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Abstract 
 

One of the challenges of the last few years is to provide conditions 
allowing to feed the overgrowing world population while also taking into 
consideration land availability and the global climate change. In this PhD 
thesis, different methods have been developed, useful to promote a 
sustainable agriculture. The experimental work focuses mainly on aspects 
related to Seed Technology, particularly the development of improved seed 
priming protocols, combined with the use of novel molecular hallmarks for 
seed germination. Besides this, efforts were also dedicated to develop genetic 
engineering methods useful to improve the complex trait of seed vigor, as a 
step to support both basic and applied research.  

Seed germination is a critical parameter for the successful development 
of sustainable agricultural practices. While germination is impaired by 
environmental constraints related to the climate change scenario, priming is 
a pre-sowing technique that promote germination and seedling robustness by 
managing a series of crucial parameters during seed imbibition. In particular, 
it enhances the antioxidant/DNA repair activities triggered during the pre-
germinative metabolism. A hydropriming protocol was developed for 
Solanum melongena L. and its crop wild relatives Solanum torvum Swartz 
and Solanum villosum Miller, and for the first time the molecular dynamics 
of pre-germinative metabolism were explored in primed seeds. Molecular 
hallmarks (expression patterns of antioxidant/DNA repair genes combined 
with free radical profiles) were used to discriminate between high- and low-
quality lots. This study allowed to disclose the plasticity of the pre-
germinative metabolism in eggplant, stimulated by priming that imposes a 
plethora of heterogeneous molecular responses. 

In a parallel work, hydropriming and biopriming have been applied to 
legume model organism Medicago truncatula seeds to enhance germination 
on contaminated soil. Phenotypic parameters were monitored and compared 
to find the most appropriate treatment combinations. The expression profiles 
of specific genes were used as molecular indicators of seed quality, to 
investigate seedling fitness under the imposed treatments. The results show 
that, while hydropriming significantly enhanced M. truncatula seed 
germination biopriming contributed to improve seedling development. The 
observed response reflected the up-regulation of antioxidant/DNA repair 
genes. Overall, the reported data further strengthen the pivotal role of the 
DNA damage response in plant adaptation to heavy-metal soil contamination.      
Although genetic transformation has enabled fundamental insights into plant 
biology, unfortunately for most crops transformation and regeneration remain 
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arduous. Genome editing techniques are an innovative and powerful strategy 
to introduce mutations or insert/substitute wide portion of DNA at a targeted 
site. These approaches have extremely important implications for agriculture 
and environment. Genome editing provides novel opportunities to enhance 
crop productivity if accompanied by an efficient transformation protocol. In 
this work, a novel vector for genome editing able to target the Tdp1β gene 
(tyrosyl-DNA phosphodiesterase 1β) in M. truncatula was developed. TDPs 
are enzymes responsible for the repair of topoisomerase-mediated DNA 
damage and their involvement in the DNA Damage-Response (DDR) 
mechanisms triggered during the seed pre-germinative metabolism has been 
reported. Based on their peculiar expression profiles, the Tdp1a and 
Tdp1b genes are highlighted as markers of seed quality. In particular, the 
TDP1β isoform has been identified only in plants and its role in the DDR 
context is still not fully understood.  

Aside being a cereal model plant, Oryza sativa is one of the world’s most 
important crops and a major staple food that feeds more than three billion 
people worldwide. Rice cultivation in Europe is restricted to a few southern 
countries, Italy is the major producer in terms of quantity and varieties. Some 
elite cultivars, such as Vialone Nano, are recalcitrant to genetic 
transformation. These local varieties (from Lombardy and Veneto) are very 
appreciated at a culinary level but they suffer severe susceptibility to diseases 
and/or pathogens. To safeguard this variety, an efficient genetic 
transformation protocol has been hereby developed, as an essential step for 
the targeted improvement of relevant agronomic traits. 
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Abbreviations 

 
2,4-D (2,4-dichlorophenoxyacetic 

acid) 

AA (ascorbic acid) 

ABA (abscisic acid) 

ACT (actin) 

ALC (alcatraz) 

AP (apurinic/apyrimidinic) 

APRT (adenine phosphoribosyl 

transferase) 

APX (ascorbate peroxidase) 

ASH (ascorbate) 

ATP (adenosine triphosphate) 

BAP (6-Benzylaminopurine) 

BER (Base Excision Repair) 

Blc (b-lycopene cyclase) 

BP (biopriming) 

BPHP (biopriming + hydropriming) 

BSN (broad spectrum nutrient 

priming) 

CAT (catalase) 

CCD (carotenoid cleavage 

dioxygenase) 

CCM (co-cultivation medium) 

CIM (callus induction medium) 

CPDs (cyclo-butane pyrimidine 

dimers) 

CRISPR (Clustered Regularly 

Interspaced Short Palindromic 

Repeats) 

CTAB (Hexadecyl Trimethyl 

Ammonium Bromide) 

CTRL (control) 

CV (coefficient of variation) 

CWR (crop wild relative) 

CWRPs (cell wall remodeling 

proteins) 

DB (dry back) 

DCFH-DA (2’,7’-

dichlorofluorescein diacetate) 

DEP (dense and erect panicle) 

DEPC (diethyl pyrocarbonate) 

DHA (dehydro ascorbate) 

DHAR (dehydroascorbate 

reductase) 

DOG1 (delay of germination 1) 

DSB (double strand break) 

DW (dry weight) 

ECM (embryo conversion medium) 
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EF1 (elongation factor 1) 

EIM (embryo induction medium) 

ELF1a (elongation factor 1a) 

EMS (ethyl methane sulfonate) 

EPM (embryo proliferation 

medium) 

ERCC (excision repair cross-

complementing) 

ET (ethylene) 

FAD (flavin adenin dinucleotide) 

FAD2 (fatty acid desaturase 2)  

FAO (Food and Agriculture 

Organization) 

FPG (formamidopyrimidine DNA 

glycosilase/lyase) 

FW (fresh weight) 

G (germinability) 

GA (gibberellin) 

GAPDH (glyceraldehyde 3-

phosphate dehydrogenase) 

GFP (green fluorescent protein) 

GG-NER (global genome-NER) 

GM (genetically modified) 

Gn1a (grain number 1a) 

GPOX (guaiacol peroxidase) 

GPX (glutathione peroxidase) 

GR (glutathione reductase) 

GR (glutathione reductase) 

GS (grain size) 

GSH (reduced glutathione) 

GST (glutathione S-transferase) 

GUS (β-glucuronidase) 

GW (grain weight) 

GWAS (Genome Wide Association 

Studies) 

HP (hydropriming) 

HPT (hygromycin 

phosphotransferase) 

HR (Homologous Recombination) 

IAA (indole-3-acetic acid) 

IIA (auxin induced) 

IPA (ideal plant architecture) 

ISTA (International Seed Testing 

Associaton) 

JA (jasmonate) 

LB (left border) 

LCY (lycopene ɛ-cyclase) 

Lig (ligase) 

LOX3 (lypoxigenase) 

LP (long-patch repair) 

MAX (more axillary growth) 

MDHAR (monodehydroascorbate 

reductase) 

MeJA (methyl jasmonate) 
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MGT (mean germination time) 

miRNA (microRNA) 

MLO (mildew resistant locus O) 

MMS (methyl methane sulfonate) 

MR (mean germination rate) 

MRE (meiotic recombination) 

MS (Murashige & Skoog) 

Mt: Medicago truncatula 

MT2 (type 2 metallothionein) 

MTL (matrilinear) 

NAA (1-Naphthaleneacetic Acid) 

NADH (nicotinamide adenine 

dinucleotide) 

NADPH (nicotinamide adenine 

dinucleotide phosphate) 

NB (Nipponbare) 

NBS (nibrin) 

NCED (9-cis-epoxycarotenoid 

dioxygenase) 

NER (nucleotide excision repair) 

NHEJ (Non-Homologous End 

Joining) 

NOS (nopaline synthase) 

NPs (nanoparticles) 

OD (optical density) 

OGG1 (8-oxoguanine DNA 

glycosylase) 

OSD (omission of second division) 

PAIR1 (homologous pairing 

aberration in rice meiosis 1) 

PAM (protospacer adjacent motif) 

PARP (poly(ADP-ribose) 

polymerase) 

PCA (principal component analysis) 

PCD (programmed cell death) 

PCR (polymerase chain reaction) 

PEG (polyethylene glycol) 

PGPB (plant growth-promoting 

rhizosphere) 

PP2Acs (phosphatase 2A) 

PReM (pre-regeneration medium) 

PVY (potato virus Y) 

qRT-PCR (quantitative real-time 

PCR) 

QTL (Quantitative Trait Loci) 

RAD (RAD double strand break 

protein) 

RB (right border) 

RdDM (RNA-directed DNA 

methylation) 

REC (meiotic recombination 

protein) 

ReM (regeneration medium) 

RISC (RNA-induced silencing 

complex) 

RoM (rooting medium) 
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ROS (Reactive Oxygen Species) 

RPA (replication protein A) 

SA (salicylic acid) 

SBE (starch branching enzyme) 

SD (standard deviation) 

SDB (seed defence biopriming) 

SGR1 (stay green 1) 

sgRNA (single guide RNA) 

siRNA (small interfering RNA) 

Sm: Solanum melongena 

SMI (selection medium I) 

SMII (selection medium II) 

SOD (superoxide dismutase) 

SP (short-patch repair) 

SSB (single strand break) 

St: Solanum torvum 

Sv: Solanum villosum 

TALEN (Transcription Activator-

Like Effector Nuclease) 

TC-NER (transcription coupled-

NER) 

TDP (tyrosyl-DNA 

phosphodiesterase) 

TFIIH (transcription elongation 

factor IIH) 

TFIIS (transcription factor) 

TGW (thousand grain weight) 

tracrRNA (trans-activating crRNA) 

TUB (tubulin) 

U (uncertainty) 

UBI (ubiquitin) 

UVH (DNA repair protein) 

UVR (UVB-resistance) 

VN (Vialone Nano) 

XP (xeroderma pigmentosum) 

XRCC4 (X-ray repair cross-

complementing) 

YEP (yeast extract peptone) 

Z (synchronization) 

ZFN (Zinc Finger Nuclease) 
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1. Introduction 

 
1.1.  The seeds in the context of global agricultural challenges 

 
1.1.1. The current state of the agricultural context 

The estimated global population increase of 9 billion people by 2050 will 
have a dramatic influence on the agricultural and food systems, as evidenced 
by recent FAO (Food and Agriculture Organization) reports (FAO, 2017. The 
future of food and agriculture-Trends and challenges. www.fao.org). Hence, 
a substantial increase in the global food production is required for the next 40 
years, predicted to be equal to the entire production of the last 12.000 years 
(FAO, 2017). Moreover, this enormous challenge must be achieved in spite 
of climatic changes and limited amounts of land, water, and fossil fuels (Ray 
et al., 2013). Fortunately, through plant breeding, the seed industry has 
managed to overcome many challenges in the past and we can only assume 
that it will continue to do so, as we need to produce more and better food for 
a growing population. In addition, the recent discovery of genome editing 
tools offers a powerful alternative to accelerate crop improvement and 
address the major challenges in agricultural research (Chen et al., 2019).  

In 1960, the production of one hectare was able to feed two people, but 
by 1995 one hectare fed four people and by 2025 one hectare should produce 
food for at least five people. This shows that, over a period of 35 years, the 
agricultural industry has managed to double food production in order to meet 
the food demand. But now, a 25% increase in food production over a period 
of 15 years must be achieved with the same amount of land and often under 
more adverse conditions, such as depleted and degraded soils (FAO, 2017).  
      The increase in productivity obtained with the use of high-quality seeds 
of improved varieties can reduce the cost of food by allowing farmers to 
spend less on labor; this is perhaps the most visible part of what the seed can 
provide. However, in the context of adverse climatic conditions it has been 
estimated that the average crop yield losses caused by drought, cold, and 
salinity, overpass 50% (Mahajan and Tuteja, 2005). At this point, the 
continuous development of new varieties with improved yields will positively 
impact land resources (e.g. by decreasing deforestation). Abiotic stresses are 
also reported to induce notable changes in seed composition and quality 
(Farooq et al., 2018). Such considerations have relevant outcomes not only 
on seed survival but also on agricultural production and human nutrition 
(Forti et al., 2019). Also, in this case, improved varieties can provide benefits 
in terms of the enhanced nutritional quality. Several classic examples include 
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Golden Rice, supplemented with vitamin A and iron (Potrykus, 2001), and 
soybean varieties rich in Omega 3 fatty acids or low saturated oils (Harris et 
al., 2008; Kinney et al., 1996; Bernal-Santos et al., 2010). Improved seeds 
can also help minimize storage losses, shown to reach up to 40% (Kumar and 
Kalita, 2017). Aside their importance as food and feed sources, seeds are also 
used as raw material for several industries, for the production of oil, biofuels, 
cosmetic products, and fibers (Powell, 2009).  

For all these reasons, the agricultural sector has reached a consensus to 
prioritize food safety with increased productivity and sustainability. One of 
the means to satisfy this purpose could be the production of seeds with 
enhanced, accelerated, and synchronized germination which could help 
farmers and the seed industry to meet these priorities (Paparella et al., 2015; 
Macovei et al., 2017; Pagano et al., 2017).  
 
1.1.2. The seed: a brief description of a complex system  

Seeds are the main propagating vectors and the most complex and 
successful mean of sexual reproduction in higher plants. Within the seed there 
is the zygotic embryo resulting from the double fertilization of the ovule by 
the pollen (Gossot and Geitmann, 2007; Linkies et al., 2010). Seeds have also 
a protective coat that shelters the embryo against injuries following the 
dispersion into the environment. Plants, unlike animals, are sessile organisms 
and they cannot escape from unfavorable conditions for their survival. Thanks 
to seeds, plants can disperse their offspring to new locations, thus surviving 
hostile environmental conditions. During seed maturation the embryo growth 
is temporarily stopped, storage tissue is produced and reserves are 
accumulated inside the seed to provide the food source for the developing 
embryo before germination. At the same time, seeds acquire desiccation 
tolerance that allows them to survive in the dehydrated state (Dekkers et al., 
2015). Desiccation tolerance is the ability to cope with conditions of extreme 
water loss, avoiding irreversible damage to the cellular macromolecules and 
structures. Seed enters in a quiescent state called dormancy, during which 
germination is delayed until the proper conditions occur (Linkies et al., 2010; 
Sano et al., 2016). Plants species show various degrees of seed dormancy and 
such variability is also observed within a population of seeds of the same 
species (Andersson et al., 1998). In this regard, it is necessary to distinguish 
quiescence from dormancy. Quiescent seeds are mature dried seeds 
characterized by a low moisture content (5-15%) and a basal metabolic 
activity (Finch-Savage and Bassel, 2016). An interesting feature of quiescent 
seeds is that they are able to survive for many years in this state (Long et al., 
2015). In many cases, quiescent seeds need only to be hydrated at suitable 
temperatures in presence of oxygen to resume a normal level of metabolism 
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(Bewley et al., 2013). By contrast, the dormancy state prevents mature seeds 
from germination, acting as a suppressive mechanism also under favorable 
environmental conditions that should support germination (Baskin and 
Baskin, 2004). To assess the presence of dormancy, seeds can be imbibed and 
maintained under suitable climate and habitat conditions and the resulting 
germination profiles can be monitored (Willis et al., 2014; Finch-Savage et 
al., 2017). From an agricultural point of view, dormancy strongly limits seeds 
germination causing significant yield and economic losses (Shu et al., 2015).  

Plants have evolved different mechanisms that regulate dormancy 
establishment and release, involving water uptake, balanced hormonal effects 
and the occurrence of specific environmental conditions. For example, in 
many species seed dormancy is physiologically induced in the embryo by 
balanced hormonal signals and by low humidity and temperature. In other 
species, dormancy maintenance is mainly promoted by the physical resistance 
opposed by the seed coat to the protruding radicle and the growing embryo. 
The different strategies of dormancy maintenance are not mutually exclusive 
and contribute to the complexity of this phenomenon (Penfield, 2017).  

Dormancy is regulated by the contrasting effects of various classes of 
phytohormones and their signaling cascades. Abscisic acid (ABA) is the main 
hormone that promotes dormancy maintenance since it accumulates during 
seed maturation (Bewley, 1997). Conversely, gibberellins (GA), ethylene 
(ET) and other hormones act antagonistically to ABA, promoting dormancy 
release and germination initiation (Graeber et al., 2012). Moreover, several 
environmental parameters, including temperature, water, nitrate availability 
and light, are transduced and integrated into hormonal signaling via specific 
transcription factors, thus optimizing the regulation of dormancy in response 
to suitable environments and seasonal cycles (Dekkers et al., 2016).  

In synergy with hormones, many molecular players contributing to the 
regulation of germination timing have been identified. The DOG1 (DELAY 

OF GERMINATION) gene is one of the most investigated, first discovered in 
Arabidopsis and then identified in other species (DOG-LIKE genes). It 
appears to be a key regulator for the maintenance of dormancy and for various 
aspects related to seed maturation, including the interaction with the ABA 
biosynthesis pathway and the accumulation of reservoir metabolites (Dekkers 
et al., 2016). The DOG1 gene participates to ABA-GA hormonal regulation 
by repressing GA biosynthesis and promoting ABA signaling (Graeber et al., 
2010). Seed dormancy can be modulated also at an epigenetic level. In 
Triticum spp. and Hordeum spp., RNA-directed DNA methylation (RdDM) 
and the RNA-induced silencing complex (RISC) have been shown to regulate 
seed maturation and dormancy through small interfering RNA (siRNA) 
(Singh and Singh, 2012; Singh et al., 2013).  
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Hormonal control and genetic/epigenetic backgrounds represent some of 
the many layers of dormancy regulation and their influence on seed 
germination cumulates with the presence of physical barriers. The structures 
enveloping the embryo (endosperm, seed coat) offer mechanical resistance 
for embryo growth and radicle emergence, but these have also been 
interpreted as a major cause of germination delay independent on the plant 
species (Finch-Savage and Leubner- Metzger, 2006).  

Not all seeds can enter a dormant state. According to their capacity to 
undergo after-ripening desiccation, seeds are classified into recalcitrant and 
orthodox. The recalcitrant seeds are unable to survive desiccation and, as a 
consequence, if the environmental conditions are unsuitable for germination, 
seeds deteriorate. The orthodox seeds can survive desiccation and enter in a 
dormant state, remaining viable for variably long periods (Roberts, 1973; 
Rajjou and Debeaujon, 2008). Dormancy rises survival possibilities of a seed 
population under variable environmental conditions. Nonetheless, under the 
temporal and practical constrains of agriculture, a variable delay in seed 
germination may represent an economical drawback (Baskin and Baskin, 
2004; Long et al., 2015). Indeed, many specific techniques have been 
developed to act on the timing of dormancy release in order to make seed 
germination more uniform, anticipated, and abundant. These protocols 
include many physical, chemical, mechanic, and biological treatments and are 
comprehensively indicated as ‘Seed Priming’ (Paparella et al., 2015).  The 
production of seeds with enhanced, accelerated, and synchronized 
germination can ensure successful harvest, a fundamental goal from many 
points of view (Paparella et al., 2015; Macovei et al., 2017; Pagano et al., 
2017). In this regard, the evaluation of seed vigor has important implications 
for the seed industry.  

Seed vigor is defined by ISTA (International Seed Testing Association, 
www.seedtest.org) as "the sum total of those properties of the seed which 
determine the level of activity and performance of the seed or seed lot during 
germination and seedling emergence" (ISTA, 1995). ISTA provides seed 
operators (e.g. companies, germplasm banks) with rules in order to develop 
reproducible tests for laboratories able to assess the potential performance of 
seeds in terms of germination and seedling robustness. By monitoring seed 
quality through germination tests carried out under unfavorable conditions, it 
is possible distinguish low-vigor seeds from high-vigor seeds (Rajjou et al., 
2012; Ventura et al., 2012; Finch-Savage and Bassel, 2016). Differences in 
seed vigor are due not only to seed physiology, but also to the various phases 
of seed production and seed lot processing. Recently, thanks to the advances 
in the field of plant molecular biology, it is now possible to focus on novel 
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seed quality markers that associate with high germination levels and can thus 
be used to help breeding programs (Macovei et al., 2016).  

 
1.2.The seed pre-germinative metabolism  

 
1.2.1. Seed germination: facts and factors 

Efficient seed germination is essential for crop productivity. The 
successful establishment of early seedlings requires rapid and uniform 
emergence and seedling growth (Fig. 1). Germination is a transition phase of 
the plant life cycle which is fundamental for reproduction (Lutts et al., 2016). 
It consists of a complex phenomenon of many physiological and biochemical 
changes leading to the activation of embryo growth (Parihar et al., 2014).  
 

Fig. 1. Schematic representation of seed germination. The timepoints are indicative 
for legume species. Dry seeds, radicle protrusion, seedling and the appearance of the 
first true leaves are indicated (Pagano, 2019).  
 

Germination can be described as a progressive temporal process 
composed of three phases characterized by different degrees of water up-take 
by the seed. During phase I (seed imbibition), the rapid water up-take is 
necessary to break the dormant state of the dry seed. The passive imbibition 
of dry tissues is associated with water movement, first occurring in the 
apoplastic spaces. During phase II, the imbibed seed continues to absorb 
water but more slowly. In this crucial phase, the re-establishment of metabolic 
activities and repairing processes occurs at the cellular level. This permits the 
activation of the ‘pre-germinative metabolism’ (Fig. 1). Among the main 
molecular mechanisms featuring pre-germinative metabolism, DNA repair 
and the antioxidant response represent essential processes that need to be 
fulfilled before the seed can proceed to the next phase and reach an active 
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germination state (Macovei et al., 2016). Before the end of phase II, 
germination remains a reversible process: the seed can be dried back and 
remains alive during storage, being able to re-initiate germination under 
favorable conditions (Lutts et al., 2016). The priming techniques are based on 
this unique feature of the seed. Finally, during phase III, the rapid water up-
take is resumed. At this point, the initiation of growth processes associated to 
cell elongation leads to radicle protrusion.  

The vulnerable and complex process of seed germination depends on 
decisive and specific changes in tissue and cell properties. From a 
biomechanical perspective, the germination process depends on the balance 
of two opposing forces: the increasing growth potential of the radicle 
counteracted by the resistance of the testa and endosperm tissues covering the 
radicle. After testa rupture, the growth potential of the radicle must overcome 
the resistance of the endosperm micropylar to protrude, thereby completing 
germination through endosperm rupture. At the same time, endosperm 
resistance decreases through tissue softening, a process called endosperm 
weakening (Bewley, 1997; Müller et al., 2006). Besides its important role as 
nutrient source, the endosperm is involved also in the regulation of 
germination timing (Friedman, 1998; Linkies et al., 2010). Endosperm 
weakening is associated with the action of several cell wall remodeling 
proteins (CWRPs) (Finch-Savage and Leubner-Metzger, 2006; Nonogaki et 
al., 2007) and the presence of reactive oxygen species (ROS), e.g. superoxide 
(O2−), hydroxyl radicals (•OH) and hydrogen peroxide (H2O2). ROS can 
directly (breaking the cell wall polymers leading to cell wall loosening) or 
indirectly (signaling components) be involved in the regulation of 
germination timing (Fry et al., 2001; Bailly, 2004).  
  
1.2.2. Molecular aspects of seed pre-germinative metabolism 

The pre-germinative metabolism, activated during phase II of germination 
(Fig. 2), is one of the most captivating aspects of seed biology (Macovei et 
al., 2016). The term ‘pre-germinative metabolism’ refers to all the processes 
that lead the transition from the quiescent state of dry seeds toward the active 
proliferating state of germinating seeds. Considering that industrial seedling 
production and intensive agricultural production systems require seed stocks 
with high rate of synchronized germination and low dormancy and that the 
phases I and II of seed germination are crucial for seed viability, one of the 
main research topic for scientists is to understand the molecular players and 
mechanisms involved in the pre-germinative metabolism. 
     Following seed imbibition, a chain of events is initiated: enzyme 
activation, DNA damage and repair, de-novo synthesis of nucleic acids and 
protein production, activation of ATP metabolism, breakdown, translocation 
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and use of reserve storage material, activation of antioxidant pathways 
(Paparella et al., 2015; Macovei et al., 2016) (Fig. 2). In the first two phases 
of pre-germinative metabolism, seed metabolism and respiration are triggered 
through the reactivation of the mitochondrial electron transport chain, leading 
to increased ROS production. This can result in DNA damage and the 
subsequent activation of DNA repair is essential for a successful seed 
germination (Fig. 2) (Waterworth et al., 2015; Macovei et al., 2016). 
 
 

 
Fig. 2. Schematic representation of the seed imbibition process and mechanisms 
activated in the seed (Macovei et al., 2016). 
 
1.2.2.1. ROS and phytohormones: crucial players in seed germination  

The dual role of ROS, as signaling and damaging molecules, present 
throughout the entire plant life cycle, is also maintained at seed level (Bailly 
et al., 2008; Kumar et al., 2015). The modulation of ROS production within 
the seed is essential for the viability and capability of seed to germinate. In 
addition, ROS are responsible for the interaction with phytohormones and 
also act at several levels: protein structure or folding, activation of 
transcription factors, cellular elongation, post-transcriptional and epigenetic 
regulation of gene expression, endosperm weakening and pathogen protection 
(Weitbrecht et al., 2011; Kumar et al., 2015).  

A deep connection between ROS, hormones and DNA repair exist at all 
stages of seed development, from embryogenesis to seed filling (Parreira et 
al., 2016; Verdier et al., 2008), dormancy and germination (El-Maarouf-
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Bouteau et al., 2013). Specific antioxidant systems, both enzymatic and non-
enzymatic, have evolved to maintain the ROS balance (Gill and Tuteja, 2010; 
Balestrazzi et al., 2011a). ROS-related DNA damage during storage can result 
in loss of telomere sequences, strand breaks and oxidative lesions (Balestrazzi 
et al., 2011b, 2015).  

From a physiological point of view GA, ABA, ET, and jasmonate (JA) 
signaling and metabolism influence the developmental processes of seed 
germination (Linkies et al., 2011; Yan et al., 2014). ABA is involved in the 
induction and maintenance of seed dormancy and inhibits seed germination 
(Nambara et al., 2010). During seed development, the production of maternal 
and embryonic ABA is important to prevent precocious germination (Kanno 
et al., 2010). In contrast to ABA, GA promotes seed germination and 
negatively regulates dormancy as it releases coat-mediated seed dormancy 
(Koornneef, 2002; Kucera et al., 2005). Plant hormones control seed 
germination as internal mediators of developmental phases (Fig. 3). 
Similarly, external environmental factors, such as light, temperature, 
moisture, oxygen and nutrients, have a role to play during germination in a 
tight interplay with hormones. It has been shown that endosperm rupture is 
promoted by GA and inhibited by ABA, which seems to involve the exchange 
of ABA- and GA-related signals between endosperm and embryo (Fig. 3) 
(Finch-Savage et al., 2006; Kucera et al., 2005). GA and ABA thereby 
antagonistically regulate downstream mechanisms that mediate the two key 
processes important for the completion of germination of endospermic seeds, 
namely embryo elongation and endosperm weakening (Linkies et al., 2011; 
Pagano et al., 2018).  
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Fig. 3. Connecting ROS and phytohormones in seed physiology (Pagano et al., 
2018). ABA inhibits hydroxyl radical (·OH) production and dormancy release, 
counteracting the effects of GA. Instead, GA and ethylene promote dormancy 
release. Hydrogen peroxide (H2O2) inhibits the biosynthesis of ABA, whereas ·OH 
promotes dormancy release contributing also to the cell wall loosening required for 
germination. ABA, abscisic acid; GAs, gibberellins. 
 

While the mechanisms underlying the ABA-GA antagonism are well 
known (Nambara et al., 2010; Weitbrecht et al., 2011), the molecular 
mechanisms by which ET promotes and JA inhibits seed germination are not 
completely explained (Kucera et al., 2005; Matilla et al., 2008). ET has 
diverse effects on plant growth and development. It is involved in stress 
responses, in the ripening of climacteric fruits, flowering, aging, seedling 
growth, seed dormancy release and germination (Klee and Clark, 2004; 
Matilla, 2000). ET promotes seed germination and antagonism with ABA has 
been shown in A. thaliana (Ghassemian et al., 2000; Linkies et al., 2009) and 
several other species (Kucera et al., 2005; Matilla et al., 2008). Instead, JA 
inhibits seed germination and plant growth, regulates defense and it is also 
involved in pollen and embryo development, senescence, fruit ripening and 
allelopathy (Delker et al., 2006; Browse et al., 2009). Several studies 
demonstrated that JA plays a role during seed germination (Dave et al., 2011; 
Preston et al., 2009). Moreover, it has been shown that JA and methyl 
jasmonate (MeJA) can inhibit seed germination of Solanum lycopersicum, 
Brassica napus, Linum usitatissimum, Lupinus luteus, and Zea mays (Miersch 
et al., 2008; Oh et al., 2009; Wilen et al., 1991; Zalewski et al., 2010; 
Norastehnia et al., 2007).  

The cross-talk between ROS and phytohormones during seed germination 
is a fascinating point to investigate (Fig. 3). Several studies on hormones-
ROS interaction have demonstrated that exogenously applied ABA resulted 
in reduced ROS accumulation in germinating barley (Ishibashi et al., 2012), 
rice (Ye et al., 2012), lettuce (Zhang et al., 2014a) and sunflower (El- 
Maarouf-Bouteau et al., 2015) seeds. GA application, on contrary, was shown 
to increase ROS production (Lariguet et al., 2013). Other phytohormones, 
such as ET, JA, salicylic acid (SA), auxin, cytokinin or brassinosteroids are 
also implicated in the ROS-mediated regulation of seed germination 
(Miransari and Smith, 2014; El-Maarouf-Bouteau et al., 2015). The 
mechanisms of phytohormones interactions during seed germination are still 
poorly understood at the molecular level, specifically at early stages.  
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1.2.2.2. Omics approaches to decipher the molecular bases of pre-
germinative metabolism   

Different approaches have been utilized to understand the role of 
molecular players and factors that influence the pre-germinative metabolism 
and seed quality. In model species, omics studies are being applied to identify 
candidate genes and metabolic pathways that are activated during seed 
germination (Catusse et al., 2008). Transcriptomic studies have highlighted 
that seed development and environment influence gene expression during 
seed germination (Ogawa et al., 2003; Finch-Savage et al., 2007). Post-
transcriptional regulatory mechanisms have important roles in the modulation 
of seed germination. Expression analysis of microRNA (miRNA) revealed 
that the miRNA-mediated regulatory metabolism is rapidly activated during 
pre-germinative metabolism (He et al., 2015). Proteomic analysis was 
conducted to analyze seed dormancy related to adverse conditions 
(Pawlowski and Staszak, 2016; Lu et al., 2016). Genomics, based on 
Quantitative Trait Loci (QTL) analysis, was a powerful strategy to identify 
loci and genes involved in the control of important seed traits (Wan et al., 
2005; Gu et al., 2008; Ogbonnaya et al., 2008; Sato et al., 2016). Recently, to 
overcome the limitations of QTL analysis, Genome Wide Association Studies 
(GWAS) became more popular. This technique allows a quantification of the 
association between each genotyped marker and a phenotype of interest 
scored across a large number of individuals (Korte and Farlow, 2013). For 
example, Hatzig et al. (2015) conducted a GWAS in oilseed rape (Brassica 
napus L.) to identify genomic regions influencing seed germination.  

Nutritional quality of seed is an important aspect due to the fact that the 
consumption of sprouted seeds is becoming more popular in various parts of 
the world. The nutritional content (e.g. essential amino acids, sugars or 
phenolic compounds) of the seed is influenced by the species, seed quality 
and environmental conditions in which germination occurs (Chavan et al., 
1989; El-Adawy et al., 2003). Thanks to metabolomic analysis, changes 
observed in the metabolic pathways related to flavonoids and phenolic acids 
associated with sprouting were characterized (Tang et al., 2014). 

By combining all the different types of omics, systems biology provides 
the tools for the integration of the different datasets derived from the same 
biological sample, thus providing an overview of all processes and regulatory 
reactions (e.g. during seed germination). An interacting cycling between 
‘wet-lab’ (experimental part) and ‘dry lab’ (computational part) approaches 
is needed to generate a comprehensive understanding of biological systems 
(Rohn et al., 2012). Systems biology deliverables includes the identification 
of complex gene regulatory networks composed of genes, coding and non-
coding RNAs, proteins, metabolites and signaling components (Long et al., 
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2008) and their relevance for plant development and response to 
environmental stimuli (Moreno-Risueno et al., 2010). One of the first network 
models built using publicly available gene expression data from Arabidopsis 

thaliana is SeedNet (www.vseed.nottingham.ac.uk; Bassel et al., 2011). In 
particular, the SeedNet network describes the global transcriptional 
interactions that mediate the transition between dormancy and germination. 

Understanding the mechanisms related to pre-germinative metabolism is 
useful for industrial seedling production and seed companies in order to be 
able to produce high-quality seed stocks in short time, with high levels of 
germination and low dormancy. At the moment, all the approaches previously 
mentioned have significantly contributed to expand the knowledge of the pre-
germinative metabolism; however, more studies are needed to provide an 
exhaustive picture of the entire process. 
 
1.3. Seed priming: designing a ‘perfect’ mix of tradition and innovation 
to produce high-quality seeds 
 
1.3.1. Definition and historical perspective of seed priming 

Seed priming is a pre-sowing treatment which leads to a physiological 
state that enables seeds to germinate more efficiently (Chen et al., 2011). 
Priming is a technique that allows controlled seed rehydration to trigger the 
metabolic processes normally activated during the early phase of germination 
but preventing the seed transition towards full germination (Fig. 4). The 
priming treatment must be stopped before the loss of desiccation tolerance 
occurs and this event overlaps with the phenological stage of radicle 
protrusion (Paparella et al., 2015). During the priming treatment, seeds are 
soaked in presence or absence of aeration, in water or in solutions with high 
osmotic potential. The purpose of soaking in the osmotic solution is to prevent 
the absorption of water amounts sufficient for radicle emergence, thus 
delaying water up-take and expanding the lag phase of seed metabolism 
(Mustafa et al., 2017).  
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Fig. 3. Schematic representation of the effects of seed priming. (a) Seed water 
relations during priming. The treatment allows the hydration and the advancement 
of metabolic and repair processes while preventing germination and loss of 
desiccation tolerance. (b) Germination test showing improved vigor of primed seeds 
(Rajjou et al., 2012). 
 

Priming techniques to improve germination had been used since centuries 
by farmers and later on by seed companies. Humans established contact with 
seeds since the dawn of agriculture and they quickly realized that many seeds 
do not germinate easily and uniformly (Lutts et al., 2016). The Greek 
Theophrastus (ca. 372-287 BC) already focused on seed physiology and 
suggested that the germination process may be temporarily interrupted 
(Everari et al., 1984). Theophrastus investigated the seed response during 
germination observing that cucumber (Cucumis sativus) seeds soaked in 
water prior to sowing resulted into faster germination (Theophrastus, Enquiry 
into Plants, Book VII, I.6). The Roman naturalist Gaius Plinius Secundus 
(A.D. 23-79), collected most of the knowledge on seed physiology in his 
Encyclopaedia, the Naturalis Historia. In his work, he refers to the relevance 
of presoaking cucumber seeds in water and honey to improve germination.  

Several centuries later, these techniques were still used by farmers for a 
wide range of species (Triticum spp., Secale spp., Ordeum spp.), according to 
the French agronomist Olivier de Serres (1539-1619) (Everari et al., 1984). 
During these treatments, seeds were soaked for 2 days in manure water and 
then dried in the shade before sowing. In 1664, Evelyn et al. showed that 
temperature treatments prior sowing may have an impact on germination 
while one century later, Ingenhousz et al. (1779) analyzed the influence of 
light on seedling emergence. Charles Darwin (1809-1882) tested 
osmopriming conditions by submerging cress (Lepidium sativum) and lettuce 
(Lactuca sativa) seeds in salty sea water and demonstrated that the treatment 
was able to enhance germination (Darwin 1855c, 1855d). Furthermore, 
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during the 19th century, numerous botanists started to describe morphological 
processes associated with seed germination (Amici et al., 1830, Sachs et al., 
1859). Sachs et al. (1887) experimented the impact of various compounds 
(including tyrosine and asparagine) before and during germination.  

The discovery of plant hormones in the 1920s underlined the crucial role 
of these compounds in seed desiccation tolerance, reserve mobilization, as 
well as cell division and cell elongation necessary during germination. Later 
on, these results were confirmed by Ells (1963) who highlighted some key 
points in seed treatment, paving the way to the modern concept of seed 
priming. He noticed that tomato seeds treated with a nutrient solution showed 
increased germination rate while May et al. (1962) observed that seeds dried 
at different timepoints following imbibition resulted in quicker germination. 
The possibility to influence final germination as a consequence of pre-sowing 
treatment has led to a wide range of empirical methods for numerous 
cultivated plant species during the 1970s (Khan et al., 1992). The pioneer 
work by Heydecker et al. (1973) showed that seed priming could be 
successfully used to improve germination and emergence under stressful 
conditions. Heydecker carried out priming experiments in carrot (Daucus 
carota), red beet (Beta vulgaris) and onion (Allium cepa). This study 
demonstrated that the imbibition of onion seeds in an osmotic solution 
(polyethylene glycol, PEG) for 6 days, followed by drying (dry-back), 
exhibited higher levels of RNA production during germination than untreated 
seeds. Moreover, the primed seed displayed an increased rate of radicle 
emergence depending on all three components of the preparatory treatment: 
osmotic potential, temperature and duration.  
      In those early times, an increasing number of reports indicated that 
‘imbibing and drying’ pre-treatments exerted beneficial effects on seed 
germination in a wide range of horticultural and cereal species, particularly 
under stress conditions (Austin et al., 1969; Hegarty, 1970; Berrie and 
Drennan, 1971). Since then, seed priming has been adopted by the seed 
companies as a routine tool to improve seed vigor. From a molecular point of 
view, during priming, the pre-germinative metabolism becomes activated and 
maintained for an extended period in order to enhance the seed repair 
response, in terms of DNA repair and antioxidant mechanisms (Hussain et 
al., 2016a, 2016b). DNA repair pathways and the antioxidant response are 
crucial to preserve genome integrity, improve germination parameters and 
seedling development. A key step in the protocol of seed priming is the so-
called ‘dry-back’ (Fig. 4). Seeds must be re-dried, after priming, until they 
reach the original water content (approximately 5%) before sowing or 
storage.  
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      The benefits of seed priming have been widely reported. Priming 
strategies may grant several economic and agronomic advantages to 
cultivated plants. Numerous data reported an improvement in the rate and 
uniformity of germination, seedlings growth and stress resistance. Along with 
synchronous and fast emergence, primed seeds show reduced photo- and 
thermo-dormancy, a wider range of germination temperatures and better 
capacity to compete with weeds and pathogens (Ellis et al., 1988; Hill et al., 
2008). The success of seed priming is strongly correlated to plant 
species/genotype and physiology, seed lot, age and vigor, as well as to the 
priming method applied, presence/absence of light, osmotic potential, 
temperature, water potential, presence/absence of aeration, and duration of 
treatment (Parera and Cantliffe, 1994; Varier et al., 1998; Hussain et al., 
2006). The priming process not only impacts seeds but the whole plant system 
and may be defined as an induced state whereby the plant reacts more rapidly 
and more efficiently to a stress (Balmer et al., 2015). From this point of view, 
plants exposed to a primary constraint are able to trigger a temporary 
metabolic adaptation leading to a stress memory and allowing them to adapt 
more efficiently to subsequent stress episodes.  

Priming has been routinely used to improve seed vigor in the main 
vegetable crops, e.g. carrot (Pereira, 2009), leek and onion (Nunes et al., 
2000; Caseiro et al., 2004), celery, lettuce (Fessel et al., 2001; Ouhibi et al., 
2014), endive, pepper (Venkatasubramanian et al., 2010; Song et al., 2017), 
tomato (Di Girolamo and Barbanti, 2012), eggplant (Fanan and Novembre, 
2007; Nascimento and Lima 2008; Zhang et al., 2011; Mahesh et al., 2017), 
asparagus (Bittencourt et al., 2004), beetroot (Alipor et al., 2019), cauliflower 
and rape (Kubala et al., 2015; Hassini et al., 2017; Lechowska et al., 2019), 
fennel (Tahaei et al., 2016), and milk thistle (Migahid et al., 2019). Herbs, 
like Rosmarinus officinalis and Salvia splendens, can also benefit from seed 
priming (Di Girolamo and Barbanti, 2012). Large-scale routine priming of 
commercial cereal seeds is more difficult to achieve, although advantages are 
well known (Murungu et al., 2004). Priming provides optimal conditions to 
accelerate seed germination when requested by the cereal grain and brewing 
industry (Yaldagard et al., 2008). 
 
1.3.2. Classification of seed priming techniques  

Several methods of seed priming have been developed in order to 
ameliorate seed germination (Fig. 5). The most applied priming techniques 
hereby described are: hydropriming, osmopriming, solid matrix priming, 
chemo-priming, thermopriming, hormopriming, biopriming, and 
nutripriming. 
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Fig. 5. Schematic representation of seed priming (invigoration) techniques (Bose et 
al., 2018).  
 

