- 2-Propenoic acid, Methyl

195.1743 |-0.41013 |Dimethyl-59-undecadien-2- |73.0268 [0.62948 6% 0.44993

one /) glyoxal
111.0435 [-0.42631 fﬁ;f;yn':‘)‘”’"“‘”“”"y')‘ 790517 |0.60898 |Benzene 141.1275 [-0.40987 |3-Nonen-2-one, 2-Nonenal
69.0313 [0.4495 [Furan 930351 [0.60397 |2-Methylmercaptoethanol  |73.0268 |-0.4247 :I'y:'z‘"°i° acid, Methyl
109.0626 |-0.49083 |m-Cresol, o-Cresol, p-Cresol 97.0998 [0.5778 Alkyl fragment 79.0211 |-0.42546 |Dimethyl sulfoxide
79.0517 [-0.49096 [Benzene 123.1156 [0.57241 [Santene, 2-Norbornene 67.0527 |-0.42684 |Monoterpenc fragments

(myrcene, ¢

Ketene, Hexyl acetate
fragment
Ethyl acetate fragment,
1-Butanol fragment, Hexanal Acetic acid,

61.0273 .55955 123.1156 |-0.43185 [Santene, 2-Norbx
fragment, 1-Octanol fragment 055 Hydroxyacetaldehyde, Methyl S ntene orbomene
formate

125.1313 [-0.51928 (3,3 5-Trimethylcyclohexene 43.0172 (056032 93.0351 |[-0.42705 |2-Methylmercaptoethanol

57.0321 [0.52224

Isoprene, 1,4-Pentadiene, 2- Cucloherene: 1-Hekwe, 2-
69.0684 [0.53669 [Methyl-3-buten-2-ol fragment, |83.0839 |0.55266 A ! i

46.0646 |-0.43493 |Dimethylamine, Ethylamine

Cyc 2-Pentyne Hexyne
171.1747 [0.54381 [2-Undecanone 97.0245 |0.54358 (Zé‘f;u’a;‘)“'b""a'de"yde 81.0322 |-04521 |2,4-Cyclopentadiene-1-one
93.0351 [-0.59134 |2-Methyimercaptoethanol 141.1275 [0.53098 |3-Nonen-2-one, 2-Nonenal [83.0839 [-0.45622 z’;ﬂ;ﬂ“:“"“"“"y“' 2
143.1424 |-0.60318 |Nonanal, 2-Nonanone 109.0626 |0.52796 |m-Cresol, o-Cresol, p-Cresol (107.0485 (-0.45785 |Benzaldehyde
730268 [-0.60906 ;‘;;;’“"“C acid, Methyt 125.1313 (05216  |3,3,5-Trimethylcyclohexene [97.0998 |-0.47198 |Alkyl fragment

1-Butanol fragment, Hexanal 91.0509 |-0.4909 Thujone fragment, Linalool

157.1588 |-0.64421 (Decanal, Decanone, Menthol |57.0321 |0.50692 fragment, 1-Octanol fragment fragment

Cyclohexene, 1-Hexyne, 2-

830839 [065174 | O 470118 050265 |Fomic acid 109.0626 [-0.49334 |m-Cresol, o-Cresol, p-Cresol

97.0998 |-0.65989 |Alkyl fragment 47.0482 |-0.45741 |Ethanol 79.0517 |-0.50297 |Benzene

123.1156 |-0.67328 |Santene, 2-Norbomene 490098 |-0.47893 |Methanetriol 105.0684 |-0.50713 |Styrene

MGT 0.73239 450328 |-0.54101 |Acetaldehyde 97.0245 |-0.50804 |2 Furancaboxaldehyde
(Furfural)

141.1275 [0.75098 |3-Nonen-2-one, 2-Nonenal |z -0.63382 85.0266 |-0.51772 |2(3H)Furanone

85.0266 [-0.86595 [2(3H)-Furanone % -0.73239 MGT -0.63382

Secondly, a prediction model based on a classification in three classes corresponding
to the treatments (CTRL, AA, HP8A), was developed using the same dataset used for
PCA analysis. To optimize the classification process through the machine-learning
model, a Random Forest algorithm was utilized, which generates 10 different random
trees based on different sub-sets of parameters (m/z) in the dataset. Together with the
accuracy, the model was developed to provide a list of the most relevant parameters
for the classification process. The weight score obtained (from O to 1) reflects the
importance of a specific parameter to classification. The structure of the program
developed using the Altair® RapidMiner® software (https://altair.com/altair-
rapidminer) is illustrated in Fig 5.7. The model developed with the volatilome data
demonstrated 100% accuracy in the classification process. Furthermore, the most
influential m/z values indicated a specific set of VOCs that are pivotal in
characterizing the individual treatments. The most relevant VOCs are shown in Table
5.3. The degree of relevance is indicated by the weight score. The results suggest the
potential involvement of multiple VOCs, including 2,3-dimethyl-2-cyclopentenone
(m/z 111.079), 2(3H)-furanone (m/z 85.0266), 2-butyl furan (125.095), and dimethyl
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5. VOCs and seed quality

sulfide (63.0266). Despite the indication of different m/z values by the learning
models as responsible for the differentiation of the treatments, many of the most
relevant VOCs emitted remain unidentified.
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Figure 5.7. Tllustration of the prediction model developed using the Altair® RapidMiner®
software.

Table 5.3. List of the most relevant m/z for the classification of seed groups performed with
the predictive model (weight score higher than 0.3). For each m/z value detected through
PTR-TOF-MS, the weight score (from 1 to 0), the putative identification, and the reference
articles of the putative identification are reported. A higher weight score indicates a relevant
impact on the classification of seed groups in the different treatments (CTRL, AA, HP8). ND,
no VOC:s identified.

m/z Weight score (Putative identification References

373.093 1|ND

91.9422 0.842|ND

111.078 0.575|2,3-dimethyl-2-cyclopentenone Taiti et al., 2018
30.0128 0.501|{ND

55.0855 0.497|ND

27.0033 0.480(ND

19.0116 0.468|ND

29.0058 0.442|ND

85.0266 0.408(2(3H)-furanone Vita et al., 2015
99.0052 0.398|ND

125.095 0.373(2-butylfuran Taiti et al., 2018
121.027 0.368ND

88.0747 0.366(ND

136.12 0.355[ND

74.0226 0.347|ND

68.993 0.344|ND

102.084 0.343|ND

114.06 0.323|ND

63.0266 0.310(dimethyl sulfide Cappellin et al., 2012
32.0646 0.310(ND

27.9939 0.310(ND

357.069 0.304|ND
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The same machine-learning approach was also used to detect the most relevant VOCs
for the prediction of seed germination. In the following model, two classes were
defined based on G% values: optimal (including all the seed groups with G% > 80%)
and non-optimal (G% < 80%). The classification in two classes (binomial
classification) allowed the calculation of further parameters that reflect the efficiency
of prediction. The efficiency of the model, shown in Table 5.4, indicates that all
parameters reach very high values. In particular, the accuracy reaches 98%, reflecting
an overall efficiency in class prediction, while the high percentages obtained for the
sensitivity (98.41%) and specificity (96.67%) indicate that the model is able to
classify the seed samples in the appropriate groups. The list of the most relevant m/z
also shows a group of VOCs possibly implicated in class prediction. Interestingly,
2(3H)-furanone (m/z 85.0266) and Cresol (m/z 109.0626), which exhibited a
negative correlation with germination performances, presents a significant weight
score in this model. Despite the putative identification available for m/z 71.084 and
69.0684, the association of multiple VOCs to these values limits the identification of
a unique component highly involved in class prediction.

Table 5.4. Classification parameters and list of the most relevant m/z to the prediction of
germination classes (optimal and non-optimal). (a) Predictive performance of learning models
obtained after cross-validation (Validation). TP true positive, TN true negative, FN false
negative, FP false positive, TPR true positive rate, FPR false positive rate. Area under the

curve (AUC) = fxl:o TPR(FPR™(x))dx, Sensitivity = TP/(TP + FN). Specificity = TN/(TN
+ FP), Positive predictive value (PPV) = TP/(TP + FP). Negative predictive value (NPV) =

TN/(FN + TN). (b) List of the top 20 relevant m/z for the classification of seed samples in
optimal (G%>80%) and non-optimal (G%<80%) classes. ND, no VOCs identified.

(a) (b)
Parameters Value weight score }pmative [References
25.96, 1|ND [
Accuracy 97.92% * 1.80% 7949 0.998|ND
1102 0.992/ND
AUC 0.999 + 0.001 Butyric acid fragment, Isobutyric acid fragment, Cappellin et al,, 2012; Vita et al.,
Pentanal fragment, Alcohol fragment, Ethyl acetate |2015; Feilberg et al., 2015
Sensitivity 98.41% + 2.75% 1084 0984 fragment, (E)-2-pentene, 2-Methyl-1-butene, 2-
Methyl-2-butene, 1-Pentene, Butanoic acid
Specificity 96.67% + 5.77% Lr:fment,(l)-z-pentene, 3-Methyl-1-butene,
Positive predicted value 98.55% *+ 2.51% 2L CESZIND
(PPV) 2982 0.842/ND :
0266 0.840|2(3H)-Furanone Vitaet al., 2015
Negative predicted value 97.22% + 4.81% 0026 0.751|ND
(NPV) 1157 0.751/ND \
0353 0.751|ND \
Isoprene, 1,4-Pentadiene, 2-Methyl-3-buten-2-ol Cappellin et al., 2012; Brilli et al.,
0684 0.684 |fragment, Cyclopentene, 2-Pentyne 2011; Kaser et al., 2013; Yaiiez-
Serrano et al., 2019
7301 0.680 ND [
7.089 0.672 | Ethyl butanoate (Ethylbutyrate) | Taiti et al., 2018
4.145 0.639/ND
0582 0.601/ND
3.093 0.599/ND
9978 0.554 ND
1,3-Dioxane, Ethyl acetate, 1,4-Dioxane Cappellin et al,, 2012; Vita et al,,
0583 0.491 2015; Feilberg et al., 2015, Pedrotti
etal, 2021
19,063 0.467 | m-Cresol, o-Cresol, p-Cresol Cappellin et al., 2012
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Overall, most of the VOCs detected are correlated with more than one germination
parameter. Interestingly, ethanol and acetaldehyde, VOCs commonly released during
seed aging (Zhang et al., 1994), show a significant correlation with MGT, reflecting
a link with germination speed. Generally, VOC emissions reflect the activation of
specific metabolic processes, which negatively affect germination performances
(Colville et al., 2012). Although most of them are correlated with a negative
germination capacity (hereby the AA groups), in this study we also identified VOCs
showing a correlation with positive germination performance as in the case of HP
seeds. These VOCs may reflect the activation of specific reactions that are essential
for promoting optimal germination. Additionally, by using machine learning
predicting models, we were able to identify VOCs correlated with different
germination parameters, further confirming that these compounds may be
differentially emitted in seeds with a different quality. Concerning the non-invasive
seed quality estimation, the classification models provide an additional result given
that the models for germination class prediction exhibited a high accuracy value; this
reflects an elevated efficiency in predicting the germination performances of seed
groups based on volatilome data. Although many of the m/z used by the model are
not associated to any VOC:s, the efficiency in predicting the correct germination class
confirms the possibility of using the detection of VOCs as an approach to accurately
estimate seed quality. However, the restricted number of examples contained
characterizing the dataset for model development limits the affordability of the
classification parameters results. As reported by a recent study, small datasets may be
characterized by unbalanced data (unbalanced numbers of examples belonging to the
different groups of the parameter to predict), and high dimensionality (high ratio
between the number of parameters and the number of examples) (Kokol et al., 2022).
Moreover, the validation of models developed from small datasets may not explore
properly the possibility of overfitting and provide non-realistic accuracy values
(Vabalas et al., 2019).