1.3.2.1. Hydropriming 
Hydropriming is the simplest method, seeds are soaked, in presence or 

absence of aeration, in water under optimal temperature conditions and re-
dried to original moisture content prior to sowing or storage. This method is 
simple, low-cost, and environment-friendly (Taylor et al., 1998). The main 
disadvantage of hydropriming is the uncontrolled water up-take by seeds. 
This is a consequence of free water availability to seeds during hydropriming, 
so that the rate of water up-take depends only on the seed tissue affinity to 
water (Taylor et al., 1998). Moreover, this technique may result in an unequal 
degree of seed hydration, thus leading to a lack of simultaneous metabolic 
activation within seeds followed by unsynchronized emergence (McDonald 
et al., 2000). Due to these limiting factors, it is important to define carefully 
the treatment duration as well as temperature, and the water volume used in 
hydropriming to ensure desired level of seed hydration and to prevent radicle 
protrusion (Taylor et al., 1998). Despite these limitations, several reports 
highlighted the beneficial effect of hydropriming on seed germination and 
seedling growth under both optimal and stress conditions in various crop 
plants, e.g. chickpea, maize (Rahman et al., 2011), wheat (Basra et al., 2002; 
Fercha et al., 2013), rice (Goswami et al., 2013), Indian mustard (Srivastava 
et al., 2010), canola (Omidi et al., 2009), sunflower (Kaya et al., 2006), mung 
bean (Posmyk et al., 2007), and pepper (Patade et al., 2012). Among the 
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different techniques of hydropriming, ‘drum priming’ had been patented by 
Rowse (1991). In this technique, seeds are gently rotating in a drum connected 
with a boiler that generates vapor, hence gradually hydrated since the vapor 
condenses into liquid water inside the drum. Drum priming allows seed 
imbibition in a controlled manner. The machine is connected to a computer 
that is able to measure the increase in seed relative mass during the treatment. 
The time and water volume required to complete seed rehydration are strictly 
controlled to reach gradual seed imbibition (Warren et al., 1997).  
1.3.2.2. Osmopriming 

Another type of priming protocol is osmopriming, based on the use of 
osmotic solutions at low water potential, thus facilitating the control of water 
up-take. In the presence of osmotic agents, water enters the seed slowly and 
this allows the gradual imbibition of the seed and activation of the early 
phases of germination but prevents radicle protrusion (Di Girolamo et al., 
2012; Khan, 2010). Usually, the water potential of priming agents varies from 
-1.0 to -2.0 MPa (Kubala et al., 2014). However, both the value of water 
potential and the duration of the priming treatment need to be adjusted, 
depending on the species, cultivar, and seed lot. During imbibition, water 
entry into the seed associates with progressive ROS accumulation and 
oxidative damage of cellular components (lipid membranes, proteins, nucleic 
acids). The main goal of osmopriming is to limit the ROS-mediated oxidative 
injury by delaying water entry. The osmotic agent mainly used is 
polyethylene glycol (PEG), a polyether compound with several industrial 
applications, commercially available in a wide range of molecular weights. 
The chemical features of PEG are recognized as extremely useful in pre-
sowing treatments since the inert nature of the molecule avoids cytotoxic 
effects, and the large molecular size (6000-8000 Daltons) prevents absorption 
of the molecule into the seed (Michel and Kaufman, 1973; Heydecker and 
Coolbear, 1977). However, PEG shows some disadvantages such as the high 
costs and the extremely high viscosity which limits oxygen transfer within 
the solution. Some of these technical constraints can be overcame by using 
effective aeration systems (Bujalski and Nienow, 1991). Other compounds 
used for osmopriming are mannitol, sorbitol, glycerol, and inorganic salts 
such as NaCl, KCl, KNO3, K3PO4, KH2PO4, MgSO4, and CaCl2 (Yacoubi et 
al., 2013). Most of these agents are less expensive, easier to aerate and to be 
removed as compared to PEG. Priming carried out with salt solutions is also 
known as ‘halopriming’. Priming with these compounds can either be 
effective as the PEG-based treatment or it can trigger significantly different 
responses, depending on seed morphology. Priming effectiveness can be 
influenced by the presence of a semi-permeable outer layer, a structural 
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component typical of certain seeds (Pill, 1995). This amorphous tissue, 
localized between pericarp and seed coat, can reduce or avoid ion/solute 
exchange, thus controlling seed permeability to water and priming agents 
(Zhou et al., 2013). The choice of the osmotic agent is a crucial step and it is 
essential to assess the levels of ion accumulation that could result into 
cytotoxic effects and nutritional imbalance within the seed (Bradford, 1995; 
Balestrazzi et al., 2011a; Gomes et al., 2012).  
1.3.2.3. Solid matrix priming 

Solid matrix priming was developed to overcome the high costs of 
osmotic agents and technical problems related to aeration and the volume of 
the priming solution. Seeds are mixed with solid (organic or inorganic) 
materials able to adjust the moisture content, thus allowing a controlled water 
up-take (Harman and Taylor, 1988; Khan, 2010). The substrate used as matrix 
must be carefully selected since it can significantly influence priming 
performance. The materials utilized as matrices should possess specific 
physical and chemical features such as low matrix potential, minimal water 
solubility, high water holding capacity and surface area, no toxicity to seeds 
and ability to adhere to seed surface (McDonald et al., 2000; Di Girolamo et 
al., 2012).  Many natural substances have been used as matrices, e.g. coal, 
sawdust, vermiculite, calcined kaolin, charcoal and commercial substrates 
such as Agro-Ligâ (a humic acid-based product used to improve soil features) 
and Micro-Cel E (a non-soluble, synthetic calcium silicate) (Hacisalihoglu et 
al., 2018). The treatment is preferentially carried out in a sealed container that 
permits air circulation, avoiding excessive evaporation. Solid matrix priming 
simulates the natural imbibition process occurring in soil, leading to the same 
results obtained with liquid priming but at reduced costs. Furthermore, solid 
matrix priming can be integrated by adding chemical or biological agents 
known to improve seed performance (McDonald, 2000; Madsen et al., 2018). 
Inclusion of GAs, fungicides, or Bacillus subtilis to matrix priming leads to 
improved stand establishment and productivity in some vegetable crops 
grown under tropical conditions (Adoreoli et al., 2002). The application of 
GA3 (gibberellin A3) to matrix priming enhanced the germination quality of 
hot pepper seeds (Capsicum annuum) (Ilyas et al., 2002). Moreover, solid 
matrix priming with Trichoderma viride improved seedling emergence and 
yield of okra (Abelmoschus esculentus) under low temperatures (Pandita et 
al., 2010).  
1.3.2.4. Chemo-priming 

The chemo-priming treatment was developed to prevent microbial 
contamination. Conventional disinfectants, such as sodium hypochlorite 
(NaOCl) or hydrochloric acid (HCl), natural substances, and agrochemical 
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(e.g. fungicides and pesticides), are added to the priming solution (Parera and 
Cantliffe, 1990). Although these treatments limit the losses in germination 
caused by pathogens, several parameters (disinfectant concentration, 
treatment duration, solution temperature, and seed age) need to be evaluated 
with attention (Khan, 1992). To date, the chemo-priming technique relies on 
the use of innovative materials for seed treatment, e.g. pesticide–collagen 
hydrolysate mixtures with bioactive properties which allow to reduce 
pesticide dispersal in the environment. More ecological-friendly tools are 
contemplated, such as those made of microencapsulated plant extracts with 
insecticidal and fungicidal properties (Gaidau et al., 2014).  
1.3.2.5. Thermopriming 

Seed treatment at different temperatures before sowing is defined as 
thermopriming. This method has been widely demonstrated to improve 
germination efficiency under adverse environmental conditions, reducing 
thermo-inhibition of seed germination (Huang et al., 2002). Low 
temperatures generally provide the best results. Although not so widely 
applied, thermopriming at high temperatures has been used in some species, 
resulting in advantages in germination especially for plants adapted to warm 
climates (Khalil et al., 1983). Thermopriming combined with other treatments 
resulted in beneficial effects on germination parameters of white spruce 
(Picea glauca), enough to improve nursery practices for commercial seedling 
production (Liu et al., 2013). Hydro-thermal priming is based on 
hydropriming treatments carried at different temperatures (Alipor et al., 
2019). This method has been tested in sugar beet (Beta vulgaris), both under 
laboratory and field conditions. A 15% increase in seedling emergence was 
reported in the field. The positive effect of this type of treatment was observed 
on the final germination percentage, mean germination time, and uniformity 
of germination (Alipor et al., 2019).  
1.3.2.6. Hormopriming 

A relevant impact on seed metabolism and germination has been observed 
with hormopriming treatments when seeds are imbibed in the presence of 
plant growth regulators. The most frequently used regulators are ABA, GA, 
ET, SA, auxins, cytokinins (e.g. kinetin), and polyamines. Concomitant 
priming with GA3 and PEG improved the photosynthetic properties, 
antioxidant system, seedling emergence and growth of white clover 
(Trifolium repens) on heavy-metal polluted soil (Galhaut et al., 2014). 
Priming sprout wheat seeds with GA3 increased grain yield and salt tolerance 
(Iqbal et al., 2013). Enhanced salt tolerance, growth, and grain yield of wheat 
were also observed after kinetin-mediated priming (Iqbal et al., 2006). The 
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critical role of phytohormones exogenously supplied to seeds for improving 
the plant response to salinity stress was stated in wheat seeds primed with 
ascorbic acid and SA as this pretreatment increases the ability of wheat to 
grow successfully under salt stress, whereas hormonal priming with ABA was 
not effective in this case (Afzal et al., 2006). In a recent paper, Araujo et al. 
(2019) highlighted a relevant aspect of the seed response to phytohormones, 
namely the risk of excess genotoxic damage resulting from the prolonged 
exposure of seeds to kinetin. 
1.3.2.7. Biopriming 

Biopriming involves seed imbibition coupled with bacterial inoculation 
(Callan et al., 1990). This treatment not only increases the rate and uniformity 
of germination but additionally protects seeds against soil and seed-borne 
pathogens. Hydration of seeds infected with pathogens during priming can 
result in a stronger microbial growth and consequently impairment of plant 
health. However, applying antagonistic microorganisms during priming is an 
ecological approach to overcome this problem (Reddy et al., 2013). It has 
been found that biopriming is a much more effective approach to disease 
management than other techniques such as pelleting and film coating (Müller 
et al., 2008). Actually, the use of biopriming with plant growth-promoting 
bacteria (PGPB) as an integral component of agricultural practice shows great 
promise (Gulick et al., 2012; Timmusk et al., 2014). Seed priming with living 
PGPR (plant growth-promoting rhizobacteria) increases speed and 
uniformity of germination, ensures rapid, uniform, and high establishment of 
crops, and improves harvest quality and yield (Mahmood et al., 2016). During 
the biopriming treatment, when the pre-germinative metabolism starts, there 
is a significant expansion of the PGPR population that grows in the 
spermosphere (the site surrounding the seed where the interaction between 
soil, microbial communities and the germinating seed takes place), even 
before sowing (Taylor and Harman, 1990). This proliferation of antagonist 
PGPR inside the seeds is 10-fold higher than that observed for pathogens, and 
such feature enables the plant to survive pathogen attack and invasion (Callan 
et al., 1990). Biopriming procedures ensure the entrance of endophytic 
bacteria into the seeds along with avoiding the treatment at high temperature 
(Moeinzadeh et al., 2010). Biopriming with rhizospheric bacteria has been 
reported in crops such as carrot (Jensen et al., 2002), sweet corn (Zea mays 
var. saccharata) (Callan et al., 1990, 1991) and tomato (Legro and Satter, 
1995; Warren and Bennett, 1999). Seed biopriming can also be performed 
using a combination of priming with biologically active compounds 
(elicitors) that trigger plant immunity (Song et al., 2017). This technology is 
called ‘seed defence biopriming’ (SDB). Many bacterial heat-stable 
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metabolites have been so far tested, in particular cyclodipeptides, for their 
ability to induce SDB in cucumber and pepper seeds, thus triggering plant 
immunity. Bacterial cyclodipeptides are a class of small molecules that 
exhibit diverse biological activities as antifungal compounds. As an example, 
cyclo(L-Phe–D-Pro) and cyclo(L-Leu–L-Pro) act against Fusarium 

sporotrichioides and Aspergillus parasiticus, respectively (Ström et al., 2002; 
Yan et al., 2004), thus confirming the prediction that SDB treatment elicits 
immunity from the seed to the whole plant and enables plants to maintain 
effective disease control without growth penalty under greenhouse and field 
conditions. In pearl millet (Pennisetum glaucum), biopriming with 
Pseudomonas fluorescens isolates enhanced plant growth and resistance 
against downy mildew disease (Ray et al., 2004). 
1.3.2.8. Nutripriming 

Nutripriming is a more recent technique in which seeds are soaked with 
solutions containing the limiting nutrient instead of pure water. This was 
made in order to improve the nutritional requirements by providing key 
elements and to stimulate the biochemical pathways that influence seed 
quality, germination parameters, and seedling establishment (Farooq et al., 
2013). Seed priming with Zn improved productivity of chickpea and wheat 
(Arif et al., 2007), germination and early seedling growth of rice (Abbas et 
al., 2014), and the development and root growth of maize seedling exposed 
to low temperatures at the root levels (Imran et al., 2013). Potassium (K)-
based priming brought favorable effect on the growth and nutrient status of 
cotton (Gossypium spp.) seedling under saline conditions (Shaheen et al., 
2015). Some nutripriming techniques are commonly used by seed companies 
in the process of seed production and preparation for growers. The most used 
methods, namely ‘broad spectrum nutrient’ seed priming (BSN), is based on 
seed imbibition carried with a mixture of minerals, such as zinc, copper, 
manganese, molybdenum, and phosphorus, which has been proved to fertilize 
the seed and provide the nutrients for early seedling growth. This positively 
affects germination, seedling vigor, and root system development (Farooq et 
al., 2012). 

 
1.3.3. Parameters used to evaluate seed vigor 

The overall benefits associated with seed priming can be summarized as 
an increased level of seed vigor, observed in the treated samples. Seed vigor 
is a complex trait, difficult to target since it represents the whole set of 
properties conditioning the performance of seed lots in a wide range of 
environmental conditions (Zhang et al., 2015). Due to the several components 
contributing to this trait, a complex array of measurement and analyses 
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related to the germination process needs to be performed in order to evaluate 
seed vigor in response to priming treatments. Several mathematical models 
have been used until now, often with contrasting results and interpretations. 
Ranal and Garcia de Santana (2006) have provided a comprehensive review 
covering the measurements required to describe the germination process by 
taking in consideration the time, rate, homogeneity, and synchrony of 
germination as most informative parameters. These characteristics are 
important not only for plant physiologists and seed technologists, but also for 
ecologists. Indeed, it is possible to predict the degree of success of a species 
based on the capacity of the harvested seeds to germinate through time, 
allowing the use of these high-quality seeds in nature. This opens novel 
perspectives in the study of seed ecology and for the management of 
germplasm collections maintained in seed banks.   

The most descriptive parameters included in this review are germination 
percentage, mean germination time, coefficient of variation of the 
germination time, mean germination rate, uncertainty and synchronization 
index. 

Germination percentage or germinability (G), is expressed as the mean 
number of germinated seeds per day calculated in percentage. Mean 
germination time (MGT) is defined as the weighted mean of the germination 
time and is calculated according to the following formula: 

 
where ti is 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 ith observation), and k is the last time of 
germination. 

The coefficient of variation of the germination time (CVt) is calculated 
as:  

 
where st is the standard deviation of the germination time and t the mean 
germination time. 
Labouriau (1970) demonstrated that the coefficient of velocity (CV) of 
Kotowski (1926) could be used to calculate the mean germination rate (MR) 
as: 

 
where t–: mean germination time and CV: coefficient of velocity. 
Consequently, the mean germination rate (v) is defined as reciprocal of the 
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mean germination time, since the mean rate increases and decreases with 1/ 
t–, not with t– (Labouriau 1983b).  

Uncertainty (U) describes the levels of uncertainty associated to the 
distribution of the relative frequency of germination and is quantified by 
means of a measurement named synchronization index (E). The uncertainty 
associated to the distribution of the relative frequency of germination (U) was 
expressed by Labouriau and Valadares (1976) as:  

 
where fi is the relative frequency of germination, ni the number of seeds 
germinated on the day i, and k the last day of observation.  

The synchronization (Z) index has been proposed to evaluate the 
synchrony of one seed with another included in the same replication of one 
treatment. It is defined as: 

 
where 

 

 
Cni, 2: combination of the seeds germinated in the time i, two together and ni: 
number of seeds germinated in the time i. When the germination of all seeds 
occur at the same time Z will be 1 instead it will be 0 when at least two seeds 
could germinate, one at each time.  

All these standardized germination measurements are applied to evaluate 
seed germination and seedling emergence. Researchers have to carefully 
choose the measurements and the interval of evaluation that better describe 
the experiment and the results obtained according to their objectives. 
 
1.3.4. Innovation in seed priming: the use of molecular tools 

It is well known that pre-sowing priming treatments induce a peculiar 
physiological status in seeds by boosting the pre-germinative metabolism, 
and this feature makes priming a promising strategy to improve seed quality 
and subsequently plant behavior in the field. There is a strong interest of 
farmers and seed companies to find suitable and cheap priming treatments but 
also to precisely identify the agronomical properties improved as a result of 
priming in cultivated species. Despite the studies so far carried out on the 
physiological mechanisms associated with seed priming, several open 
questions still need to be addressed. Within this context, a deeper 
understanding of the molecular processes that drive the seed response to 
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priming, at the level of pre-germinative metabolism, will provide molecular 
hallmarks (genes, proteins, metabolites) useful for predicting the 
effectiveness of novel pre-sowing treatments. 

Thanks to the recent advances in the field of plant molecular biology, it is 
now possible to focus on novel seed quality markers that associate with high 
germination levels and thus can be used to help breeding programs, crop 
productivity, and preserve biodiversity (Macovei et al., 2016). New 
opportunities to elucidate the molecular bases of the priming process are 
provided by the use of holistic approaches (e.g. ‘omics’ tools). Similarly, 
nondestructive and noninvasive methods such as digital image technology 
may be used in a more precise way to study the kinetics of imbibition in 
relation to the modification of the seed ultrastructure (Toorop et al., 1998; 
Bolte et al., 2011; Kubala et al., 2015). 

To date, researchers and seed technologists are focusing on improving 
some specific weakness points of seed priming. Indeed, despite the wide use 
and the relevance of these technique, it is still much based on empirical 
features that limit the work of seed technologists and farmers. A gap of 
knowledge still exists concerning the molecular aspects of seed priming, 
mostly at the level of seed pre-germinative metabolism. Further 
investigations will help to uncover additional molecular hallmarks (genes, 
proteins, metabolites) necessary to predict the effectiveness of novel pre-
sowing treatments. In this context, several reports have already highlighted 
links between intense DNA repair, antioxidant response, and high-quality 
seeds in model plants (Balestrazzi et al., 2011a, 2011b, 2015; Donà et al., 
2013; Macovei et al., 2011, 2016; Waterworth et al. 2010, 2016; Pagano et 
al., 2017, 2019).  
1.3.4.1. Nanotechnology 

In the recent years, nanotechnologies have been developed and applied in 
agriculture (Marchiol, 2018). Nanotechnology, or the science and technology 
conducted at the nanoscale, is a rapidly evolving field expected to bring 
innovations in agriculture and food industry, allowing to increase food 
production in a sustainable manner as well as to protect and ameliorate crops 
(Marchiol, 2018). Nanotechnology has developed nanomaterial formed by 
aggregates of atoms or molecules with a diameter of approximately 1-100 nm 
(Aslani et al., 2014). These molecules display unique physicochemical 
properties like catalytic reactivity, high surface area, size and shape. They 
have the potential to open new paradigms and introduce new strategies in 
agriculture (Mani and Mondal, 2016). Although the use of nanomaterials for 
agricultural applications is a relatively new approach as compared to their use 
in biomedical and industrial sectors, it appears highly promising. 
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Applications of nanoparticles (NPs) in agriculture need to be low-cost, 
ecofriendly, biocompatible and non-toxic (Liu et al., 2015; Mahakham et al., 
2016). Plant-based materials represent the best candidates for synthesizing 
biocompatible NPs, due to the biochemical diversity of plant extract, non-
toxic phytochemical components, non-pathogenicity, and flexibility in 
reaction parameters as compared to chemical synthesis methods (Mahakham 
et al., 2016; Singh et al., 2016b). During the past decade, a number of patents 
and products incorporating engineered NPs into agricultural practices, e.g. 
nanopesticides, nanofertilizers, and nanosensors, have been developed with 
the collective goal to promote the efficiency and sustainability of agricultural 
practices requiring less input and generating less waste than conventional 
products and approaches (Servin et al., 2015). The nanoparticles were also 
used for the improvement of plant traits against environmental stress and 
diseases (Gogos et al., 2012; Chen et al., 2011), and to treat seeds with low 
germinability.  

These advances in nanotechnology also led to developing a novel type of 
priming, ‘nanopriming’. In this case, seed priming is carried with synthetic 
nanoparticles (Servin et al., 2015). There have been already some published 
reports describing the use of metal-based NPs (e.g. AgNPs, AuNPs, CuNPs, 
FeNPs, FeS2NPs19, TiO2NPs, ZnNPs1, ZnONPs) and carbon-based NPs (e.g. 
fullerene and carbon nanotubes) as priming agents (Aslani et al., 2014; 
Anderson et al., 2016). The mechanism behind seed nanopriming might be 
different from that of classic pre-sowing seed treatment carried without 
drying the seeds. At the moment, a comprehensive study on the physiological 
and molecular mechanism underlying the effects of nanopriming on seed 
germination is still missing. However, based on the existing experimental 
evidence, three main hypotheses have been proposed.  

(1) One of the possible mechanisms is based on the hypothesis of 
Khodakovsakay and collaborators (2011). These authors carried out 
experiments using carbon nanotubes, which were able to penetrate the seed 
coat, producing small pores. These pores increased the flow of water inside 
the seed and caused the overexpression of the aquaporin genes (Villagarcia et 
al., 2012; Qian et al., 2013; Lahiani et al., 2013). The progressive imbibition 
stimulates the embryo to produce the phytohormones gibberellins, that in turn 
trigger the transcription of the gene encoding α-amylase (Man et al., 2013). 
Once produced, this enzyme is secreted from the aleurone layer inside the 
endosperm, where it will be able to hydrolyze the starch. In this first 
hypothesis, the nanopores, produced by nanoparticles, accelerate water 
absorption and, consequently, the activation of seed metabolism. Once the 
aquaporin genes are up-regulated, the water channels can facilitate the 
diffusion of ROS (Cordeiro et al., 2015).  
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(2) The second hypothesis involves ROS molecules such as H2O2, •O2- 
and •OH. This hypothesis has been elaborated based on the observation that 
when the amount of ROS increased there was also a strong up-regulation of 
the genes coding for aquaporins (Cordeiro et al., 2015). It is important to 
mention that ROS, under a certain threshold, perform the function of signal 
molecules, stimulating germination and plant development (Maurel et al., 
2015; Cordeiro et al., 2015). The amount of ROS in seed tissues must be 
maintained within a certain threshold, the so-called ‘oxidative window’ to 
induce germination. Several antioxidant enzymes are responsible for keeping 
this amount under a tight control (Bailly et al., 2008; Leymarie et al., 2012). 
In addition to this function, ROS, especially the radical •OH, participate in 
the loosening of the cell wall. This is a fundamental process that acts through 
a mechanism of mechanical resistance, limiting cell growth (Müller et al., 
2009). Cell wall loosening is found in all stages of plant development. It has 
been shown that some ROS participate in this process, favoring the breaking 
of the seed coat and the protrusion of the radicle during the germination 
(Richards et al., 2015; Liu et al., 2016a). Higher ROS production was 
observed in germinating seeds treated with nanopriming (Li et al., 2017). 
These higher ROS levels can act as a signal, consistent with the ‘oxidative 
window’ concept, resulting in better germination and faster seedling growth 
compared with that observed in unprimed seeds. To summarize this 
hypothesis, Mahakham (2017) suggested that nanopriming reboots ROS and 
the antioxidant system in seeds. 

(3) The third hypothesis proposes the impact of silver nanoparticles as 
catalysts. These nanoparticles have been shown to increase the speed of the 
starch hydrolysis reaction, but the exact mechanism by which they operate is 
not yet clear. An explanation could be that the enzyme α-amylase interacts, 
via disulfide bridges, with the functional groups bound to the surface of the 
nanoparticles. In this way, an enzyme-nanoparticle complex is formed as the 
enzyme α-amylase is immobilized on the surface of the nanoparticle (Ernest 
et al., 2013; Misson et al., 2015). In the immobilized form, some enzymes 
tend to be more stable and to interact more easily with the substrate (Ernest 
et al., 2013). Another explanation could be that, in the form linked to the 
nanoparticle, the enzyme undergoes a conformational change that makes it 
more similar to the substrate (Deka et al., 2012). The enzyme α-amylase, 
therefore, could behave in one of these two ways described and this would 
explain the increase in enzymatic activity observed in seeds treated with 
nanopriming. This increase subsequently results in an enhanced amount of 
soluble sugars in the cell and, consequently, in higher availability of soluble 
sugars. These are necessary to generate the energy required for seedling 
growth, thereby leading to increased germination speed. Water will therefore 
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tend to enter the cell by osmosis, causing the phenomenon of increased water 
up-take observed by researchers in seeds treated with the nanopriming 
technique (Hussain et al., 2015; Zheng et al., 2016). 
1.3.4.2. Seed priming, biotic and abiotic stresses 

Several studies reported an interesting aspect of seed priming: it can boost 
the seed germination and seedling establishment under non-optimal 
conditions, e.g. drought or salinity (Kumar et al., 2019). These types of 
treatments can alleviate stress levels in seedling resulting in better 
productivity levels under environmental constrains (Macovei et al., 2014; 
Ibrahim et al., 2016; Li et al., 2017; Bajwa et al., 2018). This is rather 
important in the context of promoting sustainable agriculture and addressing 
the big pressure due to the rising global population under drastic changes in 
the climate conditions. Actually, the situation is aggravated by both abiotic 
(cold, drought, salinity, water deficit, extreme pH, or pollution) and biotic 
(pathogenic organisms, weed infestations, pests) stresses. 

Considering all these serious issues that the current agriculture has to face 
and the resulting strong pressure at global level, both researchers and farmers 
are now focusing their efforts to develop management practices or tools to be 
used alone or in combination to ensure the production sustainability, cost 
effectiveness, and healthy ecosystems (Kumar et al., 2012). In this context, 
the need to improve seed quality is a relevant issue and a priority for 
researchers. Priming is currently envisaged as a powerful tool that can be 
easily adopted in different environments and for different crops to improve 
seed quality in order to obtain plants which can withstand various types of 
stresses and adverse environmental conditions (Kumar et al., 2019). Galhaut 
(2013) reported an example of priming applied to a heavy-metal polluted soil. 
White clover seeds were primed either with GA or PEG. Both priming 
treatments increased the germination speed and final germination percentage 
in the presence of heavy-metals (Cd and Zn). Another sustainable application 
of priming was applied for the bioremediation of petroleum-contaminated soil 
(Das et al., 2016). Seed biopriming was carried out using PGPR from 
Pseudomonas spp. and applied to Indian ginseng (Withania somnifera). The 
results showed high values for germination, shoot and radicle length, and 
fresh and dry weight when compared to non-primed seed, underlining the 
effectiveness of the treatment. 
 
1.4. Antioxidant mechanisms in the context of seed germination 

Various biotic and abiotic stress factors (e.g. salinity, UV radiation, 
heavy-metals, drought, extreme temperatures, nutrient deficiency, air 
pollution, pathogen attacks) can perturbate the equilibrium between the 
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production and scavenging of ROS (Foyer et al., 2005; Gill and Tuteja, 2010). 
This leads to ROS overproduction at the cellular level with consequent 
deleterious effects. Indeed, free radicals are highly reactive and toxic, causing 
damage to proteins, lipids, carbohydrates and DNA and ultimately resulting 
in oxidative stress also at the seed level (Fig. 5). ROS accumulation is the 
major cause of loss of crop productivity worldwide (Mittler, 2002; Gill et al., 
2011). Organelles such as chloroplasts, mitochondria, and peroxisomes, carry 
highly oxidizing metabolic activities or they represent the subcellular 
compartments where intensive rates of electron flow take place, thus releasing 
high amounts of free radical species in the plant cells (Rasmusson et al., 2004; 
Gill and Tuteja et al., 2010). To protect themselves against these toxic oxygen 
intermediates, plant cells and organelles employ antioxidant defense systems. 
The cells are equipped with an excellent antioxidant defense machinery able 
to detoxify the effects of ROS resulting from a wide range of environmental 
stresses.  

 
Fig. 6. Timing and mechanisms of ROS production in seeds and their main effects 
on cell macromolecules (Pagano et al., 2018). 

Although ROS play a relevant role as key regulatory molecules essential 
for cells, they cause severe damage when produced in excess or when the 
antioxidant machinery does not properly function. Thus, it is of great 
importance to maintain an equilibrium between ROS production and ROS 
scavenging to allow appropriate plant development under changing 
environments. 
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At the seed level, the antioxidant defense machinery offers protection 
against damage induced by oxidative stress in order to allow germination. In 
other words, enzymatic detoxification as well as repair of cell membrane are 
the main processes required to limit oxidative injury during imbibition and 
they significantly contribute to delay seed ageing and eventually the loss of 
seed viability (Tavakol Afshari et al., 2007). 

An antioxidant is defined as any substance that delays, prevents or 
removes oxidative damage to a target molecule. In this definition are included 
both enzymes and non-enzymatic compounds (Govindaraj et al., 2017). Plant 
possess very efficient enzymatic and non-enzymatic antioxidant defense 
systems that can counteract the harmful effects of ROS in planta and at the 
seed level (Fig. 7) (Kibinza et al., 2006; Gill et al., 2011). The activity of 
these antioxidant metabolites and enzymes are responsible for the high levels 
of seed resistance to oxidative damage as well as for minimizing cell damage 
(Alscher, 2002; Tabatabaei, 2015). Several studies have established that the 
induction of the cellular antioxidant machinery is important for protection 
against various stresses (Tuteja et al., 2007; Khan and Singh, 2008; Gill et al., 
2011). The ability of seeds to produce antioxidant compounds considerably 
differs depending on species and genotype (Mansouri-Far et al., 2015). 

 

 
 
Fig. 7. Seed antioxidant defence. Non-enzymatic (ascorbic acid, reduced 
glutathione, tocopherol, phenolic compounds, alkaloids, carotenoids and non-protein 
amino acids) and enzymatic components (superoxide dismutase, catalase, ascorbate 
peroxidase, monodehydroascorbate reductase, glutathione reductase, 
dehydroascorbate reductase, glutathione peroxidase and glutathione S-transferases) 
(modified from Hasanuzzaman et al., 2011). 
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1.4.1. The fundamental role of the antioxidant defense system in seeds 
After maturation, orthodox seeds can survive long periods of storage in 

dehydrated and dormant conditions. During dormancy, and especially at low 
temperatures, the cytoplasm undergoes changes in terms of physical 
properties since there is a transition from a metabolically active fluid state to 
a viscous glassy state in which the mobility of metabolites, macromolecules, 
and cellular structures is severely restricted by the reduced water content. 
This reduced metabolic activity limits the ROS production within 
mitochondria, chloroplasts, and other cellular compartments, thus preventing 
extensive damage to cellular components before germination occurs (Buitink 
and Leprince, 2008). Nevertheless, in dry conditions, non-enzymatic sources 
of oxidative damage are still active, namely lipid peroxidation (Wilson and 
McDonald, 1986) and the Amadori and Maillard reactions (Murthy and Sun, 
2000), thus requiring active detoxification systems to prevent extensive 
cellular damage and the loss of seed vigor.  

The activity of the enzymatic machinery implicated in ROS detoxification 
is strongly limited during seed dormancy because of the dehydrated glassy 
state of the cytoplasm in most orthodox seeds (Rajjou et al., 2012). As during 
the dehydrated state the activity of the antioxidant enzymes is strongly 
impaired, many orthodox seeds have evolved non-enzymatic systems to 
scavenge the ROS produced during storage. Indeed, several classes of 
molecules are accumulated during seed maturation. Polyphenols, like 
flavonoids, are among the most common and relevant non-enzymatic 
antioxidants found in the seed coat, endosperm, and embryo, as a 
consequence of specific developmental signals. Following seed imbibition 
and consequent metabolism reactivation, the metabolic pathways leading to 
ROS production, as well as the enzymatic machinery involved in their 
detoxification, resume their activities (Vranová et al., 2002; Apel et al., 2004). 
For instance, superoxide dismutase (SOD), catalase (CAT), ascorbate 
peroxidase (APX), glutathione peroxidase (GPX), glutathione reductase 
(GSR), dehydroascorbate reductase (DHAR), monodehydroascorbate 
reductase (MDHAR) are produced in seeds and they act at different levels 
during germination (Bailly, 2004, Kumar et al., 2015). Protection from stress 
is expected also during seed maturation and desiccation in order to grant 
enhanced longevity. 
1.4.2. Enzymatic antioxidant defense systems  

Enzymatic antioxidants include several types of enzymes generally highly 
conserved through evolution.  

SOD is a metalloprotein found in both prokaryotic and eukaryotic cells 
(Bandyopadhyay et al.,1999). In conjunction with CAT, SOD acts as an 
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enzymatic oxidant detoxification system (Mustafa and Lee, 1977). The up-
regulation of SOD isoforms is implicated in fighting oxidative stress caused 
by biotic and abiotic environmental factors and this system plays a critical 
role in the survival of plants under adverse environmental conditions 
(Harinasut et al., 2003; Kukreja et al., 2005; Gapińska et al., 2008) 
Furthermore, it has been reported that priming treatments stimulate the 
activity of SOD and other ROS scavenging enzymes in cauliflower (Fujikura 
and Karssen, 1992), sunflower (Bailly et al., 2000) and tomato seeds (Van 
Pijlenet al., 1995). 

CATs are tetrameric eme-containing enzymes, localized in peroxisomes, 
that promote redox reactions. They catalyze the decomposition of H2O2 to 
water and oxygen and thus protects the cell from oxidative damage caused by 
H2O2 and OH-(Bandyopadhyay et al., 1999; Garg and Machanda, 2009). 
CATs contribute to remove lipid peroxidation and protect the mitochondrial 
components from oxidative damage (Chander and Kapoor, 1990). Decreased 
CAT activity was associated with ageing, accompanied by an increase in lipid 
peroxidation and loss of seed vigor and viability in maize (Oliver et al., 1990) 
and sunflower (Bailly et al., 2002). Stimulation of CAT activity during 
germination has been reported in seeds of soybean (Gidrol et al., 1994) and 
maize (Guan and Scandalios, 2002). CAT isozymes have been studied 
extensively in higher plants, e.g. Hordeum vulgare (Azevedo et al., 1998), 
Helianthus annuus cotyledons (Azpilicueta et al., 2007) and Brassica spp. 
(Frugoli et al., 1996).  

Peroxidases catalyze the oxidation of a wide range of electron donors, 
among which H2O2 and AA (Ascorbic Acid) in 2H2O and DHA (Dehydro 
ascorbate) and H2O2 and GSH (reduced glutathione) in H2O and GSSG (two 
glutathione molecules linked by a disulfide bond) playing an active role in 
scavenging the endogenous H2O2 (Mazumdar et al., 1997). The peroxidase 
activity was positively associated with the germination percentage in maize 
(Oliver et al., 1990). In particular, lipid peroxidation is considered as the most 
damaging process known to occur in every living organism. Lipid 
peroxidation was shown to produce highly reactive free radical intermediates 
that resulted in damaged membranes, proteins and nucleic acids, leading to 
loss of viability in maize (Leprince et al., 1990).  

APX is involved in scavenging of H2O2 and utilizes ascorbate as the 
electron donor. The APX family consists of five different isoforms including 
the thylakoid (tAPX) and glyoxisome membrane (gmAPX) isoforms, as well 
as chloroplast stromal soluble (sAPX) and cytosolic (cAPX) isoforms (Noctor 
and Foyer, 1998). APX has a higher affinity for H2O2 than CAT and it has a 
crucial role in the management of ROS under oxidative stress. Indeed, 
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enhanced expression of APX in plants has been demonstrated during different 
stress conditions (Zlatev et al., 2006; Khan et al., 2007; Singh et al., 2008). 
Chen and Arora (2011) demonstrated that osmopriming in spinach (Spinacia 

oleracea) seeds reduces the levels of CAT and SOD activities, increasing the 
seed germination potential and stress tolerance. Another study revealed the 
presence of elevated constitutive APX activity in Brassica juncea seeds under 
elevated nichel (Ni) concentrations (Thakur and Sharma, 2015). 

Guaiacol peroxidase (GPOX) decomposes indole-3-acetic acid (IAA) in 
3-methylene-oxindole and has a role in the biosynthesis of lignin and defense 
against biotic stresses by removing H2O2 (Hinman and Lang, 1965; Ricard 
and Job, 1974). GPOX preferentially uses aromatic electron donors, such as 
guaiacol and pyragallol (Asada, 1999). The activity of GPOX varies 
considerably depending upon plant species and stress conditions (Milone et 
al., 2003; Koji et al., 2009). GPOX activity was studied in barley seeds 
irradiated with different doses of γ-ray. It has been shown that both GPOX 
and CAT increase their activity in the dose range that causes growth 
stimulation in the seedling (Volkova et al., 2016). Yadu et al., (2017) 
investigated the role of salicylic acid (SA) and nitric oxide (NO) in improving 
salinity tolerance in Pisum sativum seeds. Both SA and NO serves as signal 
molecules in plant stress responses and play a crucial role in key regulatory 
pathways of growth, development and metabolism. SA and NO had 
significant inducing effects on GPOX, SOD, CAT and APX activities, 
resulting in a decline of ROS accumulation. 

GPXs are a large family of isozymes that use GSH to reduce H2O2 and 
organic and lipid hydroperoxides and help plant cells to fight oxidative stress 
(Noctor et al., 2002). Some studies were carried out to analyze GPX activity 
in seeds. The exposure of Brassica juncea seeds to high levels of Cu increase 
the activity of this antioxidant enzyme (Yadav et al., 2018). Mahesh et al., 
(2017) discovered that eggplant (Solanum melongena) seeds primed with SA 
displayed an increased GPX activity. 

Glutathione reductase (GR) is a flavo-protein oxidoreductase involved in 
the ASH-GSH (ascorbate-glutathione) cycle and playing an essential role in 
the defense system against ROS by sustaining the reduced status of GSH (Gill 
and Tuteja, 2010). GR catalyzes the reduction of GSH, a molecule involved 
in many metabolic regulatory and antioxidant pathways in plants. GR 
catalyses the NADPH-dependent reduction of the disulphide bond of GSSG 
(oxidized glutathione), thus maintaining the GSH pool (Reddy and 
Raghavendra, 2006; Chalapathi and Reddy, 2008). GR and GSH play a 
crucial role in determining the tolerance of a plant under various stresses 
(Chalapathi and Reddy, 2008). Sharma and Dubey (2005) noted a significant 
increase in GR activity in drought-stressed Oryza sativa seedlings. Enhanced 
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activity of GR was observed by Yadav et al. (2018) in Brassica juncea seeds 
treated with high levels of copper (Cu) and exogenous application of the 
brassinosteroid castasterone. Furthermore, it was found that GR maintained a 
low level of activity in aged oat (Avena sativa) seeds primed with NO. With 
the application of low NO concentrations to these aged seeds, a protective 
effect was observed demonstrated by an improvement in seed vigor and 
increase of H2O2 scavenging ability. It is important to underline that aged 
seeds progressively accumulate H2O2, and the resulting oxidative damage 
causes loss of vigor and an extension of mean germination time (Mao et al., 
2018). 

Plant glutathione S-transferases (GST) are a large and diverse group of 
enzymes which catalyze the conjugation of electrophilic xenobiotic substrates 
with glutathione (GSH). These enzymes are known to act in herbicide 
detoxification, hormone homeostasis, vacuolar sequestration of anthocyanin, 
tyrosine metabolism, hydroxyperoxide detoxification, regulation of apoptosis 
and in plant responses to biotic and abiotic stresses (Dixon et al., 2010). GSTs 
have the potential to remove cytotoxic or genotoxic compounds, which can 
react or damage DNA, RNA and proteins (Noctor et al., 2002). In fact, GSTs 
can reduce peroxides with the help of GSH and produce scavengers of 
cytotoxic and genotoxic compounds. In Brassica juncea seeds, GST 
displayed high level of activity under Cu stress (Yadav et al., 2018). The same 
response was found by Yang et al., (2012) in soybean (Glycine max) seeds 
exposed to different Cd concentrations. Furthermore, GST activity showed a 
pronounced exposure time-dependent response. 

MDHAR is a flavin adenin dinucleotide (FAD) enzyme found in plants 
with chloroplastic and cytosolic isoforms. MDHAR exhibits a high 
specificity for monodehydroascorbate (MDHA) as the electron acceptor, 
preferring NADH rather than NADPH as the electron donor. Along with 
APX, MDHAR is also located in peroxisomes and mitochondria, where it 
scavenges H2O2 (del Río et al., 2002). It was observed that MDHAR 
enzymatic activity decreases under Cu-mediated stress in Brassica juncea 
seeds (Yadav et al., 2018). Moreover, the level of enzyme activity was found 
decreased in artificially aged rice seeds (Yin et al., 2014). According to the 
current hypothesis, an overall depression of the antioxidant machinery 
composed by CAT, APX and MDHAR could be responsible for ROS 
accumulation in artificially aged seeds, leading to a loss of vigor (Yin et al., 
2014). 

DHAR regenerates ASH from the oxidized state and regulates the redox 
state of the cellular ASH pool. This function is crucial for ensuring tolerance 
to abiotic stresses and limiting ROS accumulation (Gill and Tuteja, 2010). 
High copper levels applied to B. juncea seeds triggered a high DHAR activity 
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(Yadav et al., 2018). Garnczarska et al., (2009) investigated the ability of 
yellow lupine (Lupinus luteus) fresh seeds to tolerate desiccation and found 
that the DHAR activity increases before the seed reaches physiological 
maturity and decreases thereafter. 
1.4.3. Non-enzymatic antioxidant defense systems 

Non-enzymatic antioxidants include ascorbic acid (vitamin C), 
carotenoids, glutathione (GSH), α-tocopherols (vitamin E), flavonoids and 
proline.  