5.3.4. Comparative analyses of VOCs with differential profiles among
treatments

Given the results of the correlation analysis and the identification of the most relevant
VOCs in prediction of class of germinability, the next step involved analysing the
emission levels of selected VOCs among the performed treatments and
species/accessions.

The first group of investigated VOCs is represented by ethanol (EtOH), methanol
(MetOH), and acetaldehyde (MeCHO). Apart from being the most common volatile
compounds released during aging, ethanol, and acetaldehyde exhibited a negative
correlation with MGT, suggesting an emission of these volatiles on seeds with a
positive germination speed. As illustrated in Fig. 5.8, the AA group shows the highest
level of methanol (MetOH) emission in both pea and soybean accessions. In L.
sativus, the Maleme-107 accession presents a similar trend, whereas Sofades has the
lowest level of methanol emission in the AA group. In 7. foenum-graecum seeds, the
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AA group exhibits higher level of methanol emission compared to the HP8 group. No
significant differences in emission levels were observed between the CTRL and AA
groups. Regarding acetaldehyde (MeCHO), the levels of emission of the HP8 groups
are significantly higher than in the CTRL and AA groups in the majority of
accessions. Ethanol (EtOH) is the volatile compound that is least emitted among
those shown in Fig. 5.8. Although the low levels of emission preclude an accurate
illustration of the emission pattern, in most accessions, the HP8 and AA groups
exhibit significantly higher emissions compared to CTRL. Overall, the results support
the findings that methanol is mainly emitted from aged seeds, as well as the fact that
acetaldehyde and ethanol emission patterns may be influenced by specific reactions
occurring in primed seeds.
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Figure 5.8. Comparison between the levels of methanol (MetOH), acetaldehyde (MeCHO),
and ethanol (EtOH) of applied treatments in (a) P. sativum var. arvense Guifredo, (b) P.
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sativum var. arvense Forrimax, (¢) T foenum-graecum Rayhane, (d) T. foenum-graecum
Tborsek, (e) L. sativus Maleme-107, (f) L. sativus Sofades, (g) G. max OL996, and (h) G. max
EM PURA. Volatile levels emitted are expressed as normalized count per second (ncps).
Statistically significant differences are highlighted by asterisks (‘“*’ P < 0.0332, “**’ P <
0.0021, **** P < 0.0002, ***** P < (0.000]). CTRL, control non-treated seeds; AA,
artificially aged seeds; HP, hydroprimed seeds.

The next group of VOCs is represented by 2(3H)-furanone (m/z 85.0266), cresol
isomers (m/z 109.0626), and methanetriol (m/z 49.0098). Furanone and cresol
isomers were found to be correlated with G%, MGT, and Z. In particular, furanone
presents a strong negative correlation with G%, Z, and a strong positive correlation
with MGT, indicating that this volatile is emitted mainly in low-quality seeds.
Although the correlation coefficient is less marked compared to furanone, cresol
isomers (m-cresol, o-cresol, p-cresol) follow a similar trend. Moreover, both furanone
and cresol are relevant VOCs obtained from the classification of seed samples with
the machine-learning model, indicating a specific emission of these volatile linked to
germination performance. As shown in Fig. 5.9, the levels of emission of 2(3H)-
furanone exhibit a conserved trend among species and accession, where AA seeds
present significantly higher values compared to CTRL and HP8. No significant
differences are observed between CTRL and HP8 groups, except for the accession
Guifredo for P. sativum (Fig. 5.9a) and the accession Tborsek for 7. foenum-graecum
(Fig. 5.9d). The observed pattern supports the evidence provided by the correlation
analyses, which identifies 2(3H)-furanone as a marker of negative germination
performance.
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Figure 5.9. Box plots showing the levels of 2(3H)-furanone (m/z 85.0266) among different
treatments in (a) P. sativum var. arvense Guifredo, (b) P. sativum var. arvense Forrimax, (c)
T. foenum-graecum Rayhane, (d) T. foenum-graecum Tborsek, (e) L. sativus Maleme-107, (f)
L. sativus Sofades, (g) G. max OL996, and (h) G. max EM PURA. Volatile levels emitted are
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expressed as normalized count per second (ncps). Dots indicate the emission levels of single
seed groups of each treatment. Statistically significant differences are highlighted by asterisks
(‘*'P<0.0332, **'P<0.0021, ***’ P <0.0002, “****' P <(.0001).

The levels of cresol isomers (m-cresol, o-cresol, and p-cresol) are illustrated in Fig.
5.10. Cresol isomer emission levels are markedly elevated in the AA group, similar
to 2(3H)-furanone. Exceptions include the 7. foenum-graecum Rayhane (Fig. 5.10c),
where the HP8 group shows higher levels of emissions, and G. max EM PURA (Fig.
5.10h), where cresol isomers were not detected. Differently, the emission pattern of
methanetriol (Fig. 5.11) indicate significantly higher levels in HP seeds. Only in G.
max OL 996 (Fig. 5.11g) the methanetriol levels are not significant difference
between AA and HP8 groups. Interestingly, in the Tborsek (Fig. 5.11d), Maleme-107
(Fig. 5.11e), and OL 996 (Fig. 5.11g) accessions, the levels of emission recorded in
AA groups are significantly higher compared to the CTRL groups.
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Figure 5.10. Box plots showing the levels of m-Cresol, o-Cresol, and p-Cresol (m/z 109.0626)
among different treatments in (a) P. sativum var. arvense Guifredo, (b) P. sativum var. arvense
Forrimax, (¢) T. foenum-graecum Rayhane, (d) T. foenum-graecum Tborsek, (e) L. sativus
Maleme-107, (f) L. sativus Sofades, (g) G. max OL996, and (h) G. max EM PURA. Volatile
levels emitted are expressed as normalized count per second (ncps). Dots indicate the emission
levels of single seed groups of each treatment. Statistically significant differences are
highlighted by asterisks (‘*’ P < 0.0332, “**’ P < 0.0021, “*** P < 0.0002, “****’ P <
0.0001).
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Figure 5.11. Box plots showing the levels of methanetriol (m/z 49.0098) among different
treatments in (a) P. sativum var. arvense Guifredo, (b) P. sativum var. arvense Forrimax, (c¢)
T. foenum-graecum Rayhane, (d) T. foenum-graecum Tborsek, (e) L. sativus Maleme-107, (f)
L. sativus Sofades, (g) G. max OL996, and (h) G. max EM PURA. Volatile levels emitted are
expressed as normalized count per second (ncps). Dots indicate the emission levels of single
seed groups of each treatment. Statistically significant differences are highlighted by asterisks
(‘*’P<0.0332, ¥’ P <0.0021, *** P < 0.0002, “****'P <0.0001).

Overall, the emission levels of selected VOCs reflect the information provided by the
correlation analyses and the machine-learning models. The emission of ethanol,
commonly used as seed vigour test in many species, such as Brassica napus (Buckley
and Huang, 2011) and Brassica oleracea (Kodde et al., 2012), exhibited higher
emission levels in AA groups, supporting the evidence from literature (Zhang et al.,
1994). In addition, further VOCs showed a treatment-related emission. In particular,
cresol isomers and 2(3H)-furanone, showing elevated weight scores and correlated
with negative germination performances, are present in high amounts in the AA
groups. Differently, methanetriol, negatively correlated with MGT, was more present
in the HP groups. Therefore, the current study brings new and relevant information
related to the emission of 2(3H)-furanone, cresol, and methanetriol in low- and high-
quality seeds. A recent study reported the emission of furanone from quinoa
(Chenopodium quinoa) after micro-wave treatments, partially supporting the
hypothesis of furanone emission from seeds with a reduced quality (Cao et al., 2024).
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5.4 Conclusions

The present work explored the utilization of volatilome profiles as “fingerprint” of
seed quality. Profiles emerged the presence of VOCs differently emitted among low
and high-quality seeds, already emerged from the general overview of volatilome
profiling. The levels of emissions of acetaldehyde, ethanol, and methanol, most
common volatile compounds released from seeds during deterioration, were
evaluated. The results indicated a more complex trend, in which methanol is mostly
emitted by HP, while acetaldehyde and ethanol are emitted by CTRL and AA groups
in most accession tested. A more indicative information regarding the link between
VOCs emission and seed quality was provided by the correlation and predictive
model analyses, highlighting specific compounds potentially connected with seed
quality. These results led to the identification of VOCs correlated with a low
(furanone and cresol isomers) and high (methanetriol) seed quality, supporting the
possibility of using VOCs emission level to estimate seed quality in a non-invasive
manner. Despite these promising data, many m/z values detected through PTR-Qi-
TOF-MS could not be associated with specific VOCs, while other m/z values are
associated with multiple volatile compounds, thus complicating the correct
identification of the VOCs potentially limiting seed quality discrimination. In this
context, the utilization of machine-learning model can help the estimation of seed
quality overcoming the lack of knowledge related to unidentified VOCs of relevant
m/z values.
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6. Final conclusions

In the present project, three approaches, based on the detection of specific markers of
seed quality, have been developed and tested on multiple species. Although an
exhaustive exploration of the potentiality of these methods requires further analyses,
the promising results obtained for each approach confirm the possibility of using
these methodologies for non-invasive, rapid, and accurate estimation of seed quality.

The non-invasive detection of ROS performed in non-treated (CTRL), imbibed (HP),
hydroprimed (HBDB), and damaged seeds (HS), obtained mainly with the FOX-1
assay [ROOH], provided a general trend in ROS release levels that reflect the quality
of the different seed groups. According to the data collected, CTRL and HS groups
present higher [ROOH] values released compared to HP and HPDB groups. Although
in tomato and wheat, the CTRL group exhibits higher levels of [ROOH] compared to
HS, in soybean this trend was not confirmed. However, these results show significant
differences, in terms of [ROOH], between high-quality (HPDB) and low-quality (HS)
seeds. For soybean, the measured ROS was correlated data obtained from gene
expression analyses. The data relative to the investigated genes (MnSOD, SODI,
CATI, CATS, RbohE2, Rboh(C2, related with ROS production or scavenging, is in
line with other studies reporting increased antioxidant gene expression during seed
imbibition (Zhao et al., 2020; Dey and Bhattacharjee, 2023). Overall, the following
results indicate that controlled ROS levels are required to ensure optimal
germination; when this equilibrium is broken, uncontrolled ROS accumulation is
indicative of damaged seeds.

The method based on UPE and DL measurements provided positive results,
confirming the possibility of using the photon emission as an index of the
physiological seed status. The predictive model developed from the used datasets
(CIC, C. arietinum; LAT, L. sativus; FAB, V. faba; PHA; P. vulgaris; PIS, P. sativum)
provided different efficiency values. The models derived from the datasets CIC and
FAB exhibit moderate efficiency in classifying seed samples, while the processes
obtained from the remaining datasets show high performances. This discrepancy in
efficiency can be attributed to different factors: (1) the datasets differ in the number
of examples, which can affect the efficiency of class prediction (Barbedo, 2018); (2)
the presence of outliers can interfere with the classification (Fernandez et al., 2022);
(3) balancing the different predictive models, represents a critical issue in most of the
models developed. In this context, the application of the “MetaCost” operator of
RapidMiner® software induced an improvement in sensitivity, indicating that a
similar approach can be used also for other models. Overall, the results obtained
confirmed the correlation between seed quality and UPE and DL phenomena, in
agreement with other studies (Grasso et al., 2018; Li et al., 2022). These results
support the possibility of integrating the application of artificial intelligence (Al)
models to improve the elaboration and interpretation of complex data (Jordan and
Mitchell, 2015; Milo and Somech, 2020).

VOCs detection provided relevant information related to the volatilome profiles of
different quality seeds. The obtained results indicate a different clusterization of non-
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treated (CTRL), hydro-primed (HP), and artificially aged (AA) seeds, reflecting
different patterns of VOCs emission among treatments. In recent years, other studies
have also evidenced a quantitative and qualitative difference, in terms of VOC
emissions, between non-treated and artificially aged (Han et al., 2021; Liu et al.,
2024) or naturally aged seeds (Zhang et al., 2022). However, prior to this study, no
data regarding the emission of VCOs from HP seeds was available. The obtained data
allowed the identification of VOCs mainly related to negative germination
performances, where different metabolic activity is linked with the accelerated seed
aging process (Colville et al., 2012; Umarani et al., 2020). By applying machine
learning approaches, the efficiency of the predictive model for the classification of
seed groups, based on germination percentage (G%), revealed a high efficiency.
Although the size of the dataset needs to be adjusted to further evaluate the obtained
accuracy values (Vabalas et al., 2019), the results confirm the possibility of using the
real-time VOCs emission to non-invasively estimate seed quality.

To conclude, the present PhD thesis exploited multiple approaches for the non-
invasive evaluation of seed quality. Among the methodologies developed in this
work, ROS detection can be considered as the most rapid, easy-to-use and cost-
effective, being based mainly of the availability of an array of chemical substances
and spectrophotometric reader. However, the accuracy and large-scale use of this
methodology still requires further developments. On the other hand, the detection of
UPE/DL and VOCs, provide a much higher quantity and accuracy of data, but require
advanced equipment and skills to be performed and analyzed. In these cases, the use
of machine learning algorithms was necessary to provide models able to distinguish
between seeds with different characteristics. Overall, the data hereby provided
represent a good starting point for the optimization and development of accurate,
rapid, and easy-to-use non-invasive technologies to support the seed industry sector.
In the future, additional analyses conducted on a wider panel of species will offer a
stronger validation and more precise estimation of the cost related to large-scale use.
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Abstract: ROS homeostasis is crucial to maintain radical levels in a dynamic equilibrium within
physiological ranges. Therefore, ROS quantification in seeds with different germination performance
may represent a useful tool to predict the efficiency of common methods to enhance seed vigor,
such as priming treatments, which are still largely empirical. In the present study, ROS levels were
investigated in an experimental system composed of hydroprimed and heat-shocked seeds, thus
comparing materials with improved or damaged germination potential. A preliminary phenotypic
analysis of germination parameters and seedling growth allowed the selection of the best-per-forming
priming protocols for species like soybean, tomato, and wheat, having relevant agroeconomic value.
ROS levels were quantified by using two noninvasive assays, namely dichloro-dihydro-fluorescein
diacetate (DCFH-DA) and ferrous oxidation-xylenol orange (FOX-1). qRT-PCR was used to assess
the expression of genes encoding enzymes involved in ROS production (respiratory burst oxidase
homolog family, RBOH) and scavenging (catalase, superoxide dismutase, and peroxidases). The
correlation analyses between ROS levels and gene expression data suggest a possible use of these
indicators as noninvasive approaches to evaluate seed quality. These findings are relevant given
the centrality of seed quality for crop production and the potential of seed priming in sustainable
agricultural practices.

Keywords: DCFH-DA; FOX-1; gene expression; Glycine max; heat-shock; ROS; seed priming;
seed quality

1. Introduction

Seed quality can be defined based on the set of physical, genetic, and physiological
characteristics, as per the guidelines given by the International Seed Testing Association
(ISTA) [1]. Because seed quality affects germination, its evaluation has become increasingly
important for consumers and seed companies, as it constitutes a valuable tool to optimize
crop production, with practical and economic benefits [2]. This can be achieved through the
development of approaches aimed at determining seed quality in an efficient, noninvasive
manner [3]. The current standard approach to monitoring seed viability is mostly based on
germination tests which are time-consuming and destructive [4]. Research efforts dedicated
to improving seed viability testing are constantly performed, but so far no universal
approach has been developed.

Starting from the primordial state of development on the mother plant, seeds undergo
endogenous and exogenous stresses that may undermine cellular structures and functions.
As a consequence, reactive oxygen species (ROS) are produced during all phases of seed
development, from seed dehydration to storing and germination, posing different out-
comes on seed longevity and quality [5-7]. In addition to ROS, more recently reactive
nitrogen species (RNS) and especially nitric oxide (NO) have also been shown to carry
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essential functions in seed biology, from their intervention in the regulation of seed dor-
mancy, germination, and aging, to their possible use as seed pretreatments to increase seed
quality [8].

ROS production is a side effect of many metabolic pathways (e.g., mitochondrial and
plastid electron transport chains, peroxisomal reactions, lipid autooxidation) occurring both
under physiological and stress conditions [9-12]. Uncontrolled ROS accumulation causes
oxidative damage and compromises seed viability [13,14]. Aside from detrimental effects,
positive physiological functions of ROS were highlighted during the pre-germinative
metabolism, related to signaling, dormancy release, reservoir mobilization, and radi-
cle elongation [15-18]. Thus, ROS play a key role in the activation of pre-germinative
metabolism [16,17]. Accumulation of ROS in seeds has been well documented in multi-
ple species and at different developmental stages [19-21]. At the cellular level, several
components (e.g., mitochondria, peroxisomes, cell membrane, and apoplast) act as pre-
ferred production sites. The reactivation of metabolism during seed imbibition causes
an enhanced accumulation of ROS, generally resulting from electron leakage within the
mitochondrial electron transport chain [22]. Due to their dual nature, ROS must be kept
under stringent control by antioxidant defenses. If the balance between ROS production
and scavenging is lost, the seeds undergo oxidative stress which can induce seed death.
In this view, the presence and diffusion of ROS throughout the cell compartments are
spatially and temporally regulated to avoid damage [23,24]. Given the double nature of
ROS functions in seeds, the concept of an “oxidative window” of germination is used
to evidence this critical range in which ROS can play a positive role in seed metabolism
without being detrimental [6].

Fast and uniform seed germination and successful seedling establishment are high
priorities for enhancing crop yields. Technologies designed to improve germination per-
formance (generally known as seed priming) can contribute to building up dynamic and
sustainable agriculture practices [25-27]. Seed priming is the process of regulating seed
germination by managing a series of parameters during the initial stages of germina-
tion [28-30]. For instance, the so-called “on-farm” seed priming, a low-cost technique
consisting of soaking seeds in water before sowing, has led to 22% faster seed emergence
translated into a 21% yield increase, whereas under stress conditions the plants proved
to be more tolerant, gaining up to 22-28% in yield improvements [31]. The main effect of
priming is the activation of the metabolic processes triggered during the early phase of
germination, or the pre-germinative metabolism [16,27,28]. Although the success of seed
priming is strongly correlated to plant species, genotype, seed lot, and vigor, it has also
been proven to be effective in improving germination performances during environmental
constraints [28,29,32-34]. Among the different priming treatments, hydropriming (water
soaking with or without aeration) is especially useful in those agricultural areas where crop
cultivation is impaired by adverse climate conditions, and it does not require the use of
chemical substances [31,35-38]. Despite its simplicity, hydropriming has been reported to
improve germination performances (in terms of germination time, speed, and percentage)
in many species [35-41]. In the case of some practices (e.g., osmopriming, chemopriming),
several studies have indicated that these act by delaying water entrance into the seed and
thus may limit ROS oxidative injury [42—44], whereas in most cases priming acts at the
level of seed transition from dormancy toward full germination, touching processes like
the activation of DNA repair and antioxidant mechanisms, essential to obtain seeds with
improved quality (see comprehensive reviews [16,27,28]). When considering the antiox-
idant response, enhanced enzymatic activity or increased expression of genes encoding
antioxidant enzymes (e.g., SOD, APX, CAT, GR), were evidenced during seed germination
and priming treatments [45-48].

As seed priming is still an empirical procedure, hallmarks useful to monitor the seed
response to priming and to discriminate between high- and low-quality lots are necessary
to enable the development of efficient protocols [5,35-37]. Because ROS play a vital role in
seed dormancy and germination, measuring their levels can provide relevant information
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about seed viability under different conditions. ROS levels have been evaluated as a
possible indicator of overpriming seed performance in Medicago truncatula, showing that
their accumulation during dehydration positively correlates with the loss of desiccation
tolerance [49]. ROS levels were also used as a tool to monitor seed quality in Solanum
melongena, pinpointing that low-quality seed lots defined by low germination rates were
characterized by enhanced accumulation of ROS [35]. Additionally, in Pisum sativum,
accessions with low ROS levels were associated with long-lived seeds, which maintained
good germination profiles, whereas short-lived seeds were characterized by higher ROS
accumulation [50].

Despite recent advances, the thresholds at which ROS induces toxicity are unknown
and conditioned by many factors. Moreover, the necessity to avail of a palette of univer-
sal, cost-effective, and noninvasive tools or techniques to monitor seed quality, is highly
requested by seed technologists working in industry and seed banks. To this purpose,
the current study employed two different biochemical assays, namely dichloro-dihydro-
fluorescein diacetate (DCFH-DA) and ferrous oxidation-xylenol orange (FOX-1), to quantify
ROS levels in seeds subjected to contrastive treatments leading to enhanced (hydropriming)
or impaired (heat-shock) seed quality, in different plant species. These data were also inte-
grated with the expression profiles of genes encoding enzymes involved in ROS production
and scavenging.

2. Materials and Methods
2.1. Seed Materials and Treatments

Seeds of Glycine max (commercial variety, provided by Sipcam Oxon SpA, Milan, Italy),
Solanum lycopersicum (commercial variety, provided by ISI Sementi S.p.A., Fidenza, Italy),
and Triticum aestivum (commercial variety, provided by ITQB NOVA, Oeiras, Portugal)
were used. The seeds were collected from the respective providers and stored at 4 °C
until use.

Hydroprimng (HP) treatments were conducted in a species-specific manner, especially
regarding the time spent during the seed imbibition phase. For instance, in soybean seeds,
HP treatments were carried out for 2, 4, and 8 h of imbibition (Figure 1). Considering
the S. lycopersicum and T. aestivum systems, the HP treatments based on seed imbibition
in water were carried out at different intervals of time, namely 2 h, 8 h, 24 h for tomato,
and 2 h, 4 h, 6 h for wheat seeds. Subsequently, the seeds were air-dried overnight at
room temperature to perform the dry-back (DB) phase of the priming treatment. The
heat-shock (HS) treatment was carried out in an oven at 90 °C for 30 min for G. max and
T. aestivum, while S. lycopersicum seeds were kept in the oven for 3 h. Nontreated controls
(CTRL) consisting of dry seeds were also used in the experimental system. A schematic
representation of the experimental design representative for G. max treatments is given
in Figure 1.