Ascorbic acid is the most abundant, powerful and water-soluble 
antioxidant able to prevent or minimize the ROS-dependent damage in plants 
(Smirnoff, 2005). It plays a key role in detoxification of O2- radical (Foyer et 
al., 1991) and helps in the regeneration of oxidized vitamin C at the level of 
membranes, hence it is required to maintain membrane structure. Ascorbic 
acid content increased progressively during seed development in French bean 
and desiccation remarkably reduced the levels of this compound in developed 
and dehydrated seeds (Arrigoni et al., 1992). A positive association between 
germination and ascorbic acid content has been reported in French bean 
(Innocenti et al., 1994), wheat (De Gara et al., 1997), pea (Pallanca and 
Smirnoff, 1999) and maize (De Gara et al., 2000).  

Other mechanisms, able to remove excess excitation energy in 
photosynthetic membranes, involve the isoprenoid compounds. In all 
photosynthetic organisms, the carotenoids β-carotene, zeaxanthin, and 
tocopherols, act as photoprotectants, either by dissipating excess excitation 
energy (e.g. heat) or by scavenging ROS and suppressing lipid peroxidation 
(Gill and Tuteja, 2010). Carotenoids are pigments found in plants and 
microorganisms, recognized as efficient quenchers of singlet oxygen. There 
are over 600 carotenoids occurring in nature. They directly scavenge free 
radicals and protect cells and tissues from oxidative damage by inhibiting 
lipid peroxidation. Indeed, low concentrations of b-carotene were reported to 
effectively protect membrane lipids from oxidative reactions leading to 
peroxidation (Krinsky, 1992). In H. vulgare seedlings, the carotenoids 
content decreases under Cd-stress. Exposure to cadmium caused a reduction 
of plant length, biomass, and leaf pigment content (Demirevska-Kepova et 
al., 2006). The γ-irradiated seeds of two red pepper cultivars displayed 
different response related to the carotenoid activity. The effects of irradiation 
on the enzymatic activity measured was the opposition between the two 
cultivars. This behavior has been hypothesized to be cultivar-dependent (Kim 
et al., 2014). 

Glutathione (GSH) is one of the major antioxidants in the soluble fraction 
of cells involved in the protection of membranes from oxidative attack 
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(Moron et al., 1979). It occurs abundantly in reduced form in plant tissues 
within all cell compartments like cytosol, endoplasmic reticulum, vacuole, 
mitochondria, chloroplasts, peroxisomes as well as in apoplast (Mittler et al., 
1992; Jimenez et al., 1998). GSH plays a role in free radical scavenging in 
aged sunflower (De Paula et al., 1996) and watermelon seeds (Hsu and Sung, 
1997). This antioxidant molecule is required in several physiological 
processes, including regulation of sulfate transport, signal transduction, 
conjugation of metabolites, detoxification of xenobiotics (Xiang et al., 2001), 
and the expression of stress-responsive genes (Mullineaux and Rausch, 
2005).  

Tocopherols are a lipid soluble antioxidant and are considered as potential 
scavengers of ROS and lipid radicals (Hollander-Czytko et al., 2005). They 
represent an integral component of biomembranes and helps as effective 
‘radical chain-breaking’ molecules (Marcus et al., 1998). Tocopherols are 
localized in the thylakoid membrane of chloroplasts. In plants, four isomers 
(a-, b-, g-, and d-tocopherol) were found and a-tocopherol showed the highest 
antioxidant activity due to the presence of three methyl groups in its 
molecular structure (Kamal-Eldin and Appelqvist, 1996). Addition of vitamin 
E has improved the germinability of parsley (Petroselinum crispum), onion 
(Allium cepa) and pepper (Capsicum annuum) seeds (Woodstock et al., 1983) 
whereas loss of tocopherol is one of the manifestations of seed deterioration. 
Depletion of tocopherol in soybean (Glycine max) seeds enhanced the loss of 
desiccation tolerance. Furthermore, the lower tocopherol content detected 
following ageing suggested that this molecule is utilized for protecting the 
seed against free radical damage (Seneratna et al., 1988).  

Flavonoids are commonly found in leaves, floral parts and pollens. They 
usually accumulate in the plant vacuole as glycosides, but they also occur as 
exudates on the surface of leaves and other aerial plant parts (Vierstra et al., 
1982). Flavonoids are suggested to have many functions among which 
flowers, fruits and seed pigmentation, protection against UV light, defense 
against phytopathogens, plant fertility and pollen germination, or acting as 
signal molecules in plant-microbe interactions (Olsen et al., 2010).  

A peculiar non-enzymatic antioxidant is proline, an amino acid 
fundamental to counteract the effects of ROS in microbes, animals and plants 
and a potential inhibitor of programmed cell death (PCD) (Chen and Dickman 
et al., 2005). A dramatic accumulation of proline occurs in presence of salt, 
drought and metal stress, and this may be due to increased synthesis or 
decreased degradation of the amino acid. Free proline has been proposed to 
act as an osmoprotector, a protein stabilizer, a metal chelator, an inhibitor of 
LPO and OH• and O2 scavenger (Ashraf and Foolad, 2007; Trovato et al., 
2008; Smirnoff and Cumbes, 1989). In an interesting study, Chen and 
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Dickman (2005) reported that addition of proline to DARas (oncogenic fungal 
Ras gene) mutant cells of Colletotrichum trifolii, a fungal pathogen of alfalfa 
(Medicago sativa), effectively quenched ROS levels and prevented cell death. 
It was suggested that the ability of proline to scavenge ROS and to inhibit 
ROS-mediated apoptosis can be an important function in response to cellular 
stress. An accumulation of proline was observed in safflower (Carthamus 
tinctorius) seeds subjected to salt stress which means that high salt tolerance 
could be attributed also to the proline action (Siddiqui, 2011). Moreover, an 
increase of proline content may represent a response to heavy-metal toxicity 
in soybean seeds (Yang et al., 2012). 
 
1.5. DNA damage and DNA repair in plants 

Plants are highly vulnerable to abiotic stresses occurring ubiquitously in 
the environment which results in oxidative injury at the cellular level and, 
ultimately, in genotoxic damage targeting the double helix structure (Tuteja 
et al., 2009; Manova and Gruszka, 2015). The various stresses are essentially 
considered as a critical factor which impairs the plant fitness and productivity 
by affecting genome stability (Tuteja et al., 2009; Roldan-Arjona and Ariza, 
2009; Balestrazzi et al., 2011b). Plants have evolved a complex network of 
mechanisms for DNA damage detection and repair dedicated to ensure 
genome stability through removal of DNA lesions and reconstitution of the 
original genetic information (Bray and West, 2005; Yoshiyama et al., 2013). 
The ability of plants to maintain genome integrity was shown to decrease with 
plant age mainly due to a reduction in the efficiency and relative contribution 
of specific DNA repair pathways (Golubov et al., 2010). The choice of a 
repair pathway and its mode of action depends primarily on the cell type and 
its proliferation level/cell cycle stage, as well as on the type of the lesion and 
its impact in the genomic context (Britt, 1999).  

Because of their sessile lifestyle, plants need strictly controlled but 
flexible DNA repair mechanisms responsive to the changing environment. 
Common external factors can trigger and modulate the efficiency of specific 
DNA repair pathways, such as recombination or photo-repair (Li et al., 2002; 
Boyko et al., 2005; Chang et al., 2008). It is important to underline that a 
major source of DNA lesions is the intracellular metabolism that contributes 
to increase significantly the concentration of free radicals in the environment 
surrounding the DNA (Sharma et al., 2012). In recent years, significant 
advancements have been made in the molecular characterization of the repair 
pathways and genes mediating these processes in both dicot and monocot 
crop plants (Balestrazzi et al., 2011a, 2011b; Yoshiyama et al., 2013; Manova 
and Gruszka, 2015). 
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The DNA lesions are divided into two main categories: single- and 
double-stranded. The first category is comprised of lesions disturbing only 
one DNA strand, such as oxidized or alkylated base damage, deamination, 
abasic (apurinic and/or apyrimidinic, AP) sites, DNA adducts, intra-strand 
cross-links, DNA photoproducts and single-strand DNA breaks (SSBs) 
(Tuteja et al., 2009). The second category includes lesions affecting both 
DNA strands, such as inter-strand cross-links and double-strand DNA breaks 
(DSBs), the latter being the most severe type of DNA damage in the 
eukaryotic genome. All DNA-associated processes involved in the 
transmission, expression and maintenance of genetic information have the 
potential to cause SSBs or DSBs in DNA (Bessho, 2003; Montecucco and 
Biamonti, 2013). Perception of genotoxic stress and the activation of signal 
transduction mechanisms lead to cell cycle arrest and this allows the regulated 
expression of DNA repair genes. Several genotoxic agents can 
simultaneously cause both DNA damage within the nucleus and oxidative 
stress outside the nuclear compartment, leading to complex molecular activity 
which might ultimately result in PCD (Balestrazzi et al., 2012).  

The main DNA repair pathways hereby briefly described are Base 
Excision Repair (BER), Nucleotide Excision Repair (NER), Non-
Homologous End Joining (NHEJ) and Homologous Recombination (HR). 

 
1.5.1. Excision repair  

The excision repair is divided in base (BER) and nucleotide (NER) 
excision repair (Fig. 8).  
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Fig. 8. Excision repair in plants. (A) Schematic representation of BER pathway (de 
Medeiros et al., 2015). (B) Schematic representation of NER pathway (Kimura et al., 
2006). 

 
BER is involved in the removal of oxidative base damage, alkylated, 

deaminated, abasic (apurinic and/or apyrimidinic, AP) sites and single-strand 
breaks (SSBs) (Fig. 8A). It requires the activity of DNA glycosylases, 
enzymes able to catalyze the hydrolysis of the N-glycosidic bond of the 
damaged deoxynucleoside, causing the excision of the damaged bases 
(Roldan-Arjona and Ariza, 2009). The resulting AP sites are then processed 
by AP endonucleases which cleave at the 5’ end of the AP site, releasing 3’-
OH and 5’- deoxyribose- 5’-phosphate termini. The gap is subsequently filled 
by inserting a 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 ε) and finally the ends are 
rejoined by DNA Ligase III (SP-BER) and DNA Ligase I (LP-BER). 
Poly(ADP-Ribose)Polymerase 1 (PARP-1) is a nuclear protein which 
interacts with factors involved in the modulation of chromatin architecture 
and cell recovery from DNA damage, is among the BER components 
responsive to stresses (Douchet-Chablaud et al., 2001). In Arabidopsis, both 
AtPARP1 and AtPARP2 genes are stress responsive and the preferential 
accumulation of the AtPARP2 transcript in response to heavy-metal stress 
suggests for specific roles played in plants by each gene (Douchet-Chablaud 
et al., 2001). Other key players in BER, the enzymes OGG1 (8-oxoguanine 
DNA glycosylase), FPG (formamidopyrimidine-DNA glycosylase) and 
TDPs (tyrosyl-DNA phosphodiesterases) are described in detail in Chapter 
1.5.2.1..  

The NER mechanism is involved in the enzymatic removal of cyclo-
butane pyrimidine dimers (CPDs), phospho-products and other bulky lesions 
that cause helix distortions (Liu et al., 2010). NER is one of the most versatile 
DNA repair systems composed of two distinct sub-pathways acting on 
transcriptionally active or inactive DNA, respectively (Cordoba-Canero et al., 
2009) (Fig. 8B). The Transcription Coupled-Nucleotide Excision Repair 
(TC-NER) sub-pathway removes damage from the transcribed strands of 
active genes and it is triggered upon blockage of RNA polymerase II 
(RNAPII) at a DNA damaged site while the Global Genome-Nucleotide 
Excision Repair (GG-NER) sub-pathway repairs lesions throughout the 
genome. NER is triggered following damage recognition, and the process 
starts with the incision of the damaged DNA strand carried on each side of 
the lesion and release of the oligonucleotide that harbors the lesion. 
Subsequently, repair synthesis occurs and ligation seals the repair patch. TC-
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NER is activated by stalling of RNAPII during transcription while in GG-
NER, the lesion is detected by the UV-DDB (UV-Damaged DNA-Binding) 
protein complex and by a complex containing the XPC (Xeroderma 
Pigmentosum group C), RAD23 and centrin proteins (Cordoba-Canero et al., 
2009). Subsequently, both TC-NER and GG-NER require TFIIH 
(Transcription Elongation Factor-II H) to unwind the DNA helix around the 
damaged site. Conserved helicase motifs and DNA unwinding activity are 
associated with the XPD and XPB subunits of the TFIIH complex (Tuteja et 
al., 2009). XPD and XPB bind and extend the single-stranded DNA around 
the damaged site. Other proteins stabilize the repair complex and properly 
orient the structure-specific endonucleases XPF (Xeroderma Pigmentosum 
group F), XPG (Xeroderma Pigmentosum group G) and ERCC (Excision 
Repair Cross-Complementing) Protein 1. Following excision of the lesion, 
the oligonucleotide containing the damaged site is released, polymerase d or 
ε-mediated DNA repair synthesis and ligation occur, thus completing the 
process.	 
1.5.2. Double strand break repair  
The main mechanisms involved in the repair of DSBs in plants are Non-
Homologous End Joining (NHEJ) and Homologous Recombination (HR), 
shown schematically in Fig. 9. 
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Fig. 9. Main pathways of DNA repair. Non-homologous end-joining (NHEJ) and 
homologous recombination (HR) pathways act competitively to repair DNA double-
strand breaks (DSBs) (Decottignies, 2013). RPA, Replication Protein A. SSA, 
Single-Strand Annealing. LIG4/XRCC4, Ligase4/X-ray Repair Cross-
Complementing protein 4. DNA PKcs, DNA-dependent protein kinase. Ku70/Ku80, 
Ku heterodimer. SSA, Synthesis-dependent Strand Annealing.  
 

NHEJ represents the major pathway for the repair of two-ended DSBs 
throughout the cell cycle in most plant tissues (West et al., 2002; Groth et al., 
2012). Direct or two-ended DSBs, characterized by the presence of two free 
ends are considered as the most critical DNA lesions leading to chromosomal 
rearrangements. In the NHEJ pathway, this type of lesion is repaired by end-
to-end-joining, largely independent of DNA sequence. The well-
characterized and highly conserved canonical NHEJ pathway is mediated by 
the Ku70-Ku80 complex, which binds and stabilizes broken DNA ends, 
whilst ligation is performed by the Lig4-XRCC4 complex (Friesner and Britt, 
2003; Gallego et al., 2003). DNA ends arising from damage typically require 
enzymatic processing to form suitable substrates for end-joining carried by 
DNA ligases, and processing in plants may involve the MRE11-RAD50-
NBS1 complex (Heacock et al., 2004). In recent years, genetic analyses have 
revealed that higher plants also have the capacity to repair DSBs by a number 
of alternative Ku-independent NHEJ mechanisms (Charbonnel et al., 2011; 
Charbonnel et al., 2010).  

HR is involved in the repair of more complex and persisting DSBs 
produced in heterochromatin regions of G2-phase cells (Krejci et al., 2012). 
HR uses an intact copy of the damaged region as a template, and this allows 
error-free repair. A homologous template is used for repair in a pathway 
mediated by the Rad51 recombinase protein in conjunction with accessory 
proteins (Sancar et al., 2004). Rad51 facilitates the formation of a physical 
connection between the invading DNA substrate and homologous duplex 
DNA, leading to the formation of heteroduplex DNA. Although there is 
predominant requirement for Rad51, DSBs can be repaired by alternative 
pathways, e.g. the Single-Strand Annealing (SSA) pattern. It has been 
reported that ssDNA sequences generated during DSBs processing might 
contain stretches of homology at both sides of the DSB and that these 
sequences can be annealed and ligated. Modulation of the HR process also 
requires the interplay between Rad51 and the ssDNA-binding factor RPA 
complex (Replication Protein A), since the amount of RPA-ssDNA is sensed 
by checkpoint kinases to elicit cell cycle arrest and allow time for repair (Choi 
et al., 2010).	 
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1.5.3. Role of DNA repair in the context of seed germination: the crucial 
balance between genotoxic stress, repair and seed quality 

Oxidative stress, resulting from the uncontrolled ROS production, is a 
major determinant of mutagenesis and cellular ageing and is the principal 
cause of cellular deterioration in seeds (McDonald, 1999; Bailly, 2004; 
Kranner et al., 2010). DNA damage accumulates in seeds even in the absence 
of external stresses because of the inherent instability of DNA in the cellular 
environment (Lindahl, 1993). Moreover, the germination of seed is more 
sensitive to adverse environmental conditions which negatively impact on 
final yields through reduced emergence and slower and weaker seedling 
establishment (Rajjou et al., 2012).  

In seed, DNA damage arises during storage and imbibition, thus reducing 
seed and seedling vigor (Waterworth et al., 2015). DNA damage must be 
repaired early during imbibition prior to the initiation of cell division, to 
maintain germination potential and minimize mutagenesis in subsequent 
seedling development (Waterworth et al., 2016). The requirement for 
extended repair of accumulated damage underlies the delay of germination 
characteristic to low vigor seed (Waterworth et al., 2010). In particular, seed 
aging is associated with progressive accumulation of DNA damage in the 
embryo, including increased levels of base loss, generating abasic sites, base 
modification, SSBs and DSBs (Córdoba-Cañero et al., 2014). DNA is 
naturally unstable in aqueous solution, although the reduced water content of 
orthodox seeds provides some protection against water-derived radicles. The 
lowered moisture content of the desiccated seed reduces the rate of genome 
damage but in the absence of repair, lesions accumulate over time (Walters et 
al., 2006). Apurinic sites were detected at a frequency of 3.8×10-5 per 
nucleotide in the quiescent embryo, and levels further increased 4-fold upon 
imbibition (Dandoy et al., 1987). High levels of oxidative DNA damage 
accumulated in seeds require effective repair pathways during imbibition.  
1.5.3.1. BER is a key player for seed quality 

Bailly (2004) proposed a model in which substantial levels of oxidative 
genome damage are generated upon seed imbibition, further enhancing the 
damage accumulated during quiescence. Evidence for base damage induced 
during seed imbibition was provided by an analysis of 7,8-dihydro-8-
oxoguanine (8-oxoG), a major oxidative form of base damage. Differently 
from animals, plants possess both the OGG1 and FPG enzymes which are 
able to remove oxidized bases (Macovei et al., 2011a; Córdoba-Cañero et al., 
2014). The plant OGG1 and FPG enzymes were isolated and characterized 
for the first time in A. thaliana. The AtOGG1 enzyme predominantly acts on 
the 8-oxo-dG while the DNA apurinic sites represent the main target of 
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AtFPG. Accelerated seed ageing at increased temperature and humidity 
increased 8-oxoG levels in dry seeds of wild-type Arabidopsis and levels 
were further increased at 24 h of imbibition (Chen et al., 2012); however, the 
8-oxoG levels were greatly reduced in transgenic lines overexpressing 
AtOGG1, most markedly after 24 h imbibition, consistent with increased 
DNA repair capacity in these plants. Additionally, transgenic Arabidopsis 
seeds overexpressing AtOGG1 exhibited around 50% lower levels of 8-oxoG 
in quiescent seeds compared with wild-type lines. Elevated levels of AtOGG1 
expression correlated with a significant increase in seed resilience to 
controlled deterioration and improvement in germination vigor under abiotic 
stresses (e.g. heat, salt, and oxidative stress induced by methyl viologen). This 
study illustrates that base damage can limit germination along with the 
potential for genetic enhancement of seed vigor through modification of DNA 
repair enzyme levels or activities (Chen et al., 2012).  

The possible roles played by the MtOGG1 and MtFPG genes in M. 

truncatula have been investigated by Macovei et al. (2011a). Expression 
analysis of these genes was carried out during M. truncatula seed imbibition, 
in presence/absence of an osmotic agent, a process that accumulates 
consistent levels of 8-oxo-dG (Balestrazzi et al., 2011a). The up-regulation of 
both genes during seed rehydration was indicative of their involvement in 
DNA repair mechanisms, under physiological conditions. When imbibition 
was carried out with an osmotic agent, at conditions that delay water up-take 
and reduce germination efficiency, a delay in the up-regulation of both 
MtOGG1 and MtFPG genes was observed. Furthermore, the up-regulation 
peaked at a time point during rehydration that corresponded to the highest 
accumulation of 8-oxo-dG (Balestrazzi et al., 2011a).  

An intriguing BER component is the enzyme tyrosyl-DNA 
phosphodiesterase (Tdp1) extensively investigated in animal cells, due to the 
role of this enzyme in the repair of topoisomerase I-DNA covalent lesions 
(Yang et al., 1996). Macovei et al. (2010) demonstrated the presence of a 
small Tdp1 gene family in plants composed by Tdp1α and Tdp1β genes 
encoding the Tdp1α and β isoforms. These genes were significantly up-
regulated during M. truncatula seed imbibition, although with a temporal 
shift in transcript accumulation (Macovei et al., 2010). The MtTdp1α and 
MtTdp1β genes were up-regulated in seeds under osmopriming conditions, 
showing a temporal profile that overlapped DNA damage accumulation 
(Balestrazzi et al., 2011a). The expression profiles of the MtTdp1 genes were 
evaluated also in plantlets grown in vitro using copper and PEG as stress 
agents. Both Tdp1 genes were significantly up-regulated in response to 
heavy-metal and osmotic stress, suggesting for a requirement of the Tdp1 
function under stress conditions. From this point of view, the response of 
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MtTdp1 genes to stress seems to be in agreement with the literature available 
on the animal Tdp1 gene (Lu et al., 2004). Lebedeva et al., (2011) discovered 
a novel role played by Tdp1: the enzyme contributes to the removal of AP 
sites, the key BER intermediates (Barnes and Lindhal, 2004).  
1.5.3.2. NER mechanism in seeds 

The NER pathway is active in imbibed seeds and it is required for the 
maintenance of seed viability (Costa et al., 2001). This was demonstrated by 
a mutation in Xeroderma pigmentosum group B protein (XPB1), resulting in 
reduced germination relative to wild-type seeds after treatment with 
hypochlorite, an agent that induces oxidative DNA damage. The expression 
of several NER genes increased at the end of the seed development process 
in Phaseolus vulgaris, as reported by Parreira et al. (2018), a finding 
consistent with the presence of NER activity in imbibing seeds. The data 
obtained from Parreira et al. (2018) show a higher number of NER-related 
genes differentially expressed, compared with the number of genes from other 
repair mechanisms, throughout seed development. In particular, during the 
desiccation stage the main NER genes up-regulated were: RAD23 
(RADIATION SENSITIVE 23), UVH3 (DNA REPAIR PROTEIN UVH3) and 
UVR1 (UVB-RESISTANCE 1), RAD1 and UVH1 (Restriction Endonuclease 
type II-like superfamily protein), XPB1  (XERODERMA PIGMENTOSUM 

COMPLEMENTATION GROUP B1) and ERCC (DNA EXCISION REPAIR 
PROTEIN ERCC-1), UVR7 (Parreira et al., 2018). 

Interesting clues are provided by the literature on TC-NER, as in the case 
of TFIIS (Transcription Elongation Factor II-S) which stimulates RNAPII to 
transcribe DNA regions containing oxidative lesions. Grasser et al. (2009) 
showed that the TFIIS gene from A. thaliana is involved in the regulation of 
seed dormancy. When the expression profiles of the MtTFIIS gene were 
investigated in M. truncatula seeds during imbibition, a significant up-
regulation was observed, highlighting the possible involvement of TFIIS in 
the seed repair response (Macovei et al., 2011).  
1.5.3.3. NHEJ pathway in seeds 

Riha et al. (2002) have established an Arabidopsis plant model defective 
in NHEJ, harboring a mutated version of the Ku70 protein. Differently from 
what observed with seedlings, the mutant Ku70 seeds were hypersensitive to 
methyl methanesulfonate (MMS), a monofunctional alkylating agent that 
produces abasic lesions and single-strand nicks. The mutant Ku70 seeds were 
characterized by a dramatic reduction of germination, suggesting the 
requirement of NHEJ during early plant development. Although germination 
of Ku70-deficient seeds was unaffected under normal conditions, the 
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additional damage caused by MMS could not be repaired in the absence of 
Ku70 (Riha et al., 2002).  

DNA ligase enzymes catalyze the final DNA end-joining step in almost 
all DNA repair pathways and Lig4 functions in the canonical NHEJ pathway. 
Plants also possess an additional unique DNA ligase termed Lig6, which has 
an N-terminal motif shared with mammalian Artemis, a protein responsible 
for processing hairpin structures at DNA ends (Pannicke et al., 2004; 
Waterworth et al., 2010). Arabidopsis lig6, lig4, and lig4 lig6 mutant seeds 
displayed hypersensitivity to accelerated ageing, establishing a genetic link 
between DSBs and seed longevity. In particular, the mutant lig6 seeds showed 
reduced vigor when germinated under cold stress or oxidative stresses 
(Waterworth et al., 2010). The additive nature of the lig4 and lig6 mutations 
establishes distinct roles for each ligase in seed longevity and germination. A 
QTL for seed longevity was subsequently identified to co-localize with a 
chromosomal region containing Lig4 (Nguyen et al., 2012).  
1.5.3.4. HR implication in seed germination  

Like NHEJ, the HR-mediated repair of DSBs is also important in seeds. 
This was certified by analysing the γ-irradiated maize rad51 mutants which 
displayed delayed germination and high seedling mortality compared to wild-
type lines (Li et al., 2007). This result is consistent with the studies conducted 
in A. thaliana which demonstrated that Rad51 plays a role in seed physiology 
and rad51C gene is essential for HR; the lack of this specific function 
compromises seed production (Abe et al., 2005). HR may have only a minor 
role in early seed imbibition, because cells in the quiescent embryo are 
typically found in G1 phase. However, HR may play a more consistent role 
during DNA replication that occurs later in germination (Barroco et al., 2005; 
Masubelele et al., 2005). 
 
1.6. Genome Editing: the tool of the future  
 
1.6.1. A general overview on genome editing  

Plant biotechnology has entered in a new era in regard to methods that 
can replace conventional mutagenesis approaches such as EMS (Ethyl 
Methane Sulfonate) and γ-radiation (Hajiahmadi et al., 2019). In this context, 
genome editing has become a powerful strategy to accelerate crop 
improvement. Differently from traditional genetic engineering, where genes 
are inserted randomly into the genome, this technique leverages the site-
specific nucleases (SSNs) combined with DNA recognition domains to insert 
specific modification at predefined genomic sites (Bogdanove and Voytas, 
2011). Genome editing techniques allow to introduce mutations (insertions, 
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deletions, bases substitution) or insert/substitute wide portions of DNA at a 
targeted site (Fig. 10). These techniques have extremely important 
implications for human health, agriculture and environment. Consequently, it 
has an enormous potential given by the high accuracy in recognizing specific 
DNA sequences. The power of this innovative technique concerns many areas 
of basic and applied research, ranging from the agri-food sector to the 
biomedical field (Hsu et al., 2014). Moreover, the discovery of CRISPR/Cas9 
(Clustered Regularly Interspaced Short Palindromic Repeats) gene editing 
system (Jinek et al., 2012) has revolutionized the research in both animal and 
plant biology. 

 

 
 

Fig. 10. Schematic representation of site-specific nuclease (SSN)-induced genome 
editing. The DSBs introduced by SSN complexes stimulates the endogenous NHEJ 
and HR repair machineries, introducing targeted insertion/deletion (Sedeek et al., 
2019).  
 

Thanks to genome editing approaches it is possible to accelerate basic 
research using model organisms for the study of genes of interest and related 
mutations. By modifying the genome of an organism through targeted 
insertions or deletions it is possible to evaluate how these mutations influence 
the phenotype (Liu and Moschou, 2018). This allows a more in-depth 
knowledge of gene functions and relative regulatory mechanisms. By 
modifying targeted cellular metabolic pathways, it is possible to develop new 
varieties of crops characterized, for instance, by enhanced tolerance to biotic 
and abiotic stresses (Tebas et al., 2014; Baltes and Voytas, 2016; Shih et al., 
2016; Li et al., 2018; Sedeek et al., 2019; Debbarma et al., 2019).  

 
1.6.2. The versatility of the CRISPR/Cas9 tool 

Among the genome editing tools, the CRISPR/Cas9 (Clustered Regularly 
Interspaced Short Palindromic Repeats) system is gaining the highest interest, 
as the most user-friendly, highly efficient and simple technique (Belhaj et al., 
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2013; Barakate and Stepens, 2016; Hajiahmadi et al., 2019). Unlike ZFNs 
(Zinc Finger Nucleases) and TALENs (Transcription Activator-Like Effector 
Nucleases) which requires long recognition sequences and difficult cloning 
procedures, the design of the CRISPR constructs is much more facilitated as 
it involves the use of a single guide RNA (sgRNA) of about 20 nucleotides 
complementary to the DNA stretch within the target gene. The acronym 
CRISPR (Jansen et al., 2002) refers to tandem repeats flanked by non-
repetitive DNA stretches that were first observed in the downstream iap 
(isozyme alkaline phosphatase) genes in E. coli (Ishino et al., 1987). In 2005, 
these non-repetitive sequences were found to be homologous to foreign DNA 
sequences derived from plasmids and phages. Subsequently, the mechanism 
of homology-dependent cleavage was explored for genome editing and the 
technology of CRISPR/Cas9 cleavage became a promising genome editing 
tool (Mojica et al., 2005; Liu et al., 2017).  

According to its structure and function, the Cas9 nuclease can be divided 
into two parts (Fig. 11): (i) the recognition part interacts with the sgRNA and 
target DNA; (ii) the nuclease part has two nuclease domains (HNH and RuvC) 
and a PAM (protospacer adjacent motif) interacting domain (Ma et al., 2016). 
The sgRNA is produced by joining the crRNA and the transRNA with the 
artificial tetraloop (Jinek et al., 2012). The seed sequence of the sgRNA is 
essential for the specificity of Cas9. The Cas9 nuclease and the sgRNA form 
a dual ribonuclease complex capable of binding the complementary strand of 
the target site introducing a DSB 3-4 bases upstream of the PAM. The Cas9 
nuclease is composed of two domains, the RuvC-like (an endonuclease 
domain named for an E. coli protein involved in DNA repair domains and the 
HNH (an endonuclease domain named for characteristic histidine and 
asparagine residues) domain, each cutting one DNA strand. Implementing the 
CRISPR technology requires few relatively simple steps, e.g. (i) 
identification of the PAM sequence in the target gene, (ii) synthesis of a 
sgRNA, (iii) cloning the sgRNA into a suitable binary vector, (iv) 
introduction into host cell lines transformation followed by (v) screening, and 
(vi) validation of edited lines (Jaganthan et al., 2018).  
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Fig. 11. CRISPR/Cas9 system and its applications (modified from Ma et al., 2016 
and Tycko et al., 2017).  
 

The CRISPR/Cas9 system is highly versatile and can be used for different 
genome editing applications (Tycko et al., 2017) (Fig. 11). The standard 
approach is to perform gene knockouts or DNA sequences substitutions using 
the existing information on allele sequences. In addition, it can be utilized for 
transcriptional regulation using a construct consisting of an sgRNA (single 
guided RNA) linked to a dCas9 (deadCas9 or deactivated Cas9, with 
inactivated cutting domains). Sequences of transcription regulators can be 
merged into the dCas9 sequence, such as activators (CRISPRa) or inhibitor 
(CRISPRi). The sgRNA-dCas9-CRISPRa/i system recognizes and binds to a 
specific DNA sequence and through activators/inhibitors it can regulate the 
transcription in a precise and stable way, without inserting cuts into the 
genome. When dCas9 is fused with a repressor is possible to highly inhibit 
the transcription of endogenous genes (Gilbert et al., 2013). Furthermore, this 
system can regulate the transcription of several sequences simultaneously 
through the use of multiple sgRNAs (Zalatan et al., 2015). Another possible 
use addresses epigenomic editing. This approach allows to modify histones 
by modulating the methylation status of the genome. This permits the 
activation or repression of specific genes in a transient or stable manner 
(Hilton et al., 2015). Instead, the base editing system allows to insert point 
mutations at a target site without cutting the DNA sequence and limiting the 
onset of non-specific mutations (Komor et al., 2016). A further application of 
the CRISPR/Cas9 technique concerns the visualization of specific loci on 
chromosomes (imaging) thanks to the fusion of dCas9 with fluorescent 
molecules. This allows visualization of target sequences in in vivo (Chen et 
al., 2013).  
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The latest application of the CRISPR/Cas9 system is RNA targeting. 
RNA is essential to make proteins and being able to target RNA would allow 
researchers to answer many important questions about RNA biology (Strutt 
et al., 2018). In the last years, several studies demonstrated that there is the 
possibility that certain Cas enzymes might have intrinsic RNA-guided RNA 
cleavage activity. This analysis revealed that certain types (IIA and IIC) of 
Cas can bind and cleavage single-stranded RNA sequences with no 
requirement for a PAM sequence (Strutt et al., 2018; Liu et al., 2016b; Batra 
et al., 2017). Furthermore, they found that this activity can inhibit gene 
expression. Shmakov et al., (2015) demonstrate the presence of another type 
of Cas, Cas13, able to recognize and cut RNA sequences instead of DNA 
sequences. This adaptive defense mechanism is supposed to be used by 
bacteria to eliminate RNA phages or to eliminate specific phage with DNA 
sequences. Its use would therefore allow it to act not only on the genome, but 
also directly on the transcriptome (Abudayyeh et al., 2016).  The same authors 
(Abudayyeh et al., 2017) identified Cas13a from Leptotrichia wadei 
(LwaCas13a) as the endonuclease most effective in mammalian and plants 
cells that can be heterologously expressed for targeted knockdown of either 
reporter or endogenous transcript. This CRISPR/Cas application is highly 
important in agriculture, for instance for plant protection against viruses 
(Zhang et al., 2018). Zhan et al., (2019) demonstrate that in potato (Solanum 

tuberosum) a CRISPR/Cas13a/sgRNA constructs was able to suppress the 
potato virus Y (PVY) accumulation and disease symptoms. The sgRNAs 
were designed against conserved coding regions of three different PVY 
strains. In plant cells, the action of CRISPR/Cas13-RNA targeting is 
comparable to RNA interference, while having the advantage of reduced off-
target effects (Abudayyeh et al., 2017). 
1.6.3. CRISPR/Cas9 in the context of agricultural research 

One of the major challenges of research in agriculture concerns the need 
to increase productivity and quality of cultivated species. Within this context, 
genome editing represents effective and precise alternative tools to modify 
the plants genome and improve crop quality. Hence, the use of the 
CRISPR/Cas system in plants of agricultural and economic interest have 
already allowed to modify desired characteristics. Although, unlike the 
U.S.A. where most of these approaches are not subjected to GM regulatory 
issues, in Europe the situation is more complex as genome edited crops are 
still considered GM (Wolt and Wolf, 2018; Faure and Napier, 2018).  

In only a few years (2013-2019), the number of plants modified through 
the use of this innovative system has increased dramatically as showed in Fig. 
12. The figure was developed by performing a PubMed NCBI 
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(https://www.ncbi.nlm.nih.gov/pubmed/) search using the following key 
words “CRISPR/Cas and plants”. The CRISPR-Cas9 system has been 
successfully applied to improve many important crops rice (Lin et al., 2018; 
Begemann et al., 2017; Baysal et al., 2016; Sun et al., 2016; Zong et al., 2017), 
Brassica spp. (Yang et al., 2017; Braatz et al., 2017; Sun et al., 2018 Murovec 
et al., 2018), maize (Svitashev et al., 2016; Zhu et al., 2016; Zong et al., 2017; 
Lee et al., 2019), wheat (Upadhyay et al., 2013; Liang et al., 2017; Zong et 
al., 2017; Howells et al., 2018), tomato (Brooks et al., 2014; Pan et al., 2016; 
Ueta et al., 2017; Dahan-Meir et al., 2018; Veillet et al., 2019), Medicago 

sativa  (Gao et al., 2018), and the model legume Medicago truncatula (Meng 
et al., 2017).  
 

 
Fig. 12. Number of publications related to the application of CRISPR/Cas9 
technique in plants (PubMed-NCBI, 12 August 2019). 
 

To cite a few applications, the CRISPR/Cas system has been used to 
improve plant fitness by providing immunity to viral infections (Baltes et al., 
2015) as well as to fight different other pathogens attacks. For instance, 
tomato was the subject of studies carried out by Nekrasov et al. (2017) who 
developed the ‘Tomelo’ variety. It is considered a non-transgenic tomato 
variety (at least in the U.S.A.) resistant to the powdery mildew fungal 
pathogen Oidium neolycopersici. The MLO (MILDEW RESISTANT LOCUS 

O) gene, that confers susceptibility to fungi causing the powder disease 
(Acevedo-Garcia et al., 2014), was targeted in this case. Still in tomato, a 
CRISPR/Cas9-mediated mutagenesis of CCD8 (CAROTENOID CLEAVAGE 
DIOXYGENASE) gene was used to induce the resistance of plants against the 
parasitic weed boomrapes (Phelipanche aegyptiaca) (Bari et al., 2019). 
Taking into account the impact of plant parasitic weeds on agriculture and the 
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difficulty to constitute efficient control methods, the genome editing 
approach offers novel solutions to fight this problem (Bari et al., 2019). 

Other applications targeted nutritional and productivity traits. For 
instance, the production of seedless fruits was carried out by targeting IIA9 
(AUXIN-INDUCED 9), a key gene controlling parthenocarpy, an important 
trait with agricultural value for industrial purpose and food quality (Gorguet 
et al., 2005; Ruan et al., 2012). As results, the regenerated mutants exhibited 
morphological changes in leaf shape and seedless fruit, a characteristic of 
parthenocarpic tomato (Ueta et al., 2017). Moreover, through the 
CRISPR/Cas9 mediated editing of SBEIIb (STARCH BRANCHING ENZYME 
IIb) gene, a high-amylose rice variety was developed (Sun et al., 2017). This 
trait was pursued because rice is one of the major staple food crops consumed 
be nearly half of the world population (FAO, 2004) and cereals with high 
content in amylose and resistant starch offer potential health benefits (Sun et 
al., 2017). Zheng et al., (2019) simultaneously knocked-out the two MAX1 
(MORE AXILLARY GROWTH 1) homologous genes, which regulates plant 
height and axillary bud at growth, using the CRISPR/Cas9 system in rapeseed 
(Brassica napus). This targeted mutagenesis resulted in improved plant 
architecture and increased yield (Zheng et al., 2019). By targeting 
endogenous genes involved in morphogenesis, it is possible to easily select 
the mutated plants by visibly observing their phenotypic changes (Qin et al., 
2007).  

Considering the need to increase productivity and quality of cultivated 
species under adverse environmental conditions in order to feed the over-
growing population of the planet, genome editing has the potential to 
accelerate crop improvement. Crop performance is strongly dependent on 
seed quality traits. Moreover, seeds can be considered as common 
denominators to address both plant productivity and improved human 
nutrition (Forti et al., 2019). 
1.6.4. Genome editing in the context of seed biology 

Seeds are considered one of the main vectors conditioning crop yield. 
Traditional breeding, the original method used to improve yield, relies on the 
production of various QTL combinations and subsequent selection the most 
favorable breeds (Zuo and Li, 2014; Shen et al., 2018), but it is quite a time-
consuming process. Hence, crop yield improvements need to be accelerated 
in order to avoid an eventual food insecurity situation. To do so, GM crops 
represent a solid alternative, already proven to be effective when considering 
the much-studied examples related to the production of herbicide and insect 
resistant crops (Brookes and Barfoot, 2017; Paul et al., 2018).  
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With the advent of genome editing techniques, researchers have further 
committed themselves in finding faster and easier ways to address this issue. 
The traits edited through the use of the CRISPR/Cas9 system span from seed 
size and number to plant productivity and heterosis (Forti et al., 2019). Below 
are presented some examples of genome editing applications dedicated to 
improve seeds quality.  

In rice, panicle size is controlled by a transcription factor (TF) named 
DEP1 (Dense and Erect Panicle) (Huang et al., 2009) while another TF, IPA1 
(Ideal Plant Architecture) controls tillering (Oryza sativa L.) (Miura et al., 
2010). CRISPR/Cas9 has been applied to mutate these two TFs and rice plants 
with phenotypic changes in plant architecture and subsequent increase in 
plant productivity were obtained (Li et al., 2016).  

Seed size and number are important agronomic parameters to evaluate 
crop yield. A direct approach to increase yield is to knock-out genes that 
negatively affect this parameter, as reported in rice (Xu et al., 2016; Li et al., 
2016). Using CRISPR/Cas9 technology, the GS3 (Grain Size 3), GW2 (Grain 
Weight 2), GW5 (Grain Weight 5), TGW6 (Thousand Grain Weight 6) and 
Gn1a (Grain number 1a) genes were silenced as these are negative regulators 
of grain size, number and weight.  

Genome editing tools are also helpful to improve the seed nutrition 
content. Nutrient deficiency is a major challenge especially for people in 
third-world countries who do not afford to have a balanced diet and rely on 
staple food crops with low levels of micronutrient (e.g. minerals, vitamins 
and amino acids) (Forti et al., 2019). Due to the need better nutritional foods, 
increasing efforts are now focusing on this complex trait through the use of 
the genome editing techniques (Yu and Tian, 2018). One of the targeted traits 
was the seed oil composition. This because vegetable oils are important for 
both human consumption and industrial application. FAD2 (Fatty Acid 
Desaturase 2) gene is one of the main targets to address seed oil content. It is 
involved in the conversion of oleic to linoleic acid (Okuley et al., 1994). Oleic 
acid is a valuable monounsaturated fatty acid with high oxidative stability that 
can help in the prevention of several diseases such as cardio-vascular 
associated disorders (Lopez-Huertas, 2010). Soybean was the first crop 
targeted for the modification of oil seed content (Demorest et al., 2016). 
Subsequently other species, such as peanuts (Wen et al., 2018), rice (Abe et 
al., 2018) and false fax (Camelina sativa) (Jiang et al., 2017), were modified. 
Li et al. (2018) carried out an interesting work in which the lycopene content 
was enhanced in tomatoes. The authors used a multiplex genome editing 
dedicated to boost lycopene production by targeting the carotenoid 
biosynthetic pathway. These targeted mutations in SGR1 (STAY GREEN 1), 
Blc (ß-lycopene cyclase), LCY-E and LCY-B1 (LYCOPENE ɛ-CYCLASE), 
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allowed an increasing of 5.1-fold of lycopene content in the fruits. In the last 
few years, researchers applied the genome editing techniques also to lower 
the amount of deleterious carbohydrates (Syahariza et al., 2013), 
antinutritional elements such as phytic acid or acrylamide (Shukla et al., 
2009; Liang et al., 2014), to decrease sugar content (Clasen et al., 2016), or 
to develop low gluten wheat designated for patients suffering from coeliac 
disease (Sánchez-León et al., 2018). 