2.2. Germination Parameters

For germination tests, treated /untreated seeds were monitored in parallel compatibly
with the guidelines provided by ISTA [1]. For this purpose, all germination tests were
performed in triplicate, where 20 seeds/replicate were placed in Petri dishes containing a
filter of blotting paper moistened with 2.5 mL water. All containers were kept in a growth
chamber at 25 °C under light conditions with a photon flux density of 150 pmol m~2 s, a
photoperiod of 16/8 h, and 70-80% relative humidity. Germination was assessed daily for
a period of three days for soybean, five days for wheat, and six days for tomato seeds.

At the end of the indicated periods, the following germination indices were calculated:
germinability (G), peak value (PV), mean germination time (MGT), mean germination rate
(MGR), coefficient of velocity (CVG), uncertainty index (U), and synchronicity index (Z) [51].
G is defined as the percentage (%) of germinated seeds at the end of the germination test.
PV is the highest ratio between the number of germinated seeds at a given time point
and the corresponding time, providing an indication of germination rates both in terms
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of percentage and speed. MGT calculates the average germination time, in which lower
MGT values indicate a faster germination. MGR is calculated as the reciprocal of MGT,
and it provides an estimation of germination frequency, in which higher MGT values
correspond to higher germination frequency. CVG is calculated as the MGR expressed
in percentage (%); hence it provides an estimation of germination frequency, in which
higher CVG values correspond to higher germination frequency. U is associated with the
distribution of germination during the germination test timespan, and higher U values
indicate lower synchronization and more dispersion. Z is relative to the synchrony of
germination during the experimental monitoring, in which higher Z values indicate high
degree of synchronization and lower dispersion in time [51]. The formulas used for the
calculation of these parameters is given in the Supplementary Table S1.

Hydropriming

) T I

3d CTRL
2h overnight 3d HP2
an overnight 3d HP4
Glycine ) -
o 8h overnight 3d 8
34 X Hs

No seedlin
Legend Imbibition Dry-back Heat-shock X developmfm

Figure 1. Example of the experimental system applied to Glycine max seeds. Imbibition steps are
indicated in blue, dry-back is indicated in yellow, and heat-shock is indicated in orange. CTRL,
non-treated control; HP2, hydropriming for 2 h; HP4, hydropriming for 4 h; HP8, hydro-priming for
8 h; HS, heat-shock.

Aside from the aforementioned germination parameters, seedling growth was bio-
metrically assessed. The seedling growth was monitored at the end of the experiment
by using Image] (https://imagej.nih.gov/ij/) software. To this purpose, at least five
seedlings/replicate were photographed and used to determine the seedling length (in
terms of roots and/or aerial parts).

2.3. DCFH-DA Assay

ROS levels were quantified in CTRL and HP, HS, and DB seeds. The assay was
carried out by using the fluorogenic dye 2,7-dichlorofluorescin diacetate (DCFH-DA;
Sigma-Aldrich, Milan, Italy). The dye is converted to a nonfluorescent molecule following
deacetylation mediated by esterases, and it is subsequently oxidized by ROS into the fluo-
rescent compound 2,7-dichlorofluorescein (DCF), which can be detected by fluorescence
spectroscopy with maximum excitation and emission spectra of 495 nm and 529 nm, re-
spectively. The assay was carried out as described by Pagano et al. [49], with the following
modifications. Seed samples were incubated for 30 min with 500 uL of 10 uM DCFH-DA
(for G. max and T. aestivum) and 70 pL of 50 uM DCFH-DA (for S. lycopersicum) or for
15 min. Subsequently, the fluorescence sensor (at 517 nm) of the Rotor-Gene 6000 PCR
apparatus (Corbett Robotics, Brisbane, Australia) was used, setting the program for one
cycle of 30 s at 25 °C. A sample containing only DCFH-DA was used as a negative technical
control to subtract the baseline fluorescence. Data were expressed as relative fluorescence
units (RFU).

2.4. FOX-1 Assay

Peroxyl radicals and hydrogen peroxide (H,O,) concentrations were quantified in
control and treated seeds at the indicated time points as presented in Section 2.1. The assay
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was carried out by using the reagent xylenol orange (Carlo Erba, Milan, Italy), which reacts
with Fe3* (derived from the oxidation of Fe?* induced by peroxyl radicals and H,O;) to give
a blue-violet complex with an absorption maximum at 560 nm. The working solution (FOX-
1 solution) was prepared as described by Bridi et al. [52]. A solution containing ammonium
ferrous (II) sulphate (NH4)2Fe(SO4)2-6H,0 25 mM (Merk’s Reagents, Darmstadt, Germany)
in H»SO4 0.25 M (Honeywell, Charlotte, NC, USA) was added to a Milli-Q water solution
containing Xylenol Orange 125 uM (Carlo Erba, Milan, Italy) and D-sorbitol 100 mM
(Duchefa Biochemie, Haarlem, The Netherlands) in a ratio of 1:100. The solutions were
mixed gently until the color became uniform. Seed samples were incubated in a sufficient
volume (1.5 mL for S. lycopersicum and 3 mL for T. aestivum and G. max) of FOX-1 working
solution to allow seeds complete immersion for 45 min. Five replicates of one seed each
were used per sample. Subsequently, 1 mL of medium was recovered from each sample and
the absorbance was determined at 560 nm by using a Biochrom WPA Biowave (Biochrom
Ltd., Cambridge, United Kingdom) spectrophotometer. A calibration curve (Figure S1) was
performed by using FOX-1 solution with different concentrations (0, 1.25, 2.50, 5 uM) of
H,0,, and data were represented as [ROOH] concentration values.

2.5. Quantitative Real-Time-Polymerase Chain Reaction (JRT-PCR)

Total RNA was isolated from G. max treated /untreated seeds by using TRIzol™
(Thermo Fisher Scientific, Monza, Italia), as indicated by the provider. Subsequently, a
DNase (Thermo Fisher Scientific) treatment was performed. RNA was quantified by using
NanoDrop (Biowave DNA, WPA, Thermo Fisher Scientific). Subsequently, cDNAs were
obtained by using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific)
according to the manufacturer’s suggestions.

The qRT-PCR reactions were performed with the Maxima SYBR Green qPCR Master
Mix (Thermo Fisher Scientific) according to the supplier’s indications, by using a CFX
Duet, Real-Time PCR System (BIO-RAD, Milano, Italy). Amplification conditions were
as follows: denaturation at 95 °C for 10 min, and 45 cycles of 95 °C for 15 s and 60 °C
for 60 s. Oligonucleotide sequences (Table S2) were designed by using Primer3Plus1
(https://primer3plus.com/) and verified with Oligo Analyzer.2 (https://eu.idtdna.com/
pages/tools/oligoanalyzer). Relative quantification was carried out by using the CYP
(peptidyl-prolyl cis-trans isomerase) and RP40S (ribosomal protein 40S) as reference
genes [53]. Raw fluorescence data provided by Software 1.7 (BIO-RAD) were used to
determine the threshold cycle number (Ct) values for each transcript quantification. Rel-
ative quantification of transcript accumulation was performed as described by Thomsen
et al. [54] by using the X method in which a conversion of the exponentially related Ct
values is introduced to arrive to linearly related values, representing the amount of starting
material in a qPCR reaction. All reactions were performed in triplicate.

The choice of investigated genes was based on in silico gene expression data mining
obtained from Arabidopsis thaliana and G. max orthologues, recovered from BAR ePLANT
(http:/ /bar.utoronto.ca/eplant_soybean/) [55] and Arabidopsis eFP browser (http:/ /bar.
utoronto.ca/efp/cgi-bin/efpWeb.cgi) [56], respectively. The selected genes encoding en-
zymes involved in ROS production and scavenging include superoxide dismutase (SOD1,
Phytozome accession No. Glyma.19G240400) manganese superoxide dismutase (MnSOD,
Phytozome accession No. Glyma.04G221300), catalase 1 (CAT1, Phytozome accession No.
Glyma.06G017900), catalase 5 (CAT5, Phytozome accession No. Glyma.17G261700), ascor-
bate peroxidase 2 (APX2, Phytozome accession No. Glyma.12G073100), respiratory burst
oxidase homolog E2 (RbohE2, Phytozome accession No. Glyma.08G005900), and respiratory
burst oxidase homolog C2 (RbohC2, Phytozome accession No. Glyma.06G162300).

2.6. Statistical Analyses

Germination data were analyzed with the Student t-test by using the Microsoft Excel
package using as threshold the p-value < 0.05 ("*’). Estimation of oxidative stress and
ROS data were analyzed by two-way ANOVA and Tuckey—Kramer test, where p < 0.05 is
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considered as significantly different, by using the software developed by Assaad et al. [57].
Letters were used to indicate significant differences among all samples. For correlation
analyses, Pearson’s correlation coefficient and the relative p-values were determined by
using MetaboAnalyst 5.0 (https:/ /www.metaboanalyst.ca/) [58]. The same software was
also used for principal component analysis (PCA) performed by using the germination
parameters and ROS detection data. The obtained “biplot” and “score plot” graphics show
how the different sample groups are clustered according to the results obtained in the
performed analyses.

3. Results
3.1. Hydropriming Improves Germination Performance in Multiple Species

Because hydropriming has been already proven to be effective in improving seed
germination potential [31,35-38], this initial part of the work was dedicated to select the
most appropriate time points of seed imbibition as this is generally dependent not only on
plant variety /genotype but also on the respective seed lots [28,36]. To test the efficiency of
hydropriming treatment in improving seed germination, we first focused on soybean, as it is
one of the most cultivated species that dominate global agriculture [59]. It has a sequenced
and well-annotated genome [60], with data present in several bioinformatics platforms
(e.g., Phytozome, BAR ePLANT). Due to the time-specific sensitivity of hydropriming
treatments, several imbibition time points were tested. Additionally, to develop a com-
petent experimental design, HS treatments were implemented to decrease seed quality
and germination were included along with the control (CTRL). The subsequent analyses
indicated that hydropriming resulted in a significantly enhanced germination percentage
(G%) compared to CTRL (Figure 2a) for all the tested treatments during the first two days
of monitoring. This improved G% was also translated into significantly enhanced root
growth when measured at the end of the experiment (after three days) (Figure 2b,c). Data
collected for other germination parameters (Table 1) confirm that HP improves germination
performance. Specifically for soybean, all the imposed HP treatments showed significant
differences compared to CTRL, in terms of PV, MGT, MGR, and CVG, whereas the U and Z
parameters were improved only with the HP4 treatment. This indicates that the best time
point at which to stop the priming treatment for this soybean commercial variety is after 4 h
of imbibition in water, a treatment that brings positive outcomes in terms of germination
percentage, speed, and uniformity. The HS treatment was highly damaging and no seed
germinated, showing that this can be used as a system to decrease seed quality.

Table 1. Germination parameters calculated for Glycine max. Statistical differences among treatments
and control are represented with asterisks (*), p < 0.05. Formulas and measure units for each parameter
are provided in the supplementary materials. PV, peak value; MGT, mean germination time; MGR,
mean germination rate; CVG coefficient of velocity; U, uncertainty index; Z, synchronicity index;
CTRL, nontreated control; HP2, hydropriming for 2 h; HP4, hydropriming for 4 h; HP8, hydropriming
for 8 h; HS, heat-shock.

CTRL HP2 HP4 HP8 HS
PV 6.67 = 0.76 11.67 + 0.58 * 14 £2.65* 14 £2* 0£0*
MGT 2.18 £0.09 1.41 £0.06* 122+012* 133 £017* nd.
MGR 0.46 & 0.02 071£0.03* 082£008* 0.76+£0.10* nd.
CVG 4589 +£187 7098 +276* 8224+784* 757+£995* nd.
19 1.28 £0.08 1.1£013 0.72+0.21* 1+0.34 0£0*
z 0.43 +0.02 0.48 +0.03 0.65+£0.13* 0.56 £+ 0.15 0+0*
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Figure 2. Evaluation of hydropriming efficiency in Glycine max seeds. (a) Germination percentage
(%). (b) Root length (cm). (c) Representative images of germinated soybean seedlings after three days
of treatments. Statistical differences among treatments and control are represented with asterisks (*).
p <0.05. CTRL, non-treated control; HP2, hydropriming for 2 h; HP4, hydropriming for 4 h; HPS8,
hydropriming for 8 h; HS, heat-shock.

To confirm that these treatments can be universally implemented for different plant
species and seed types, additional experiments were carried out by using S. lycopersicum
and T. aestivum seeds (Figures S2 and S3, Table S3). The gathered results show that HP2 and
HP8 treatments were efficient in improving germination and seedling growth in tomatoes,
whereas for wheat the only significant data regarded G% after one day of monitoring. The
results indicate that hydropriming treatments are efficient in boosting germination, but
the imbibition time points need to be tailored for each species/genotype/seed lots, as
evidenced in other cases [35-38].

3.2. ROS Profiles Are Influenced by the Applied Treatments

Once we have shown that the implemented experimental system can be used to boost
or damage seed quality (in terms of germination performance), the next set of analyses
was dedicated the evaluate different protocols to measure ROS levels. The two assays
hereby employed, namely DCFH-DA and FOX-1, have different targets and specificities.
Quantification based on the use of the DCFH-DA molecule measures the general oxidative
status [61]. In particular, in the absence of metal or enzymatic catalysts, the DCFH, molecule
(produced in the cells through the activity of esterases) is not able to react with some ROS
(e.g., 02", LOO~, HyO,) whereas it can react with oxygen and nitrogen radicals, including
-OH and peroxynitrites [61]. In contrast, the FOX-1 assay directly detects peroxidic radicals
(ROO") and in particular H,O, released in the medium whereas it has a low reactivity
towards other molecules [62,63].

Both assays were used to assess these different aspects of ROS accumulation or release
by using whole seeds. The gathered data show that the highest amount of oxidative
stress (Figure 3a) and peroxide radicals (Figure 3b) are registered in seeds treated with
HS. Moreover, the seeds subjected to HP treatments appeared to have the lowest levels of
measured ROS, using both the DCFH-DA and FOX-1 assays (Figure 3a,b).

To validate these results, the two assays were applied to the tomato and wheat seeds
following the same experimental approaches (Figure S4). Although the FOX-1 results
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maintained a similar pattern of ROS being released from the seeds (Figure S4b,d), the
DCFH-DA assay presented much more elevated levels of variability (Figure S4a,c).
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Figure 3. ROS detection in G. max seeds subjected to hydropriming and HS treatments. (a) Data
collected by using the DCFH-DA fluorimetry assay and represented as relative fluorescence units
(RFU). (b) Data collected from the FOX-1 assay through spectrophotometric measurements and
represented as [ROOH] concentration values. Statistically significant differences (p < 0.05) are
indicated by the occurrence of different letters. CTRL, non-treated control; HP2, hydropriming
imbibition for 2 h; HP4, hydropriming imbibition for 4 h; HP8, hydropriming imbibition for 8 h;
HP-DB, dry-back treatment following hydropriming imbibition; HS, heat-shock.

Subsequently, a PCA analysis was carried out to evidence how the different treatments
(CTRL, HP, and HS) are clustered according to the obtained data. The clustering of the
group of seeds subjected to the imposed treatments in G. max (Figure 4a) shows a distinct
grouping of the HP treatments compared to CTRL and HS.
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Figure 4. PCA using data gathered for the imposed treatments (CTRL, HP2, HP4, HP8, HS) for G.
max. (a) Score plot grouping of samples subjected to different treatments. (b) Biplot obtained with
data from germination tests (G, PV, MGT, Z, Rad) and ROS measurements (FOX-1, DCHF-DA) on the
clustering of the groups subjected to the different treatments. Because the data provided consisted in
triplicate values, the designation _1, _2, _3 in the plots refers to the replicate number.

According to the biplot generated by the PCA analysis (Figure 4b), the main contribu-
tors to this this clustering are the germination parameters. The CTRL samples clustered
separately from the groups subjected to HP and HS treatments, mainly due to the data
obtained from the FOX-1 and DCHF-DA analyzes. Finally, the separation of the HS group
is, according to the PCA analysis, mainly due to the values obtained for MGT as well as
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FOX1 and DCHF-DA (Figure 4b). Similar patterns of clusters were also obtained for tomato
and wheat (Figure S5).

3.3. ROS-Related Gene Expression Is Induced by Hydropriming Treatments

To better investigate ROS homeostasis in the proposed working system, gqRT-PCR
analyses were carried out to quantify the relative expression of genes encoding enzymes
involved in ROS scavenging and production. To select which genes would provide the
most relevant information, a preliminary in silico data mining approach was conducted
simultaneously for A. thaliana and G. max models. Data relative to multiple isoforms of
CAT, SOD, APX, and Rboh genes were comparatively examined during seed maturation in
soybean as well as during the early phases of seed germination in Arabidopsis (Figure S6).
This analysis showed that different isoforms of the studied genes are differently expressed
during soybean seed maturation with the highest expression being most prevalent for
14DAF (days after flowering), 21DAF, and 35DAF, whereas for Arabidopsis the majority
of genes are highly expressed at 48 h of seed imbibition/germination. Based on this
investigation, the following genes were selected to perform the qRT-PCR analyses during
soybean HP treatment: MnSOD, SOD1, CAT1, CAT5, APX2 as genes encoding enzymes
involved in ROS scavenging, and RbohE2, RbohC2 as genes encoding enzymes involved
in ROS production. Their expression levels were evaluated in soybean dry seeds (CTRL),
in seeds subjected to 4 h imbibition (HP4) as the most promising HP timepoint to boost
germination, as well as after dry-back (HP4DB) as the last phase of the HP treatment
(Figure 5). The gathered data revealed that all genes were significantly upregulated both
after seed imbibition (except for MnSOD) as well as after the dry-back treatments (except
for APX2), as compared with the CTRL samples. Interestingly, this trend was common
for genes encoding enzymes involved in ROS scavenging as well as ROS production
mechanisms. Nonetheless, the highest gene expression levels were registered for the two
CAT genes (ROS scavenging) whereas the lowest expression was observed for the Rboh
genes (ROS production), namely RbohE2 gene.

Subsequently, correlation analyses were performed between data obtained from the
ROS detection methods (DCFH-DA and FOX-1) and gene expression profiles (Figure 6). In
general, a negative correlation is observed between the gene expression and ROS levels.
For example, this is observed between the data obtained in the FOX-1 analysis and the
CAT1. RbohE2, APX2, and SOD1 expression levels. The same trend is observed for the
data obtained with the DCFH-DA analysis and the CAT1, CAT5, RbohE2, APX2, and SOD1
relative expression. In contrast, positive correlations are generally observed between the
gene expression data, namely for CAT1, CATS5, and APX2 compared to SOD1. Furthermore,
it is interesting to note that the RbohE2 (gene responsible for the production of ROS in
seed) expression levels also showed a positive correlation with the expression levels of all
the genes responsible for ROS removal (MnSOD, SOD1, CAT1, CATS, APX2). A similar
trend is observed also for RbohC2. Finally, significantly positive correlations are observed
between the ROS levels measured through the FOX-1 assay (in terms of peroxide species
concentration) and the DCFH-DA (in terms of oxidative stress levels) assay.
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Figure 5. Relative expression of genes encoding enzymes involved in ROS scavenging and production
mechanisms in G. max seeds subjected to hydropriming treatments. (a) Superoxide dismutases,
MnSOD and SOD1. (b) Catalases, CAT1 and CATS. (c) Ascorbate peroxidase APX2. (d) Respiratory
burst oxidase homologs, RbohE2 and RbohC2. Statistically significant differences obtained by using
the Student t-test (p < 0.05) are indicated with an asterisk (*). CTRL, untreated seeds; HP4, seeds
soaked for four hours in water; HP4DB, seeds soaked for four hours and subjected to the desiccation
required by hydropriming protocols.
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Figure 6. Pearson correlation indices calculated for G. max hydroprimed seeds taking into considera-
tion the biochemical assays for ROS quantification (FOX-1 and DCFH-DA) and the ROS homeostasis
gene (CAT1, APX2, CAT5, MnSOD, SOD1, RbohE2, RbohC2) expression levels. The blue color indicates
negative correlations whereas red indicates positive correlations. Statistically significant correlations
(p <0.05) are indicated by an asterisk (*).
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4. Discussion

Currently, standard germination tests approved by ISTA represent the main methods
that allow the observation of seed behavior in the postsowing phase [1,64]. The most com-
mon methods for seed quality establishment are invasive and do not allow the continued
evaluation of seeds over time. Among the invasive techniques, aside from germination
tests, the evaluation of moister content [65,66], tetrazolium test [67,68], and accelerated
aging systems [69,70] are also used often. Most of these chemical and physical techniques
exhibit a good accuracy and reliability but also present certain limitations, such as high
cost, health hazards, lengthy duration, and high operator requirements [2]. These meth-
ods also raise problems related to the direct use of seeds and the time required to obtain
relevant information. The development of new techniques and procedures by which to
analyze seed characteristics is driven by the need to overcome these drawbacks. Therefore,
several nondestructive methodologies have been developed, many of them being based on
the use of different imaging techniques supported by computer vision to rapidly collect
and interpret high-resolution images [3,71-73]. These include thermal imaging [74,75],
X-rays [76-78], and spectroscopic techniques such as near-infrared spectroscopy (NIRS)
technologies [5,79-81], Raman spectroscopy [3,82,83], or hyperspectral imaging [83,84].
Although these noninvasive methods represent a faster, deeper, and more precise way to
retrieve important information for the evaluation of seed quality, the associated costs, and
the required expertise are still prohibitive for large-scale screening of seed lots. Therefore,
there is still the need to expand the palette of methods by which to reduce their costs or to
promote the development of other cost-effective and sustainable methods.

Given these premises, the current study proposes two biochemical assays that can
be employed to detect the levels of ROS as a proxy of seed quality. Why focus on ROS?
Because, as already indicated, these are essential molecules with well-proven roles in seed
dormancy and germination [5-7,23,24], relevant processes in the context of seed vigor and
seed quality assessment. To prove that the proposed assays can be adopted as methods to
test seed quality, we have first developed appropriate materials by applying treatments
meant to boost (hydropriming) or inhibit (heat-shock) seed germination. We have adopted
soybean as a reference species in this study because of its high agroeconomic relevance
as well as possible model legume and availability of database resources [59,60]. However,
to show that these approaches can be universally applied, we have extended the study to
other relevant crops like tomato and wheat, hence covering seed morphological diversity.
Indeed, our results show that hydropriming improved germination performance but this is
conditioned by the soaking time. On the other hand, the HS treatments imposed in this
study suppressed seed germination.