Other important aspects of genome editing address seed physiology and 
development. This can be tracked as far as pollen development. For instance, 
Wang et al. (2019) developed a multiplex CRISPR/Cas9 vector to 
simultaneously target the REC8 (MEIOTIC RECOMBINATION PROTEIN), 
PAIR1 (HOMOLOGOUS PAIRING ABERRATION IN RICE MEIOSIS 1)), 
OSD1 (OMISSION OF SECOND DIVISION 1) and MTL (MATRILINEAR) 
genes in rice. These targeted mutations in multiple genes, playing important 
role in meiosis, resulted in the production of rice hybrid lines able to self-
pollinate and produce true-breeding progeny trough seeds. CRISPR/Cas9 
methodology was used to target genes involved in pollen development to 
generate male sterile lines also in two other important cereals, namely maize 
and bread wheat (Chen et al., 2018; Singh et al., 2018).  

Seed preservation during processing and storage is a key trait to promote 
sustainable agricultural practices without additional economic losses. In 
Brassica napus, a CRISPR/Cas9 construct was designed to target the two 
ALC (ALCATRAZ) alleles while in rice, TALEN construct was developed to 
target the LOX3 (LIPOXYGENASE 3) gene. This approach resulted in 
reduced seed shattering during harvest and enhanced resistance during 
storage (Ma et al., 2015; Braatz et al., 2017). 

Plant phytohormones play multiple roles in plant growth and 
development. Among them, ABA and GAs are involved in maintaining the 
equilibrium between seed dormancy and germination (Rodríguez-Gacio et 
al., 2009). CRISPR/Cas9 targeting of the NCED4 (9-cis-
EPOXYCAROTENOID DIOXYGENASE 4) gene, encoding a key enzyme in 
ABA biosynthesis in lettuce, resulted in the development of lines with an 
enhanced range of optimal temperatures for seed germination (Huo et al., 
2013). This study showed that more than 70% of the seeds were able to 
germinate at temperatures up to 37oC, when the usual germination 
temperature of lettuce ranges between 15oC and 25oC (Bertier et al., 2018). 

The cited examples prove that genome editing is being successfully 
applied to improve seed quality and crop performance. Further advances in 
both technological development and basic research will allow the use of these 
tools to also target the highly complex processes involved in the seed pre-
germinative metabolism.   
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2. Aims of the research 
 

In the context of the current scenario associated to the agricultural 
challenges that need to be addressed to feed the overgrowing population, this 
work of thesis focuses mainly on aspects related to Seed Technology. In view 
of this, the development of improved seed priming protocols, defining novel 
molecular hallmarks of seed germination, and the application of genetic 
engineering methods to improve a complex agronomic trait such as seed 
vigor, represent important requisites for both basic and translational research.  

To this purpose, the following specific goals were identified and my PhD 
project was developed accordingly, using different experimental systems:  
1. Design of protocols for seed priming to improve germination and 

seedling performance in horticultural and legume crops.  
Eggplant (Solanum melongena), the third most prominent product from 

the Solanum genus, after potato (Solanum tuberosum) and tomato (Solanum 
lycopersicum), is still difficult to manage in terms of seed quality. In this 
work, eggplant accessions and wild crop relatives showing contrasting levels 
of seed vigor and germination profiles were investigated at the physiological 
and molecular level to assess the response to priming, select reliable 
molecular hallmarks (gene expression and ROS profiles) and define improved 
protocols.  

Medicago truncatula, a valuable source of animal feed as well as a model 
legume, was investigated to expand the information so far obtained on the 
pre-germinative metabolism only under laboratory conditions (Macovei et al., 
2010; Balestrazzi et al., 2011; Pagano et al., 2017, 2019; Araujo et al., 2019) 
to the more complex field-like conditions. In this case, seed hydropriming 
was evaluated in the context of soil contamination as a mean to putatively 
enhance seedling establishment under stress conditions. Attention was 
focused on antioxidant and DNA repair genes, e.g. the Tdp1 (TYROSYL-DNA 

PHOSPHODIESTERASES) genes. 
2. Development of plant genetic transformation protocols as tools to 

improve seed quality. 

Plant genetic transformation has enabled fundamental insights into plant 
biology and revolutionized commercial agriculture. Unfortunately, for most 
crops, transformation and regeneration remain arduous even after more than 
30 years of technological advances. Genome editing techniques are an 
innovative and powerful strategy that allow to introduce mutations on 
insert/substitute wide portion of DNA at a targeted site. These techniques 
have extremely important implications for human health, agriculture and 
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environment. Genome editing provides novel opportunities to enhance crop 
productivity if accompanied by an efficient transformation protocol.  

In this work, a novel vector for genome editing able to target the Tdp1β 
gene (TYROSYL-DNA PHOSPHODIESTERASE 1β) in M. truncatula was 
developed. The TDP1 enzyme is involved in the repair of topoisomerase I-
DNA covalent lesions. In particular, the Tdp1β gene encoding the b isoform 
was identified only in plants and its role is not fully understood. The 
expression of the Tdp1 genes in plants is correlated with different stress 
conditions in several experimental systems, including cell suspensions, aerial 
parts, and seeds of M. truncatula (Balestrazzi et al., 2011a; Macovei et al., 
2018), suggesting their recurrent involvement in the plant response to 
genotoxic stress. Its modulation during the seed pre-germinative metabolism 
is indicative for its use as a marker of seed quality.  

Aside being a cereal model plant, O. sativa is one of the world’s most 
important crops and a major staple food that feeds more than three billion 
people worldwide. Rice cultivation in Europe is restricted to a few southern 
countries and Italy is the major producer. Some cultivars with high 
commercial importance, are recalcitrant to genetic transformation, as in the 
case of Vialone Nano, a local rice variety (from Lombardy and Veneto) very 
appreciated at the culinary level, but highly susceptible to diseases and/or 
pathogens. To safeguard this variety, it is necessary to develop an efficient 
genetic transformation protocol in order to improve and preserve it. 
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3. Material and methods 
 
3.1. Plant material 

In this work, 49 different accessions of eggplants and wild relatives 
derived from the germplasm collection located at CREA-GB (Consiglio per 
la Ricerca in agricoltura e l’analisi dell’Economia Agraria - centro di 
Genomica e Bioinformatica) in Montanaso Lombardo (Lodi, Italy) were 
analyzed. 

Seeds from a commercial cultivar of Medicago truncatula (Var. Jemalog) 
were kindly provided by Fertiprado L.d.a. (Portugal). 

The rice cultivars Vialone Nano and Nipponbare were provided by Dr. 
Gianpiero Valè (CREA-SCS, Consiglio per la Ricerca in agricoltura e 
l’analisi dell’Economia Agraria - centro di Sperimentazione e Certificazione 
delle Sementi). The rice seeds used in this study were collected in 2016 from 
the open field at CREA- SCS (Vercelli, Italy).  
 
3.2. Seed germination parameters 

Fresh seeds of Solanum melongena L. (inbred line ‘67/3’) and its wild 
relatives Solanum torvum Swartz 1788 (turkey berry) and Solanum villosum 
Miller (hairy nightshade) were extracted from physiologically ripe fruits 
produced by plants cultivated in an open field at CREA-GB (Montanaso 
Lombardo). In this study, five ‘67/3’ seed lots collected during subsequent 
years (2014, 2015, 2016, 2017, 2018) were investigated. As for the wild 
relatives, three S. tovum seed lots (collected during 2004, 2017 and 2018), 
and two S. villosum seed lots (collected during 2015 and 2018) were analysed. 
For germination tests, seeds were transferred to Petri dishes (diameter 90 mm) 
containing two filter papers moistened with 2.5 ml of H2O, sealed and kept in 
a growth chamber at 22°C under light conditions with photon flux density of 
150 µmol m-2 s-1, photoperiod of 16/8 h and 70-80% relative humidity. Seeds 
with protrusion of the primary radicle were considered germinated and 
counted every day after imbibition. Germination parameters, calculated as 
described by Ranal and Garcia de Santana (2006) are listed in Table 1. For 
each treatment, three independent replications with 20 seeds per replication 
were analysed. Seeds and seedlings were harvested at the indicated time 
points, the fresh weight was measured and samples were stored in liquid N2 
for molecular analyses. 
 
Table 1. Germination parameters used in this study as reported by Ranal and Garcia 
de Santana (2006). For each parameter, definition, formula, limits of measurement 
and unit are shown. 



  
 
 
 
 
 
 

3. Material and Methods 

pag. 66 
 

(*) ti is 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 
ith observation), and k is the last time of germination. (**) fi is the relative frequency of 
germination, ni the number of seeds germinated on the day i, and k the last day of observation. 
(***) Cni, 2 : combination of the seeds germinated in the time i, two together, and ni the 
number of seeds germinated in the time i.  
 

For M. truncatula, seed germination was carried out in the soil and 
seedling emergence was monitored for a two-week period. The seeds grown 
in trays containing two types of agricultural soils (denominated as Soil_A and 
Soil_B) collected from the Varanasi agricultural area (namely Karsada). Both 
soil types were regionally collected in situ from the field and no additional 
treatments were implemented. 

The soil properties are given in Table 2. The two types of soil mainly 
differ in their content of total dissolved solids (TDS) based on their vicinity 
to the power plant at Karsada.  

The experiment was performed in October 2018, when day/night 
temperature ranged between 28-31/20-24°C and the relative humidity was 
around 83%. Each tray row represented experimental replicates (R1-R5) 

Parameter Formula Limits Unit 
 

G 
mean number of 

germinated seeds per day 
expressed in percentage 

 
G = (100* n. of germinated 

seeds)/ 
Total n. of seeds 

 
0 £ G £ 100 

 

 
% 
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mean germination time (*) 
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mean germination rate 
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0 £ U £ log2 
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synchronization index (***) 
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containing 21 seeds, and three seeds per square, respectively. Other two 
independent experiments with the same setup were performed in August 2019 
when day/night temperature ranged between 31-36/24-29°C and the relative 
humidity was around 90%. During this period, seeds were stored at room 
temperature in a sealed plastic container.  

As the first true trifoliate leaves start to appear after the 7th day, the 14th 
day after sowing was selected to have fully developed seedlings in all 
treatments.  

The total germination percentage (%) was calculated at the end of the 
experiment while the time required for 50% of seeds to germinate (T50) was 
calculated according to the following formula (Farooq et al., 2005): 
  T50 = ti + [(N / 2 - ni) (ti - tj)] / ni – nj  
where, N is the final number of germination and ni, nj cumulative number of 
seeds germinated by adjacent counts at times ti and tj when ni<N/2< nj. 
 

Table 2. Soil properties. EC, electrical conductivity. TDS, total 
dissolved solids. ds, deciSiemens. ppm, parts per million. 

 
type pH EC (ds/m) Salinity (ppm) TDS (ppm) 

Soil_A 8.1        0.15 0.07  82.9 
Soil_B 8.23        0.2 0.09 103.0 

 
 
3.3. Phenotyping parameters 

For eggplant experiments, phenotyping analyses were performed as 
follows; radicle length and fresh weight (FW) were measured in seven-day 
old S. melongena, S. torvum, and S. villosum seedlings. Seedlings were then 
placed in oven at 60°C for 24 h, and the dry weight (DW) was measured. 
Values are expressed as mean ± SD (standard deviation) of three independent 
replications with 15 seedlings for each replication.  

In the case of M. truncatula experiments, seedlings were collected at 14 
days after sowing. Seedling length, FW and DW were measured as described 
above. Data are presented as mean ± SD of five biological and five technical 
replicates.  
 
3.4. Seed priming protocols  
3.4.1. Hydropriming 

The following hydropriming protocol was applied to the eggplant ‘67/3’ 
line and its wild relative S. torvum. Overall, 45 seeds (15 seeds for each 
replicate) were soaked in 400 ml of H2O under aeration produced by a Wave 
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Air Pump Mouse 2 Beta aerator (De Jong Marinelife B.V., The Netherlands) 
with the following parameters: 220-240 V, 50 Hz, 2.3 W, output 1.8 l min-1, 
pressure 0.012 MPa. This treatment was performed for 24 h, 48 h, 72 h, and 
96 h, respectively, at 24°C. For dehydration (dry-back process, DB) primed 
seeds were transferred into glass tubes, placed between two cotton disks, 
covered with silica beads (disidryâ Orange Silica Gel, The Aerodyne, 
Florence, Italy) with a seed : silica ratio of 1 : 10, and kept at 24-25°C. Seed 
fresh weight was monitored every 15 min for 2 h until the weight of dry seed 
was reached (Table 3). In the case of S. villosum, the seeds were treated for 
2, 4, 8, 12 and 24 h, respectively, under the same conditions (Table 3). The 
different priming timepoints are due to the accelerated germination profile 
observed for this wild relative. Accordingly, the DB step was completed in 
0.5 h. 

Table 3. Hydropriming treatments applied to S. 
melongena ‘67/3’ line and its wild relatives. DB, 
dry-back.  

 
 
 
 
 
 

For M. truncatula, the hydropriming protocol was same as the one 
indicated for eggplant, with the specifications that the seed material was 
collected at 2 h (HP2) and 4 h (HP4) following treatment. A non-primed 
control (HP0) was also used. Subsequently, seeds were dried using filter 
paper and immediately used for sowing.    
3.4.2. Biopriming 

For M. truncatula seeds, biopriming was performed with two 
formulations of bacterial cultures prepared by mixing 1×108 cells in 2 g of 
talc (carrier material) (CDH, India). The seeds were initially treated with 
jaggery syrup to facilitate the adhesion of bacteria to the seed surface. 
Subsequently, the treated seeds were incubated for about 16 h at 
approximately 25-30°C. The bacterial formulations contained two different 
strains of Bacillus spp. isolated from mustard (Brassica juncea) rhizosphere 
(BP1) and linseed (Linum usitatissimum) rhizosphere (BP2), respectively. 
Both strains tested positive for phosphate solubilization, production of indole 
acetic acid and siderophores (Prasad, personal communication). An 
additional treatment was performed by combining 4 h of hydropriming and 
BP1 strain (hereby denominated as BP1HP4).  

Genotype Time (h) DB (h) 
‘67/3’ 24, 48, 72, 96 2 
S. torvum 24, 48, 72, 96 2 
S. villosum 2, 4, 8, 12, 24 0.5 
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3.5. Quantification of ROS (reactive oxygen species) 

The fluorogenic dye 2’,7’-dichlorofluorescein diacetate (DCFH-DA; 
Sigma-Aldrich, Milan Italy) was used to quantify ROS levels in dry and 
imbibed seeds of eggplant and wild relatives. Following deacetylation by 
cellular esterases, the dye is converted to a non-fluorescent molecule which 
is subsequently oxidized by ROS into the highly fluorescent 2’,7’-
dichlorofluorescein. DFC can be detected by fluorescence spectroscopy with 
maximum excitation and emission spectra of 495 nm and 529 nm, 
respectively. The assay was carried as described by Macovei et al. (2016), 
with the following modifications. Seeds were collected at the indicated time 
points and dried on filter paper. Samples (three seeds per time point) were 
incubated for 15 min with 50 µl of 10 µM DCFH-DA and subsequently 
fluorescence at 517 nm was determined using a Rotor-Gene 6000 PCR 
apparatus (Corbett Robotics, Brisbane, Australia), setting the program for one 
cycle of 30 s at 25°C. As negative control, a sample containing only DCFH-
DA was used to subtract the baseline fluorescence. Relative fluorescence was 
calculated by normalizing samples to controls and expressed as Relative 
Fluorescence Units (R.F.U.).  
 
3.6. Molecular analysis 
3.6.1. RNA extraction and cDNA synthesis 

RNA was extracted from treated and untreated seeds of S. melongena and 
wild relatives and from M. truncatula seeds and 14-days-old seedlings. RNA 
isolation was carried out using the TRIZOLâ Reagent (Fisher Molecular 
Biology, Trevose, U.S.A.) according to the supplier’s indications. with the 
following changes. RNAs were extracted from three biological replicates 
consisting of a pool of seeds/seedlings (approximately 100 mg each). Seeds 
were grinded to a fine powder in liquid N2 with a mortar and pestle. Each 
sample was transferred the sample to a 1.5 ml Eppendorf tube containing 750 
μl of TRIZOLâ Reagent and incubated at room temperature (r.t.) for 5 min. 
Subsequently, chloroform (150 μl) was added, samples were incubated at r.t. 
for 3 min and centrifuged at 11.500 rpm at 4°C for 15 min. The aqueous 
phase, containing RNA, was transferred into a new 1.5 ml tube. An equal 
volume of isopropanol was added, the sample was mixed briefly and 
incubated at r.t. for 10 min. RNA was then pelleted by centrifugation (11.500 
rpm, 4°C, 10 min). The supernatant was removed, the pellet was washed twice 
with 500 μl of 70% ethanol and once with 500 μl of 100% ethanol, then dried 
at r.t. and finally dissolved in 20 μl of DEPC (diethyl pyrocarbonate)-treated 
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H2O. RNA was quantified using a BiochromTM WPA Biowave DNA UV-Vis 
Spectrophotometer (Biochrom Ltd, Cambridge, U.K.). RNA integrity was 
verified by electrophoresis on 1% agarose gel. For each sample, 2 μl were 
mixed with 3 μl of DEPC-treated H2O and 1 μl of 5X Green GoTaq® Flexi 
Buffer (Promega, Italy). The 1Kb DNA Ladder RTU (GeneDireX Inc., 
U.S.A.) was used as molecular weight marker. RNA samples were treated 
with DNase I, RNase-free (1 U μl-1) (ThermoFisher Scientific, Milan, Italy) 
to remove DNA, according to manufacturer’s suggestions and RNA was then 
quantified as previously described. cDNAs were obtained using the 
RevertAidTM First Strand cDNA Synthesis Kit (ThermoFisher Scientific, 
Milan, Italy) according to the manufacturer's suggestions.  
3.6.2.  Design of oligonucleotides for qRT-PCR and selection of reference 
genes  

Oligonucleotide primers were designed using the Real-Time PCR Primer 
Design program Primer3Plus (https://primer3plus.com) from GenScript and 
further validated through the online software Oligo Analyzer 
(https://eu.idtdna.com/calc/analyzer). The sequence of S. melongena genes 
used in this study were provided by Dr. Laura Bassolino (CREA-GB), based 
on the available reference genome. For each oligonucleotide set, the 
nucleotide sequence is listed in Table 4. The following genes were tested: 
SmOGG1 (Accession N° SMEL_004g210790.1), SmFPG (Accession N° 
SMEL_003g194660.1), SmTDP1α (Accession N° SMEL_003g171200.1), 
SmAPX (Accession N° SMEL_006g245760.1.01), SmSOD (Accession N° 
SMEL_001g139700.1.01).  

To identify the most stable reference genes under the tested conditions, a 
GeNorm (https://genorm.cmgg.be/) analysis was carried out in S. melongena, 
S. villosum and S. torvum using the following housekeeping genes 
SmGADPH (Accession N° AB110609.1), SmAPRT (Accession N° 
JX448345.1), SmEF1 (Accession N° X14449.1), SmTUB (Accession N° 
DQ205342.1), SmPP2Acs (Accession N° AY325817.1). The SmAPRT and 
SmGADPH resulted the most stable in S. melongena, SmPP2Acs and SmTUB 
in S. torvum, and SmAPRT and SmPP2Acs in S. villosum (Fig. 13A-C). These 
were subsequently used as reference genes. 
 
Table 4. List of oligonucleotide sequences designed for qRT-PCR analysis in S. 
melongena and wild relatives and M. truncatula. FPG, formamidopyrimidine DNA 
glycosylase. OGG1, 8-oxoguanine glycosylase/lyase. TDP, tyrosyl-DNA 
phosphodiesetrase. APX, ascorbate peroxidase. SOD, superoxide dismutase. 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase. PP2A, phosphatase 2A. TUB, 
tubulin. EF, elongation factor. APRT, adenine phosphoribosyl transferase. MT2, 
type 2 metallothionein. ACT, actin. UBI, ubiquitin. ELFα, elongation factor. 
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Gene 
(accession N°) Forward Primer (5’-3’) Reverse Primer (5’-3’) Efficiency 

 
SmAPX 

(SMEL_006g245760
.1.01) 

 

GCAGTTTCCCATCCTCTCCC GGTGGTTCTGGCTTGTCCTC 1.73 

 
SmSOD 

(SMEL_001g139700
.1.01) 

 

CTGGAAATGCTGGCGGAAG 
 

GGAGGAATCAACCCTGGAG
C 

1.81 

 

SmOGG1 
(SMEL_004g210790

.1) 
 

 
TTATTGACCAGCAGCCCAC

A 

 
ATACACCAGCAACACCCCT

T 
1.70 

 

SmFPG 
(SMEL_003g194660

.1) 
 

CCAAAAGAATACGGGAGGT
GA 

 
TTCTGGCTCTTCATCTTGAC

C 
 

1.73 

 
SmTDP1α 

(SMEL_003g171200
.1) 

 

GCTTCACCAGGCAACAAAC
A 

CCCACGCACTCTCATCAATC 
 1.70 

 
SmGAPDH 

(AB110609.1) 
 

 
GGTGCCAAGAAGGTTGTGA

T 

 
GGTTACGATCAACGTGTTG

C 
1.81 

 
SmPP2Acs 

(AY325817.1) 
 

GGACTCTCACCATCCCTTGA ACCAACCCTTATAGTGGAG 1.80 

 

SmTUB 
(DQ205342.1) 

 

 
CCAGACAGGATGATGCTCA

C 

 
TACCAGGAACTGTTGCTTC

G 
1.80 

 
SmEF1 

(X14449.1) 
 

 
ACCAAGATTGACAGGCGTT

C 

 
GGAAACGACTTATGGGAGG

T 
1.79 

 

SmAPRT 
(JX448345.1) 

 

 
TGGCGCCTCATGATCCGATT

CTTA 

 
ACTCCAACACGCTCAAGAA

GCCTA 
1.75 

 
MtOGG1 

(Medtr3g088510) 

 

 
AAACACCGCACCTTCTCAA

T 

 
TGTGGAGATGTTTGAGGGA

A 
1.73 

 
MtFPG 

(Medtr2g126800) 
 

TCCTTTCAATTCGGTATGGC 
 

GCTCCAAACCATCGTCTAG
C 

1.76 

 

MtSOD 
(Medtr7g114240) 

 

 
CCTGAGGATGAGACTCGAC

A 

 
GAACAACAACAGCCCTTCC

T 
1.79 
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MtAPX 
(Medtr4g061140) 

 

AGCTCAGAGGTTTCATCGC
T 

CGAAAGGACCACCAGTCTT
T 1.76 

 
MtMT2 

(Medtr8g060850) 

 

CATGTCAAGCTCATGCGGC
AAC 

TGCCGTAGTTGTTTCCCTTC
CC 1.72 

 
MtACT 

(Medtr3g095530) 
 

TCAATGTGCCTGCCATGTAT
G 

ACTCACACCGTCACCAGAA
TC 1.70 

 
MtTUB 

(Medtr7g089120) 
 

TTTGCTCCTCTTACATCCCG
TG 

GCAGCACACATCATGTTTTT
GG 1.82 

 
MtUBI 

(Medtr3g091400) 
 

GCAGATAGACACGCTGGGA 
 

AACTCTTGGGCAGGCAATA
A 

1.81 

 

MtGAPDH 
(Medtr3g085850) 

 

TGCCTACCGTCGATGTTTCA
GT 

TTGCCCTCTGATTCCTCCTT
G 1.75 

 
MtELF1α (GenBank 

EST317575) 

 

 
GACAAGCGTGTGATCGAGA

GA 
TTCACGCTCAGCCTTAAGCT 1.69 



  
 
 
 
 
 
 

3. Material and Methods 

pag. 73 
 

Fig. 13. Selection of reference genes for qRT-PCR analysis. (A) S. melongena. (B) 
S. torvum. (C) S. villosum. (D) M. truncatula. Average expression stability values 
(M), calculated using GeNorm algorithm (https://genorm.cmgg.be), of the putative 
reference genes analyzed in primed and unprimed seeds throughout the tested time 
points of the experimental design. PP2A, phosphatase 2A; EF, elongation factor; 
APRT, adenine phosphoribosyl transferase; TUB, tubulin; ACT, actin; UBI, 
ubiquitin; GADPH, glyceraldehyde 3-phosphate dehydrogenase. 
 

For M. truncatula, the following genes were tested: MtOGG1 (Accession 
N° Medtr3g088510), MtFPG (Accession N° Medtr2g126800), MtSOD 
(Accession N° Medtr7g114240), MtAPX (Accession N° Medtr4g061140), 
MtMT2 (TYPE 2 METALLOTHIONEIN; Accession N° Medtr8g060850) 
(Table 4). Also, in this case GeNorm was used to identify the most stable 
reference genes under the tested conditions. The tested genes were: MtTUB 
(Accession N° Medtr7g089120), MtACT (Accession N° Medtr3g095530), 
MtUBI (Accession N° Medtr3g091400), MtGAPDH (Accession N° 
Medtr3g085850) and MtELF1α (Accession N° GenBank EST317575). The 
MtELF1α and MtGADPH genes resulted most stable (Fig. 13D) and were 
used as reference genes.   

 
3.6.3. Quantitative real-time polymerase chain reaction (qRT-PCR) 
analysis 

For all used species and treatments, qRT-PCR was performed with the 
Maxima SYBR Green qPCR Master Mix (2X) (Thermo Fisher Scientific) 
according to supplier's indications, using a Rotor-Gene 6000 PCR apparatus 
(Corbett Robotics Pty Ltd, Brisbane, Australia). 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 30 s and 72°C for 30 s. The raw, background-subtracted 
fluorescence data provided by the Rotor-Gene 6000 Series Software 1.7 
(Corbett Robotics) was used to estimate PCR efficiency (E) and threshold 
cycle number (Ct) for each transcript quantification. The Pfaffl method 
(Pfaffl, 2001) was used for relative quantification of transcript accumulation 
and statistical analysis was performed with REST2009 Software V2.0.13 
(Qiagen GmbH, Hilden, Germany). Results are presented in terms of relative 
expression and given as mean ± SD of three independent replicates.   

 
3.7. Genetic transformation protocols 
3.7.1. The CRISPR-Cas9 vector preparation  

A bioinformatic analysis was performed on the M. truncatula Tdp1β gene 
to identify the appropriate sgRNA sequence. The MtTdp1β nucleotide 
sequence (Medtr8g095490) was retrieved from Phytozome v.12.1.5 
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(https://phytozome.jgi.doe.gov/pz/portal.html). The amino acid sequence 
(ABE85647.1) was obtained from NCBI (https://www.ncbi.nlm.nih.gov/). To 
identify the sgRNA sequence, the E-CRISP design online tool (http://www.e-
crisp.org/E-CRISP/) was used. Based on previous work (Liu et al., 2016b), 
several factors were evaluated including: 1) the position of the target site in 
the gene and in the corresponding amino acid sequence, 2) the PAM 
sequence, 3) the GC percentage, and 5) the type of nucleotides present in 
positions 3 and 20 in sgRNA. The sgRNA selected for the application of 
genome editing to target the Tdp1β gene is shown in Table 5. The choice of 
the sgRNA was based on its location within the gene/protein sequence. 
Indeed, the target site is located upstream of the highly conserved catalytic 
domain HKD1, thus in-frame mutations leading to the formation of premature 
stop codons would result in the production of a nonfunctional protein. 
Table 5. Selected sgRNA sequence for Tdp1β gene knockout. 

Gene Target sequence (5’-3’) Target 
protein 

PAM 
sequence 

Cas 
type GC% N3 N20 

Tdp1β GGTAAAGACCACAAGAGACA GKDHKRH TGG spCas9 45% T A 

 
Once identified, the sgRNA was synthesized and cloned into a the 

CRISPR-Cas9 vector by Genewiz (https://www.genewiz.com/en-GB/). The 
CRISPR-Cas9 vector (pK7WGF2::hCas9), containing the Cas9 from 
Streptococcus pyogenes (spCas9) optimized for human use and fused to the 
green florescent protein (GFP), was purchased from Addgene 
(https://www.addgene.org/crispr/). This vector was previously showed to be 
efficient also for plant transformation (Nekrasov et al., 2013). The construct 
hereby named CRISPR_Tdp1β, contains the Cas9 cassette, the sgRNA 
cassette, and the plant selection cassette (Fig. 14). The sgRNA cassette 
contains the U6 promoter from Arabidopsis thaliana, the Tdp1β sgRNA, a 
tracrRNA (trans-activating crRNA) sequence and the NOS (nopaline 
synthase) terminator sequence. 

 
Fig. 14. Schematic representation of the vector used for gene knockout. RB, Right Border; 
LB, Left Border; 35S, cauliflower mosaic virus promoter; spCas9h, Cas9 nuclease; GFP, 
Green Fluorescent Protein; NOSt, nopaline synthase terminator; AtU6, Arabidopsis thaliana 
promoter; Tdp1β, sgRNA for the Tdp1β gene; Kan, kanamycin; SpecR, spectinomycin 
resistance.  
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The prepared plasmid was inserted into Escherichia coli (strain DH5α) by 
electroporation in order to produce multiple copies by using standard 
protocols (Maniatis Molecular Cloning), followed by plasmid purification 
using the AurumTM plasmid Mini Kit (Bio-Rad Laboratories, Segrate MI, 
Italy), performed as indicated by the manufacturers. Subsequently, the 
CRISPR_Tdp1β plasmid was transformed into Agrobacterium tumefaciens 
(EHA105 strain) cells by electroporation, following standard protocol 
(Maniatis Molecular Cloning). To certify the plasmid insertion into the 
bacteria a series of standard PCR reactions (using PCRBIO DNA Taq 
Polymerase, PCR Biosystem Ltd, London, as indicated by the suppliers’ 
instructions) was carried out using the following primer sets: FwWhCass (5’-
GGAGTGATCAAAAGTCCCACATC-3’) and RevWhCass (5’-
GTCAAGCAGATCGTTCAAAC-3’) which amplify the sgRNA cassette 
(459 bp), FwhCas9 (5’-AAAGCGTCAAGGAACTGCTG-3’) and RevhCas9 
(5’-AATGTTTTCTGCCTGCTCCC-3’) which amplify a part of the Cas9 
cassette (455 bp), FweGFP (5’-GGCTCAAAAGAACAGCACGG-3’) and 
RevGFP (5’-CGAGTGACAGGGCGATAAGA-3’) which amplify a part of 
the GFP marker gene (550 bp).  
 
3.7.2. Agrobacterium-mediated genetic transformation of M. truncatula 
cell suspension cultures 
3.7.2.1 Preparation of plant material 
The CRISPR_Tdp1β construct was subsequently used for Agrobacterium-

mediated transformation of M. truncatula cells, obtained as shown in Fig. 15.  

Fig. 15. Schematic representation of the procedure used to obtain M. truncatula cell 
suspension cultures. 
 

M. truncatula (Jemalong M9-10a genotype) seeds were scarified, 
sterilized and placed on MS30 medium (Murashige and Skoog, 1962). The 
scarification and sterilization steps were performed as follows. Seeds were 
transferred in a glass jar, and absolute sulfuric acid (H2SO4) was added with 
a glass pipette in order to cover all the seeds, the jar was slowly shaken for 5 
min until black spots were observed on the surface of the seed. Subsequently, 
all sulfuric acid was removed and seeds were washed with cold sterile H2O 
five times. Commercial bleach (50% dilution) was then added to cover the 
seeds, and after stirring slowly for 5 min, five consecutive washes with sterile 
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H2O were performed. Seeds were incubated in 70% EtOH, for 2 min under 
slow stirring followed by other five consecutive washes with sterile H2O. 
Finally, seeds were maintained in sterile H2O for 2 min and once rehydration 
was completed, they were transferred into a MagentaTM vessel containing 
MS30 (Murashige-Skoog) medium containing 3% (w/v) sucrose, 0.5 mg/l 
2,4-dichlorophenoxyacetic acid (2,4-D, Micropoli, Milan, Italy), incubated at 
4° C in the dark for 2 days, and then transfer to the growth chamber at 23°C 
for one month under light conditions with a photon flux density of 150 μmol 
m-2 s-1, photoperiod of 16/8 h and 70-80% relative humidity. The resulting M. 

truncatula plantlets were used to develop calli. Leaves excised from plantlets 
were cultivated in vitro on MSOG medium containing 4.4 g/l MS 
salts/vitamins (Duchefa Biochemie B.V., Netherlands), 30 g/l sucrose 
(Panreac química s.l.u., Spain), 2 g/l gelrite (Duchefa Biochemie B.V., 
Netherlands), 0.5 g/l kinetin (Duchefa Biochemie B.V., Netherlands), 0.5 g/l 
2.4-D (2,4-dichlorophenoxyacetic acid, Duchefa Biochemie B.V., 
Netherlands) (pH 5.7), in a growth chamber as previously described. The cut 
leaves were arranged with the nervure facing downwards in Petri dishes 
containing the MSOG medium. The plates were incubated at 26°C for 21 days 
and subsequently transferred in the dark. Finally, calli were kept for another 
30 days at 26°C in dark conditions and transferred to fresh medium every 
month. M. truncatula cell suspension cultures were obtained by transferring 
a single callus propagation in liquid MS30 medium. Cells were transferred to 
fresh liquid medium every 8 days and kept at 23°C, under shaking (80 rpm) 
in dark conditions (Iantcheva et al., 2014).  
 
3.7.2.2. Bacterial co-cultivation 

In order to allow the co-cultivation step, the engineered A. tumefaciens 
strain containing the CRISPR_Tdp1β plasmid was grown as follows. A pre-
inoculum of bacterial cells was performed in 2 ml liquid medium YEP (1% 
yeast extract, 2% peptone, 2% glucose/dextrose) containing rifampicin (50 
μg/ml) and spectinomycin (50 μg/ml), and incubated at 28°C under 
continuous shaking (180 rpm) for 48 h. The resulting bacterial culture was 
used to prepare an inoculum of 20 ml in the same medium as previously 
described. Agrobacterium cells were finally collected by centrifuging for 15 
min at 3500 rpm, and the pellet was resuspended in an equal volume of liquid 
MS30 medium. Bacterial cultures with final OD600 = 1 were used for the co-
cultivation step.  

The M. truncatula cell suspension was maintained in 250 ml flasks 
containing 50 ml of MS30 medium. The experimental set-up included 4 flasks 
of suspension cells to which 4 different transformation protocols were 
applied: 
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1. co-cultivation of 1 ml of bacterial culture containing the 
CRISPR_Tdp1β plasmid for 2 days 

2. co-cultivation of 3 ml of bacterial culture containing the 
CRISPR_Tdp1β plasmid for 2 days 

3. co-cultivation of 1 ml of bacterial culture containing the 
CRISPR_Tdp1β plasmid for 5 days 

4. co-cultivation of 3 ml of bacterial culture containing the 
CRISPR_Tdp1β plasmid for 5 days 

At the end of the co-cultivation, carbenicillin (250μg/ml; used as a selection 
agent to eradicate A. tumefaciens) and kanamycin (50μg/ml; used as a 
selection agent for the plant cells transformed with the plasmid 
CRISPR_Tdp1β) were added.  
 
3.7.2.3. Screening for the transformation events 

Following the co-cultivation of M. truncatula suspension cells with the 
transformed A. tumefaciens strain, fluorescence optical microscope analysis 
was performed to verify the expression of the GFP reporter gene. An 
Olympus BX51 fluorescence microscope (Olympus Italia S.R.L., Milan, 
Italy) was used with an excitation filter of 485/20 and a barrier filter of 530/25 
for the visualization of GFP. The images were obtained using an Olympus 
MagnaFire camera equipped with Olympus Cell F software (Olympus Italia 
S.R.L., Milan, Italy). Subsequently, DNA was extracted from M. truncatula 
cell suspension cultures using the CTAB (Hexadecyl Trimethyl Ammonium 
Bromide)-based protocol as previously described by Dellaporta et al. (1983). 
Finally, PCR analysis was performed to amplify the eGFP and hCas9 genes, 
respectively, as described above (see Section 3.7.1.). 

 
3.7.3. Agrobacterium-mediated transformation of M. truncatula leaf discs 
and petioles  

For the transformation of leaf discs and peduncles, the protocol used was 
carried out as described by Araùjo et al. (2004). This is an efficient protocol 
for transformation and regeneration through embryogenesis. Using the M. 

truncatula M9-10a genotype and the methodology described, it is possible to 
recover transgenic plants within 4 months of in vitro culture. 

 
3.7.3.1. Plant material and A. tumefaciens transformation 

To obtain the plant material, M. truncatula seeds were scarified, sterilized 
and placed on MS30 solid medium as described above (see Section 3.7.2.1.). 
Subsequently, young, fully expanded leaves and petioles were used as 
explants for the genetic transformation. In parallel, leaves derived from in 



  
 
 
 
 
 
 

3. Material and Methods 

pag. 78 
 

vitro re-propagated plants were also utilized. The culture of A. tumefaciens 
EHA105 strain transformed with the CRISPR_Tdp1β plasmid and the A. 
tumefaciens EHA105 strain containing the control plasmid 
pK7WGF2::hCas9 (no sgRNA cassette) were prepared as mentioned above 
(see Section 5.1.2.2.). Bacterial cultures with final OD600 = 1.5-1.6 and the 
addition of acetosyringone (100 µM) (Duchefa Biochemie B.V., Netherlands) 
were kept in the dark for 30 min and then used for genetic transformation. 
Subsequently, individual leaflets or petioles were placed onto a wet sterile 
filter paper in a Petri dish to prevent desiccation and wounded perpendicularly 
to the mid-nervure using a scalpel blade previously dipped into the 
Agrobacterium suspension. Explants were transferred with the abaxial side-
down (7-9 leaflets per Petri dish). Co-cultivation was carried out on solid EIM 
(Embryo Induction Medium) (4.4 g/l MS salts and vitamins, 30 g/l sucrose, 2 
g/l gelrite, 0.45 µM 2,4-D, 0.91 µM zeatin) supplemented with 100 μM 
acetosyringone, in a dark growth chamber at 23°C for 5 days.  

 
3.7.3.2. Growth of embryogenic calli  

Inoculated explants were transferred to EIM containing 100 mg/l 
kanamycin and 500 mg/l carbenicillin to start the selection procedure, and 
maintained in growth chamber at 23°C, photon flux density of 150 μmol m-2 
s-1, photoperiod of 16/8 h, and 70-80% relative humidity. To maintain the 
selective pressure, the developed embryogenic calli were transferred weekly 
to fresh selective medium. Three weeks after inoculation, embryogenic calli 
were transferred to growth-regulator-free EPM (Embryo Proliferation 
Medium) (4.4 g/l MS salts and vitamins, 30 g/l sucrose, 2 g/l gelrite) 
supplemented with antibiotics as previously described. Calli were cultivated 
on the same medium (refreshed each week) until somatic embryos reached 
the late torpedo/dicotyledonar stage (30-60 days). The last step requires the 
transfer of calli to ECM (Embryo Conversion Medium) medium (4.4 g/l MS 
salts and vitamins, 30 g/l sucrose, 7 g/l microagar) supplemented with 170 
μM kanamycin and 0.6 mM carbenicillin. The experimental setup for this 
protocol is given in Table 6.  

 
Table 6. Schematic representation of the M9-10a transformation procedure. M, 
medium; A, antibiotic supplementation; EIM, Embryo Inducing Medium; EPM, 
Embryo Proliferation Medium; ECM, Embryo Conversion Medium. Km, 
kanamycin. Carb, carbenicillin. 
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3.7.3.3. Selection of transformed calli 
Following transformation, M. truncatula calli (control and transformed) 

were used to detect the presence of the GFP signal by using a transilluminator 
Biorad Chemidoc MP Imaging System and Image Lab Software (Bio-Rad 
Laboratories, Inc.).  
 
3.7.4. Agrobacterium-mediated transformation of Oryza sativa  
3.7.4.1. Regeneration protocol for Oryza sativa var. Vialone Nano 

The regeneration protocol is an integration between the methods 
published by Hiei et al. (2006) and Sahoo et al. (2011). Mature seeds of 
Vialone Nano (VN) and Nipponbare (NB), used as control, were de-husked 
and sterilized in three steps using: (1) dH2O and Teepol (Sigma-Aldrich) for 
30 sec, (2) 70% ethanol for 30 sec, (3) commercial bleach diluted 1:3 with 
sterile dH2O for 10 min (twice), (4) final rinse in sterile dH2O under laminar 
air flow, (5) dry on sterile filter paper. Subsequently, sterile seeds were placed 
on Callus Induction Medium (CIM) (20 seeds per plate) (Table 7) and 
incubated for 2 weeks under dark at 28°C to induce callus. This time is 
required for the development of white and nodular embryogenic calli, which 
are separated by the scutellum and transferred to fresh CIM for another week 
under dark at 28°C. Calli were transferred on Pre-Regeneration Medium 
(PReM) (15 calli per plate) (Table 7) to start tissue differentiation and further 
incubated for 2 weeks under dark at 28°C. Then, calli were transferred on 
Regeneration Medium (ReM) (5-6 calli per plate) (Table 7) and incubated for 
2-3 weeks under 16 h light/8 h dark conditions at 24°C with a photon flux 
density of 150 μmol m-2 s-1 and 70-80% relative humidity, to complete 
differentiation, proliferate and develop shoots. ReM contains the synthetic 
cytokinin 6-Benzylaminopurine (BAP, Duchefa Biochemie B.V.) and the 
auxin 1-Naphthaleneacetic Acid (NAA, Duchefa Biochemie B.V.). Well-
developed shoots were transferred in MagentaTM containers (Sigma-Aldrich) 
containing Rooting Medium (RoM) (Table 7) and kept for 2 weeks as 
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previously described. Regenerated plantlets were initially grown in 
MagentaTM containers for 2 weeks and later transferred (acclimatized) to soil 
pots kept in a non-cooled iron-glass greenhouse. At the end of the life cycle, 
seeds were collected, dried, and conserved at 4°C. The seeds collected from 
the greenhouse are meant to be used as starting material for following 
transformation experiments. 