Having defined the experimental systems, the following step consisted of evaluat-
ing ROS levels and comparing the two proposed approaches. Interestingly, even if the
DCFH-DA and FOX-1 assays relatively measure different components, namely oxidative
status and H,O, released radicals respectively, in the case of soybean the results obtained
follow the same pattern: higher levels of ROS in HS and CTRL and low levels during the
HP treatments. For the FOX-1 assay, this trend is also maintained in the other investigated
species, whereas the DCFH-DA results were much more variable. This may be due to the
different types of measurement techniques; on the one hand, the use of a fluorimeter with
extracting the baseline fluorescence levels, and, on the other hand, the use of spectrophoto-
metric readings plotted to a standard curve. Moreover, the DCFH-DA assay is generally
used to quantify intracellular ROS levels [85-87], whereas FOX-1 is used for measuring the
release of specific ROS in the surrounding environment [52,88,89]. The DCFH is usually
oxidized to the fluorescent product DCF by multiple reactive species, and thus it is not
specific for a particular ROS [90,91]. In addition, other limitations include the fact that
DCFH is not oxidized directly by H,O,, but only after its conversion to more reactive
species, and this oxidation is also sensitive to O, levels, light, and pH. Consequently, sev-
eral studies have indicated that the observed fluorescence may not be proportional with the
accumulation of ROS [92,93]. By contrast, FOX-1 is generally used in an acidic environment,

153



Publications

Antioxidants 2023, 12, 626

12 0f 17

and it relies on the oxidation of Fe?* to Fe>* [94]. In this case, hydroperoxides oxidize the
ferrous ion to ferric ion, subsequently treated with the XO reagent to generate a ferric-XO
complex, resulting in a blue-purple color readable at 550-560 nm [95]. This approach has
received much attention not only because of its low cost but also because it is not affected
by environmental conditions (e.g., Oy, light) [96].

To show that the applied methods are noninvasive, we have monitored the germination
percentage of seeds imbibed in the DCFH-DA and FOX-1 reagents for 15 and 30 min,
respectively, and no significative differences were observed between CTRL and imbibed
seeds (Figure S7).

Lastly, to prove that the ROS turnover is influenced within the proposed system, a qRT-
PCR approach was adopted to monitor the expression of genes encoding enzymes involved
in both ROS production (RbohE2, RbohC2) and scavenging (MnSOD, SOD1, CAT1, CAT5,
APX2). The scientific literature is rich in studies evidencing that seed priming treatments
result in differential expression of a myriad of antioxidant genes [35-37,45,46,97,98]. And
indeed, the observed upregulation of the selected genes is in agreement with the cited
data. The upregulation of both ROS production and scavenging genes indicates active
ROS turnover; thus while ROS are being produced the antioxidant systems are being
activated. Additionally, a correlation analysis was carried out between the measured ROS
through the two assays and the levels of expression of the investigated genes. The positive
correlations observed between the DCHF-DA and FOX-1 data in the case of soybean
seeds indicate that the different types of ROS detected by the two assays display a similar
accumulation pattern. By contrast, during seed priming the expression of genes involved
in ROS turnover increases while the observed levels of measured ROS decrease. This is
statistically reinforced by the recurrent negative correlations observed between the ROS
patterns and gene expression levels. This can be thus interpreted as an indication of the
efficiency of the antioxidant response in reducing ROS accumulation.

The noninvasiveness and relative rapidity of the proposed assays can have promising
outcomes in multiple experimental and applicative contexts. For instance, from an experi-
mental point of view, these can be used to track the kinetics of ROS dynamics for individual
seeds, providing a time-lapse to monitor the progression of priming protocols or the activa-
tion of the seed pre-germinative metabolism within the “oxidative window” [6]. For the
applicative side, whenever seed materials are scarce these assays may allow the evaluation
of the quality of a seed lot without losing valuable material. This can be applied to seed
bank accessions and elite breeding materials with important implications on biodiversity
preservation in crops and wild species.

5. Conclusions

The current study proposes two noninvasive, rapid, cost-effective, and potentially
universal techniques by which to measure ROS production in seeds as a proxy of seed
quality evaluation. Although the DCFH-DA assay is more variable and subjected to certain
limitations in terms of types of measured ROS and interaction with surrounding factors,
the FOX-1 approach appears to be more reliable when applied to different types of seeds.
Additional proof of the accuracy of the investigated methods is provided through the
correlation analysis performed, taking into consideration the measured ROS levels and
the expression of genes involved in ROS turnover. To further validate the obtained data,
the methods could be subsequently applied to other species, varieties/genotypes, seed
types, and experimental conditions, such as different seed lots collected from diverse
environments, seed storage conditions, seed aging protocols, and damaging or beneficial
treatments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12030626/s1. Table S1: Germination parameters formulas;
Table S2: List of oligonucleotides sequences used for the qRT-PCR analysis; Table S3: Germination pa-
rameters calculated for S. Iycopersicum, and T. aestivum; Figure S1: FOX-1 calibration curve; Figure S2:
Representative images of S. lycopersicum and T. aestivum HP germinated seedlings. Figure S3: Evalua-
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tion of HP efficiency in tomato and wheat seeds; Figure S4: ROS detection in S. lycopersicum and T.
aestivum seeds subjected to HP and HS treatments; Figure S5: PCA analysis for wheat and tomato;
Figure S6: Gene expression heatmaps in seeds of G. max and A. thaliana; Figure S7: Germination
percentage (G%) for soybean, tomato and wheat seeds imbibed in DCFH-DA and FOX-1.
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Non-invasive methods to assess
seed quality based on ultra-weak
photon emission and delayed
luminescence

Adriano Griffo'?, Stefanie Sehmisch?, Frédéric Laager?, Andrea Pagano?, Alma Balestrazzi?,
Anca Macovei'™” & Andreas Borner?™!

Seed quality is the set of physical, genetic, and physiological characteristics, reflecting the overall
germination potential. Maintaining an optimal seed quality is essential for agriculture and seed banks
to preserve genetic diversity. Compared to conventional methods (e.g., germination tests), non-
invasive approaches allow a more sustainable and rapid evaluation of seed quality but this is limited
by high costs. The measurement of ultra-weak photon emission (UPE) and delayed fluorescence (DL),
defined as biological phenomena potentially related to the physiological status of living systems,

may represent a suitable approach to estimate seed quality. To test this hypothesis, seeds of five
agriculturally relevant legume species (Phaseolus vulgaris L., Lathyrus sativus L., Cicer arietinum L.,
Pisum sativum L., and Vicia faba L.), stored at different conditions (room temperature or -18 °C) for
several years, were analysed using a LIANA® prototype to collect data regarding DL and UPE occurring
after UV excitation. The obtained data were integrated with germination parameters which underline
species-specific behaviours in response to storage conditions. The prediction models show variable
efficiency in classifying seeds based on germination which underline species-dependent links between
photon emission and seed quality. Therefore, these measurements represent novel, non-invasive, and
rapid approaches to evaluate seed quality.

Keywords Delayed luminescence, Leguminosae, Machine learning, Non-invasive assessment, Seed quality,
Ultra-weak photon emission

Seed quality is the set of genetic, physiological, and physical features of seeds (https://www.seedtest.org/). Since
seed quality reflects the overall germination potential and influences crop production, its evaluation is crucial
for seed companies and consumers to both optimize economic profits and increase the final crop yield'. Crop
production must be increased to meet the ZERO HUNGER target relative to the Sustainable Developmental Goal
SDG#2 of the 2030 UN Agenda for Sustainable Development (https://www.un.org/sustainabledevelopment/).
In a scenario where crop production must be sustainably enhanced, novel methods to assess seed quality can
substantially increase the availability of high-quality seeds, with a positive effect on agriculture costs and food
production.

Monitoring seed quality is very important for many stakeholders, including germplasm banks, breeders,
agronomists, seed companies and consumers'. The use of high-quality seeds is a proxy of the seed market, which
translates into a continuous increase in the commercial seed market trends (Seeds Global Market Report 2024)?.
Several methods are available for seed quality testing. Conventional germination, electrical conductivity, seedling
growth, triphenyltetrazolium chloride (TTC) test, and accelerated ageing are approved by the International
Seed Testing Association (ISTA) and constitute the most used approaches so far*-. However, these methods
have some considerable limitations, including invasiveness, extensive amount of test work required, long test
periods, low accuracy and operators biases'. To efficiently measure seed quality and avoid the waste of resources,
novel methods to assess it and subsequent quality attributes are necessary and highly sought. To this purpose,
non-invasive optical techniques, including machine vision®’, NIR (Near InfraRed), Raman spectroscopies®’,
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thermal, X-ray, and hyperspectral imaging'*~'?, have been developed and applied to test seed quality. Despite
their advantages in gaining high-throughput information in a rapid, non-invasive, and accurate manner, the
high cost and the complexity of these technologies limit their large-scale use'*. So far, no universal approach has
been developed to assess seed quality in a rapid, accurate, economic, and non-destructive manner. Therefore, the
search for such methods is still highly required and requested.

Ultra-weak photon emission (UPE) is defined as the luminescence generated from the production of
electronically excited species produced from the oxidative processes'®. Since oxidative reactions are solely
responsible for the spontaneous generation of photons, this phenomenon potentially occurs in living cells of all
organisms, from bacteria to animals'®. Although the origin and the nature of the electronically excited species
are partially unknown and very complex, Cilento and Adam'® described the concept of electronic excitation
and the electronic configuration of molecules on the ground state T, the singlet state S, and the triplet state
T,, which stand at the basis of this process. The transition of electrons that occurs in common oxidation and
reduction reactions results in the transition of the molecule into different energy states (T, S|, T,) due to the
different energy of the electrons exchanged. Photon release marks the transition of a molecule from an excited
state (S, or T)) to the starting state T;'>'¢. Most of the pathways that generate electronically excited species
involve radical species as well as oxygen molecules for the electronic transition'®, confirming the importance of
ROS (reactive oxygen species) in this process. UPE can be spontaneous, where the release of photons during the
oxidative processes happens without any external stressors or stimuli, or it can be induced by stress and oxidative
factors that promote oxidative reactions'>!”. Another phenomenon related to UPE is Delayed Luminescence
(DL), defined as the long-term afterglow of biological systems after illumination'®. The DL general trend is
characterized by an initial peak of intensity (in terms of the number of photons released per time) followed by
a rapid decay. DL can occur for seconds or milliseconds, depending on the time of the inductor and the used
system'.

In recent years, the possible link between UPE, DL, and the physiological state of biological systems has
gained more interest from the scientific community. Because UPE and DL are generated from oxidative processes
occurring during metabolic reactions, it is connected with ROS production-?*, molecules involved in many
biological processes?*, including seed quality and germination?. UPE and DL have been successfully applied to
evaluate food quality?®. Similarly, these phenomena have been linked to germination, pointing to a connection
between the physiological state and photon release?”?%. In the context of seed evaluation, DL has been applied
to detect additional features like water content® and viability*’. Although, these initial reports provide insights
into the UPE and DL application in seed biology, the complex features of the phenomena and their implications,
require further investigation. Therefore, the aim of this study was to assess the use of UPE and DL as tools to
predict seed quality taking into consideration multiple legume species and accessions. Germination performance
was evaluated in five legume species (Phaseolus vulgaris L., Lathyrus sativus L., Cicer arietinum L., Pisum sativum
L., and Vicia faba L.), using seeds stored at different conditions (room temperature or -18 °C) for more than
ten years. The study has focused on legumes as these are economically important crops characterized by high
nutrient content and have important agronomic applications given their symbiosis with nitrogen-fixing bacteria.
The species with the highest number of accessions available at the IPK genebank collection were selected to take
into account intraspecific variability. UPE and DL occurring after UV excitation were collected using a LIANA®
prototype and the generated data were integrated with the germination parameters using machine learning
algorithms to generate prediction models to estimate seed quality in a non-invasive manner.