 
Table 7. Media composition for rice regeneration protocol. CIM, callus induction 
medium. PReM, pre-regeneration medium. ReM, regeneration medium. RoM, 
rooting medium. LS, Linsmaier and Skoog vitamins.  

 

 
 
 

Stock solution  ml/l 
 CIM PReM ReM RoM 

N6 major I (10X) 100 100 100 - 
N6 major II (10X) 100 100 100 - 
MS major (10X) - - - 100 

MS minor (100X) - - - 10 
FeNaEDTA (1000X) 1 1 1 1 

B5 minor (1000X) 1 1 1 - 
B5 vitamins (1000X) 1 1 1 - 
LS vitamins (1000X) - - - 1 

Glycine (1000X) - - - 2 
     

Chemical g/l 
Proline 0,5 0,5 0,5 - 

Glutamine 0,5 0,5 0,5 - 
Casamino Acids 

(CEH) 0,3 0,3 0,3 - 

MES - - - 0,5 
Inositol - - - 0,1 
Sucrose 30 30 30 - 

Adjust volume to 1 liter 

pH 5.8 5.8 5.8 5.8 
Gelrite 6 5 5 - 

Plant Agar - - - 4 
     

Growth regulator ml/l 
2,4-D (1000X) 3 3 - - 
6-BAP (1 mg/l) - 2 3 - 
ABA (5 mg/l) - 5 - - 
NAA (1 mg/l) - 1 - - 
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3.7.4.2. Plant material, plasmid and Agrobacterium culture 
The transformation procedure was carried out using a standard plasmid 

kindly provided by Ming-Bo Wang (CSIRO, Commonwealth Scientific and 
Industrial Research Organization - Agriculture and Food, Canberra, 
Australia). The plasmid (15.430 bp) contains the GUS reporter gene encoding 
β-glucuronidase, the HPT gene conferring hygromycin resistance, and the 
SpecR gene conferring spectinomycin resistance, as selectable marker for 
bacteria. 

Mature seeds of VN and NB varieties were de-husked, sterilized, and 
placed on CIM as described in the above regeneration protocol (see Section 
3.7.4.1). Embryogenic calli of both varieties were sub-cultured for another 
week on fresh CIM. Two days before transformation, the Agrobacterium 
culture (5 g beef extract, 1 g yeast extract, 5 g sucrose, 5 g peptone, 0.98 g 
MgSO4, 15 g agar, 50 mg spectinomycin, 25 mg rifampicin, pH 7.5) 
containing the plasmid was prepared and grown for 48 h at 28°C. 
Subsequently, the culture was centrifuged for 10 min at 4000 rpm and 
resuspended to an OD600 ~ 1. The resuspended culture was transferred to Petri 
dishes containing the calli (15 calli per plate) on liquid Co-Cultivation 
Medium (CCM) (Table 8) and kept for 15 min at room temperature under 
shaking. The calli were dried on sterile filter paper and plated onto Petri 
dishes containing solid CCM. The calli were co-cultivated for 3 days in a 
growth chamber at 28±2°C under dark. As controls (CTRL), non-transformed 
calli of each variety were used and placed on CCM solid medium under the 
same conditions.  

 
3.7.4.3. Standard Agrobacterium-mediated transformation protocol for 
rice 

After co-cultivation, the calli must be thoroughly washed (two times for 
1 min and four times for 15 min with sterile dH2O and cefotaxime 250 mg/l) 
and dried (on sterile paper) to remove bacteria. Subsequently, 10-15 calli per 
plate were transferred on Selection Medium I (SMI) supplemented with 
antibiotics (Table 8). The control calli were separated as follows: half on SMI 
(denominated as CTRL) which serve as a negative control (as non-
transformed these will die under antibiotic selection), and another half on 
SMI without antibiotics (denominated CTRL/CTRL) which serve as control 
for the efficiency of the regeneration protocol. All material was incubated for 
two weeks at 26-28°C under dark conditions. A subsequent selection was 
carried out on Selection Medium II (SMII) supplemented with antibiotics 
(Table 8) whereas the CTRL/CTRL calli were transferred on SMII without 
antibiotics. The calli were incubated for two weeks at 26-28°C under dark 
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conditions. After the two selection steps (SMI and SMII), it is expected that 
the small transgenic hygromycin resistant calli would start to proliferate.  

Calli were transferred to PReM supplemented with cefotaxime (100 mg/l) 
and hygromycin (50 mg/l), while CTRL/CTRL calli were transferred on the 
same medium without antibiotics and incubated at 26-28°C under dark 
conditions. After two weeks, or when proliferating calli have increased in 
size, they were transferred to ReM supplemented with hygromycin (25 mg/l) 
and incubated for 2-3 weeks at 28°C under light conditions. In about 1-2 
weeks calli turned green and shoots started to differentiate. The root induction 
and acclimatization steps were performed as previously.   

 
Table 8. Media composition for rice transformation protocol. CCM, co-coltivation 
medium. SMI, selection medium I. SMII, selection medium II. 

 
Stock solution ml /l  

 CCM SMI SMII 
R2 major I (10X) 100 100 100 
N6 major II (10X) 88.5 88.5 88.5 
R2 minor (1000X) 1 1 - 
B5 minor (1000X) - - 1 
FeNaEDTA (10X) 1 1 1 

B5 vitamins (1000X) - - 1 
LS vitamins (400X) 2.5 2.5 - 

    
Chemical g /l 

Proline - - 0.5 
Glutamine  - - 0.5 

Casamino Acids (CEH) - - 0.3 
Glucose 10 - - 
Sucrose - 30 30 

Adjust volume to 1 liter 

pH 5.2 6 6 
Gelrite - 5 5 

Acetosyringone 150 µM - - 
    

Growth regulator ml /l 
2,4-D (1000X) 3 3 3 

    
Antibiotic mg /l 

Cefotaxime - 400 400 
Hygromycin - 50 100 
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3.7.4.4.  Protocol optimization for the transformation of Vialone Nano 
cultivar 

As the firstly developed protocol was unsuccessful for Vialone Nano, the 
next combination of techniques implemented was based on the protocols 
developed by Sah et al. (2014) and Slamet-Loedin et al. (2014). The CCM 
and RoM media were used also in this protocol. As a first step, it was 
necessary to assess the optimal concentration of 2,4-D for the efficient 
development of VN calli.  

The experiment was set up using the same components of the previous 
cited media while changing the 2,4-D concentration as follows: 1, 2, 3, 4, and 
5 mg/l. VN and NB seeds were sterilized as described above (see Section 
5.1.4.1.) and placed on CIM with different 2,4-D concentration and plates 
were kept for two weeks at 25± 1°C under dark conditions. After the white 
and nodular calli were separated by scutellum, these were subjected to the 
previously described regeneration protocol (see Section 7.3.4.1).  

Hence, the implemented experimental design used, in parallel, two 
different protocols, hereafter denominated as (F: Hiei and Sahoo) and (A: Sah 
and Slamet-Loedin). Six different types of media combinations were used as 
follow (Table 9):  

1) A medium with [1 mg/l] of 2,4-D called A1 
2) A medium with [2 mg/l] of 2,4-D called A2 
3) A medium with [3 mg/l] of 2,4-D called A3 
4) F medium with [1 mg/l] of 2,4-D called F1 
5) F medium with [2 mg/l] of 2,4-D called F2 
6) F medium with [3 mg/l] of 2,4-D called F3 

In this experiment, four different modes of inoculation with A. tumefaciens 
were implemented. Changes consisted in: (1) decreasing the time (mins) of 
co-cultivation of calli with bacteria, (2) decreasing the bacteria concentration 
(OD), (3) decreasing the number of days of calli incubation on CCM (Table 
10). In both protocols (A and F), the type and amount of antibiotics used were 
the same as in the previous transformation test (see Section 3.7.4.3. Table 8). 
Following the washing steps as previously described earlier (see Section 
7.3.4.3.), calli transformed with protocol (A) were placed on SM, whereas 
calli transformed with protocol (F) were placed on SMI. After 14 days, calli 
were transferred on fresh SM for protocol (A) or to SMII for protocol (F). 
 
Table 9. Media composition for rice transformation protocol. Comparison between 
media of protocol (A) and media of protocol (F). CIM, callus induction medium. 
SM, selection medium. PReM, pre-regeneration medium. ReM, regeneration 
medium.  
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Stock solution ml/l 
 CIM SM PReM ReM 
 F A F A F A F A 

N6 major I (10X) 100 - 100 200 100 - 100 - 
N6 major II (10X) 100 - 88.5 100 100 - 100 - 
FeNaEDTA(10X) 10 10 10 10 10 10 10 10 
MS major (10X) - 100 - - - 100 - 100 

MS minor (100X) - 10 - - - 10 - 10 
B5 minor (1000X) 1 - - 30 1 - 1 - 

B5 vitamins 
(100X) 1 - - 5 1 - 1 - 

MS vitamins 
(400X) - 1 2.5 - - 5 - 5 

R2 minor (1000X) - - 1 - - - - - 
Glycine (100X) - 10 - 10 - - - - 

         
Chemical g /l 

Proline 0.5 0.6 - 0.5 0.5 0.6 0.5 - 
Glutamine 0.5 - - 0.3 0.5 - 0.5 - 

CEH 0.3 - - 0.5 0.3 - 0.3 - 
Sucrose 30 - 30 - 30 - 30 30 
Maltose - 40 - 20 - 30 - - 
Mannitol - - - 36 - - - - 
Sorbitol - - - - - 20 - - 
Inositol - 0.1 - - - - - - 
MES - 0.5 - - - - - - 

Adjust volume to 1 liter 
pH 5.8 5.8 6 5.8 5.8 5.8 5.8 5.8 

Gelrite 5 6 5 5 6 6 6 6 
         

Growth regulator ml/l 

2,4-D (1000X) 1-2-3 1-2-3 1-2-
3 1-2-3 - - - - 

6-BAP (1 mg/ml) - - - 0.2 2 - 3 - 
ABA (5 mg/ml) - - - - 5 - - - 
NAA (1 mg/ml) - - - 1 1 1 0.5 1 

Kinetin (2 mg/ml) - - - - - 2 - 2 
         

Antibiotic mg/l 
Cefotaxime - - 400 400 100 100 100 100 
Hygromycin - - 50 50 50 50 25 25 

 
 

Table 10. Different combinations utilized for the inoculation of Vialone Nano 
calli with Agrobacterium. Co-Co, co-coltivation. 
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Combinations Co-Co 
time (min) 

Co-Co 
days OD 

1 15 3 1 
2 15 3 0.5 
3 5 2 1 
4 5 2 0.5 

 
3.7.4.5. Screening for the transformation events 

Leaves from control and transformed rice plants were sampled to confirm 
the presence of the transgene. The GUS (β-glucuronidase) assay and PCR 
analysis were performed. The GUS assay was performed as previously 
reported by Jefferson and Wilson (1991), by placing the leaves collected from 
transformed and CTRL plants in a Petri dish containing the GUS assay 
solution containing 1 mM X-Gluc (5-bromo-4-choloro-3-indolyl) β-D-
glucuronic acid, Sigma-Aldrich) in 50 mM Na2HPO4, pH 7.0 and 0.1% Triton 
X-100 (Sigma-Aldrich). Samples were incubated in the assay solution at 37°C 
overnight. Since the blue color is difficult to visualize against the dark green 
background of mature leaves, samples were then placed in 70% ethanol and 
de-stained. Further assessment was carried out using standard PCR 
(DreamTaq DNA Polymerase, Thermo ScientificTM, following the suppliers’ 
instructions) with GUS specific primers (forward- 5’-
ATGGTCCGTCCTGTAGAAACCCC-3’ and reverse- 5’-
CACCACCTGCCAGTCAACAGACG-3’).  

 
3.8. Statistical analysis 

In eggplant and wild relatives, the effects of priming versus unprimed 
control, in terms of germination percentage, days, and their interaction were 
analyzed using Two-way ANOVA (Analysis of Variance) (‘*’ P < 0.05; ‘**’ 
P < 0.01, ‘***’ P < 0.001, ‘****’ P < 0.0001) carried out with the statistical 
software GraphPad Prism 8 (GraphPad Software Inc., California). 
Comparison between unprimed control and different priming treatments were 
carried out as follows. For each treatment, three biological replicates were 
considered. Means were then compared using the Post-Hoc Tukey’s HSD 
(Honest Significant Difference) test. Means with a significance value lower 
than 0.05 (P ≤ 0.05) were considered statistically different. Statistical analysis 
of phenotyping data and qRT-PCR data was performed using the Student’s t-
test. Asterisks indicate statistically significant differences determined using 
Student’s t-test (‘*’ P < 0.05; ‘**’ P < 0.01, ‘***’ P < 0.001). The efficacy of 
treatment versus unprimend control was carried out using Mann- Withney test 
(‘*’ P < 0.05; ‘**’ P < 0.01, ‘***’ P < 0.001).                                                   
Principal Component Analysis (PCA) was performed using all measured 
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parameters (genotype, hydropriming treatment, germination %, ROS levels, 
gene expression profiles) and the ClustVis program available at 
https://biit.cs.ut.ee/clustvis/ (Metsalu and Vilo, 2015). 

In the M. truncatula experiments, for each variable, significant 
differences between treatments were determined with Two-way ANOVA 
(Analysis of Variance) using the statistical tool developed by Assaad et al. 
(2015). For each treatment, five biological replicates were considered. Means 
were compared using the Duncan test, where means with a significance value 
lower than 0.05 were considered statistically different. Letters are used to 
indicate significant differences among all samples. The Student’ t-test (*, p < 
0.05) was used to statistically compare the gene expression profiles in M. 

truncatula seeds, where HP2 and HP4 were reported to the dry seeds (DS) for 
each gene. 

Principal Component Analysis was performed using all measured 
parameters (germination %, T50, seedling length, FW, DW, gene expression 
profiles) and the ClustVis program. Pattern search analysis was conducted 
using the PatternHunter tool available at https://biit.cs.ut.ee/clustvis/ 
(Metsalu et al., 2015). 
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4. Results 
 

4.1 Seed priming: from the lab to the field 
 
4.1.1. Screening of germination profiles in an eggplant germplasm seed 
bank 

A screening of the entire germplasm collection composed of 380 
genotypes hosted at CREA-GB (Montanaso Lombardo, Lodi, Italy) was 
carried out in pots to evaluate the germination profile. Following this 
preliminary test, 49 different accessions, comprising 35 S. melongena 
varieties and 14 wild relatives were selected (Fig. 16). For all the 49 
genotypes, germination tests were performed in Petri dishes at DBB-UNIPV, 
in order to monitor the timing of radicle protrusion, and classify those 
eggplant varieties and wild relatives having contrasting phenotype in terms 
of dormancy (Tab. 11).  
 

A                                                      B 

 
 
 
Fig. 16. (A) Seeds of some eggplant varieties and wild relatives of the CREA-GB 
germplasm collection used for the screening of germination profiles. (B) S. 
melongena L. seeds at the phenological stage of radicle protrusion.  
 
Table 11. List of genotypes from the CREA-GB germplasm collection subjected to 
germination tests and classified, based on the time required to observe radicle 
protrusion, as Early: 0-6 days, Normal: 7-14 days, Late: >14 days. Values are 
expressed as mean ± SD of three independent replications with 15 seeds for each 
replication. CWR, crop wild relative. n.d., not detected due to microbial 
contamination.  

 
S. melongena 

Accession N° (*) Germination (%) Phenotype 

AM11 98.33 ± 2.36 Normal 
AM 29 96.67 ± 4.70 Early 
AM45 100.00 ± 0.00 Early 

 AM190 

S. indicum  
W1 2014 

S. Integrifolium 
W10 2017 

AM342 

     S. melongena L.        CWRs 
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AM109 100.00 ± 0.00 Early 
AM116 100.00 ± 0.00 Early 
AM146 100.00 ± 0.00 Early 
AM158 98.33 ± 2.36 Early 
AM179 98.33 ± 2.36 Early 
AM181 100.00 ± 0.00 Early 
AM190 100.00 ± 0.00 Early 
AM192 68.33 ± 15.46 Normal 
AM201 100.00 ± 0.00 Early 
AM210 100.00 ± 0.00 Normal 
AM211 20.00 ± 16.33 Early 
AM212 90.00 ± 8.16 Normal 
AM224 93.33 ± 6.24 Normal 
AM226 50.00 ± 24.5 Early 
AM238 98.33 ± 2.36 Normal 
AM243 n.d. - 
AM245 100.00 ± 0.00 Normal 
AM248 98.33 ± 2.36 Early 
AM274 75.00 ± 14.72 Early 
AM278 100.00 ± 0.00 Early 
AM279 100.00 ± 0.00 Normal 
AM280 93.33 ± 4.71 Normal 
AM286 100.00 ± 0.00 Normal 
AM288 100.00 ± 0.00 Early 
AM293 100.00 ± 0.00 Early 
AM305 100.00 ± 0.00 Early 
AM312 100.00 ± 0.00 Early 
AM313 73.33 ± 12.47 Early 
AM323 93.33 ± 9.43 Early 
AM333 96.67 ± 4.71 Early 
AM342 90.00 ± 14.14 Early 
AM375 98.33 ± 2.36 Early 

 CWR (year of collection) Germination (%) Phenotype 
S. aethiopicum (2011) 98.33 ± 2.36 Early 

S. consona (2007) 22.22 ± 15.71 Late 
S. indicum (2014) n.d. - 
S. indicum (2015) n.d. - 

S. integrifolium (2008) 80.00 ± 16.33 Normal 
S. integrifolium (2017) 100.00 ± 0.00 Early 

S. mistretta (2005) n.d. - 
S. mistretta (2007) 33.33 ± 27.22 Late 

S. santo stefano (2005) n.d. - 
S. santo stefano (2007)     44.44 ± 15.71 Late 

S. sodomeum (1987) n.d. - 
S. torvum (2013) n.d. - 
S. torvum (2017)        100.00 ± 0.00 Normal 

S. virginianum (2013)        100.00 ± 0.00 Normal 
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(*) The S. melongena accessions hereby listed were collected in different 
years from 1987 to 2017. 

 
 

At the end of the germination tests, based on the time required to observe 
radicle protrusion, the eggplant and CWR genotypes were classified as 
“EARLY” if germination took place within 6 days from the beginning of 
imbibition, “NORMAL” if germination occurred between 7 and 14 days, and 
“LATE” if germination took place after 14 days (Tab. 11). Among the tested 
samples, 24 eggplant varieties and two CWR genotypes (S. aethiopicum, S. 

integrifolium) were classified as “EARLY” whereas 10 eggplant varieties 
three CWR genotypes (S. integrifolium, S. torvum, S. virginianum) were 
classified as “NORMAL”. Finally, three CWR genotypes (S. consona, S. 
mistretta, S. santo stefano) were classified as “LATE”. germinated after 14 
days. The seeds of seven accessions showed molds contamination on their 
surface and they did not germinate. Data from germination tests were further 
elaborated by calculating specific parameters according to Ranal et al. (2006) 
and the estimated values are showed in Tab. 12. 
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Table 12. Germination parameters calculated based on results of germination tests carried out in S. melongena 
and wild relatives (CWR). Germinability (G). Mean germination time (MGT). Coefficient of variation of the time 
(CV). Mean germination rate (MR). Uncertainty (U). Synchronization index (Z). Values are expressed as mean ± 
SD of three independent replications with 15 seeds for each replication.  
 

S. melongena 
Accession N° G (%) MGT (days) CV (%) MR (day-1) U (bit) Z  

AM11 98.33 ± 2.36 11.98 ± 0.23  68 ± 2.02 0.015 ± 0.0005 2.181 ± 0.530 0.223 ± 0.1 

AM 29 96.67 ± 4.70 9.71 ± 1.47 36.56 ± 10.10 0.029 ± 0.0082 2.173 ± 0.37 0.157 ± 0.08 

AM45 100 ± 0.00 10.73 ± 2.21 96.58 ± 45.84 0.012 ± 0.0045 2.33 ± 0.29 0.205 ± 0.052 

AM109 100 ± 0.00 4.70 ± 0.38 336.73 ± 35.96 0.003 ± 0.0003 1.705 ± 0.448 0.368 ± 0.139 

AM116 100 ± 0.00 4.29 ± 0.07 360.11 ± 20.95 0.003 ± 0.0002 1.25 ± 0.087 0.431 ± 0.029 

AM146 100 ± 0.00 5.22 ± 0.51 293.34 ± 36.66 0.004 ± 0.0005 0.70 ± 0.75 0.693 ± 0.328 

AM158 98.33 ± 2.36 5.53 ± 1.15 265.44 ± 60.37 0.004 ± 0.001 1.80 ± 0.67 0.334 ± 0.189 

AM179 98.33 ± 2.36 6.97 ± 1.08 193.73 ± 53.21 0.005 ± 0.0015 2.178 ± 0.46 0.218 ± 0.088 

AM181 100 ± 0.00 3.77 ± 0.32 177.86 ± 23.70 0.006 ± 0.0007 1.271 ± 0.370 0.415 ± 0.110 

AM190 100 ± 0.00 5.00 ± 0.98 116.73 ± 44.39 0.009 ± 0.0031 2.015 ± 0.28 0.222 ± 0.059 

AM192 68.33 ± 15.46 12.57 ± 0.85 42.80 ± 14.81 0.026 ± 0.0105 2.582 ± 0.74 0.149 ± 0.125 

AM201 100 ± 0.00 8.23 ± 0.25 26.55 ± 2.97 0.038 ± 0.0045 1.884 ± 0.221 0.229 ± 0.056 

AM210 100 ± 0.00 9.47 ± 0.60 115.62 ± 12.92 0.009 ± 0.001 1.885 ± 0.567 0.345 ± 0.166 

AM211 20 ± 16.33 7.00 ± 8.89 45.90 ± 79.50 8.67 ± 15.01 0.333 ± 0.57 0.00 ± 0.00 



  
 
 
 
 
 
 

4. Results 

pag. 91 
 

AM212 90 ± 8.16 12.32 ± 2.07 41.78 ± 6.36 0.024 ± 0.004 2.363 ± 0.171 0.113 ± 0.042 

AM224 93.33 ± 6.24 16.02 ± 0.65 25.17 ± 9.74 0.005 ± 0.0206 2.664 ± 0.325 0.133 ± 0.049 

AM226 50 ± 24.5 11.09 ± 1.57 81.09 ± 50.89 0.015 ± 0.007 1.693 ± 0.61 0.081 ± 0.073 

AM238 98.33 ± 2.36 15.34 ± 0.34 32.90 ± 5.21 0.031 ± 0.0048 2.468 ± 0.252 0.167 ± 0.041 

AM245 100 ± 0.00 9.07 ± 0.50 125.22 ± 12.34 0.005 ± 0.0008 19.68 ± 0.282 0.263 ± 0.074 

AM248 98.33 ± 2.36 7.88 ± 0.30 151.81 ± 11.58 0.007 ± 0.0005 2.179 ± 0.18 0.217 ± 0.04 

AM274 75 ± 14.72 11.59 ± 0.38 59.31 ± 19.04 0.018 ± 0.005 3.146 ± 0.111 0.065 ± 0.035 

AM278 100 ± 0.00 11.13 ± 1.74 20.81 ± 6.97 0.052 ± 0.019 2.243 ± 0.281 0.422 ± 0.408 

AM279 100 ± 0.00 9.93 ± 0.32 12.50 ± 2.21 0.082 ± 0.0133 1.989 ± 0.206 0.230 ± 0.034 

AM280 93.33 ± 4.71 14.76 ± 0.92 42.10 ± 3.55 0.005 ± 0.0021 2.428 ± 0.255 0.115 ± 0.050 

AM286 100 ± 0.00 14.07 ± 2.10 74.52 ± 7.66 0.014 ± 0.0014 1.738 ± 0.511 0.167 ± 0.153 

AM288 100 ± 0.00 6.20 ± 1.73 42.10 ± 3.55 0.016 ± 0.011 2.193 ± 0.443 0.171 ± 0.09 

AM293 100 ± 0.00 5.90 ± 0.35 74.26 ± 9.90 0.014 ± 0.0017 1.121 ± 0.339 0.474 ± 0.102 

AM305 100 ± 0.00 4.02 ± 0.29 412.52 ± 36.49 0.002 ± 0.0002 2.329 ± 0.120 0.193 ± 0.016 

AM312 100 ± 0.00 6.47 ± 1.42 73.72 ± 25.41 0.015 ± 0.005 2.084 ± 0.558 0.193 ± 0.114 

AM313 73.33 ± 12.47 6.36 ± 0.86 50.84 ± 21.27 0.022 ± 0.008 2.015 ± 0.192 0.141 ± 0.05 

AM323 93.33 ± 9.43 9.17 ± 1.35 33.36 ± 11.27 0.032 ± 0.0103 2.206 ± 0.143 0.154 ± 0.047 

AM333 96.67 ± 4.71 9.13 ± 0.57 22.36 ± 8.48 0.05 ± 0.021 1.331 ± 0.75 0.461 ± 0.297 

AM342 90 ± 14.14 9.37 ± 4.84 84.89 ± 22.18 0.012 ± 0.004 2.313 ± 0.170 0.141 ± 0.034 

AM375 98.33 ± 2.36 4.79 ± 0.29 319.84 ± 16.83 0.003 ± 0.0002 1.492 ± 0.276 0.406 ± 0.128 
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 CWR G (%) MGT (days) CV (%) MR (day-1) U (bit) Z 

S. aethiopicum  98.33 ± 2.36 6.74 ± 0.53 200.03 ± 17.38 0.005 ± 0.0004 2.429 ± 0.334 0.173 ± 0.036 

S. consona  22.22 ± 15.71 11.67 ± 10.12 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.267 ± 0.00 

S. integrifolium  80 ± 16.33 12.99 ± 0.64 88.56 ± 16.93 0.005 ± 0.0021 1.669 ± 0.223 0.089 ± 0.084 

S. integrifolium  100 ± 0.00 10.00 ± 0.61 22.13 ± 3.98 0.046 ± 0.008 1.859 ± 0.405 0.267 ± 0.102 

S. mistretta  33.33 ± 27.22 15.33 ± 13.61 42.43 ± 73.48 0.003 ± 0.005 0.00 ± 0.00 0.267 ± 0.577 

S. santo stefano  44.44 ± 15.71 20.83 ± 5.01 43.59 ± 75.50 0.005 ± 0.005 0.333 ± 0.577 0.00 ± 0.00 

S. torvum  100 ± 0.00 8.83 ± 0.51 131.63 ± 13.29 0.008 ± 0.0007 1.916 ± 0.486 0.214 ± 0.056 

S. virginianum  100 ± 0.00 15.47 ± 1.29  81.99 ± 5.25 0.005 ± 0.001 1.738 ± 0.511 0.167 ± 0.153 
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Results of these analysis revealed that almost all the wild relatives were 
characterized by longer germination times compared to the eggplant 
accessions. Among these 49 genotypes, the following accessions were chosen 
for further analyses:  
i) AM210 also known as the inbred line ‘67/3’ (classified as NORMAL) of 

high relevance for molecular investigations because both reference 
genome and transcriptome are available (Barchi et al., 2019, 
www.eggplantgenome.org)  

ii) the CWR Solanum torvum Swartz 1788 (turkey berry) (classified as 
NORMAL) was chosen due to its relevance as a source of genes for the 
resistance to root-knot nematodes and soil-borne diseases. Indeed, this 
wild relative is widely used as rootstock for grafting in eggplant cultivation 
(Gousset et al., 2005). Low seed quality is a recurrent issue in S. torvum 
that often shows strong physiological dormancy and several factors must 
be taken into account when dealing with such a recalcitrant system (Ranil 
et al., 2015). 

iii)  the CWR Solanum villosum Miller (hairy nightshade) classified as 
EARLY was selected for the high germination speed and homogeneity. 

Germination profiles of these three varieties are shown in Fig. 17. 

 

 
Fig. 17. Germination curves of S. melongena ‘67/3’, S. torvum and S.villosum. 
Values are expressed as mean ± SD of three independent replications with 20 seeds 
for each replication. 
 

In the case of ‘67/3’, germination started at the 9th day from the beginning 
of imbibition with an estimated value of 20±1.41%. Germination percentage 
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further increased up to 74.44±0.76 % at the 16th day and values did not change 
until the end of the experiment (20th day). For S. torvum, germination started 
at the 6th day (2.22±0.58%) and stopped at the 13th day reaching the maximum 
value of 97.78±0.58%. On the contrary, S. villosum seeds reached the highest 
germination percentage (100%) in one day. 

The availability of seeds with contrasting germination profiles, and thus 
different levels of vigor, represents a suitable experimental system for 
investigating the impact of priming as well as the molecular mechanisms 
underlying the seed response to these treatments. Understanding how these 
seeds work at the physiological and molecular level, in the context of the pre-
germinative metabolism, is an essential step towards the design of improved 
priming protocols and the identification of quality hallmarks. 
 
4.1.2. Testing the seed lot-dependent variability of the ‘67/3’ line, S. 
torvum and S. villosum 

Germination performance can significantly vary among seed lots of the 
same accession, an undesired feature for commercially relevant crops. Such 
a variability was observed also in this work, for both the ‘67/3’ line and the 
CWRs. A seed lot is defined as a group of seeds that share features as year of 
collection, geographical provenance, environmental conditions in which they 
were grown, harvest and storage conditions.  

For the ‘67/3’ genotype seed lots collected during five different years 
(2014, 2015, 2016, 2017 and 2018) were analyzed. Results of germination 
tests and the related parameters are shown in Fig. 18 and Tab. 14. 
 

 
Fig. 18. Germination curves of five ‘67/3’ seed lots collected in different years 
(2014, 2015, 2016, 2017 and 2018). Values are expressed as mean ± SD of three 
independent replications with 20 seeds for each replication. 
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As shown in Fig. 18, the seed lot collected in 2014 started germination at 

the 9th day from the beginning of imbibition and reached the maximum 
germination percentage (74.44±0.76%) at the 16th day. The seed lot collected 
in 2015 was unable to germinate after 36 days from the beginning of 
imbibition. In the case of the year 2016, germination occurred at the 3rd day 
(6.67±0.00%) from the beginning of imbibition and reached the maximum 
value (100±0.00 %) at 15 days. The seed lot collected in 2018 started to 
germinate at the 5th day (4.44±0.58%) and the maximum value 
(96.67±0.71%) was recorded at 15 days. Results of statistical analysis carried 
out using Two-way ANOVA (F: 27.79; DF: 140; P: 0.0001****) as well as 
comparison between different seed lots carried out using the Post-Hoc 
Tukey’s HSD test (P ≤ 0.05) are shown in Table 13. 
 
Table 13. Results of statistical analysis carried out using Two-way ANOVA (F: 
27.79; DF: 140; P: 0.0001****). A comparison between the different seed lots 
(2014-2015-2016-2017 and 2018) were carried out using the Post-Hoc Tukey’s HSD 
test (P ≤ 0.05).  

Comparison q DF P value Significance 
2014-2015 85.15 360 <0.0001 **** 

2014-2016 34.14 360 <0.0001 **** 

2014-2017 52.02 360 <0.0001 **** 

2014-2018 25.62 360 <0.0001 **** 

2015-2016 114.3 360 <0.0001 **** 

2015-2017 28.13 360 <0.0001 **** 

2015-2018 105.8 360 <0.0001 **** 

2016-2017 86.16 360 <0.0001 **** 

2016-2018 8.53 360 <0.0001 **** 

2017-2018 77.64 360 <0.0001 **** 

 
In the case of S.torvum, seed lots collected during 2004, 2017 and 2018 

were tested (Fig. 19 and Tab. 14). Only the seed lot collected in year 2017 
was able to germinate, differently from the lots collected in 2004 and 2018.  
As shown in Fig. 19, the seed lot of 2017 started to germinate at the 7th day 
from the beginning of imbibition (18.33±8.50%), reaching a maximum value 
at the 15th day (100±0.00%).   
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Fig. 19. Germination curve of the S. torvum seed lot collected in 2017. Values are 
expressed as mean ± SD of three independent replications with 20 seeds for each 
replication.  
 

Two distinct S. villosum seed lots, collected in 2015 and 2018, were 
analyzed. As shown in Fig. 20, germination started at the 2nd and 3rd day from 
the beginning of imbibition, with estimated values of 50±15.01% (2015) and 
23.33±23.09% (2018) and reaching the maximum level (100±0.00%) at the 
3rd and 4th day, respectively. Additional parameters calculated to evaluate the 
variability of the germination process are showed in Table 14. Results of 
statistical analysis carried out using Two-way ANOVA (F: 204.6; DF: 4; P: 
0.0001****) reveal a significant difference between the two seed lots. 
 

 
Fig. 20. Germination curve of the S. villosum seed lots collected in 2015 and 2018. 
Values are expressed as mean ± SD of three independent replications with 20 seeds 
for each replication.  
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Table 14. Germination parameters calculated based on results of germination tests carried out in different S. melongena ‘67/3’ and 
CWRs seed lots. Germinability (G). Mean germination time (MGT). Coefficient of variation of the time (CV). Mean germination rate 
(MR). Uncertainty (U). Synchronization index (Z). Values are expressed as mean ± SD of three independent replications with 15 seeds 
for each replication.  

Seed lot (years) G (%) MGT (days) CV (%) MR (day-1) U (bit) Z  

‘67/3’ (2014) 74.44 ± 1.58 10.59 ± 0.01 220.39 ± 6.56 0.0045 ± 0.00014 2.227 ± 0.018 0.231 ± 0.016 

‘67/3’ (2016) 100 ± 0.00 8.95 ± 0.91 76.34 ± 17.86 0.005 ± 0.0034 2.393 ± 0.052 0.178 ± 0.006 

‘67/3’ (2017) 77.78 ± 19.24 28.56 ± 1.34 62.70 ± 12.05 0.005 ± 0.003 2.525 ± 0.137 0.118 ± 0.013 

‘67/3’ (2018) 97.78 ± 3.85 11.05 ± 1.10 42.03 ± 9.86 0.025 ± 0.006 2.50 ± 0.29 0.15 ± 0.05 

 CWR G (%) MGT (days) CV (%) MR (day-1) U (bit) Z 

S. torvum (2017) 100 ± 0.00 8.83 ± 0.51 131.63 ± 13.29 0.008 ± 0.0007 1.916 ± 0.486 0.214 ± 0.056 

S. villosum (2015) 100 ± 0.00 2.49 ± 0.10 521.42 ± 25.26 0.005 ± 0.00009 0.980 ± 0.015 0.478 ± 0.01 

S.villosum (2018) 100 ± 0.00 2.1 ± 0.05 875.01 ± 23.22 0.0012 ± 0.00015 0.46 ± 0.16 0.81 ± 0.01 
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The parameters taken in consideration describe the seed lots quality and 
predict the seedling performance. Based on the results obtained from the 
germination test and relative parameters analysis, it is possible to classify the 
seed lots as ‘low-quality’ and ‘high-quality’. The ‘67/3’ seed lots collected in 
2014, 2016 and 2018 were classified as high-quality while those of 2015 and 
2017 were defined as low-quality. In the case of CWRs, the S. torvum seeds 
of 2017 and both S. villosum lots were classified as high-quality.  
 
4.1.3. Development of an optimized hydropriming protocol for the 
Solanum melongena ‘67/3’ line 

The cultivated eggplant is susceptible to a variety of biotic and abiotic 
stresses, which may cause great losses in yields and reduce quality of the final 
products. Along with this unfavorable feature, eggplant frequently shows 
seed dormancy, low germination rates and uniformity levels. The availability 
of effective priming protocols is expected to boost seed quality. Thus, the 
subsequent step in this work was the design of optimized priming protocols 
to speed up germination of eggplant seeds and the molecular characterization 
of the pre-germinative metabolism challenged by the treatments. To this 
purpose, the experimental work was performed using the ‘67/3’ line, whose 
genome is currently available. Among the different types of priming, 
hydropriming (HP) was chosen because this is a low cost, simple and reliable 
treatment, with limited economic impact on seed industry and extensive field 
application. 

HP was first tested on ‘67/3’ seeds collected in 2014. Seeds soaked in 
H2O for 24 h, 48 h, 72 h, and 96 h (hereby named treatments HP24, HP48, 
HP72, and HP96) were subjected to dry-back (DB, 2 h) and then immediately 
used for germination tests. Results of germination tests carried with treated 
seeds and unprimed (UP) seeds are shown in Fig. 21. UP seeds started 
germination at 9 days from the beginning of imbibition and reached the 
maximum germination percentage (74.44±0.71%) at 16 days whereas 
hydropriming always resulted in anticipated germination compared to 
untreated seeds. In the case of primed seeds, germination occurred at 5 days 
(40.00±0.00 %, HP24), 4 days (6.00±0.71 %, HP48), 3 days (2.00±0.71 %, 
HP72), and 2 days (4.00±0.00 %, HP96) from the beginning of imbibition. 
Results of statistical analysis carried out using Two-way ANOVA (F: 45.66; 
DF: 4; P: 0.0004***) as well as comparison between UP seeds and primed 
seeds (HP24, HP48, HP72, and HP96) carried out using the Post-Hoc Tukey’s 
HSD test (P ≤ 0.05) are shown in Table 15.  
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Fig. 21. Results from germination tests carried out with ‘67/3’ seeds treated with 
hydropriming for 24, 48, 72, and 96 h and unprimed (UP) seeds. Values are 
expressed as mean ± SD of three independent replications with 15 seeds for each 
replication. Statistical analysis was carried out using Two-way ANOVA (F: 45.66; 
DF: 4; P: 0.0004***). Comparison between UP and HP24, HP48, HP72, HP96 were 
carried out using the Post-Hoc Tukey’s HSD test (P ≤ 0.05) (see Table 15).  

Table 15. Results of statistical analysis carried out using Two- way ANOVA (F: 
45.66; DF: 4; P: 0.0004***). Comparison between UP and HP24, HP48, HP72, 
HP96 were carried out using the Post-Hoc Tukey’s HSD test (P ≤ 0.05).  

 
 

 

 

 
Data collected from this experiment were used to calculate the previously 

described germination parameters. The peak value (PV) is used as index of 
germination speed. As reported in Fig.22, UP seeds showed an estimated PV 
of 4.92 % day-1 whereas for all the tested HP treatments the PV values were 
always higher. It is worth noting that HP72 resulted into the highest PV value, 
recorded at 5 days. The germination index (GI), used to measure the time 

UP vs HP q DF P Significance 
24 h 4.090 61.70 0.0407 * 

48 h 4.674 61.39 0.0133 * 

72 h 6.141 62.00 0.0005 *** 

96 h 6.007 60.94 0.0007 *** 
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requested for each seed to germinate, is shown in Fig. 23. Also, in this case, 
the highest value was observed for HP72. 

 

 
Fig. 22. Peak value (PV) as index of germination speed calculated for ‘67/3’ seeds 
treated with hydropriming (HP) for 24, 48, 72, and 96 h and for unprimed (UP) seeds. 
 
 

 
Fig. 23. Germination index (GI, time requested for each seed to germinate) 
calculated for ‘67/3’ seeds treated with hydropriming (HP) for 24, 48, 72, and 96 h 
and UP seeds.  
 

Additional parameters describing the germination profiles of S. 
melongena seeds treated with hydropriming were calculated according to 
Ranal et al. (2006) and the estimated values are shown in Table 16. 
Germinability (G) was the highest (100 %) for HP24, HP48 and HP72 and 
slightly lower (98±2.80 %) for HP96. The hydropriming treatment carried out 
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for 72 h turned out to be the best in terms of mean germination time (MGT) 
since it showed the lowest value (4.48±0.00 days). The coefficient of 
variation of the time (CV) was higher in 72 h compared to other treatment, 
with a minimal standard deviation (468.00±0.15 %). Mean germination rate 
(MGR) values were similar between the different treatment, but also in this 
case HP72 was the best one, showing the lowest rate (0.00214±0.00 day-1). 
Uncertainty (U) was significantly lower in HP72 (1.22±0.20 bit), compared 
to the other treatments, and this was indicative of synchronized germination. 
Z or synchronization index was closer to 1 in the case of HP48 (0.34±0.10) 
and HP72 (0.31±0.30). For each parameter, a comparison between UP and all 
the tested HP treatments was carried out using the Student’s t test (P<0.05) 
(Tab. 16).   
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Table 16. Germination parameters calculated based on results of germination tests carried out on S. melongena ‘67/3’seeds 
treated with hydropriming (HP) for increasing time (24 h, 48 h, 72 h, and 96 h) and unprimed (UP) seeds. Values are 
expressed as means ± SD from three independent replicates. Asterisks indicate statistically significant differences 
determined using Student’s t test (P<0.05). G, Germinability. MGT, Mean germination time. CVG, Coefficient of velocity 
of germination. MGR, Mean germination rate. U, Uncertainty. Z, Synchronization index. h, hours. 

 

Treament G (%) MGT (days) CVG (%) MGR (day-1) U (bit) Z (unit less) 
HP 24 h 100.0 ± 0.00* 6.56 ± 0.05** 288.00 ± 3.41* 3.4 x 10-3 ± 7.07 x 10-5 * 2.08 ± 0.00 0.26 ± 0.00 
HP 48 h 100.0 ± 0.00* 5.78 ± 0.08** 339.76 ± 6.29** 2.9 x 10-3  ± 5.65 x 10-5 * 1.70 ± 0.38 0.34 ± 0.10 
HP 72 h 100.0 ± 0.00* 4.48 ± 0.00*** 468.00 ± 0.15* 2.1 x 10-3  ± 0.00* 1.22 ± 0.20 0.31 ± 0.30 
HP 96 h 98.0 ± 2.80* 4.77 ± 0.18* 426.02 ± 33.09 2.3 x 10-3  ± 1.98 x 10-4 ** 2.01 ± 0.38 0.25 ± 0.05 

UP 74.4 ± 1.57 10.58 ± 0.01 220.38 ± 6.55 4.5 x 10-3   ± 1.41 x 10-4 2.22 ± 0.02 0.23 ± 0.01 
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Seed priming not only improves germination parameters but also exerts 
beneficial effects at the level of seedling growth and stress tolerance. In order 
to assess any impact of the HP72 protocol on the growth of S. melongena 
seedlings developed from primed seeds, a phenotyping analysis was carried 
out. Seven-day old seedlings from primed and unprimed seeds were evaluated 
in terms of fresh/dry weight and radicle length. Results from these analyses 
are shown in Table 17. Statistical analysis did not highlight significant 
changes in the root length of seedlings resulting from the HP72 treatment, 
compared to those developed from unprimed seeds. A significant (P<0.05) 
increase in fresh weight was recorded only in seedlings developed from seeds 
primed for 72 h, compared to control. The seedling phenotype is shown in 
Fig. 24.  
 
Table 17. Results of phenotyping analyses performed on seven-day old S. 
melongena seedlings (line ‘67/3’) developed from seeds treated with hydropriming 
(HP72) and untreated (UP). Values are expressed as mean ± SD of three independent 
replications with 15 seedlings for each replication. Asterisks indicate statistically 
significant differences determined using Student’s t-test. (*) P < 0.05; (**) P < 0.01; 
(***) P < 0.001. 

 

 

Fig. 24. Phenotype of seven-day old S. melongena seedlings. UP, unprimed. HP, 
hydroprimed.  

Parameter UP HP72 

fresh weight (mg/15 seedling) 

dry weight (mg/15 seedling) 

radicle length (mm) 

37.40 ± 0.168 

4.65 ± 0.029 

38.50 ± 2.12 

42.5 ± 0.028* 

3.6 ± 0.005 

47.0 ± 21.21 
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4.1.4. Experimental design for the molecular profiling of seed priming in 
S. melongena 

Based on the seed response to priming, the HP72 protocol was selected 
for subsequent molecular analyses. As a first step, an experimental design 
was set up in order to figure out the most representative timepoints during 
priming (Fig. 25). At the selected timepoints, seeds were collected and stored 
for ROS detection and qRT-PCR analyses. Seeds were collected at the dry 
state (dry seed, DS) and during the treatment at 24, 48 and 72 h. An additional 
timepoint was fixed at the end of the dehydration (dry-back, DB). In order to 
monitor the seed response during the germination process, additional 
timepoints were fixed, as representative of the temporal window overlapping 
the pre-germinative metabolism. As shown in Fig. 25, seeds were collected 
throughout imbibition at 2, 4, 8, 16, 24, 48 and 72 h and finally at the end of 
germination (radicle protrusion stage, RD).  
 

 

Fig. 25. Experimental design showing the most representative timepoints (24, 48, 72 
h) during the HP72 treatment, followed by the end point of the dehydration step (dry-
back, DB, 2 h). The germination test carried with unprimed (UP) seeds and primed 
(HP) seeds was monitored throughout imbibition at 2, 4, 8, 16, 24, 48 and 72 h and 
finally at the end of germination (radicle protrusion stage, RD).  
 

Due to the limited amount of ‘67/3’ seeds available for each lot/year, 
molecular analyses were performed using seeds collected during year 2018. 
As shown in Fig. 26, when this seed lot underwent the HP72 treatment, the 
subsequent germination tests confirmed the expected beneficial effects of 
hydropriming. UP seeds (2018) started to germinate at the 5th day 
(4.44±0.58%) and reached the maximum value at the 15th day (97.67±0.71%) 
while the HP72 seeds anticipated the germination at the 3rd  day (4.44±0.58%) 
and showed the highest germination percentage (100±0.00%) at the 13th day. 
Statistical analysis carried out using Two-way ANOVA (P<0.05) highlight 
significant differences between the UP and HP72 seeds. The related 
germination parameters (Ranal et al., 2006) are illustrated in Table 18. 
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The HP72 treatment anticipated germination, as evidenced by MGT 
(11.05±1.10 and 8.84±0.87 days, for UP and HP72 samples, respectively) but 
no significant effects on synchronization were observed (U values of 
2.50±0.29 and 2.57±0.11 bit, for UP and HP72 samples, respectively). 
Statistical analysis carried out using Student’s t test highlight significant 
difference in CVG (42.03±9.86 and 77.61±17.23 %, for UP and HP72 
samples) (Table 18).  
 
 

 
Fig. 26. Results from germination tests carried out with ‘67/3’ seeds collected in year 
2018, treated with the HP72 protocol. The germination curve of unprimed (UP) seeds 
is also shown. Values are expressed as mean ± SD of three independent replications 
with 15 seeds for each replication. Statistical analysis was carried out using Two-
way ANOVA (F: 9.861; DF: 1; P: 0.0348*). Comparison between UP and HP72 
were carried out using Mann-Whitney test (U: 86.5; P: 0.2872 ns).  
 
Table 18. Germination parameters calculated for the ‘67/3’ seed lot collected during 
2018 and treated with hydropriming (HP72 protocol). G, Germinability. MGT, Mean 
germination time. CVG, Coefficient of velocity of germination. MGR, Mean 
germination rate. U, Uncertainty. Z, Synchronization index. UP, unprimed seeds. 
Asterisks indicate statistically significant differences determined using Student’s t-
test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.  

 
Parameter UP HP72 

G (%) 97.78 ± 3.85 100.00 ± 0.00 
MGT (days) 11.05 ± 1.10 8.84 ± 0.87 

CVG (%) 42.03 ±  9.86 77.61 ± 17.23* 
MGR (day-1) 0.025 ± 0.006 0.013 ± 0.00 

U (bit) 2.50 ± 0.29 2.57 ± 0.11 
Z (unit less) 0.15 ± 0.05 0.136 ± 0.005 
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4.1.4.1. Hydropriming boosts ROS accumulation in S. melongena seeds  

ROS levels were measured using the DCFH-DA fluorescent dye in dry 
and imbibed ‘67/3’ seeds at selected time points. The experimental design is 
shown in Fig. 25. Samples were collected at 24 h, 48 h, and 72 h during HP 
and subsequently after the dry-back step (DB, 2 h of dehydration). During 
germination tests, unprimed (UP) and primed (HP) seeds were collected at 2 
h, 4 h, 8 h, 16 h, 24 h, 48 h, and 72 h from the beginning of imbibition. Results 
of these experiments performed on ‘67/3’ samples, dry seeds (DS) and seeds 
collected throughout the HP treatment (24 h, 48 h, 72 h) are shown in Fig. 
27A. HP triggered a significant (P = 0.04) ROS accumulation at 24 h 
(27.63±8.82 R.F.U.), 14.62-fold compared to DS (1.89±0.53 R.F.U.). At 48 
h and 72 h, the recorded ROS levels were still significantly higher 
(15.72±3.55 and 8.71±1.70 R.F.U., respectively; P = 0.02 and 0.01) (Fig. 
27A). Following dry-back, ROS levels further decreased compared to the 72 
h timepoint, reaching an estimated value of 1.02±0.25 R.F.U. (P = 0.08), 
similar to those detected in the dry seeds (Fig. 27A, + DB). A different pattern 
was detected in the UP samples since a peak in ROS levels was observed at 8 
h and 16 h of imbibition (8.84±1.83 and 12.50±4.40 R.F.U., respectively; P 
= 0.02 and 0.04), compared to the DS (1.89±0.53 R.F.U.) (Fig. 27B, UP). 
ROS levels were decreased at the subsequent time points, from 24 to 72 h, 
although they appeared still significantly higher (P = 0.03 and 0.00008), 
compared to DS (4.68±1.23  R.F.U., 24 h; 3.50±0.86  R.F.U., 48 h; 4.31±0.23 
R.F.U., 72 h) (Fig. 27B, UP).  

The RD stage, that marks the end of germination and features extensive 
metabolic changes other than those associated with the pre-germinative 
metabolism (Pagano et al., 2018), was not considered for ROS measurements. 
Based on the reported data, the HP72 treatment featured enhanced ROS 
accumulation within the first 24 h, whereas no consistent changes in ROS 
pattern were associated with the accelerated germination profile of HP seeds. 
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Fig. 27. Result of ROS accumulation assay carried out with ‘67/3’ seeds treated with 
the HP72 hydropriming protocol and collected at the selected timepoints. Values are 
expressed as mean ± SD of three independent replications with 3 seeds for each 
replication. Statistical analysis was carried out using the Student’s t test (P<0.05). 
DS, dry seed. +DB, hydropriming + dry back. UP, unprimed. HP. Hydroprimed. 
 
4.1.4.2. Identification and validation of candidate genes for the molecular 
profiling of the seed response to priming in S. melongena  
The experimental work carried for this thesis is part of a research projects 
titled “Seed wake-up with aptamers: a new technology for dormancy release 
and improved seed priming strategy (WAKE-APT)” sponsored by CARIPLO 
FOUNDATION (www.fondazionecariplo.it; www.wake-apt.it). Dr. Laura 
Bassolino (CREA-GB; CREA-CI) contributed to this work by retrieving from 
the S. melongena ‘67/3’ genome a list of target genes with roles in DNA 
repair, chromatin remodeling and antioxidant defence already reported to 
play a role in the seed pre-germinative metabolism. In addition, a set of 
putative reference genes useful for the qRT-PCR-based analysis is shown 
(Table 19). The list includes genes involved in chromatin remodelling, e.g. 
genes coding for histone deacetylase HDA19/HD1 which participates in the 
transcriptional repression of the AtABI3 (ABSCISIC ACID INSENSITIVE) 
gene promoter during early seedling development in Arabidopsis (Ryu et al., 
2014) and HD2B histone deacetylase up-regulated by treatments that break 
seed dormancy (Yano et al., 2013). The list also includes the TFIIS 
(transcription elongation factor IIS) gene that in Arabidopsis has been shown 
to control the expression of the DOG1 gene responsible for a dormant 
phenotype. DOG1 gene expression is seed-specific and transcript levels drop 
during seed imbibition (Table 19). Thus, TFIIS and DOG1 genes are 
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expected to be expressed at high levels in dormant seeds. The GA 
(gibberellin)-mediated pathway is negatively controlled by the so-called 
DELLA proteins, consisting of five members in Arabidopsis: GA-
INSENSITIVE (GAI), REPRESSOR OF ga1-3 (RGA), RGA-LIKE1 
(RGL1), RGA-LIKE2 (RGL2), and RGA-LIKE3 (RGL3). OGG1 and FPG 
genes (Table 19), key components of the BER (Base Excision Repair) 
pathway responsible for the removal of oxidative DNA lesions, were included 
in the list. Previous reports have highlighted the requirement for both OGG1 
and FPG transcripts during seed imbibition carried out both under 
physiological conditions, osmotic stress (Macovei et al., 2011) and in 
response to stress agents as the HDAC inhibitors trichostatin A and sodium 
butyrate (Pagano et al., 2017, 2018).  
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Table 19. List of target and reference genes retrieved from the S. melongena ‘67/3’ 
genome.  

 
 
Five putative reference genes were also evaluated (Table 19). The 

SmGAPDH gene encodes glyceraldehyde 3-phosphate dehydrogenase that 
catalyses the conversion of glyceraldehyde 3-phosphate to D-glycerate 1,3-
bisphosphate, involved in glycolysis (Barbierato et al., 2017). SmPP2Acs 
gene encodes the catalytic subunit of protein phosphatase 2A, one of the four 
major Ser/Thr phosphatases implicated in the negative control of cell growth 
and division (Dekkers et al., 2011). The SmTUB gene encodes tubulin, a 
structural component of microtubules. SmEF1 gene codes for the elongation 
factor-1 complex, which is responsible for the enzymatic delivery of 
aminoacyl tRNAs to the ribosome (Cao et al., 2016). The SmAPRT gene 
encodes adenine phosphoribosyltransferase acting in the mechanisms for the 
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distribution of CpG dinucleotides, production of AMP and inorganic 
pyrophosphate from adenine and 5- phosphoribosyl-1-pyrophosphate 
(PRPP). It also produces adenine as a by-product of the polyamine 
biosynthesis pathway (Gantasala et al., 2013). For each candidate gene, 
oligonucleotide primers were designed, validated in silico by cross-check 
with the S. melongena database as well as by standard PCR analysis carried 
out on cDNA synthesized from seed RNA. The reference genes SmEF, 
SmPp2ACs, SmTUB, SmGAPDH and SmAPRT encoding proteins involved in 
basic cellular processes (housekeeping genes) are commonly used as controls 
for gene expression analyses in plants. As a first step, each candidate gene 
was tested by qRT-PCR using as template cDNA samples representative of 
each timepoint of the experimental design. The constitutive transcriptional 
profile of the candidate reference genes was evaluated using the GeNorm 
tool. Based on the M values provided by the software, SmGAPDH and 
SmAPRT resulted as the most suitable reference genes (Fig. 13, paragraph 
3.6.2.). 

 
4.1.4.3. Hydropriming induces temporally distinct waves of up-
regulation of antioxidant and BER genes 

In order to assess the effects of the HP72 treatment on the seed antioxidant 
defence and DNA repair response, the expression profiles of genes involved 
in the seed pre-germinative metabolism were investigated using qRT-PCR, 
namely SmSOD, SmAPX, SmOGG, SmFPG and SmTDP1a. Results of qRT-
PCR analyses are shown in Fig. 28A as changes in the expression of 
antioxidant and BER genes. Values represent fold changes of transcript levels 
where FC = primed seed (HP)/dry seed (DS) and FC(HP/DS) values < 1 or > 
1 correspond to gene down- or up-regulation, respectively (Fig. 28A, dashed 
line). When considering the effects of HP72 treatment along the tested time 
points, compared to DS, the SmSOD gene was down-regulated, as indicated 
by the observed FC(HP/DS) values (< 1) whereas up-regulation of the SmAPX 
gene was evident after 24 h of treatment. Among the tested BER genes, only 
SmOGG1 showed early up-regulation at 24 h (Fig. 28A). 
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Fig. 28. Impact of hydropriming (HP72) on the expression profiles of antioxidant 
and DNA repair genes in ‘67/3’ seeds. Results of qRT-PCR analyses are reported as 
expression changes of antioxidant and BER genes. Values are expressed as mean ± 
SD of three independent replications with 20 seeds for each replication. SOD, 
superoxide dismutase. APX, ascorbate peroxidase. OGG1, 8-oxoguanine 
glycosylase/lyase. FPG, formamidopyrimidine-DNA glycosylase. TDP1a, tyrosyl-
DNA phosphodiesterase1a. RD, radicle protrusion. 
 

Results of qRT-PCR analyses performed on the ‘67/3’ samples, both HP 
and UP seeds, collected during the germination test (0 h, 2 h, 4 h, 8 h, 16 h, 
24 h, 48 h, and 72 h) and at the radicle protrusion stage (RD) are shown in 
Fig. 28B as expression changes of antioxidant and BER  genes. Values 
represent fold changes of transcript levels where FC = primed seed 
(HP)/unprimed seeds (UP) and FC(HP/UP) values < 1 or > 1 correspond to 
gene down- or up-regulation, respectively (Fig. 28B, dashed line). When 
comparing HP seeds subjected to dry-back with UP dry seeds (Fig. 28B, 0 h), 
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the observed FC(HP/UP) values indicated down-regulation of the SmSOD 
gene while the HP-dependent up-regulation of SmAPX and SmOGG1 genes 
was evident. The FC(HP/UP) value of SmOGG1 significantly increased 
following dry-back (from 0.80±0.15 at 72 h up to 3.34± 0.70), suggesting for 
enhanced expression during the dehydration step. Besides the early up-
regulation of SmAPX and SmOGG1 genes, the impact of the HP treatment on 
seed imbibition is evidenced by distinct waves of responses. At 2 h, the 
SmOGG1 gene was still up-regulated in HP seeds whereas the recorded 
increase in FC(HP/UP) for the SmSOD gene (1.72±0.48), compared to 0 h, 
highlights the influence of the treatment on this antioxidant component of the 
eggplant pre-germinative metabolism (Fig. 28B, 2 h). At 4 h of imbibition, 
the treatment resulted into a distinctive response of BER genes. Indeed, 
despite the observed decrease in the FC(HP/UP) value, the SmOGG1 gene 
was still up-regulated at this time point. HP72 triggered also the expression 
of SmFPG and SmTDP1a genes, based on the estimated FC(HP/UP) values 
of 2.43±0.81 and 1.40±0.52, respectively (Fig. 28B, 4 h). At 16 h, a new wave 
of response was observed featuring up-regulation of the antioxidant gene 
SmAPX with an estimated FC(HP/UP) value of 3.42±2.07 as well as a very 
strong response of SmSOD gene (FC(HP/UP) = 51.07±5.43) (Fig. 28B, 16 h). 
The slight fluctuations detected at the end of the experiment, at 48 h and 72 
h, and the changes observed at the radicle protrusion stage (RD) showed that 
the impact of HP was apparently diminished when approaching the end of 
germination. To better clarify the dynamics of the seed response resulting 
from the concomitant changes in the SmOGG1 mRNA and ROS levels, the 
ratio between the SmOGG1 transcript level and the ROS amount (OGG1: 
ROS) was calculated. A significant increase in the OGG1: ROS ratio occurred 
in HP seeds, compared to UP, during early imbibition (from 0 to 4 h) (Fig. 
29, HP). In the absence of treatment, such a response was delayed since in 
this case the OGG1: ROS ratio peaked at 24 h (Fig. 29, UP).  
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Fig. 29. Ratio between the SmOGG1 transcript level and the ROS amount (OGG1: 
ROS) calculated during the germination test (0 h, 2 h, 4 h, 8 h, 16 h, 24 h, 48 h, and 
72 h) of ‘67/3’ seeds. Values are expressed as mean ± SD of three independent 
replications with 15 seeds for each replication. Asterisks indicate statistically 
significant differences determined using Student’s t-test (P < 0.05). OGG1, 8-
oxoguanine glycosylase/lyase. ROS, reactive oxygen species. 
 

The observed differences in gene expression and ROS patterns suggest 
that the temporal ‘window’ spanning the first hours of eggplant seed 
imbibition provide information useful to predict the efficacy of hydropriming. 
To further explore the potential of this ‘window’, ROS profiles and gene 
expression analysis were carried in the S. melongena ‘67/3’ seed lots 
previously characterized, showing variable quality.  

 
4.1.5.1. The HP72 protocol is effective on seed lots showing different 
quality  

The HP72 protocol was applied to ‘67/3’ seed lots collected during 
subsequent years (2015, 2016, 2017), germination tests were carried out and 
the resulting data were used to calculate the specific germination parameters. 
For each year, a comparison between the UP seeds and HP72 seeds was 
carried out using Two-way ANOVA (P<0.05) and Mann Whitney test 
(P<0.05) (Fig. 30, A, B, and C). As shown in Table 20, the UP seeds of the 
2015 lot were unable to germinate, however the HP72 treatment was able to 
rescue germination. Vitality test based on TTC assay revealed that this seed 
lots was vital, infact the priming treatment confirm this data. For this lot, the 
recorded values for the HP72 sample were 55.56±21.42 % (G), 6.52±0.86 
days (MGT), 59±42.48 % (CVG), 0.0269±0.022 day-1 (MGR), 1.61±0.87 bit 
(U) and 0.34±0.28 (Z). As for the 2016 lot, a significantly (P<0.05) lower 
MGT (6.20±0.00 days) was observed for the primed seeds compared to UP 
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(8.95±0.91 days) whereas only slight differences were noticed in U values 
(UP, 2.39±0.05 bit; HP72, 2.04±0.16 bit) (Table 20). The 2017 lot showed a 
late germination profile, however the HP72 treatment could anticipate 
germination as evidenced by MGT values (UP, 28.56±1.34 days; HP72, 
25.51±0.79 days) whereas no effects on synchronization were observed, 
based on U values (UP, 2.53±0.14 bit; HP72, 2.74±0.18 bit). Considering the 
overall results and the response to priming, the different eggplant seed lots 
were still classified as high-quality (2014, 2016, 2018) and low-quality (2015, 
2017) lots. 
 

A 

B 

C 
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Fig. 30. Results from germination tests carried out with ‘67/3’ seed lots collected 
during year 2015 (A), 2016 (B) and 2017 (C), and treated with the HP72 protocol. 
For each year, the germination curve of unprimed (UP) seeds is also shown. Values 
are expressed as mean ± SD of three independent replications with 15 seeds for each 
replication. Statistical analysis was carried out using Two-way ANOVA (2015, F: 
26.91; DF: 1; P: 0.0066**; 2016, F: 27.51; DF: 1; P: 0.0063**; 2017, F: 1.111; DF: 
1; P: 0.3512 ns). Comparison between UP and HP72 were carried out using Mann-
Whitney test (2015, U: 42; P < 0.0001****; 2016, U: 138; P: 0.2045 ns); 2017, U: 
470.5; P: 0.0352*).  
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Table 20. Germination parameters calculated for different ‘67/3’ seed lots collected during 2015, 2016, and 2017 and treated with 
hydropriming (HP72 protocol). G, Germinability. MGT, Mean germination time. CVG, Coefficient of velocity of germination. 
MGR, Mean germination rate. U, Uncertainty. Z, Synchronization index. UP, unprimed seeds. Asterisks indicate statistically 
significant differences determined using Student’s t-test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. 
 

 2015 2016 2017 
Parameter UP HP72 UP HP72 UP HP72 

G (%) 0 55.56 ± 21.42 100.00 ±   0.00 100.00 ±   0.00 77.78 ± 19.24 74.13 ± 11.43 
MGT (days) 0 6.52 ± 0.86 8.95 ± 0.91 6.20 ± 0.00* 28.56 ± 1.34 25.51 ± 0.79* 

CVG (%) 0 59.00 ± 42.48 76.34 ± 17.85 148.70 ± 0.94* 62.70 ± 12.00 65.00 ± 10.59 
MGR (day-1) 0 0.030 ± 0.02 0.005 ± 0.003 0.007 ± 0.00 0.005 ± 0.003 0.016 ± 0.00 

U (bit) 0 1.61 ± 0.87 2.39 ± 0.05 2.04 ± 0.16* 2.53 ± 0.14 2.74 ± 0.18 
Z (unit less) 0 0.340 ± 0.28 0.18 ± 0.00 0.230 ± 0.01* 0.19 ± 0.02 0.077± 0.04 
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4.1.5.2. Hydropriming treatment boosts ROS accumulation in S. 
melongena seed lots showing different quality  

The levels of free radical species were assessed in the different ‘67/3’ seed 
lots (2014, 2015, 2016 and 2017) previously characterized for their 
germination profiles and response to hydropriming. The experimental design 
is shown in Fig. 31. For each lot, the unprimed samples included dry seeds 
(UP) as well as rehydrated seeds collected at 2 h of imbibition (UP2) while 
the primed samples included seeds that underwent the HP72 treatment 
followed by dry-back (HPDB) and seeds collected at 2 h of imbibition 
(HPDB2). The sampling was limited to this early time point with the aim to 
speed-up the prediction of the seed response and reduce costs, in view of 
possible future applications.  
 

 
Fig. 31. Experimental design showing the time points selected to carry out the 
molecular analysis in the different ‘67/3’ seed lots (2014, 2015, 2016, 2017 and 
2018). DS, dry seed. UP, unprimed. UP2, unprimed and imbibed for 2h. HPDB, 
hydroprimed and dried back. HPDB2, hydroprimed, dried back and imbibed for 2h. 
 

As shown in Fig. 32, the ‘67/3’ seeds were grouped, based on their 
germination profiles, as ‘high-quality’ (2014, 2016, 2018) and ‘low-quality’ 
(2015, 2017) lots. Comparable ROS levels were detected in the UP seeds of 
high-quality’ lots (1.54±0.51 R.F.U., 2014; 1.37±0.66 R.F.U., 2016; 
1.73±0.85 R.F.U., 2018). At 2 h of imbibition (UP2) ROS levels were 
decreased in the 2014 and 2016 seed lots (0.68±0.23 and 0.44±0.01 R.F.U., 
respectively, compared to dry seeds. A similar trend was observed also in the 
2018 lot (Fig. 32). The impact of HP72 treatment on the high-quality seed 
lots, in terms of ROS accumulation, was not apparently relevant since ROS 
levels detected in both HPDB and HPDB2 samples did not exceed the amount 
measured in the UP seeds whereas the low-quality seed lots showed a 
significant (P = 0.02, 2015 and P = 0.03, 2017) enhancement in ROS levels 
following the HP72 treatment (Fig. 32). The seed lots collected in 2015 and 
2017 did not show high germinability. In one case (2015), no germination at 
all was observed while the HP72 treatment induced germination, although at 
a low percentage (55.56±21.42 %) (Table 20). In the other case (2017), the 
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seed lot showed suboptimal germination (77.78±19.24 %) and there was no 
benefit from hydropriming (Table 20). It is possible that the poor-quality 
germination performance of the 2015 and 2017 seed lots correlates with the 
presence of high ROS levels. On the other hand, the ROS profiles in the seed 
lots of years 2014, 2016, and 2018 should reflect their high-quality 
germination performance (Table 20). 

 

Fig. 32.  Result of ROS accumulation assay carried out with different ‘67/3’ seed 
lots (2014, 2015, 2016, 2017 and 2018) treated with the HP72 protocol and collected 
at the selected timepoints. Values are expressed as mean ± SD of three independent 
replications with 3 seeds for each replication. Statistical analysis was carried out 
using the Student’s t test (P<0.05). UP, unprimed. UP2, unprimed and imbibed for 
2 hours. HPDB, hydroprimed and dried back. HPDB2, hydroprimed, dried back and 
imbibed for 2 hours. 
 
4.1.5.3. Impact of hydropriming on the expression of antioxidant/BER 
genes in high- and low-quality eggplant seed lots  

 In order to correlate ROS profiles with gene expression patterns, qRT-PCR 
analyses were carried on the different ‘67/3’ seed lots according to the 
experimental design shown in Fig. 31. Values represent fold changes of 
transcript levels where FC = primed and dried-back seed (HPDB)/dry seed 
(DS) and FC(HPDB/DS) values < 1 or > 1 correspond to gene down- or up-
regulation, respectively (Fig. 33, dashed line). Apparently the HP72 treatment 
did not impact the expression of SmSOD and SmAPX genes in the high-
quality seed lots. As for the low-quality samples, up-regulation of SmSOD 
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gene was detected in one lot (2015, FC(HPDB/DS) = 3.44 ± 0.35) (Fig. 33 
A). In the case of DNA repair genes, the HP72 treatment resulted in SmOGG1 
up-regulation only in the 2014 and 2018 seed lots, as shown by the 
FC(HPDB/DS) values (4.86±0.20 and 4.17±1.29, respectively) whereas no 
substantial changes were detected the seed lots collected in 2015, 2016 and 
2017. The SmFPG gene showed a lot-dependent expression profile in the 
high-quality samples and no significant changes occurred in the low-quality 
seeds. The effects of HP72 treatment on the Tdp1a gene expression was 
heterogeneous across both the high-quality and low-quality seed lots (Fig. 33 
A).  
 Results of the qRT-PCR analysis performed on imbibed seeds are shown 
in Fig. 33 B. Values represent fold changes of transcript levels where FC = 
primed seed (HP2h)/unprimed seed (UP2h) and FC(HP2h /UP2h) values  < 1 or 
> 1 correspond to gene down- or up-regulation, respectively (Fig. 33 B, 
dashed line). At 2 h of imbibition the hydropriming did not trigger substantial 
up-regulation of the SmSOD gene in almost all the seed lots (Fig. 33 B), 
however up-regulation of SmAPX gene was evident in both high-quality and 
low-quality seed lots. The estimated FC(HP2h/UP2h) values were 9.23±2.69 
(2014), 4.13±1.18 (2015), 1.61±0.47 (2016), 2.66±1.59 (2017), and 
0.83±0.16 (2018). Up-regulation of SmOGG1 gene also occurred in almost 
all the tested seed lot except for year 2014. As shown in Fig. 33 B, the 
estimated FC(HP2h/UP2h) values were 2.13±0.54 (2015), 2.98±0.66 (2016), 
1.55±0.40 (2017), and 4.46±0.82 (2018). Following imbibition, the SmFPG 
gene was down-regulated in all the tested seed lots. The Tdp1a gene 
expression showed fluctuations in all the tested seed lots (Fig. 33 B). The 
emerging picture highlights a complex pattern of gene expression that reflects 
profiles sometimes unique to a seed-lot as well as responses shared by 
different seed lots. This is the case of SmOGG1, SmFPG, and 
SmTdp1a genes, whose patterns suggest that these BER functions might be 
useful to trace the seed response, particularly in seeds primed and subjected 
to dry-back. 
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Fig. 33. Impact of hydropriming on the expression profiles of antioxidant and DNA 
repair genes in different ‘67/3’ seed lots (2014, 2015, 2016, 2017 and 2018). Results 
of qRT-PCR analyses are reported as expression changes of antioxidant and BER 
genes. Values are expressed as mean ± SD of three independent replications with 20 
seeds for each replication. SOD, superoxide dismutase. APX, ascorbate peroxidase. 
OGG1, 8-oxoguanine glycosylase/lyase. FPG, formamidopyrimidine-DNA 
glycosylase. TDP1a, tyrosyl-DNA phosphodiesterase 1a. 
 
4.1.6. Impact of hydropriming on eggplant wild relatives 
 
4.1.6.1. Development of an optimized hydropriming protocol for 
Solanum torvum 

Hydropriming (HP) was tested on S. torvum seeds collected in 2017. 
Seeds soaked in H2O for 48 h and 72 h (HP48 and HP72) were subjected to 
dry-back (DB, 2 h) and then immediately used for germination tests. Results 
of germination tests carried with primed and unprimed (UP) seeds are shown 
in Fig. 34. UP seeds started germination at 6 days from the beginning of 
imbibition and reached the maximum germination percentage (97.78±3.85%) 
at 13 days whereas hydropriming always resulted in anticipated germination 
compared to untreated seeds. In the case of primed seeds, germination 
occurred at 4 days (3.70±1.15%, HP48; 2.22±0.58%, HP72) from the 
beginning of imbibition. Results of statistical analysis carried out using Two-

B 

A 
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way ANOVA (F: 8.452; DF: 24; P: <0.0001****) as well as comparison 
between UP and primed seeds performed using the Post-Hoc Tukey’s HSD 
test (P ≤ 0.05) are shown in Tab. 21. Both HP48 and HP72 treatments result 
in significant differences, compared to UP. However, the differences between 
HP48 and HP72 occurring at the 6th and 7th day allowed to choose HP72 as 
the most effective hydropriming treatment (Table 21 and Fig. 34). 
 
 

 
Fig. 34. Results from germination tests carried out with S. torvum seeds treated with 
hydropriming (HP48 and HP72) and with unprimed (UP) seeds. Values are 
expressed as mean ± SD of three independent replications with 15 seeds for each 
replication. Statistical analysis was carried out using Two-way ANOVA (F: 8.452; 
DF: 24; P: <0.0001****). Comparison between UP and HP48 and HP72 were 
carried out using the Post-Hoc Tukey’s HSD test (P ≤ 0.05).   

 
Table 21. Results of the comparison between HP48 and HP72 treatments carried out 
using the Post-Hoc Tukey’s HSD test (P ≤ 0.05).  

Comparison day q DF P value Significance 

HP48 vs 
HP72 6 3.458 78 0.0437 * 

HP48 vs 
HP72 7 3.989 78 0.0166 * 

 
Germination parameters were calculated, as reported in Table 22. The G 

value increased (from 97.78±3.85 to 100 %) in response to HP48 and HP72. 
Germination was also accelerated since the MGT value was reduced (from 
10.26±0.44 to 7.55±1.31 and 6.71±0.30 days) respectively in HP48 and HP72 
seeds compared to UP. The effects of hydropriming on S. torvum seeds were 
further evident when considering the CVG value, that increased from 
47.60±2.97 % (UP) up to 78.24±33.30 (HP48) and 130.82±9.780 % (HP72). 
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For each parameter, a comparison between UP and HP treatments was carried 
out using the Student’s t test (P<0.05) (Table 22). Based on the seed response, 
the HP72 protocol was selected for subsequent molecular analyses. 
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Table 22. Germination parameters calculated based on results of germination tests carried out on S. torvum seeds treated with 
hydropriming (HP) for increasing time (48 h and 72 h) and unprimed (UP) seeds. Values are expressed as means ± SD from three 
independent replicates. Asterisks indicate statistically significant differences determined using Student’s t test (P<0.05). G, 
Germinability. MGT, Mean germination time. CVG, Coefficient of velocity of germination. MGR, Mean germination rate. U, 
Uncertainty. Z, Synchronization index. h, hours.  

 
 

Treatment G (%) MGT (days) CVG (%) MGR (day-1) U (bit) Z (unit less) 

HP 48 h 100.0 ± 0.00 7.55 ± 1.31 78.24 ± 33.30 0.0145 ± 0.0062 2.046 ± 0.20* 
0.198 ± 0.043 

*** 

HP 72 h 100.0 ± 0.00 6.71 ± 0.03***   130.82 ± 9.80** 0.008 ± 0.0006* 2.14 ± 0.35 0.20 ± 0.10 

UP 97.78 ± 3.85 10.26 ± 0.44 47.60 ± 2.97 0.021  ± 0.0015 1.53 ± 0.24 0.36 ± 0.08** 



  
 
 
 
 
 
 

4. Results 

pag. 124 
 

4.1.6.2. Experimental design for the molecular profiling of seed priming 
in S. torvum 

Based on results obtained from the molecular analysis carried out in the 
‘67/3’ line, an experimental design was set up in order to figure out the most 
relevant timepoints during priming (Fig. 35). At the selected timepoints, 
seeds were collected and stored for ROS detection and qRT-PCR analyses. 
Seeds were collected at the dry state (dry seed, DS), at the end of 
hydropriming treatment and subsequent dry-back (DB). In order to monitor 
the seed response during the early phase of germination process, additional 
timepoints were fixed at 2h after imbibition and samples were hereby named 
UP2 (unprimed+2h) and HPDB (hydroprimed, dried back+2h). The sampling 
was limited to these early timepoints to assess whether it was possible to 
speed-up the prediction of the seed response, in view of future applications. 

 
 
 
 
 
 
 
 
Fig. 35. Experimental design showing the timepoints taken in consideration for 
molecular analysis (UPDS, UP2, HPDB and HPDB2). The germination test carried 
with unprimed (UP) seeds and primed (HP) seeds was monitored throughout 
imbibition at 2 hours. UPDS, unprimed dry seed. UP2, unprimed and imbibed for 2 
hours. HPDB, hydroprimed and dried back. HPDB2, hydroprimed, dried back and 
imbibed for 2 hours. 

 
Molecular analyses were performed using S. torvum seeds collected in 

2017. As shown in Fig. 36, when this seed lot underwent the HP72 treatment, 
the subsequent germination tests confirmed the expected beneficial effects of 

hydropriming. UP seeds started to germinate at the 6th day (2.22±0.58%) and 

reached the maximum value at the 13th day (97.78±3.58%) while the HP72 

seeds anticipated the germination at the 4rd  day (2.22±0.58%) and showed 

the highest germination percentage (100±0.00%) at the 12th day. Statistical 
analysis carried out using Two-way ANOVA (P<0.05) highlighted significant 
differences between the UP and HP72 seeds (F: 100.5, DF: 12; P: 
<0.0001****). A comparison between UP seeds and HP72 seeds using the 
Bonferroni test (P ≤ 0.05) revealed a significant difference from day 5 to day 
11 (Table 23).  
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Fig. 36. Results from germination tests carried out with S. torvum seeds treated with 
hydropriming (HP72) and unprimed (UP) seeds. Values are expressed as mean ± SD 
of three independent replications with 15 seeds for each replication. Statistical 
analysis was carried out using Two-way ANOVA (F: 100.5; DF: 12; P: 
<0.0001****). Comparison between UP and HP72 were carried out using 
Bonferroni test (P ≤ 0.05).   
 
Table 23. Results of statistical analysis carried out using Two-way ANOVA (F: 
100.5; DF: 12; P: <0.0001****). A comparison between UP and HP72 seeds was 
carried out using the Bonferroni test (P ≤ 0.05).  

Comparison day t DF P value Significance 

UP vs HP72 5 7.361 26 <0.0001 **** 

UP vs HP72 6 16.93 26 <0.0001 **** 

UP vs HP72 7 24.29 26 <0.0001 **** 

UP vs HP72 8 21.34 26 <0.0001 **** 

UP vs HP72 9 21.34 26 <0.0001 **** 

UP vs HP72 10 21.34 26 <0.0001 **** 

UP vs HP72 11 5.153 26 0.0003 *** 

 

The related germination parameters were calculated (Table 24). The G 

value increased (from 97.78±3.85 to 100%) in response to the HP72 
treatment. Germination was also accelerated since the MGT value was 
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reduced (from 10.26±0.44 to 6.71±0.30 days) in the HP72 seeds compared to 
UP. The effects of hydropriming on S. torvum seeds were further evident 

when considering the CVG value, that increased from 47.60±2.97 % (UP) up 

to 130.82±9.780 % (HP72). For each parameter, a comparison between UP 
and HP72 was carried out using the Student’s t test (P<0.05). The results 
evidenced a significant difference in terms of MGT, CVG, MGR, and Z values. 
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Table 24. Germination parameters calculated based on results of germination tests carried out on S. torvum seeds treated with 
hydropriming (HP) for 72 h and unprimed (UP) seeds. Values are expressed as means ± SD from three independent replicates. 
Asterisks indicate statistically significant differences determined using Student’s t test (P<0.05). G, Germinability. MGT, Mean 
germination time. CVG, Coefficient of velocity of germination. MGR, Mean germination rate. U, Uncertainty. Z, Synchronization 
index. h, hours.  

 

Treament G (%) MGT (days) CVG (%) MGR (day-1) U (bit) Z (unit less) 

HP 72 h 100.0 ± 0.00 6.71 ± 0.03***   130.82 ± 9.80** 0.008 ± 0.0006* 2.14 ± 0.35 0.20 ± 0.10* 

UP 97.78 ± 3.85 10.26 ± 0.44 47.60 ± 2.97 0.021  ± 0.0015 1.53 ± 0.24 0.36 ± 0.08 
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In order to assess the impact of the HP72 protocol on the growth of S. 
torvum seedlings developed from primed seeds, a phenotyping analysis was 
carried out. Seven-day old seedlings from primed and unprimed seeds were 
evaluated in terms of fresh/dry weight and radicle length. Results from these 
analyses are shown in Table 25. Statistical analysis did not highlight 
significant changes in the dry weight and root length of seedlings resulting 
from the HP72 treatment, compared to those developed from unprimed seeds. 
A significant (P<0.05) decrease in fresh weight was recorded only in 
seedlings developed from seeds primed for 72 h, compared to control. 

 
Table 25. Results of phenotyping analyses performed on seven-day old S. torvum 
seedlings developed from primed (HP72) and unprimed (UP) seeds. Values are 
expressed as mean ± SD of three independent replications with 15 seedlings for each 
replication. Asterisks indicate statistically significant differences determined using 
Student’s t-test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. 
 
 
 

  
  

 
 
4.1.6.3. ROS accumulation in crop wild relatives: the case study of S. 
torvum  

ROS levels were measured using the DCFH-DA fluorescent dye in dry 
and imbibed S. torvum seeds according to the experimental design (Fig. 35). 
The S. torvum seed lot collected in 2017 reveal significant (P:0.008**) 
differences in ROS level in the unprimed seeds compared with hydroprimed 
seeds (UP and HPDB, 1.10±0.22 and 0.27±0.13 R.F.U., respectively) (Fig. 
37). It should be noticed that the observed ROS profile is similar to those 
observed in the ‘high-quality’ seed lots of the eggplant ‘67/3’ line. 

 

Parameter UP HP72 

fresh weight (mg/15 seedling) 
 

dry weight (mg/15 seedling) 
 

radicle length (mm) 

8.2 ± 0.0002 
 

1.2 ± 0.0002 
 

12.00 ± 2.65 

5.4 ± 0.0006* 
 

0.9 ± 0.0001 
 

13.00 ± 4.04 
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Fig. 37. Result of ROS accumulation assay carried out with S. torvum seeds treated 
with the HP72 hydropriming protocol and collected at the selected timepoints. 
Values are expressed as mean ± SD of three independent replications with 3 seeds 
for each replication. Statistical analysis was carried out using the Student’s t test 
(P<0.05). UP, unprimed. UP2, unprimed and imbibed for 2 hours. HPDB, 
hydroprimed and dried back. HPDB2, hydroprimed, dried back and imbibed for 2 
hours. 
 
4.1.6.4. Impact of hydropriming on the expression of antioxidant/BER 
genes in S. torvum  
 The oligonucleotide primers previously used for the eggplant ‘67/3’ line 
were tested on S. torvum cDNA samples. Only those for APRT, EF, TUB, 
PP2Acs, SOD, APX and TDP1a genes gave specific amplification products 
and were subsequently used for qRT-PCR analyses. The reference genes 
(StTUB and StPP2Acs) were selected using the geNorm algorithm (Fig. 13B). 

Results are shown in Fig. 38 where values represent fold changes of 
transcript levels and FC(HP/UP)) and FC(HP2h /UP2h)  values < 1 or > 1 
correspond to gene down- or up-regulation, respectively (Fig. 38, dashed 
line). Based on the FC values (StSOD, FC =0.21±0.11; StAPX, FC = 
0.018±0.004; StTdp1a, FC =0.68±0.26 and StSOD, FC =0.024±0.008; 
StAPX, FC =0.009±0.006; StTdp1a, FC =0.26±0.089 respectively for HP/UP 
and HP2h /UP2h), all these genes turned out to be down-regulated in S. torvum 
in response to HP72. No significative differences were detected using the 
Student’s t test (P<0.05). 