Results

Development of an experimental system for UPE and DL data collection

The experimental system proposed in this study is based on using seeds stored at different conditions: a seed
bank optimal storage conditions at -18°C (hereby defined as Cold) and an ambient room temperature (22-24
°C) storage (hereby defined as Ambient). The investigated legume species (P. vulgaris, L. sativus, C. arietinum,
P sativum, V. faba) and multiple accessions were stored for more than ten years under Ambient and Cold
conditions prior to use. Information describing the species and accessions, including time of harvest, years of
storage, and origin, are provided in Supplementary Tables S1-S5. Figure 1 depicts the experimental model along
with the analyses carried out to obtain the final dataset for the predictive models developed through machine
learning approach. Seed samples were used to detect UPE and DL and subsequently germinated to assess a set of
indices indicative of seed quality. To develop the predictive models, seed samples were classified into two groups
(optimal, non-optimal) based on the germination percentage, where optimal germination ranges between 80
and 100% while below 80% is considered as non-optimal.

Germination performance under different storage conditions

Germination tests were performed to estimate the effect of storage conditions on germination performances on
each of the investigates species and selected accession. Given the high amount of data, the values (mean +st.
dev.) of germination percentage (G%), mean germination time (MGT), synchronicity index (Z), root and shoot
length are provided for each species/accession in the Supplementary dataset. For the overall representation of
these data, a principal component analysis (PCA) was performed (Fig. 2). The data depicts two scenarios; first,
represented by C. arietinum (CIC) and V. faba (FAB), where there is a distinct clustering between the Ambient
and Cold groups, and second, represented by P. vulgaris (PHA), L. sativus (LAT), and P. sativum (PIS) where the
two clusters are overlapping. For CIC and FAB, the majority of accessions stored under cold conditions present
an optimal G% (80-100%) while storage at room temperature resulted in reduced G% below 80% (e.g., 53-7%
in CIC648 and CIC702; 76-0% in FAB129 and FAB6975, see Supplementary dataset). For the second scenario,
multiple seed samples stored under Ambient conditions show optimal values of G%, therefore the distinction
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Fig. 1. Schematic representation of the experimental system. Multiple accessions of seeds of five legume
species stored at room temperature (Ambient) or -18 °C (Cold) for more than ten years were ordered in
different biological replicates (R) based on their size. The replicates were analyzed with the LIANA® light
analyzer and subsequently used for germination test, following the ISTA rules for each species. At the end of
the germination test, several indices (G%, Z, MGT, root and shoot length) were calculated and the germination
percentage data was integrated into the extracted CSV file containing the UPE and DL data for the same
replicates. The complete datasets were independently used for the development of machine learning models for
germination prediction using RapidMiner’ software.

between Ambient and Cold is less pronounced. Among the PIS accession, 38 samples present germination above
80% while 6 samples are classified in the group below 80%. For the PHA accessions, 33 have optimal germination
while the remaining 11 present non-optimal germination. Lastly, LAT is divided into 13 accessions with optimal
germination and 11 accessions with non-optimal performance (Supplementary dataset). The remaining
germination indices follow a similar pattern as G% in the different species, accessions, and storage conditions,
thus supporting the divergent PCA clustering.

To evaluate the degree of correlation between the different germination indices, the Pearson coefficient r
was calculated and graphically represented in Fig. 3. Similar trends of correlations are observed among all the
investigated species. MGT is negatively correlated with all the other parameters which are positively correlated
to each other. This suggests that seeds with optimal germination percentage are also characterized by high speed
and synchrony, in addition to enhanced seedling growth.

This first step of the study allowed to characterize a system with different germinative performances that can
be used to test novel methods dedicated to predict seed viability in a non-invasive manner.

Analysis of photon counts in correlation with germination percentage

The LIANA® prototype, used in this study for UPE and DL detection, collects 1334 parameters reflecting the
entire photon release phenomena. The prototype includes seven sensors (photomultiplier tubes, PMTs) that allow
the detection of photons at different wavelengths (see Methods paragraph UPE and DL detection). An example
of a time course of phonon emission curve is shown in Fig. 4a. The “RAW_DATA” parameter corresponds to
the total of photon counted for each sensor while “R_A_O_P” corresponds to the corrected value of photons,
obtained by subtracting the photon courted during dark count and by multiplying to correction factors. The
values of “RAW_DATA” and “R_A_O_P” are provided in the Supplementary dataset for each sensor per species.
To investigate if the values of photon counts (in terms of “RAW_DATA” and “R_A_O_P” for each sensor) can be
related to G%, a correlation analysis was performed (Fig. 4b). Significant negative correlations can be observed
for the following parameters: RAW_DATA sensors 3, 4,5, 7, and R_A_O_P sensors 1, 2, 5, 7. Among these, data
from “R_A_O_P sensor 17, showing the most relevant correlation value (dark blue in Fig. 4b), was used to plot
photon counts for each accession in relation to germination (Fig. $1). To generate these plots taking account of
the Amb and Cold groups, fold-change (FC, Amb/Cold) values were used for both parameters. Among species
and accessions, the ratio of photon counts is heterogeneous; however, a higher number of accessions show FC
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Fig. 2. PCA score plots generated using the germination data, and LIANA®© parameters gathered from seeds
stored at Ambient (red) and Cold (greed) storage conditions. (a) Cicer arietinum (CIC). (b) Lathyrus sativus
(LAT). (c) Phaseolus vulgaris (PHA). (d) Pisum sativum (PIS). (e) Vicia faba (FAB).
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Fig. 3. Pearson correlation analysis based on using (G%), mean germination time (MGT), synchronicity index
(Z), root and shoot length. (a) Cicer arietinum (CIC). (b) Lathyrus sativus (LAT). (c) Phaseolus vulgaris (PHA).
(d) Pisum sativum (P1S). (e) Vicia faba (FAB). Statistically significant correlations are indicates with an asterisk
(*p<0.05).

values below 1, reflecting a lower emission of photons from Amb groups. Despite this trend, the FC values
regarding G% do not indicate a precise trend between these parameters. Overall, this indicates that considering
only the photon counts does not explain the complete UPE and DL phenomena and their possible link with
germination performance. Given the high number of parameters provided by the prototype, it is therefore highly
required to use more complex data analysis systems, such as machine learning.
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Fig. 4. Photon count determination. (a) Example of a time course of phonon emission curve as provided by
the integrated software of LIANA® prototype. (b) Pearson correlation table of LIANA® parameters indicating
the photon counted (raw and corrected) through each sensor (1-7) with the percentage of germination (G%),
using the data of all the tested species. Statistically significant correlations are indicated by asterisks (*p <0.05;
**p<0.01;***p <0.001). R_A_O_P, real amount of photons, obtained by subtracting the photons counted
before and after the time and by multiplying by correction factors, which consider the position
of the PMTS, the filter used, and the overlapping of wavelengths with other PMTs; RAW_DATA, initial photon
counts not corrected.
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Fig. 5. Percentage (%) of accuracy for the prediction models developed using the RapidMiner software based
on germination data. Validation was performed using the “cross-validation” operator (number of folds=10).
CIC, C. arietinum; LAT, L. sativus; PHA, P. vulgaris; FAB, V. faba; PIS, P. sativum.

Application of predictive models for seed classification

Using the UPE/DL data provided by the prototype and the germination performance classification, a predictive
model was formulated. To train the models, the samples (records) were classified into two quality classes ranging
from optimal (80-100%) and non- optlmal (< 80%) germmatlon The 80% threshold was selected based on
previous studies on genebank accessions dedi d how long seeds can retain their viability over
extended periods of uncontrolled temperature or non-optimal conditions®'. Figure 5 shows the accuracies of
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AUC Sensitivity (%) Specificity (%) Positive Negative
predictive predictive
value (PPV) (%) value (NPV) (%)

cic 0.814 +0.062 55.94% +11.56%  85.94% +5.89%  76.34% +7.88%  71.10% = 5.22%
FAB 0.826 +0.048 83.04% £ 5.72% 58.32% + 9.62% 77.51% £ 4.33% 67.00% = 9.61%
LAT 0.963 +0.022 92.67% +6.05%  78.74% = 11.85%  85.80% * 6.52% 89.87% = 7.33%
PHA 0.876 = 0.054 98.34% = 1.17% 58.79% * 6.02% 89.58% * 1.30% 91.17% = 5.80%
PIS 0.922 +0.035 100.00% +0.00%  15.83% = 11.42%  90.18% + 1.21% 100.00% + 0%

LEGUMES 0.824 £0.028 98.57% = 0.76% 22.87% = 3.23% 74.22% £ 0.77% 87.93% = 5.81%

TP true positive, 7N true negative, FN false negative, FP false positive, 7PR true
positive rate, FPR false positive rate. Area under the curve (AUC) =
fxl=0 TPR(FPR™!(x))dx, Sensitivity=TP/(TP +FN). Specificity=TN/(TN +FP), Positive
predictive value (PPV) = TP/(TP + FP). Negative predictive value (NPV) =TN/(FN + TN).

Table 1. Predictive performance of learning models obtained after cross-validation.
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Fig. 6. MetaCost operator utilization on CIC learning model. (a) Structure of the cross-validation operator,
including the MetaCost operator into the Training subprocess and the Random Forest classifier, included into
the MetaCost operator. (b) Histograms showing the classification parameter percentages (Accuracy, AUC,
sensitivity, and specificity) calculated on the CIC predictive model with (Balanced, light blue) and without (No
Balancing, dark blue) MetaCost operator.

the prediction models. The models developed for the single species datasets (CIC, LAT, PHA, PIS, FAB) indicate
different accuracy values. Models developed using V. faba and C. arietinum datasets presented a moderate
accuracy (73.96% and 72.5%, respectively), while the accuracy of the other species reached higher values (above
85%). Subsequently, to uniformize these data, the dataset “Legumes” was obtained by unifying the collections
of data from the single species with the operator “append” of RapidMiner software. This operator merges two
or more datasets with the same attributes building a new combined set. The accuracy of the prediction model
developed with the “Legumes” dataset is around 75.29% (Fig. 5), indicating a good prediction efficiency. Table 1
presents other classification metrics that describe the overall efficiency of predictive models. While positive
predictive value (PPT) and negative predictive values (NPT) follow the trend exhibited by the accuracy parameter,
sensitivity and specificity percentages reflect a critical issue in classifying seed samples in the appropriate group
in most models. In particular, the model developed from the PIS dataset registers the lowest value of specificity
(approximately 15.83%). One potential solution is represented by the MetaCost operator of RapidMiner, which
makes the prediction cost-sensitive by utilizing a specified cost matrix (configured by the operator)*>*. In the
learning model depicted in Fig. 6a, the MetaCost operator was used as trial to improve the sensitivity value of
the predictive model developed from the CIC dataset (55.91%, Table 1), configuring a cost matrix that assigns
a cost of 5 and 4 to false negatives and false positives, respectively. The results are presented in Fig. 6b, which
shows the main classification parameters of the model with (Balanced) and without (No Balancing) MetaCost
operator. The histogram illustrates a notable improvement of the sensitivity, which was the objective of MetaCost
operator utilization. However, this improvement is balanced by a reduction in specificity, while the accuracy and
the AUC values exhibited a slight impact from the optimization process. In general, the application of machine
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learning allowed a more efficient and a complete handling of the parameters provided by the LIANA® prototype
to estimate seed quality.

Discussion

The need to develop novel, non-invasive, easy-to-use, and economic methods for seed quality assessment was
the driving force of this work, which proposes the use of UPE and DL as novel tools to evaluate seed quality.
To maximize the number of samples with a wider range of germination percentages, this method was tested
in a system composed of seeds stored for more than ten years at different conditions (Ambient and Cold) and
characterized from the point of view of germination behaviour and photon emission. Following classification
in quality classes (optimal, non-optimal), the generated data were used to build prediction models to test the
relation between photon emission and seed quality. To our knowledge, currently there is no study that evaluated
the UPE and DL phenomena taking into consideration different species and different accessions of the same
species. The LIANA® prototype is easy-to-use, fully automated, allowing rapid measurements for diverse
purposes covering different surface measurements, while it was not specifically design for seeds. Although the
prototype can be further optimized for more accurate analyses on seeds, the costs of its use relate mainly to
covering electricity and licensing of the software.

When considering seed germination, several studies performed in legumes®, as well as other species®, has
evidenced differences in G% between storage conditions. In the scenario reflected from the data obtained from
pea, beans and lathyrus, the distinction between ambient and cold is less pronounced. The data collected from
P sativum can be given as an example from this group. In this case, is appears that seeds stored at both ambient
and cold conditions are able to maintain seed germinability in several accessions. A recent study reported similar
results in ten varieties of soybeans stored at cold and room temperatures*. Other studies showed that pea seeds
stored under ambient conditions retained their viability for more than twenty years*.. In addition, Giannella
et al.*® reported different germination performance when analysing eight accessions from which one proved
to maintain prolonged seed longevity also at room temperature. This accession was characterized by low levels
of ROS and increased antioxidant activity and genome stability. Different germination performances between
varieties may be explained by other aspects, such as genetic variability that influences plant hormone signalling
and other processes related to seed germination®’.

When considering the results of the machine learning models, these exhibit variable results which can be
grouped in two scenarios. The models developed from the datasets CIC and FAB exhibit a moderate efficiency
in classifying seed samples appropriately, while the processes obtained from the remaining datasets show high
performances. Several factors can affect the quality of prediction and explain the differences in accuracy between
the different types of models. For instance, the size of dataset is a crucial issue for machine learning: an optimal
training process require an appropriate number of examples representing a wide variety of conditions**. The
choice of the classifier substantially affects the efficiency of the model. In this study, the predictive models are
based on a Random Forest classifier, an ensemble approach widely used for classification tasks that allow the
optimization of accuracy and prevent from overfitting of the models®. However, an efficient data cleaning
phase is important for optimizing the efficiency of the predictive models since the presence of outliers can
interfere with the classification®’. A cost-sensitive classification with the MetaCost operator of RapidMiner has
been demonstrated to enhance sensitivity, improving the efficiency of prediction. Thus, this approach may be
employed with other models to enhance the balancing of error rates between optimal and non-optimal classes.
Apart from the technical aspects related to machine learning, the obtained results support the use of UPE and
DL phenomena to estimate seed quality. This is in agreement with other publications indicating that DL and
UPE measurements can be used to assess seed viability*””. In addition, the results obtained from the single
datasets may suggest the hypothesis of a species-dependent photon emission.

To conclude, seed quality evaluation is a complex aspect since different features (genetic, physiological, and
physical factors) are involved in its determination'®. UPE and DL have been previously correlated to oxidative
stress?!, water content?, and seeds vigour?, therefore this can be envisioned an accurate method to assess seed
quality. The data collected in this work suggests a complex scenario, in which intrinsic seed characteristics of
different species may play an important role in the link between seed quality and photon emission. Despite its
potential, UPE and DL phenomena require further in-depth characterization to understand their biological
relevance in the seed context. The use of machine learning allows to bypass some of the drawbacks related
to the lack information about UPE and DL, enabling more accurate prediction of a specific outcome, while
contributing to a better understanding of these phenomena.

Methods

Seed materials and storage

Seeds of five legume species, namely bean (Phaseolus vulgaris L.), faba bean (Vicia faba L.), pea (Pisum sativum
L.), grass pea (Lathyrus sativus L.), and chickpea (Cicer arietinum L.), were originated from the genebank
collection of the Leibniz-Institute of Plant Genetics and Crop Plant Research (IPK, Gatersleben, Germany) where
the material was regenerated under field conditions. Harvest of the seeds was made by hand. After threshing and
cleaning the seeds were placed in a drying chamber at a temperature of 22+2 °C and a relative humidity of
11+ 3% for four weeks. Afterwards the material was divided and transferred either to the cold chamber of the
genebank (Cold, sealed glass chars, silica gel on top of the seeds, -18 °C+2 °C) or to an ambient storage room
(Amb, paper bags, 20 °C+2 °C, 50% =+ 3% RH).

For each species, 200 seeds per accession were used in the present work. These were divided into distinct
seed samples (biological replicates) based on seed size; for L. sativus accessions, four replicates of 50 seeds each;
for C. arietinum and P. sativum accessions, five replicates of 40 seeds each; for P. vulgaris and V. faba accessions,
eight replicates of 25 seeds each. Different number of accessions per species were used as follows: 22 accession
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for P. vulgaris, P. sativum, and C. arietinum, 12 accession for L. sativus, and 11 accessions for V. faba. The time of
storage was selected based on previous seed bank analyses carried out to identify the most suitable conditions
where contrastive germination performance could be observed®!. The accessions used here were collected at
different harvest years: 2010 for L. sativus and P. sativum, 2012 for P. vulgaris, and 2013 for V. faba and C.
arietinum.

Germination parameters

Germination tests were performed following the guidelines provided by ISTA (International Rules for Seed
Testing (https://www.seedtest.org/) with some modifications. The conditions for each species/accession were
as follows: for P. vulgaris, and C. arietinum seed were germinated at 25 °C for 8 days; for P. sativum seed were
germinated at 20 °C for 8 days; for V. faba and L. sativus seed were germinated at 20 °C for 10 days. For V. faba,
seeds were maintained at 4 °C for 7 days before starting the germination test. Seeds stored at Amb and Cold
conditions were monitored in parallel. Different groups of seeds (L. sativus, 4 replicates of 50 seeds/replicate;
P sativum and C. arietinum, 5 replicates of 40 seeds/replicate; V. faba and P. vulgaris, 8 replicates of 25 seeds/
replicate) were placed in germination trays containing filter paper moistened with distilled water. All containers
were kept in a growth chamber at the indicated temperatures under 16 h dark/8 h light. At the end of germination,
the following germination indices were calculated: germination percentage (G), mean germination time (MGT),
and synchronicity index (Z)*!. The formulas used for the calculation of these parameters are the following.

@ %= (w) x 100

Total number of seeds

o XK nicti
@ MET=5 o

K ni

(3)

In MGT (2) and Z (3) formulas, ni is the number of seeds germinated in the time i (not the accumulated number,
but the number correspondent to the ith observation), ti corresponds to the time from the start of the experiment
to the ith observation (day), k is the last time of germination, and Cni,2=ni (ni-1)/2. Germination data were
analysed with Student t-test using the Microsoft Excel package using as threshold the p-value <0.05 (**').

Seedling growth was monitored on the final day of the germination test by using ImageJ (https://imagej.
nih.gov/ij/) software. For each accession and replicate, 20% of the seedlings were photographed and used to
determine the seedling length in terms of roots and/or aerial parts.

Statistical analyses

Germination and physical traits data were analysed with Student ¢-test using the Microsoft Excel package using
as threshold the p-value <0.05 (). For correlation analyses, Pearson’s correlation coefficient and the relative
p-values were determined by using MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/)*2. The same software
was also used for principal component analysis (PCA) performed by using all the germination parameters.
The obtained “score plot” graphics show how the different sample groups are clustered according to the results
obtained in the performed analyses.

UPE and DL detection

A light analyzer (LIANA®, SuperLab, Kithe-Kruse-Str. 11, 26160 Bad Zwischenahn, Germany, https://www.s
uper-lab.de//liana.html) has been used to collect UPE and DL data of seed samples. This prototype is covered
by the SuperLab IP copyright patent number EP 2,613,139 Al. The LIANA® prototype (Fig. 7) contains seven
photomultiplier tubes along with filters to form seven sensors that detect light emission at different wavelengths.
The characteristics of the photomultiplier tubes (PMTs, Hamamatsu Photonics), including model type,
spectrum and filter bandpass wavelength are presented in Supplementary Table S6. For the DL excitation, 6
LED with the spectral range 380-420 nm were used. The measurements were conducted with the following
parameters: time, 10 (10 s measurement time); frequency, 100 (measure every 0.1 s); size, 100; distance, 10;
surface, 10; illumination time, 1 (1-second illumination); darkcount time, 5 (5 s darkcount data before and after
each measurement); dark-count frequency, 100 (measure every 0.1 s). For each sample, measures were taken
five times (technical replicates), from which eventual outliers have been eliminated. At least three technical
replicates have been retained for each seed sample. For a more realistic photon count estimation, a darkcount
measurement is automatically performed before and after each measurement, averaged and subtracted from
the values of the PMTs (the photon counted during the measurement time). Then a “real amount of photons” is
calculated by multiplying this new value by correction factors, based on the position of the PMTs, the filter used,
and the overlapping of wavelengths with other PMTs. In addition to the corrected photon counts, a large number
of features reflecting the UPE and DL phenomena are acquired and included in the datasets.

Generation of prediction models

Prediction models for the classification of seed samples were assigned and improved using the RapidMiner
software*>#4, Seeds were classifieds based on G% values into optimal (100 — 80%) and non-optimal (below 80%)
quality. The prediction process is described in Fig. 8. The several operators used in the learning process are
connected in a specific order and perform different operations. A stratified 10-fold cross-validation operation
approach was used to validate the model. The classifier Random Forest was selected for outcome prediction to
maximize accuracy. Accuracy %, area under the curve (AUC), sensitivity %, specificity %, positive predicted
value (PPV) %, and negative predicted value (NPV) % values were obtained at the end of the validation.
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Wavelength 0) w

Fig. 7. Representative images showing the structure of the LIANA® device and its use for light analysis on
seeds. (a) The main structure of the LIANA® device illustrating (1) the excitation source, which includes the
PMTs (photomultiplier tubes), (2) the sample chamber, and (3) the electrical block. (b) The seed chamber. It
can be opened by releasing the clips on either sides (top left). The front door can be drawn down to access the
internal drawer with the sample holding block (top right). The drawer must be pulled out completely while
inserting the seeds into the tray for the analysis (bottom). (c) The excitation source (UV) and the PMTs. These
include seven photomultiplier tubes along with filters to form seven sensors which can detect the emission at
different wavelengths.
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Fig. 8. Illustration of the RapidMiner prediction model. The operators displayed in the model are connected
and execute distinct actions. The Read CSV operator allows the uploading of the file. To facilitate the manual
integration of germination percentages into the CSV file, the records were sorted. The Set role operator was
used for data labelling. Attributes highly correlated to the label were excluded from the learning model with the
operator Select attributes. The operator Shuffle was employed to randomize the records within the datasets.
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Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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