  
 
 
 
 
 
 

4. Results 

pag. 130 
 

 
Fig. 38. Impact of hydropriming on the expression profiles of antioxidant and DNA 
repair genes in S. torvum seeds. Results of qRT-PCR analyses are reported as 
expression changes of antioxidant and BER genes. Values are expressed as mean ± 
SD of three independent replications with 20 seeds for each replication. SOD, 
superoxide dismutase. APX, ascorbate peroxidase. TDP1a, tyrosyl-DNA 
phosphodiesterase 1a. 
 
4.1.6.5. Development of an optimized hydropriming protocol for 
Solanum villosum  

The wild relative S. villosum was selected since it showed a contrasting 
phenotype, compared to most of the CREA-GB accessions analysed. Indeed, 
the acceletated germination profile of S. villosum provides an interesting 
model for comparisons at the physiological and molecular levels with 
eggplant accessions that display problems related to germination. 

Hydropriming (HP) was tested on S. villosum seeds collected in 2015. 
Seeds soaked in H2O for 2, 4, 12 and 24 h (HP2, HP4, HP12 and HP24) were 
subjected to dry-back (DB, 0.5 h) and then immediately used for germination 
tests. Results of germination tests carried with HP and UP treated seeds are 
shown in Fig. 39. UP seeds started germination at 3 days from the beginning 
of imbibition and reached the maximum germination percentage 
(100.00±0.00%) at 4 days whereas hydropriming always resulted in 
anticipated germination compared to untreated seeds. In the case of primed 
seeds, germination occurred at 2 days (51.11±10.18%, HP24) and 3 days 
(31.11±10.18%, HP2; 26.67±6.67%, HP4; 100.00±0.00%, HP12) from the 
beginning of imbibition. For HP12 and HP24 seeds, germination was 
completed at 3 days. Results of statistical analysis carried out using Two-way 
ANOVA (F: 68.69; DF: 8; P: <0.0001****) as well as comparison between 
UP and primed (HP2, HP4, HP12 and HP24) seeds carried out using the Post-
Hoc Tukey’s HSD test (P ≤ 0.05). All types of treatment are significant 
compared to the unprimed (UP) seeds (Table 26).  
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Fig. 39. Results from germination tests carried out with S. villosum seeds treated 
with hydropriming for 2, 4, 12 and 24 h and with unprimed (UP) seeds. Values are 
expressed as mean ± SD of three independent replications with 15 seeds for each 
replication. Statistical analysis was carried out using Two-way ANOVA (F: 68.69; 
DF: 8; P: <0.0001****). Comparison between UP and HP2, HP4, HP12 and HP24 
were carried out using the Post-Hoc Tukey’s HSD test (P ≤ 0.05).   
 
Table 26. Results of the comparison between UP and the different type of treatment 
(HP48 and HP72) were carried out using the Post-Hoc Tukey’s HSD test (P ≤ 0.05).  

 
 

The germination parameter were calculated, as reported in Table 27, G 
value was already 100 % in UP seeds, however the HP12 and HP24 
treatments were able to accelerate germination as indicated by MGT values 
that decreased from 2.49±0.10 days (UP) to 2.00±0.00 days (HP12) and 
1.89±0.04 days (HP24). The effects of hydropriming on S. villosum seeds 
were further evident when considering the CVG value, that increased from 
521.42±25.26 % (UP) up to 672.81±0.00 %(HP12) and 718.91±16.63 % 

Comparison q DF P value Significance 

UP vs HP2 4.744 10 0.0453 * 

UP vs HP4 5.798 10 0.0144 * 

UP vs HP12 11.6 10 <0.0001 **** 

UP vs HP24 14.23 10 <0.0001 **** 
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(HP24). For each parameter, a comparison between UP and all the tested HP 
treatments was carried out using the Student’s t test (P<0.05) (Table 27). 

A phenotyping analysis was carried out in order to assess the impact of 
the different hydropriming protocol on the growth of S. villosum seedlings 
developed from primed seeds. Seven-day old seedlings from primed and 
unprimed seeds were evaluated in terms of fresh/dry weight and radicle 
length. Results from these analyses are shown in Table 28. Statistical analysis 
highlighted significant changes in the fresh weight and root length of 
seedlings resulting from the HP24 treatment, compared to those developed 
from unprimed seeds. A significant (P<0.05) change was also recorded in root 
length of seedling derived from seeds treated for 12 h. Based on the 
germination profile and phenotyping analysis, the HP24 protocol was selected 
for subsequent molecular analyses. 
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Table 27. Germination parameters calculated based on results of germination tests carried out on S. villosum seeds treated with 
hydropriming (HP) for increasing time (2 h, 4 h, 12 h, and 24 h) and unprimed (UP) seeds. Values are expressed as means ± SD 
from three independent replicates. Astersks indicate statistically significant differences determined using Student’s t test (P<0.05). 
G, Germinability. MGT, Mean germination time. CVG, Coefficient of velocity of germination. MGR, Mean germination rate. U, 
Uncertainty. Z, Synchronization index. h, hours.  

 
 
Table 28. Results of phenotyping analyses performed on seven-day old S. villosum seedlings developed from seeds treated with 
hydropriming (HP2, HP4, HP12 and HP24) and untreated (UP). Values are expressed as mean ± SD of three independent 
replications with 15 seedlings for each replication. Asterisks indicate statistically significant differences determined using Student’s 
t-test. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. 

 
 

Treament G (%) MGT (days) CVG (%) MGR (day-1) U (bit) Z (unit less) 
HP 2 h 100.0 ± 0.00 2.69 ± 0.1 474.79 ± 21.72 0.021± 9.8 x 10-5 0.87 ± 0.13 0.56 ± 0.09 
HP 4 h 100.0 ± 0.00 2.73 ± 0.07* 465.06 ± 13.92* 2.2 x 10-3  ± 6.4x 10-5 0.83± 0.1 0.58 ± 0.07 
HP 12 h 100.0 ± 0.00 2.00 ± 0.00* 672.81 ± 0.00** 1.5 x 10-3  ± 0.00* 0.00 ± 0.00*** 1.00 ± 0.00*** 
HP 24 h 100.0 ± 0.00 1.89 ± 0.04** 718.91 ± 16.63* 1.4 x10-3  ± 3.38 x 10-5** 0.50 ± 0.12 * 0.78 ± 0.07* 

UP 100.0 ± 0.00 2.49 ± 0.10 521.42 ± 25.26 5 x 10-3 ± 9.2 x 10-5 0.98 ± 0.02 0.48 ± 0.01 

Parameter UP HP2 HP4 HP12 HP24 

fresh weight (mg/15 seedling) 
dry weight (mg/15 seedling) 

radicle length (mm) 

13.2 ± 0.002 
0.8 ± 0.003 
62 ± 2.87 

13.7 ± 0.003 
1.9 ± 0.001 
64 ± 4.36 

12.2 ± 0.0007 
0.9 ± 0.0002 

66 ± 2.33 

14.0 ± 0.002 
1.1 ± 0.0002 
74 ± 1.23* 

9.3 ± 0.002* 
0.9 ± 0.0002 
69 ± 5.87* 
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4.1.6.6. Experimental design for the molecular profiling of seed priming 
in S. villosum  

As a first step, an experimental design was set up in order to figure out 
the most representative timepoints during priming (Fig. 40). At the selected 
timepoints, seeds were collected and stored for ROS detection and qRT-PCR 
analysis. Seeds were collected at the dry state (dry seed, DS) and during the 
treatment at 2, 4, 8, 16 and 24 h. An additional timepoint was fixed at the end 
of the dehydration (dry-back, DB). In order to monitor the seed response 
during the germination process, additional timepoints were fixed, as 
representative of the temporal window overlapping the pre-germinative 
metabolism. As shown in Fig. 40, seeds were collected throughout imbibition 
at 2, 4, 8, 12, 16, 24 h and finally at the end of germination (radicle protrusion 
stage, RD).  

 
Fig. 40. Experimental design showing the most representative timepoints (2, 4, 8, 16 
and 24 h) during the HP24 treatment, followed by the end point of the dehydration 
step (dry-back, DB, 0.5 h). The germination test carried with unprimed (UP) seeds 
and primed (HP) seeds was monitored throughout imbibition at 2, 4, 8, 12, 16, 24 
and finally at the radicle protrusion stage (RD).  
 

Molecular analyses were performed using S. villosum seeds collected in 
2018. As shown in Fig. 41 when this seed lot underwent the HP24 treatment, 
the subsequent germination tests confirmed the expected beneficial effects of 
hydropriming. UP seeds started to germinate at the 2th day (23.33±23.09%) 
and reached the maximum value at the 3th day (100%) while the HP24 seeds 
anticipated the germination at the 1rd day (26.67±5.77%) and showed the 
highest germination percentage (100%) at the 2th day. Statistical analysis 
carried out using Two-way ANOVA (P<0.05) highlight significant 
differences between the UP and HP24 seeds (F: 24.06, DF: 2; P: <0.0004***). 
A comparison between UP seeds and HP24 seeds using the Bonferroni test 
(P ≤ 0.05) revealed a significative difference at day 2 (Fig. 41 and Table 29).  
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Fig. 41. Results from germination tests carried out with S. villosum seeds treated 
with hydropriming (HP24) and unprimed (UP) seeds. Values are expressed as mean 
± SD of three independent replications with 15 seeds for each replication. Statistical 
analysis was carried out using Two-way ANOVA (F: 24.06; DF: 2; P: <0.0004***). 
Comparison between UP and HP24 were carried out using Bonferroni test (P ≤ 0.05).  
 
Table 29. Results of the comparison between UP seeds and HP24 seeds carried out 
using the Bonferroni test (P ≤ 0.05).  

Comparison day t DF P value Significance 

UP vs HP24 1 3.361 12 0.085 ns 

UP vs HP24 2 9.662 12 <0.0001 **** 

UP vs HP24 3 0 12 >0.9 ns 

 
 

The germination parameters were calculated (Table 30). The G value was 
100% in both UP and HP24 seeds. However, germination was significantly 
accelerated since the MGT value was reduced (from 2.77±0.23 to 1.73±0.06 
days) in the HP24 seeds compared to UP. The effects of hydropriming on S. 

villosum seeds were further evident when considering the CVG, MGR and U 
values. A comparison between UP and HP24 treatment, for each parameter 
was carried out using the Student’s t test (P<0.05). The results displayed a 
significative difference in terms of mean germination time (MGT), speed of 
germination (CVG) and mean germination rate (MGR).  
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Table 30. Germination parameters calculated for the seed lot of S. villosum treated 
with hydropriming (HP24). G, Germinability. MGT, Mean germination time. CVG, 
Coefficient of velocity of germination. MGR, Mean germination rate. U, 
Uncertainty. Z, Synchronization index. UP, unprimed seeds. Asterisks indicate 
statistically significant differences determined using Student’s t-test. (*) P < 0.05; 
(**) P < 0.01; (***) P < 0.001.  

 
Also in this case, phenotyping characterization was carried out. Seven-

day old seedlings from primed and unprimed seeds were evaluated in terms 
of fresh/dry weight and radicle length. Results from these analyses are shown 
in Table 31. Statistical analysis did not highlight significant changes in the 
parameters taken in consideration. 
 
Table 31. Results of phenotyping analyses performed on seven-day old S. 

villosum seedlings developed from seeds treated with hydropriming (HP24) and 
unprimed (UP) seeds. Values are expressed as mean ± SD of three independent 
replications with 15 seedlings for each replication. Asterisks indicate statistically 
significant differences determined using Student’s t-test. (*) P < 0.05; (**) P < 
0.01; (***) P < 0.001. 

 
 
4.1.6.7. ROS accumulation in crop wild relatives: the case study of S. 
villosum  
 ROS levels were measured using the DCFH-DA fluorescent dye in dry 
and imbibed S. villosum seeds according to the experimental design (Fig. 40). 
Samples were collected at 2, 4, 8, 16 and 24 h during HP and subsequently 
after the dry-back step (DB, 0.5 h of dehydration). During germination tests, 

Parameter UP HP24 
G (%) 100.00 ± 0.00 100.00 ± 0.00 

MGT (days) 2.77 ± 0.23     1.73 ± 0.06* 
CVG (%) 277.84 ±  33.85       503.88 ± 20.01** 

MGR (day-1) 0.004 ± 0.0004   0.002 ± 8.1 x 10-5* 
U (bit) 0.646 ± 0.31    0.83 ± 0.09 

Z (unit less) 0.61 ± 0.33    0.57± 0.06 

Parameter UP HP24 

fresh weight (mg/15 seedling) 
 

dry weight (mg/15 seedling) 
 

radicle length (mm) 

8.2 ± 0.0004 
 

1.1 ± 0.0033 
 

66.00 ± 2.85 

10.5 ± 0.0002 
 

0.8 ± 0.0002 
 

64.00 ± 4.98 
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unprimed (UP) and primed (HP) seeds were collected at 2, 4, 8, 12, 16, 24 h 
from the beginning of imbibition. Results of these experiments are shown in 
Fig. 42. Statistical analysis was carried out using the Student’s t test 
(P<0.05).The results reveal significant (P:0.05*) differences in ROS level in 
the unprimed and imbibed for 16 h seeds compared with hydroprimed and 
imbibed for 16 h seeds (UP16 and HPDB16, 0.84±0.17 and 2.90±3.74 R.F.U., 
respectively).  
 

 
Fig. 42. Result of ROS accumulation assay carried out with S. villosum seeds treated 
with the HP24 hydropriming protocol and collected at the selected timepoints. 
Values are expressed as mean ± SD of three independent replications with 3 seeds 
for each replication. Statistical analysis was carried out using the Student’s t test 
(P<0.05). DS, dry seed. +DB, hydropriming + dry back. UP, unprimed. HP, 
hydroprimed. 
 
4.1.6.8. Impact of hydropriming on the expression of antioxidant/BER 
genes in S. villosum  
 The oligonucleotide primers previously used for the eggplant ‘67/3’ line 
were also tested on S. villosum cDNA samples, only those for APRT, EF, 

PP2Acs, SOD, APX and TDP1a genes gave specific amplification products 
and were subsequently used for qRT-PCR. Reference genes for qRT-PCR 
analysis were selected using geNorm algorithm (Fig. 13C). 
 Results of qRT-PCR analyses performed on S. villosum samples collected 
during the HP24 treatment (at 2, 4, 8, 16 and 24 h) and compared to the DS 
are shown in Fig. 43A. Values represent fold changes of transcript levels 
where FC = primed seed (HP)/dry seed (DS) and FC(HP/DS) values < 1 or > 
1 correspond to gene down- or up-regulation, respectively (Fig. 43A, dashed 
line). When considering the effects of HP24 treatment along the tested time 
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points, compared to DS, the antioxidant genes were down-regulated. As 
indicated by the observed  FC(HP/DS) values (< 1) a borderline up-regulation 
(1.10±0.2) of the SvTdp1a gene at 16 h was revealed.  
 Results of qRT-PCR analyses performed on the S. villosum samples, both 
HP and UP seeds, collected during the germination test (0, 2, 4, 8, 12, 16 and 
24) and at the radicle protrusion stage (RD) are shown in Fig. 43B as 
expression changes of antioxidant and BER genes. Values represent fold 
changes of transcript levels where FC = primed seed (HP)/unprimed seeds 
(UP) and FC(HP/UP) values < 1 or > 1 correspond to gene down- or up-
regulation, respectively. When comparing HP seeds subjected to dry-back 
with UP dry seeds (Fig. 43B, 0 h), the observed FC(HP/UP) values indicated 
down-regulation of the three genes taken in consideration. The impact of the 
HP treatment on seed imbibition is evidenced by distinct waves of responses. 
At 2h, the FC(HP/UP) value of SvTdp1a significantly increase 
(307.94±109.9) displaying a wave of up-regulation, there is also an up-
regulation of SvAPX gene (2.07±1.13), suggesting for enhanced expression 
during the first phases of germination. At 4 h of imbibition the SvTdp1a and 
SvAPX genes were still up-regulated (17.41±3.04 and 1.74±0.9 respectively). 
At 8 and 12h, the treatment resulted into a distinctive response of antioxidant 
and BER genes. Indeed, SvAPX (23.35±4.47 and 52.62±26.79), SvSOD 
(28.65±2.35 and 293.17±120.21) and SvTdp1a (5.00±1.6 and 16.65±11.69) 
were up-regulated. In particular, SvSOD gene reveal, as before for SvTdp1a at 
2h, another wave of up-regulation.  At 16 h, the expression level of SvSOD 

decrease drastically (0.09±0.04) instead, SvAPX  gene gets ready for a new 
wave of up-regulation checked at the radicle protrusion stage (RD) 
(283.67±207.09). Statistical analysis was carried out using the Student’s t test 
(P<0.05). It is worth noting that SvAPX gene always showed significant 
expression changes, except for the 2 h and 4 h timepoints and the RD stage. 
Also, SvSOD gene always showed significant expression changes, except for 
the 0 h (DS and HP24 + DB) and 16 h timepoints while SvTdp1a gene did 
not displayed significant differences only during the treatment at 16 h. 
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Fig. 43. Impact of hydropriming on the expression profiles of antioxidant and DNA 
repair genes in S. villosum seeds. Results of qRT-PCR analysis are reported as 
expression changes of antioxidant and BER genes. Values are expressed as mean ± 
SD of three independent replications with 20 seeds for each replication. SOD, 
superoxide dismutase. APX, ascorbate peroxidase. TDP1a, tyrosyl-DNA 
phosphodiesterase 1a. 
 
 
4.1.7.  Impact of priming in Medicato truncatula seeds grown in 
agricultural solis 
 
4.1.7.1. Priming improves Medicago truncatula seed germination in soil 
and upregulates specific genes used as indicators of seed quality 

Alongside the work carried out in eggplant, where priming has been 
applied under laboratory conditions, priming treatments have also been 
performed in the field using M. truncatula as a model system. It is the case, 
the seeds subjected to hydropriming and biopriming were germinated in two 
types of agricultural soil (Soil_A and Soil_B). The field experiments were 
carried out at the Institute of Environment and Sustainable Development 
(IESD), Banaras Hindu University (BHU), Varanasi (India), within the frame 
of a TECO (Technological Eco-Innovations for the Quality Control and the 
Decontamination of Polluted Waters and Soils) collaborative project. The 
experimental design of the study is illustrated in Fig. 44. 
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Fig. 44. Experimental design and working system. (A) Hydropriming treatment of 
M. truncatula seeds. (B) Germination tray, containing five replicates of 21 seeds 
each. (C) treatment labels.  

4.1.7.2. Priming treatments enhanced M. truncatula seed germination 
and seedling development  

The seeds subjected to hydropriming and biopriming were grown on 
Soil_A and Soil_B to evaluate seed germination and seedling performance. 
In non-primed seeds (HP0), the germination percentage on soil_A was 
40.2±5.06% while a slight decrease (33.2±5.81%) was observed when seeds 
were grown on soil_B (Fig. 45, A). The relatively low basal germination in 
soil may be due to the higher than optimal temperatures registered at the 
growing site, and storage conditions. Hydropriming performed for 4 h had 
significantly increased seed germination percentage on both types of soil. The 
highest germination percentage was observed with the HP2 treatment 
(60±11.72 %) on Soil_B and HP4 treatment (60±9.35 %) on Soil_A, 
respectively. Conversely, biopriming and the combination between 
biopriming and hydropriming did not result in any significant differences 
compared to non-primed samples (HP0) (Fig. 45, A). The overall differences 
between the imposed conditions, from a statistical point of view, are mostly 
due to the priming treatments (P < 0.001) rather than the soil type (S = 0.468). 
The positive effect of hydropriming on seed germination was confirmed also 
in a second experiment carried out in August 2019 (Figure 46). Although in 
this case, the germination percentage was considerably lower than in the first 
experiment, hydropriming treatments still resulted in enhanced germination. 
As the temperatures during this period were higher than the previous 
conditions, these experiments also confirm that germination is affected by 
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high temperatures and storage conditions. Garcia et al., 2006 indicated that 
the optimal temperature for M. truncatula seed germination is 18-20°C while 
paper envelopes or aired plastic vials are recommended for storage 
conditions.    

When considering the germination speed (T50), it is possible to observe 
that non-primed seeds germinated in about 3 days, independently of the type 
of soil (Fig. 45, B). In this case, the hydropriming treatments did not result in 
any significant differences compared to the non-primed control. However, 
biopriming seemed to negatively affect germination speed as the maximum 
percentage of germination was reached in up to 8 days in some of these cases 
(e.g. BP2). The high standard deviations are because the germination of these 
seeds was not uniform. Also in this case, the differences are mainly attributed 
to the priming treatments (P < 0.001).         
 

 
Fig. 45. Germination of primed and non-primed M. truncatula seeds grown on two 
types of agricultural soils (Soil_A and Soil_B) collected from Varanasi. (A) 
Germination percentage (%) calculated after 14 days of seedling monitoring. (B) The 
time required for 50% of seeds to germinate (T50) calculated on everyday basis. Data 
are represented as means ± SD of five replicates. Significant differences (as per 
Duncan test) are shown with lowercase letters and the significance (P-values) for 
each type of treatment as well as the interaction between treatments is included in 
the upper panel of each graphic (P, priming; S, soil, PxS, interaction between 
priming and soil). HP0, non-primed control; HP2, 2h hydropriming; HP4, 4 h 
hydropriming; BP1, Bacillus strain isolated from mustard rhizosphere; BP2, Bacillus 
strain isolated from and linseed rhizosphere; BP1HP4, 4 h of hydropriming and BP1 
strain.    
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B 
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Fig. 46. Phenotipic characterization of primed and non-primed M. truncatula seeds 
grown in two types of agricultural soils (Soil_A and Soil_B) from Varansi region in 
August 2019. The experiment was performed when day/night temperature ranged 
between 31-36/24-29°C and the relative humidity was around 90%. Measurements 
of germination percentage (%), seedling length (mm), and fresh weight (FW, g) were 
performed in two independent experiments (A, B) each consisting of five replicates 
(21 seeds per replicate). Data are represented as means ± SD of five replicates. 
Significant differences (as per Duncan test) are shown with lowercase letters. HP0, 
non-primed control; HP2, 2h hydropriming; HP4, 4 h hydropriming; BP1, Bacillus 
strain isolated from mustard rhizosphere; BP2, Bacillus strain isolated from and 
linseed rhizosphere; BP1HP4, 4 h of hydropriming and BP1 strain.    
 

If the germination percentage is more influenced by the hydropriming 
treatments, the seedling growth, on the other hand, seems to be more 
influenced by the biopriming treatments. This is mostly reflected by enhanced 
biomass rather than seedling length, as no statistically significant differences 
are observed in this parameter in most of the cases. However, a significant 
difference was observed when seedlings grown from non-primed seeds (HP0) 
on Soil_B as compared with those grown in Soil_A; namely, a decrease in 
seedling length is noticed when seeds are grown in Soil_B (Fig. 47, A). 
Interestingly, this was significantly recovered only by the HP2 treatment. The 
fact that seedling growth is affected by the type of soil is evident also when 
measuring seedling biomass (reflected by the FW values) under non-primed 
conditions (HP0) (Fig. 47, B). However, FW and DW were improved by 
biopriming, especially when seedlings were grown in the Soil_B (Fig. 47, 
B,C). Similar to the germination parameters, from a statistical point of view, 
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the broad differences between the observed responses are primarily due to the 
priming treatments. The improved seedling growth is evident also in the 
second experiment performed in August 2019 (Fig. 46). In this case, even 
enhanced seedling length was observed when considering the HP4 (Soil_B), 
BP2 (Soil_B), and BP1HP4 (Soil_A) conditions. Higher biomass, in terms of 
fresh weight, was registered under BP1 (Soil_A) and BP2 (Soil_B) 
conditions. These experiments show that even if the germination rate is 
decreased, the priming treatments still provide support for better seedling 
development in the first two weeks of the plants' life.         

Fig. 47. Evaluation of M. truncatula seedling growth on two types of agricultural 
soils (Soil_A, Soil_B) collected from Varanasi for 14 days. (A) Seedling length 
(mm). (B) Measurement of fresh weight (FW, g). (C) Measurement of dry weight 
(DW, g). Data are represented as means ± SD of five replicates. Significant 
differences are shown with lowercase letters and the P-values are included in the 
upper panel of each graphic (P, priming; S, soil, PxS, interaction between priming 
and soil). HP0, non-primed control; HP2, 2h hydropriming; HP4, 4 h hydropriming; 
BP1, Bacillus strain isolated from mustard rhizosphere; BP2, Bacillus strain isolated 
from and linseed rhizosphere; BP1HP4, 4 h of hydropriming and BP1 strain.    
 
4.1.7.3. Enhanced expression of genes involved in DNA repair and 
antioxidant response is characteristic to seedlings grown from primed 
seeds  
In our previous works, we reported that certain genes that play roles in DNA 
repair and antioxidant responses can be used as indicators of seed quality and 
seeding growth (Balestrazzi et al., 2011a; Araùjo et al., 2019). Here we 
focused on the expression profiles of OGG1 (8-Oxoguanine DNA 
glycosylase) and FPG (Formamidopyrimidine-DNA glycosylase), involved 
in Base Excision Repair (BER), APX (Ascorbate peroxidase) and SOD 
(Superoxide dismutase), encoding known ROS scavengers, and MT2 
(Metallothionein type 2), proven to act both as scavenger and repair enzyme 
(Balestrazzi et al., 2011a). The expression profiles of these genes were tested 
both in dry and hydroprimed seeds as well as in the two-weeks old seedlings 
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grown in soil. In seeds, it is possible to observe that 2 h and 4 h of 
hydropriming did not significantly change the relative expression of OGG1 
and MT2 genes as compared to dry seeds (DS). Conversely, significant 
upregulation was registered for the SOD and APX genes in response to both 
hydropriming timepoints while the FPG gene was upregulated only in 
response to the HP4 treatment (Figure 48, A). When considering the OGG1 
gene expression, it is possible to observe that the seedlings grown from 
bioprimed seeds (BP1, BP2, BP1HP4) in Soil_B presented a significant 
upregulation of the OGG1 gene (Figure 48, B). As for the FPG, 
downregulation of the gene is observed in non-primed seeds grown in Soil_B 
(Figure 48, C). The hydropriming treatment for 2 h (HP2) resulted in a 
significant upregulation of the gene in both Soil_A and Soil_B. A similar 
trend was observed in the case of the MT2 gene, where hydropriming and the 
combination between hydropriming and biopriming (BP1HP4) resulted in 
enhanced gene expression (Figure 48, D). Differently, the expression of APX 
and SOD genes was more influenced by the biopriming treatments as well as 
the BP1HP4 combination. In the case of the APX gene, the highest expression 
was induced by the BP2 treatment on Soil_B (Figure 48, E) whereas the SOD 
gene peaked when the BP1 treatment was implemented on the same soil type 
(Figure 48, F).        
       

 

Figure 48. Gene expression profiles in M. truncatula seeds and 14-days-old 
seedlings grown from primed and non-primed seeds on two types of agricultural soils 
(Soil_A, Soil_B) collected from Varanasi. (A) Relative expression of OGG1, FPG, 
MT2, APX, and SOD genes in dry seeds (DS) and seeds treated with hydropriming 
for 2 h (HP2) and 4 h (HP4). Asterisks ‘*’ show statistical significance (p < 0.05) 
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compared to DS. (B) Relative expression of OGG1 gene in seedlings. (C) Relative 
expression of MT2 gene in seedlings. (D) Relative expression of FPG gene in 
seedlings. (E) Relative expression of APX gene in seedlings. (F) Relative expression 
of SOD gene in seedlings. Data are represented as means ± SD of five replicates. 
Significant differences are shown with lowercase letters and the P-values are 
included in the upper panel of each graphic (P, priming; S, soil, PxS, interaction 
between priming and soil). HP0, non-primed control; HP2, 2h hydropriming; HP4, 
4 h hydropriming; BP1, Bacillus strain isolated from mustard rhizosphere; BP2, 
Bacillus strain isolated from and linseed rhizosphere; BP1HP4, 4 h of hydropriming 
and BP1 strain.      

4.1.7.4. Integrative data analyses  
To better understand how the samples behave comparatively, a PCA 

analysis was performed taking into consideration the imposed conditions (soil 
type and priming treatments) and measured variables (germination %, T50, 
seedling length, FW, DW, and gene expression profiles). The two main 
principal components extracted accounted for 65.7% of the variance (Figure 
49). Unit variance scaling is applied to rows; SVD with imputation is used to 
calculate principal components. X and Y axis show principal component 1 
(PC1) and principal component 2 (PC2) that explain 44.8% and 20.9% of the 
total variance, respectively. Prediction ellipses are such that with probability 
0.95, a new observation from the same group will fall inside the ellipse. 
Variables OGG1 (0.41), APX (0.40), SOD (0.45), and MT2 (0.45) seem to 
be mostly correlated with PC1, while variables DW (0.66), seedling length 
(0.55), and T50 (0.32) are correlated with PC2. It is however interesting to 
observe how the treatments are grouped based on the type of soil and priming 
treatments. Mainly, the Soil_A samples are mostly clustered together (in red); 
although, samples Soil_B_HP2 and Soil_B_HP4 (in blue) are an integral part 
of this cluster (Figure 49). This is indicative of the fact that the hydropriming 
treatments seem to be able to rescue the seedlings grown on Soil_B, having a 
higher TDS concentration than Soil_A. 
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Fig. 49. Integrative analyses of primed and non-primed seeds grown on control 
(Soil_CTRL) and heavy-metal (Soil_HM) contaminated soils. (A) Principal 
Component Analysis loading plot explaining the distribution of samples based on 
the imposed conditions and measured variables. (B) Pattern search distribution of 
samples taking into consideration germination % and gene expression profiles. HP0, 
non-primed control; HP2, 2h hydropriming; HP4, 4 h hydropriming; BP1, Bacillus 

strain isolated from mustard rhizosphere; BP2, Bacillus strain isolated from and 
linseed rhizosphere; BP1HP4, 4 h of hydropriming and BP1 strain. 
 
 
4.2. Plant genetic transformation as a premise to improve seed quality: 
development of optimized protocols in monocots and dicots model species 
 
4.2.1. Genome editing applied to mutate the MtTdp1b gene in M. 
truncatula 

The enzyme tyrosyl-DNA phosphodiesterase (Tdp1) is a BER component 
extensively investigated in animal cells due to its role in the repair of 
topoisomerase I-DNA covalent lesions. In plants, the small Tdp1 gene family 
is composed by Tdp1α and Tdp1β genes encoding the Tdp1α and β isoforms. 
The expression of the Tdp1 genes is correlated with different stress conditions 
in several experimental systems, including cell suspensions, aerial parts, and 
seeds of M. truncatula (Balestrazzi et al., 2011a; Sabatini et al., 2017; 
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Macovei et al., 2018), suggesting their recurrent involvement in the plant 
response to genotoxic stress. The modulation of Tdp1α gene during the seed 
pre-germinative metabolism is indicative for its use as a marker of seed 
quality, as exemplified in S. melongena. In M. truncatula, the MtTdp1α gene 
has been well characterized (Donà et al., 2013) while the role of MtTdp1β 
gene is not fully understood.  

Hence, to better characterize the putative functions of MtTdp1β, a 
CRISPR/Cas9 approach was pursued to induce targeted mutations to 
knockdown or silence the gene. The selected sgRNA (see Table 5, 
paragraph 3.7.1.) targets the site located upstream of the catalytic HKD1, 
essential for the proper functioning of the protein; if mutated, it could lead to 
the formation of a non-functional protein. The CRISPR_Tdp1β construct 
(synthesized by Genewiz), described in Materials & Methods (see Fig. 14 
section 3.7.1.), was introduced into A. tumefaciens EHA105 strain by 
electroporation. The Agrobacterium-mediated transformation of M. 

truncatula was carried out using three different types of plant material: cell 
suspension, petioles, and leaf discs. 
 
4.2.1.1. Agrobacterium-mediated genetic transformation of M. truncatula 
cell suspension 

The A. tumefaciens culture containing the CRISPR_Tdp1β construct was 
used for the genetic transformation of cell suspension of M. truncatula. 
Differences in cell growth were also observed in relation to the concentration 
of A. tumefaciens culture (1 or 3 ml of culture) and duration of co-cultivation 
(2 or 5 days). The best result was obtained when the suspension cells were 
co-cultivated for 2 days with 1 ml of bacterial suspension. 

After co-cultivation, fluorescence optical microscope analysis was 
performed to verify the expression of the GFP reporter gene present in the 
construct. The cells emitting fluorescence are indicated by red arrows. In Fig. 
50, A, it is possible to observe a transformed microcallus in the fluorescent 
field while Fig. 50 B shown the same microcallus under the bright, black and 
white, field. Fig. 50 C and D show the same analysis performed on a wild-
type microcallus, that did not contain the GFP protein. 
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Fig. 50. Fluorescence microscopy observation of the M. truncatula cells transformed 
with the CRISPR_Tdp1β construct. (A) transformed cells visible in the fluorescent 
field; (B) transformed cells visible in the bright field (black and white); (C) wild-
type non-transformed cells visible in the fluorescent field; (D) wild-type cells visible 
in the bright field (black and white). A and B, bar = 200 μm. C and D, bar = 20 μm  

In addition to microscopy analyses, PCR was performed to amplify the 
GFP (552 bp) and hCas9 (455 bp) genes (Fig. 51). 

 
Fig. 51. Electrophoresis on agarose gel showing the results of PCR amplification for 
GFP and hCas9 sequences present in the DNA extracted from control and 
transformed suspension cells.  

 
4.2.1.2. Agrobacterium-mediated genetic transformation of M. truncatula 
petioles 

The petioles utilized were obtained either from in vitro continuosly 
repropagated M. truncatula plants or from newly in vitro plants derived from 
scarified seeds. Table 32 shows the number of explants utilized to carry out 
the experiment and the number of calli developed from transformed petioles. 
The use of petioles derived from newly germinated seeds or repropagated 
plants was intended as a test to understand if the origin of the petioles could 
influence transformation efficiency. No differences were highlighted between 
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the petioles derived from different origins. Petioles used as control and those 
transformed only with Cas9, derived from in vitro repropagated plants, were 
eliminated after the 5-day co-cultivation phase because Agrobacterium was 
not removed by antibiotics. In petioles derived from scarified seed, there was 
a significant reduction of number of petioles between the day 26 and day 33, 
probably due to selection with antibiotics. Interestingly, the calli developed 
from petioles transformed with Cas9 vector were healthier than the calli 
derived from petioles transformed with the CRISPR_Tdp1β construct. 
 

 
Table 32. Experimental time-lapse. The number of petioles used for Agrobacterium-
mediated transformation and resulting calli derived from petioles obtained either 
from seed or from repropagated material are indicated. C, control, non-transformed 
petioles/calli. Cas9, petioles/calli transformed with A. tumefaciens containing the 
plasmid with only the Cas9 cassette. Tdp1β, petioles/calli transformed with A. 

tumefaciens containing the CRISPR_Tdp1β vector. 
 

Day 
Explant Calli 

Seed Repropagated Seed Repropagated 
C Cas9 Tdp1β C Cas9 Tdp1β C Cas9 Tdp1β C Cas9 Tdp1β 

0 14 15 50 - 12 13 - - - - - - 
5 14 15 50 - - 7 - - - - - - 
12 13 15 39 - - 7 1 14 24 - - 6 
19 13 15 39 - - 7 1 13 20 - - 8 
26 13 15 39 - - 7 1 16 19 - - 9 
33 7 14 16 - - 5 1 15 16 - - 7 
40 7 14 16 - - 5 1 15 16 - - 7 
47 7 14 16 - - 5 1 15 16 - - 7 
54 - 13 14 - - 5 1 14 15 - - 7 
61 - 13 14 - - 5 1 13 12 - - 5 
68 - 13 14 - - 5 1 13 15 - - 5 
75 - 13 14 - - 5 1 13 15 - - 5 

 
After 40 days, the developed calli were tested for the presence of the GFP 

signal by using a transilluminator. In Fig. 52, A and C, it is possible to 
observe the calli derived from petioles transformed with the construct 
containing only the Cas9 under normal and UV light, respectively, while Fig. 
52, B and D shows the calli derived from petioles transformed with the 
CRISPR_Tdp1β construct. Red arrows indicate the presence of GFP 
fluorescence.  
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Fig. 52. Images of M. truncatula calli derived from Agrobacterium-mediated 
transformation of petioles. (A) calli transformed with Cas9 vector visualized at 
normal light (B) calli transformed with Tdp1β vector visualized at normal light (C) 
calli transformed with Cas9 vector visualized at the transilluminator. (D) calli 
transformed with Tdp1β vector visualized at the transilluminator. Red arrows 
indicate the GFP fluorescence. Bar = 1 cm  

 
The selected calli are currently maintained on embryo maturation and 

proliferation medium (EPM). Then, the embryos will be isolated from the 
callus and transferred to the embryo conversion medium (ECM) to permit the 
growth of plantlets. Once developed, the plantlets will be transferred on 
rooting medium to allow the development of the root system. The fact that 
CRISPR-Tdp1β calli are less developed than control calli (obtained from 
material transformed with the construct containing only the Cas9 without the 
sgRNA) suggests that the gene is successfully targeted and may have 
important roles in cell differentiation and proliferation.   
 
4.2.1.3. Agrobacterium-mediated genetic transformation of M. truncatula 
leaf discs 

Genetic transformation was finally carried out using M. truncatula leaf 
discs derived from in vitro repropagated plant or from in vitro plants grown 
from scarified seeds. Table 33 illustrates the number of explants utilized to 
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carried out the experiment and the number of calli developed from 
transformed leaf discs. The use of leaf discs derived from newly germinated 
seeds or repropagated plants was intended as a test to understand if the origin 
of the leaf discs could influence the efficiency of transformation. Comparing 
the two types of leaf discs, those derived from in vitro repropagated plants 
generated a greater number of calli compared to those produced by plants 
derived from scarified seeds. Another observation relates to the leaf color 
after the 5 five days of co-culture: leaf discs from repropagated plants were 
green and a little bit light yellow while the other ones were yellow. Similar to 
the experiments performed with petioles, the calli developed from leaf discs 
transformed with Cas9 vector were healthier than the calli derived from leaf 
discs transformed with the CRISPR_Tdp1β construct. 
 

 
Table 33. Experimental time-lapse. The number of leaf discs used for 
Agrobacterium-mediated transformation and obtained calli derived from leaf discs 
obtained either from seed or from repropagated material are indicated. C, control, 
non-transformed leaf discs/calli. Cas9, leaf discs/calli transformed with A. 

tumefaciens containing the plasmid with only the Cas9 cassette. Tdp1β, leaf 
discs/calli transformed with A. tumefaciens containing the CRISPR_Tdp1β vector. 
 

Day 
Explant Calli 

Seed Repropagated Seed Repropagated 
C Cas9 Tdp1β C Cas9 Tdp1β C Cas9 Tdp1β C Cas9 Tdp1β 

0 14 22 63 - 25 19 - - - - - - 
5 14 21 63 - 25 7 - - - - - - 
12 14 21 62 - 25 7 - - - - - - 
19 14 21 62 - 25 7 - - 4 - 6 8 
26 14 21 60 - 25 7 - 8 23 - 12 11 
33 14 18 20 - 23 5 - 10 14 - 11 4 
40 14 18 20 - 23 5 - 11 14 - 11 4 
47 5 18 18 - 22 5 - 11 12 - 11 - 
54 5 13 15 - 12 5 - 12 12 - 10 - 
61 5 13 14 - 11 5 - 11 14 - 6 - 
68 5 13 14 - 11 5 - 11 14 - 6 - 
75 5 13 14 - 11 5 - 8 9 - 3 - 

 
 

After 40 days, the developed calli were tested for the presence of the GFP 
signal by using a transilluminator. In Fig. 53, A and C, it is possible observe 
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the calli obtained from leaf discs transformed with the construct containing 
only the Cas9 under normal and UV light, respectively, while Fig. 53, B and 
D show the calli obtained from leaf discs transformed with the 
CRISPR_Tdp1β construct. Red arrows indicates the presence of GFP 
fluorescence.  

 

 
 

Fig. 53. Images of M. truncatula calli derived from Agrobacterium-mediated 
transformation of leaf discs. (A) Control calli visualized in normal light (B) 
Transformed calli visualized in normal light (C) Control calli visualized under the 
transilluminator (D) Control calli visualized at the transilluminator. Red arrow 
indicates the GFP fluorescence. Bar = 1 cm  
 
Genetic transformation of M. truncatula petioles and leaf discs was carried 
out in the same time, hence also the calli derived from leaf discs are currently 
on ECM. The putative involvement of the targeted gene in cell proliferation 
is confirmed once again since also in this case the CRISPR-Tdp1β calli were 
less developed than the control calli. As future work, it will be interesting to 
calculate the transformation efficiency of each type of explant used and 
establish the transformation and mutation rate.  
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4.2.2. Development of a protocol for transformation of local rice variety 
as a tool for future genome editing application 

This part of the work contributes to expand the knowledge on rice genetic 
engineering since it aims to establish a regeneration and transformation 
protocol for a valuable local Italian rice variety, Vialone Nano. Italy is the 
largest rice producer in Europe with 1.5 Million Metric Tons produced in 
2015 (USDA, 2015). Lombardy and Piedmont regions are at the top of the 
country’s ranking (FAO, 2004). Vialone Nano is a medium-grain japonica 
variety, traditionally grown in Italy since 1937 (Fabris, 2014), developed at 
the CREA-RIS - Unità di ricerca per la risicoltura (Vercelli) by crossing the 
Vialone variety with a dwarf (Nano) variety. Vialone Nano, although it has 
good sensorial qualities, it has a relatively low productivity and is highly 
susceptible to blast (Magnaporthe oryzae) disease (Urso et al., 2016). Hence, 
genetic engineering could be of use to develop improved lines, but this variety 
has never been attempted to regenerate and transform in vitro. This part of 
the work was performed at CREA-GB in Montanaso Lombardo. 

Production of embryogenic calli with high regeneration capacity is a 
prerequisite for highly efficient transformation of rice. Callus induction and 
regeneration frequency are conditioned by a plethora of factors like genotype, 
in vitro culture conditions, nutrients, hormone composition, antibiotic 
concentration, temperature, Agrobacterium strain, and methods used to wash 
out the bacteria after co-cultivation (Sahoo et al., 2011, Sah et al., 2013). It is 
generally thought that the genotype remains a major limiting factor restricting 
successful transformation in japonica rice (Hiei et al., 1997, Hiei and Komari, 
2008).  
 
4.2.2.1. Development of a regeneration protocol for Vialone Nano 
cultivar 

The protocol used for this experiment is an integration between Hiei et al. 
(2006) and Sahoo et al. (2011) published methodologies. The sterility of the 
materials used for regeneration is a key step for a successful procedure. Apart 
sterilization, media composition and temperature, other important factors 
conditioning the regeneration potential of rice seeds are the number and 
proximity of the material in each plate. For this reason, it is suggested to start 
with more material per plate and reduce the number after each re-plating. For 
instance, we started with 20 seeds per Petri dish (plate) on CIM, continued 
with 15 calli per plate when using PReM and only 5-6 calli on the same 
container when using ReM. This allows availability to more nutrients and 
hence, better calli/plantlet development.  



  

 

 

 

 

 

 

4. Results 

pag. 154 
 

The purpose of this experiment was to test the regeneration potential of 
Vialone Nano (VN), compared with Nipponbare (NB) reference, as well as 
to obtain seeds uncontaminated from external biotic and abiotic factors 
present in the field. The protocol hereby developed led to different responses 
between the two cultivars. VN calli developed one week later and were 
smaller than NB calli. VN calli differentiation is slower, but under greenhouse 
conditions plants grew healthier. Fig. 54 shows the entire cycle of 
regeneration of O. sativa starting from the seeds to the maturation of seeds in 
greenhouse. 

 

 
 

Fig. 54. Rice in vitro regeneration procedure. (A) Seed selection; (B) Germinated 
seeds and calli formation on CIM; (C) Embryogenic calli; (D) Regenerated shoots; 
(E) Regenerated plantlets with roots; (F) Plantlets transferred into pots for 
acclimatization; (G) Rice plants in greenhouse; (H) Mature plants producing seeds.  
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4.2.2.2. Agrobacterium-mediated rice transformation  
The transformation procedure was carried out using a standard plasmid 

donated by Ming-Bo Wang (CSIRO, Commonwealth Scientific and 
Industrial Research Organization - Agriculture and Food, Canberra, 
Australia). The plasmid is 15430 base pairs long and contains β- 
glucuronidase (GUS) as reporter gene, hygromycin (HPT) selection for plants 
and spectinomycin (SpecR) as selectable marker for bacteria (Fig. 55).  

 
Fig. 55. Schematic representation of the plasmid used for transformation. RB, Right 
Border; LB, Left Border; NOS, nopaline synthase terminator; HPT, hygromycin; 
35S, cauliflower mosaic virus promoter; UBI1-P, ubiquitin promoter; GUS, β-
glucuronidase; SpecR, spectinomycin resistance. 
 

Both VN and NB variety were subjected to genetic transformation 
mediated by A. tumefaciens. After the co-cultivation step, the calli were 
incubated for two weeks at 26-28°C under dark conditions. After the two 
selection steps (SMI and SMII), it is expected that the small transgenic 
hygromycin resistant calli would start to proliferate. Healthy proliferating 
calli of creamy-white colour were observed only in the case of NB reference, 
while the VN calli were brown and dying (Fig. 56, B). This indicates that 
protocols suitable for NB transformation might not be as efficient for VN 
local variety, even though both cultivars are japonica rice, usually more prone 
to transformation when compared to indica rice. At this point, the 
transformants regeneration protocol was carried out only for NB. These plants 
were acclimatized to greenhouse (Fig. 56, F) and seeds were collected.  
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Fig. 56. Agrobacterium-mediated transformation of rice calli. (A) Calli after co-
cultivation with Agrobacterium. (B) VN calli on ReM. (C) NB calli on ReM (D) 
Regenerated NB plantlet transferred on RoM (E-F) NB plants transferred in soil and 
kept in acclimatization room.  

4.2.2.3. Protocol optimization for the transformation of Vialone Nano 
cultivar  

One of the problems encountered during the first transformation test of 
VN variety was the calli formation. By using different concentrations of 2,4-
D, it is expected to improve the formation of calli upon transformation. This 
is because 2,4-D is a synthetic auxin, the hormone responsible for plant 
growth (Gamborg et al., 1968). Low concentrations of 2,4-D can stimulate 
RNA, DNA, and protein synthesis, leading to uncontrolled cell division (calli 
formation) (Raghavan, 2004). On the other hand, high concentrations of 2,4-
D can inhibit cell division and growth (Tu et al., 2001). With this experiment, 
the optimal concentration of 2,4-D for the VN callus development is to be 
tested.  

A first experiment was set up to use the same components of the previous 
media while altering only the concentration of 2,4-D as follows: 1, 2, 3, 4, 
and 5 mg/L. The results showed that 4 and 5 mg/L of 2,4-D lead to a brown-
black colour and death of the calli (Fig. 57). This was confirmed by the data 
shown in the Table 34. The calli grown on CIM with 1, 2 and 3 mg/L of 2,4-
D generated many healthy plantlets. Overall, the best 2,4-D concentrations 
for VN calli were 1 and 3 mg/L. This is confirmed by the percentage of 
induction of the callus (respectively 95% and 78.3%) and also by the simple 
observation of the VN calli. Calli grown on 1, 2 and 3 mg/L of 2,4-D were 
white and larger than those grown on higher concentrations.  
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Fig. 57. Development of Vialone Nano calli on CIM with increasing (1, 2, 3, 4, and 
5 mg/L) 2,4-D concentrations.  
 
 
Table 34. Percentage of Vialone Nano callus induction in response to different 2,4- 
D concentrations.  
 

2,4-D [mg/l] VN seeds VN calli % callus induction 
1 60 57 95 
2 60 31 51.6 
3 60 47 78.3 
4 60 22 36.6 
5 60 12 20 

 
The newly developed protocol in this study was based on combining two 

previously published methodologies (Sah et al., 2014; Slamet-Loedin et al., 
2014). The CCM and RoM media were the same in both protocols. 
Optimizations of our protocol retained only one type of Selection Medium 
(SM). Hence, the new experimental design implemented for rice 
transformation used the two different protocols, hereafter denominated as (F) 
and (A). During the regeneration phase, the only transformed calli that have 
succeeded in generating plantlets were the A3VN with the combination n. 3 
(A3VN3, see Table 10, paragraph 3.7.4.4.). It is important to specify that this 
protocol was unsuccessful for the NB reference genotype. The controls 
behaved as expected, with CTRL combination (non-transformed on 
antibiotics) being dead, while the CTRL/CTRL (non-transformed without 
antibiotics) calli were vital and have generated a large number of plantlets. 
Subsequently, the resulted plantlets were transferred on RoM, followed by 
potting and greenhouse acclimatization (Fig. 58). Table 35 resumes the 
outcome of each combination carried out during this transformation 
procedure and relative efficiency of transformation was calculated. 
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Fig. 58. Vialone Nano transformation protocol. (A) Seeds on CIM after two weeks 
of in vitro maintenance. (B) VN calli on F3 medium immediately after 
Agrobacterium inoculation. (C) Regenerated shoots on ReM. (D) Plantlets on RoM. 
(E-F) Regenerated plants with roots before being transfer into pots. (G) Transformed 
Vialone Nano plant in greenhouse.  
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Table 35. Comparison of different protocols for Vialone Nano transformation.  

 

Following acclimatization to greenhouse, leaves from five transformed 
plants were sampled to proceed with molecular analysis and confirm the 
presence of the transgene. To do this, the GUS (β-glucuronidase) assay and 
PCR analysis were performed (Fig. 59). The results showed that the five 
samples were positive for GUS histochemical staining. Further confirmation 
was carried out using PCR with GUS specific primers and an example of 
positive bands of expected size (900 bp) is shown in Fig. 16E.  

 
Fig. 59 Histochemical and molecular analysis of Nipponbare transgenic plants. (A) 
GUS staining of non-transformed, negative control plants; (B-D) GUS staining of 
positive transgenic VN plants showing blue staining. (E) PCR analysis using GUS 
specific primers; L, ladder 100 bp (Sigma-Aldrich); 1-2, DNA extracted from 
transformed VN leaves.   
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These experiments have demonstrated how important are factors like the 
temperature and the 2,4-D concentration for the development of healthy calli, 
fundamental to carry out genetic transformation in rice. By comparing the 
different combinations used to carry out the genetic transformation, it is 
possible to observe how the culture medium or the amount of A. tumefaciens 
used to do the co-cultivation are decisive for the success of the experiment. 
The protocol developed is specific for the Vialone Nano variety as it was 
unsuccessful for the Nipponbare control variety. This is an indication for the 
need to develop variety-specific protocols for genetic transformation. 
The regeneration and transformation protocol hereby developed for the 
Vialone Nano local variety represent the starting point for genome editing 
applications to improve this variety. Genome editing techniques can offer 
useful tools for the sustainable management of biodiversity of local rice 
varieties such as the Vialone Nano. For instance, it is possible to develop VN 
plants with higher production performance in unfavorable conditions by 
modifying the architecture of the plant. Furthermore, it is possible to improve 
adaptability to cultivation environments thanks to a more efficient use of 
water and nitrogen for example by modifying the root system. 
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5. Discussion and conclusions 

 
 To cope the actual agricultural challenges, this work of thesis focused 
mainly on the development of innovative and sustainable methodologies 
useful to improve the seed quality. In view of this, seed priming protocols 
were designed and the impact on the pre-germinative metabolism evaluated 
using molecular tools. Identification of molecular hallmarks useful to predict 
priming efficacy was also a priority.  Gene-transfer methods, such as the 
development of genetic transformation protocols and the use of genome 
editing techniques were carried out in two species (M. truncatula and rice) 
that represent well established models for legumes and monocots but also 
agronomically relevant crops.  

The first part of the experimental work focused on the development and 
application of priming protocols applied to seeds both under laboratory and 
field conditions. The effects of these treatments on the germination 
performance, in presence/absence of stress conditions, and their impact on the 
pre-germinative metabolism were explored in different systems to figure out 
shared or divergent molecular hallmarks.  

Although previous work has evidenced the role of specific DNA repair 
genes as OGG1, FPG and Tdp1a in the context of seed imbibition with water 
as well osmotic agents (Macovei et al., 2010, 2011; Balestrazzi et al., 2011b) 
and other chemicals as sodium butyrate and trichostatin A (Pagano et al., 
2017, 2019), this is the first time that a molecular landscape of the pre-
germinative metabolism is provided in seeds treated with a standard priming 
protocol (controlled rehydration plus dry-back). 
Indeed, the eggplant seed response to priming was monitored through the 
expression patterns of antioxidant/DNA repair genes that play pivotal roles 
during imbibition integrated with free radical profiles.  

The HP72 treatment hereby developed accelerates germination in the S. 

melongena inbred line ‘67/3’ resulting in beneficial effects as reported for 
other priming agents (e.g. salts, growth regulators, vinegard) (Zhang et al 
2011; Marvin 2015; Ali et al. 2019). Although these findings provide useful 
technological solutions to improve seed production, a better understanding of 
their molecular implications in the context of the pre-germinative metabolism 
will lead to more consistent and rationale advancements not only in eggplant 
but also in other valuable horticultural crops.  

The biochemical events triggered by water up-take during seed imbibition 
are associated with ROS accumulation, e.g. the respiratory burst within 
mitochondria generates the superoxide anion that is dismutated to hydrogen 
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peroxide as well as the extracellular peroxidases that produce superoxide 
radicals then converted to hydrogen peroxide (Wojtyla et al., 2016). ROS are 
source of oxidative damage that is counteracted by the seed through the 
activation of the antioxidant defence and DNA repair (Waterworth et al., 
2010, 2016; Macovei et al., 2010; Pagano et al., 2017; Wojtyla et al., 2016), 
however these radical species also contribute to germination, e.g. specific 
oxidative modifications of storage proteins act as signals to trigger reserves 
mobilization (Job et al., 2005). Being so crucial in seed germination, ROS 
undergo changes also during seed priming. The eggplant seeds revealed a 
boost in ROS levels at 24 h of hydropriming (up to 14.62-fold, compared to 
dry seeds), followed by a progressive decrease throughout the treatment and 
the levels detected after dry-back were even lower compared to the dry seed.  

Accordingly, Kubala et al. (2015) found enhanced ROS levels in rape 
(Brassica napus L.) seeds subjected to osmopriming and a decrease during 
the subsequent drying. However, high ROS amounts were measured during 
the post-priming germination in both unprimed and primed Brassica seeds, 
differently from what observed in eggplant. Primed seeds are 
developmentally more advanced (Chen and Arora, 2013) and it is possible 
that the ROS peak detected during hydropriming simply anticipates the 
physiological boost that takes place at 8 h of imbibition in the unprimed seeds.  

Changes in free radicals during hydropriming, dry-back and post-priming 
germination are determined by the ROS-scavenging activity of antioxidant 
enzymes, among which ascorbate peroxidase and superoxide dismutase. 
Species-specific dynamics in ROS production and activity of scavenging 
enzymes during germination have been described, suggesting that the overall 
interplay between these two players can be tightly rearranged (Bailly et al 
2008). The up-regulation of SmAPX gene provides evidence that eggplant 
seeds are dealing with the rise in ROS during hydropriming. On the other 
hand, it is possible that the down-regulation of SmSOD gene reflects a crucial 
step in the pre-germinative metabolism, as highlighted by Oracz et al. (2009).  

These authors showed that inhibition of SOD activity coupled with the 
stimulation of ROS-producing enzymes was necessary in sunflower 
(Helianthus annuus L.) seeds to promote ROS-mediated carbonylation of 
proteins, and then trigger germination. A peak in SmSOD gene expression 
occurred during post-priming germination of the eggplant ‘67/3’ seeds, 
between the 16 h and 24 h time points and this is in agreement with the 
documented increase in SOD activity of osmoprimed seeds from different 
crop plants (Bailly et al. 2000; Rouhi et al. 2012). 

Maintenance of genome integrity is another big challenge for the seed 
(Bray and West, 2005; Waterworth et al., 2010, 2016, 2019) and the 
controlled hydration carried through priming promotes the cellular repair 
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activities including the removal of DNA lesions (Ashraf and Bray 1993, 
Kubala et al. 2015; Sharma and Maheshwari 2015). As for eggplant, among 
the DNA repair genes hereby tested only SmOGG1 showed up-regulation 
during the HP72 treatment, suggesting that repair of oxidative DNA damage 
was requested particularly within the first 24 h of hydropriming. Later on, a 
peak in SmOGG1 gene expression occurred in the primed seeds during the 
dry-back step, supporting for an active response to genotoxic stress and in 
agreement with the previous study by Chen et al. (2012) who showed that 
overexpression of AtOGG1 gene in Arabidopsis resulted in lower DNA 
damage accumulation during the late phase of seed maturation. More 
recently, Parreira et al. (2018) also demonstrated that activation of DNA 
repair at the onset of the desiccation phase is a molecular signature of seed 
maturation in common bean (Phaseolus vulgaris L.). When considering the 
response of imbibed seeds, hydropriming resulted in the early up-regulation 
of SmOGG1 gene (2 h) as well as in the up-regulation of the SmFPG gene 
was noticed at 4 h and 16 h of imbibition, and there were no evident peaks in 
Tdp1a gene expression.  

A major challenge of seed priming is to design protocols that can work 
independently of the seed lot quality. Thus, the investigation was extended to 
eggplant seed lots showing variable germination profiles to test the 
reproducibility of the HP72 treatment. Furthermore, since the early up-
regulation of SmOGG1 gene in primed seeds at 2 h of imbibition appeared as 
a promising hallmark, the subsequent investigation on eggplant and wild 
relatives was restricted within this time point, to verify whether the observed 
molecular landscape was reproducible in other eggplant seed lots. Indeed, 
shortcut protocols would be an ideal solution to speed-up the routine 
assessment of seed quality.  

A striking difference between the high-quality and low-quality eggplant 
seed lots was that the primed, dried-back, seeds with low germinability 
contained enhanced ROS levels, compared to the unprimed, and this profile 
was maintained also at 2 h of imbibition. This excessive ROS content might 
be detrimental and impair eggplant germination in the seed lots collected 
during 2015 and 2017. At the molecular level, the primed and unprimed dry 
seeds did not share common expression profiles of SmSOD and SmAPX 
genes, thus providing lot-specific responses. The up-regulation of SmAPX 
gene at 2 h of imbibition was a common hallmark of both 2015 and 2017 seed 
lots, symptomatic of an early antioxidant response triggered by priming that 
was not present in the high-quality lots. Despite this, the low-quality eggplant 
seeds were not able to restore an optimal germination performance. Although 
lot-specific profiles were observed, the level of SmOGG1 transcript was in 
most cases higher in the high-quality seeds, compared to the low quality ones.  
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Overall, the reported data highlight the complexity of the molecular 
landscape depicted by the expression profiles of SmOGG1, SmFPG, and 
SmTDP1a genes in each specific seed lot. Looking at the cumulative effect 
of the gene expression profiles during hydropriming and post-priming 
germination as well as across lots, it seems that the repair machinery of the 
eggplant seed is endowed with a remarkable capacity to adapt to the changes 
induced by priming in the cell metabolism and physiology.  

Another intriguing question would be to what extent the knowledge 
gained in a domesticated crop, as eggplant, can be translated to its wild 
relatives to speed up their use in breeding programs or other agronomical 
applications. One of the two wild relatives hereby investigated, the turkey 
berry (S. torvum Swartz 1788, Leptostemonum clade) is supposed to have 
split from S. melongena approximately 6.66 million years ago (Yang et al., 
2014). S. torvum was chosen due to its relevance as a source of genes for the 
resistance to root-knot nematodes and soil-borne diseases. Indeed, this wild 
relative is widely used as rootstock for grafting in eggplant cultivation 
(Gousset et al. 2005). Low seed quality is a recurrent issue in S. torvum that 
often shows strong physiological dormancy and several factors must be taken 
into account when dealing with such a recalcitrant system (Ranil et al. 2015).  

The other wild relative analyzed, S. villosum Miller (red nightshade), is 
part of the so called Solanum nigrum complex that includes African 
indigenous vegetables characterized by high nutrient content, medicinal 
properties and secondary metabolites with potential insecticidal activity 
(Yuan et al. 2018). The germination profile of S. villosum showed accelerated 
germination, compared to eggplant and turkey berry, and the process was 
further shortened in response to hydropriming.  

The seed lots hereby tested provided a molecular picture that further 
underlines how difficult can be the task of bridging domesticated crops and 
wild relatives when using the pre-germinative metabolism as a source of 
‘markers’. One of the goals of the present work was to explore to what extent 
the knowledge gained in eggplant on the molecular responses induced by 
priming, in the context of pre-germinative metabolism, could be successfully 
translated to the wild relatives. Although the analyses carried in eggplant 
allowed to discriminate between high- and low-quality seed lots, based on 
ROS profiles, the response observed in the wild relatives was not so 
straightforward. 

To date, the genomic resources of wild relatives are still limited (Yang et 
al. 2014; Gramazio et al., 2016) and the cloning of specific genes useful to 
address seed quality issues might be time consuming. Thus, taking advantage 
of the high degree of conservation among coding sequences, we decided to 
check whether the oligonucleotide primers designed on the ‘67/3’ 
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antioxidant/DNA repair gene coding sequences could be used to speed up the 
investigation in the wild relatives. The available ‘67/3’ oligonucleotide 
primers were successfully applied to S. torvum and S. villosum, however the 
oligonucleotide sets specific for the OGG1 and FPG genes failed to amplify 
the expected products. The resulting gene expression patterns provide an 
interesting picture of the dynamics of the pre-germinative metabolism 
induced by hydropriming in the two wild relatives, and future studies will 
help clarifying the role of Tdp1a gene.  

The priming treatments were also applied to seeds then left to germinate 
under field conditions, in the Varanasi region (India). This work was part of 
the TECO challenge project (2018), a collaborative research between the 
Plant Biotechnology Laboratory (Department of Biology and Biotechnology, 
University of Pavia) and the Institute of Environment and Sustainable 
Development (Banaras Hindu University, Varanasi, India). 
This was also a unique opportunity to test the expression profiles of genes 
with crucial roles in the pre-germinative metabolism, in the context of ‘on-
farm’ seed priming and further assess their reliability as hallmarks of seed 
quality. Agriculture represents a major stamina of the economical and socio-
political stability in India and employs the largest work force. About 60% of 
the geographical area of the country is occupied by agricultural land, most of 
which is facing one or more types of soil contaminations (Bhattacharyya et 
al., 2015). Legumes can help restore soil organic matter when used in rotation 
with non-leguminous crops. Thus, improving legume seed germination using 
easy and economically accessible methods will upgrade the livelihood of 
many small farmers. 

Within this context, the work carried out focused on the evaluation of 
hydropriming and biopriming treatments as a mean to improve seed 
germination and seedling establishment on agricultural soils collected from 
two different sites in the Varanasi region. The collected soils originate from 
the province of Karsada, where a power plant is located allowing to convert 
the municipal solid waste to electric power in an attempt to dispose waste 
through a sustainable and environmentally friendly process. However, the 
farmers in the region report loss of agricultural productivity due to the 
accumulation of solid waste in the soil. This is also revealed when measuring 
the content of total dissolved solids (TDS), shown to be higher in the soils 
collected closer to the power plant (Soil_B, Table 2).  

Hydropriming was chosen mainly because it is very easy to implement, 
and hence highly accessible also to farmers from underdeveloped regions. 
The biopriming formulations were selected from local varieties of 
rhizospheric microorganisms having plant growth-promoting traits under 
stressful conditions and studied in relation to improved phosphorus nutrition 
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(Singh et al., 2016; Prasad et al., 2018). Moreover, biopriming can be 
associated with the elicitation of plant immunity, starting from the seedling 
stage (Song et al., 2017). The experiment was setup under the natural weather 
conditions of Varanasi to evaluate the efficiency of the tested protocols in the 
region.  

Our results showed that while hydropriming enhanced seed germination 
percentage on both types of soils (Fig. 45, A), biopriming resulted in 
improved seedling development on Soil_B, mainly reflected by enhanced 
biomass (Fig. 47 B, C). This is coherent with the fact that hydropriming 
mainly improves germination a result of the enhanced water uptake and more 
favourable water relations in primed seeds (Lechowska et al., 2019) whereas 
biopriming effects come into action later on when the radicle protrudes and it 
becomes directly exposed to bacteria that can aid in soil nutrient uptake 
(Yadav et al., 2018; Prasad et al., 2018). Importantly, by repeating the 
experimental setup under different climatic conditions in August 2019, the 
observed trend of improved germination and seedling development was once 
again confirmed (Fig. 46). An important finding is the fact that HP2 and HP4 
treatments were able to exert a more positive effect on Soil_B (having a 
higher TDS concentration than Soil_A), as evidenced by the PCA integrative 
analyses (Figure 49). Another recent work shows how hydropriming was 
able to mitigate the negative effects of cold temperatures on the germination 
and seedling development in narrow-leaf lupine (Lupine angustifolius) 
(Płazek et al., 2018). 

The next step was to examine the expression profiles of genes that play 
roles in DNA repair and antioxidant defence, previously used as indicators of 
seed quality during the early stages of germination (namely seed imbibition) 
(Balestrazzi et al., 2011a, 2011b; Pagano et al. 2017, 2019). This is a rather 
important aspect because such molecular hallmarks allow the prediction of 
seed quality in a very short time, thus providing assistance to Seed Companies 
to design customized priming protocols (Paparella et al., 2015; Macovei et 
al., 2017, Waterworth et al., 2019; Araùjo et al., 2016). The expression of the 
chosen genes, initially tested in dry and hydroprimed seeds, showed that 
while the FPG, APX, and SOD were upregulated by the treatment, the OGG1 

and MT2 genes were not responsive at the tested time points (Figure 48, A). 
Nonetheless, in the 14-days-old seedlings, all the tested genes were 
differentially expressed in response to both priming and soil conditions. The 
OGG1 and FPG genes, playing similar roles within the BER pathway 
involved in the removal of oxidized bases like 7,8-dihydro-8-oxoguanine (8-
oxo-dG) and formamidopyrimidine (FAPy) lesions, had been previously 
reported to be upregulated during seed imbibition under physiological 
conditions or in the presence of osmotic stress (PEG) in M. truncatula 
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(Macovei et al., 2011). However, their expression was mostly induced after 8 
h of imbibition with water and 12 h of imbibition in the presence of PEG. 
More recently, this was further validated in several other conditions, like in 
the case of treatments with histone deacetylase inhibitors trichostatin A 
(TSA) and sodium butyrate (NaB) (Pagano et al., 2019; Araùjo et al., 2019). 
Here, we show that, while the OGG1 and FPG gene expression is 
downregulated in seedlings grown in Soil_B in the absence of priming, both 
hydropriming and biopriming resulted in gene upregulation (Figure 48, B,C). 
This indicates that primed seedlings are better equipped to repair the DNA 
damage that can be induced by the presence of contaminants in the soil. 
Similarly, the APX and SOD genes, chosen as molecular hallmarks of the 
antioxidant response, were upregulated in hydroprimed seeds. In M. 

truncatula, upregulation of SOD and APX genes has been previously reported 
starting from the 4th h of seed imbibition with water (Balestrazzi et al., 2011a). 
In seedlings, the genes were mostly upregulated in response to biopriming 
(Figure 48, E, F). SOD catalyzes the dismutation of superoxide anion to 
hydrogen peroxide (H2O2), while APX plays a key role catalyzing the 
conversion of H2O2 into water, using ascorbate as a specific electron donor 
(Alscher et al., 2002; Caverzan et al., 2012). Enhanced accumulation of 
antioxidant enzymes following different seed priming methods (e.g. 
osmopriming, halopriming, hormopriming) has been previously reported in a 
number of plant species (Vigna radiata, Moringa oleifera, Triticum aestivum, 

Oryza sativa, Sorghum bicolor, Brassica napus) (Nouman et al., 2014; Jisha 
and Puthur, 2015; Islam et al., 2015; Zhang et al., 2015; Salah et al., 2015; 
Kubala et al., 2015), and these were even correlated with changes in gene 
expression patterns (Kubala et al., 2015; Salah et al., 2015).  Another group 
of interesting ROS scavengers includes metallothioneins (MTs), small 
cysteine-rich proteins that accumulate in response to toxic levels of HMs 
(Cobbet et al., 2002). Besides their role in HM detoxification, MTs are part 
of the signaling pathway activated by nitric oxide (Balestrazzi et al., 2011a, 
Balestrazzi et al., 2011b) and have been associated with protection against 
oxidative injuries also at the nuclear level (Balestrazzi et al., 2009; Donà et 
al., 2013). In human cells, MTs overexpression was associated with the 
suppression of 8-oxo-dG accumulation in γ-irradiated cells (Yeong et al. 
2004), thus suggesting an interplay between MTs and BER components. 
Under our experimental conditions, MT2 seems to be mostly upregulated in 
hydroprimed seedlings (Figure 48, D) while no changes in gene expression 
level were observed in the hydroprimed seeds (Figure 48, A). As in the case 
of OGG1, also the MT2 gene was previously shown to be upregulated only 
later on during seed imbibition in M. truncatula (Pagano et al., 2019). In a 
different work, the MT gene expression was monitored in artificially aged 
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seeds of two Silene species that differ in seed longevity and grow in 
contrasting habitats (Mondoni et al., 2011). Based on several measured 
parameters (e.g. ROS accumulation, antioxidant potential, telomere length) 
and the differential expression of MT and SOD genes in aged seeds it was 
possible to distinguish between short- and long-lived seeds under seed bank 
storage conditions (Donà et al., 2013). In a context where seed researchers 
are continuously facing the complexity of efficient seed germination and 
healthy seedling establishment, the genes hereby investigated (OGG1, FPG, 

APX, SOD, and MT2) are important molecular hallmarks to test and monitor 
seed quality and seedling development. 

In conclusion, the present study shows that seed priming is an efficient 
method to enhance seed germination and seedling establishment in 
agricultural soils collected from contaminated areas of the Varanasi province. 
While hydropriming improved seed germination percentage, biopriming 
resulted in improved seedling development. At a molecular level, this is 
reflected by upregulation of specific genes used as molecular indicators of 
seed quality.      
 

In the second part of work we focused on the development of genetic 
transformation protocols tailored for model/crop plants as the legume M. 

truncatula and the monocot Oryza sativa as tool to specifically address the 
issue of seed quality.  

Plant genetic transformation has enabled fundamental insights into plant 
biology and revolutionized commercial agriculture. Unfortunately, for most 
crops, transformation and regeneration remain arduous even after more than 
30 years of technological advances. On the other side, genome editing 
techniques are an innovative and powerful strategy that allow to introduce 
mutations on insert/substitute wide portion of DNA at a targeted site. Genome 
editing provides novel opportunities to enhance crop productivity if 
accompanied by an efficient transformation protocol.  

First of all, in this work was developed a novel vector for genome editing 
able to target the Tdp1β gene in M. truncatula. The expression of the different 
TDP genes identified in plants (TDP1α, TDP1β and TDP2) is responsive to 
different stress conditions in different experimental systems, including cell 
suspensions, aerial parts and seeds of M. truncatula (Balestrazzi et al., 2011a; 
Macovei et al., 2018) suggesting their recurrent involvement in the plant 
response to genotoxic stress. The relevance of TDP1 gene is due to the role 
of this enzyme in the repair of topoisomerase I-DNA covalent lesions and its 
involvement in the activation of seed pre-germinative metabolism, for these 
reasons it can be used as a marker of seed quality. In particular, the TDP1β 
isoform was identified only in plants and its role is not fully understood. For 
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this reason, our work was carried out to start to characterize the function of 
the isoform Tdp1β of the gene. The Tdp1β vector, inserted in A. tumefaciens 
were utilized to genetically transform three different explants of M. 

truncatula: cell suspension, petioles and leaf discs. Three different types of 
explants have been used and then, after the experiment has been completed, 
a comparison can be made to establish which method is the best, especially 
in terms of efficiency and time spent. The results show that the transformation 
took place successfully, as demonstrated by the presence of a fluorescence 
signal emitted by the GFP protein from petioles and leaf discs as well as cell 
suspension cultures.  

The microcalli developed following transformation of cell suspension 
cultures were also analyzed at the molecular level by standard PCR, 
confirming the presence of the construct within the genome of the 
transformed cells. These experiments are still in progress, as genetic 
transformation and in vitro regeneration is a process that requires, in the case 
of M. truncatula, about four months to be completed. 

Although an efficient protocol for the genetic transformation of M. 

truncatula genotype Jemalong M9-10a (Araùjo et al., 2004) was used, only 
calli developed following co-cultivation.  No embryos appeared. These 
results are difficult to explain. Chabaud et al. (2007) reported that M. 

truncatula Jemalong genotype is highly embryogenic. These authors 
estimated that up to 97-100% of the leaflet explants cultivated in vitro were 
able to produce embryogenic calli, even under selection. More in general, the 
estimated efficiency of embryogenesis-mediated regeneration was about 15-
50% (explants regenerating transgenic plants). In the attempt to further 
optimize this protocol, petioles were tested as a new type of explant. Indeed, 
M. truncatula petioles were able to develop calli faster than leaf discs, in 
accordance with Zhao et al. (2017) who reported that segments of petioles 
excised from plantlets exhibit better capacity to differentiate calli than leaf 
discs. This optimization was not sufficient to reach the expected results. 
Future work will be necessary to further improve other aspects of the 
protocol, e.g. considerably increasing the number of explants to be used 
during the co-cultivation step. 
Another relevant point relates to the target Tdp1β gene, investigated in this 
study. The presence of multiple Tdp1 genes in plants (Macovei et al., 2010) 
expands the needs to design dedicated studies to investigate their implication 
in plant development and stress response. In human cells, Tdp1 is strongly 
linked with complex functions in DNA repair (Pommier et al., 2014), whereas 
mutations in its catalytic sites are associated with serious diseases (e.g., 
spinocerebellar ataxia) (Takashima et al., 2002). Studies conducted so far in 
plants have proven the involvement of the Tdp1α gene in DNA damage repair 
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and stress response (Macovei et al., 2010; Donà et al., 2013; Lee et al., 2010). 
On the other side, the Tdp1β gene is far less characterized. Previous works 
demonstrate its involvement in chromatin remodeling and DNA repair. The 
two isoforms encoded by MtTdp1α and MtTdp1β genes were up-regulated in 
M. truncatula plants in response to heavy metal and osmotic stresses as well 
as during seed imbibition when DNA repair is required to preserve genome 
integrity and improve seed vigor (Macovei et al., 2010; Balestrazzi et al., 
2011a, 2011b). The reported data from Sabatini et al. (2017) suggest that 
Tdp1β function plays a role in the early response to abiotic stresses. To unfold 
the reasons of Tdp1β early stress response, Sabatini et al. (2017) investigated 
the presence and distribution of the HIRAN domain (conserved in many 
DNA-binding proteins) in plants.  
This analysis showed that the HIRAN-HKD domain, specific to the Tdp1β 
protein is ubiquitously found in plants. It has been hypothesized that the 
HIRAN motif might act in the recruitment of repair/remodeling enzymes to 
specific DNA sites, playing a role in cell cycle-checkpoints arising from 
stalled replication forks and post-replication damage (Iyer et al., 2006). The 
HIRAN domain was investigated in relation to AtRAD5A, a DNA translocase 
that catalyzes the fork regression and was shown to be able to bind to 
branched DNA structures and promote DNA repair (Kobbe et al., 2016).  

However, all the cited literature refers to the HIRAN-SMARCA type of 
architecture, while no information on the HIRAN-HKD is available in plants. 
Based on the assumption that the HIRAN domain could act as a sensor to 
initiate the repair processes at damaged DNA checkpoints Iyer et al. (2006) 
hypothesized that the presence of this motif in the Tdp1β protein might 
sustain the early response of the gene to abiotic stress conditions.  
An RNA-Seq analysis carried out in MtTdp1α-depleted M. truncatula plants 
revealed that the MtTdp1β gene was not able compensate for the lack of 
MtTdp1α gene in planta (Donà et al., 2013). Even though, the MtTdp1β gene 
was up-regulated in the depleted lines. 

At the moment, these working hypothesis about the function of the 
MtTdp1β isoform cannot be discarded because the HIRAN domain is present 
in numerous proteins involved in the processes mentioned above. For this 
reason, a strategy was design to carry the knock-out of the MtTdp1β isoform 
in the HIRAN domain, to fully understand the function. The targeting of the 
MtTdp1β gene was at high risk because this gene performs an essential 
function within the cell. In all our working hypothesis the MtTdp1β gene is 
involved in essential processes for cellular viability and genome integrity 
maintenance. The transformed cell may not survive and not proliferate if the 
Tdp1β construct manages to inactivate the gene. Indeed, a high mortality rate 
was recorded among the transformed explants during the in vitro culture and 
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most of the transgenic lines did not survive. This result was not unexpected 
and it could be an indirect confirmation of the essential role played by the 
Tdp1β gene. The reduced calli viability has drastically compromised the 
probability of identifying transformation events. In conclusion, the lack of 
embryo development and the consequent development of plantlets 
transformed with the Tdp1β construct could be the result of a failed tuning of 
the transformation protocol or, alternatively, the Tdp1β gene has been 
correctly inactivated. These results highlight the difficulty of working on 
target genes that play an essential role for the cell. 

Finally, the last part of work contributes to expand the knowledge on rice 
genetic engineering trying to establish a regeneration and transformation 
protocol for a valuable local Italian rice variety, Vialone Nano. Rice is among 
the most diverse crop species, accounting for more than 100,000 cultivated 
varieties. Nonetheless, only few varieties, selected for high disease resistance 
and productivity, are being extensively cultivated (IRRI, 2007). Major factors 
limiting rice production are related to sensitivity to different abiotic stress 
factors, in particular drought, submergence and salinity (Grover and Minhas, 
2000). To maximize rice production, it is necessary to use all tools available, 
including traditional breeding, genetic and genome engineering. In the past, 
conventional breeding attempted to improve the quality and quantity of rice 
production but since these are complex traits, this aim is difficult to pursue 
using only a narrow array of approaches (Grover et al., 2000). With the recent 
advances in biotechnology and the development of genome editing tools 
(Voytas and Gao, 2014), it is more feasible to tackle the complex challenges 
related to rice production. Rice has emerged as a model cereal system for 
molecular studies, as the complete genome has been sequenced, several tools 
for functional genomics are available, and genetic transformation protocols 
have been developed for some varieties (Cantos et al., 2014). Though, many 
genotypes are recalcitrant to in vitro cultures, which makes the development 
of genetically engineered rice a considerable challenge (Slamet-Loedin and 
Macovei, 2016). As genetic engineering is strongly dependent on genotype, 
the availability of efficient in vitro plant regeneration method constitutes a 
major prerequisite (Sah et al., 2014). Problems raise from poor regeneration 
ability and recalcitrance to various biotechnological techniques (Kumar et al., 
2008). Nowadays, a number of transformation strategies are available, the 
most widely used being particle bombardment and Agrobacterium-mediated 
transformation. Regardless of the chosen methodology, rice transformation 
has a low efficiency (Slamet-Loedin and Macovei, 2016). Agrobacterium-
mediated transformation is probably the best method for genetic modification 
in many plant species because it allows efficient insertion of stable, 
unrearranged, single-copy sequences into plant genomes (Nishimura et al., 



  

 

 

 

 

 

5. Discussion and conclusions 

pag. 172 
 

2006). To successfully carry out genetic transformation in rice, it is essential 
to establish efficient in vitro regeneration methodologies (Raemakers et al., 
1997; Sanyal et al., 2005; Dabul, 2009). Rice has a complex in vitro tissue 
culture system, with many varieties being recalcitrant to tissue culture and 
genetic transformation (Datta et al., 2000). Over time, several protocols have 
been developed with specific improvements such as altering the type and the 
age of inoculation material, improved delivery methods, choice of expression 
vectors and selectable markers, as well as adjustments to tissue culture media 
(Hiei and Komari, 2006).  

Vialone Nano is a medium-grain japonica variety, it has good sensorial 
qualities, it has a relatively low productivity and is highly susceptible to blast 
(Magnaporthe oryzae) disease (Urso et al., 2016). To develop a 
transformation and regeneration protocol for Vialone Nano rice, first it was 
evaluated the in vitro regeneration potential using known protocols for O. 

sativa var. japonica reference cultivar Nipponbare, the most studied so far. 
Results obtained from this experiment reveal that the regeneration and 
transformation protocol utilized was not efficient for Vialone Nano variety. 
Infact, VN seeds were able to generate calli but with a low frequency and not 
healthy compared with the control Nipponbare cultivar. The VN calli were 
more susceptible at temperature than Nipponbare calli and also was important 
the concentration of hormone 2,4-D, a synthetic auxin responsible for plant 
growth (Gamborg et al., 1968), utilized during the callus induction stage. As 
results, the first genetic transformation of Vialone Nano calli was 
unsuccessful. For these reasons, a new regeneration protocol was developed 
for the Vialone Nano variety by testing callus development on different 2,4-
D concentrations: 1, 2, 3, 4 and 5 mg/l respectively. The best results were 
obtained using 1 and 3 mg/l of 2,4-D. This was confirmed by the percentage 
of callus induction (respectively 95% and 78.3%). Calli grown on 1 and 3 
mg/L of 2,4-D were white and larger than those grown on higher 
concentrations. Subsequently, transformation and regeneration protocols for 
Vialone Nano were developed in parallel with Nipponbare, always used as a 
reference variety. This has been achieved by modifying the following 
parameters: (1) Agrobacterium culture (decreasing OD and exposure time), 
(2) growth media (sugar types and hormone concentrations), (3) temperature 
(decreasing from 28° C to 25°C for callus induction, selection and 
regeneration steps). From all tested protocols (A1VN, A2VN, F2VN, A3VN 
and F3VN), only the A3VN combination resulted into the generation of 
transgenic plants with a transformation efficiency of 50%. Importantly, this 
is a genotype specific protocol for Vialone Nano as Nipponbare reference did 
not produce any transformants.  
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These preliminary results represent the starting point for genome editing 
applications to improve this variety. Cloning protocols could be carried out 
to design CRISPR/Cas9 vectors for transformation in Vialone Nano by 
targeting endogenous genes, that, when silenced/disturbed, can result in 
improved plants useful to cope the actual agricultural challenges. 

 
In the present work we explore for the first time the dynamics of the pre-

germinative metabolism in eggplant (S. melongena L.), a valuable 
horticultural crop, comparing the impact of hydropriming versus 
physiological conditions and looking for useful molecular hallmarks within a 
set of antioxidant and DNA repair genes that play a pivotal role during early 
seed imbibition. The investigation also covers the issues of seed quality in 
lots with variable germinability and it is then further expanded to eggplant 
wild relatives (Solanum torvum and Solanum villosum). The plasticity of the 
seed pre-germinative metabolism, stimulated by priming, imposes a plethora 
of heterogeneous molecular responses in eggplant and underlined in other 
plants, that provide a valuable contribution to fill the current knowledge gap 
on the molecular bases of seed priming. On the other hand, this heterogeneity 
stands up as an hindrance to the search for molecular markers allowing a 
quick diagnostics of seed quality.  

Then, our studies show that seed priming is an efficient method to 
overcome the adverse effects of heavy metal soil contamination. 
Hydropriming improve seed germination percentage, biopriming improve 
seedling development. At molecular level, this is reflected by up-regulation 
of genes involved in DNA damage repair and antioxidant defense, allowing a 
better adaptation to environmental constraints. 

Finally, in the last part of our work we considered the importance of 
developing efficient genetic transformation protocol tailored for Medicago 

truncatula, a model legume and for Oryza sativa, Vialone Nano variety, an 
important local crop plant. This was a starting point for future genome editing 
application as tool to specifically address the issue of seed quality and 
preservation enhancing the variety. Overall, this work of thesis provide 
innovative and sustainable methodologies useful to cope the current 
agricultural challenges. Knowledge hereby gathered will be possibly 
translated to other relevant crop plants. 
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