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Preface 

It was in 2016 when I “sailed” to Italy to pursue my dream of undergoing on a PhD studies. I was 

so mesmerized by the idea of finally doing what I called “my last degree” and only could think of 

‘soil biodiversity’, ‘crop improvement’ and ‘next generation sequencing’…. terms that centered 

the research I thought I was going to do. I was a brand new PhD student in Biology and Applied 

Biotechnologies and I did not yet know those words would have been just a tiny tip of the 

avalanche about to decay upon almost all my PhD career. In this way a challenging adventure 

was beginning. I joined the Plant Protection Institute (IPP-CNR) and the Department of Life 

Sciences and Systems Biology in Turin by the hands of my great tutors Valeria Bianciotto and 

Erica Lumini, who so tenderly dared to go on board with me. They taught me so much, not only 

academically speaking but also as human beings, women professionals and mothers. I have 

made also great ex PhD dear friends Enrico, Veronica, Valentina, ex PhD students as Ludovica, 

Matteo, Salvo, Alessandro, Jacopo, Lorenzo, Valeria, Martino, Francesco, Gennaro (who shared 

with me similar passion for food rsrsrsrs) and so many more. I have worked with Andrea Berruti, 

who patiently transmitted me some of his vast bioinformatic analysis knowledge. 

I started by being introduced to alpinean marginal saffron cultivation areas of Valle d'Aosta that 

sooner became the central thread of my entire thesis and where the Italian research project 

'SaffronALP - Lo zafferano di montagna: tecniche sostenibili per una produzione di qualità' - 

Fondazione Cassa di Risparmio di Torino (RF= 2017.1966) took place. I was introduced to plant 

physiology team from the Department of Agricultural, Forest and Food Sciences (DISAFA) of 

UNITO, Valentina Scariot, Matteo Caser, Sonia Demasi along with Dario Donno who gave me the 

opportunity to navigate for the first time into the high performance liquid chromatography 

analysis of saffron secondary metabolites. Outcomes from this work are presented in chapter II 

and III. 

Four years later, COVID 19 in the middle with all its limitations, it is now time to draw conclusions 

from what I actually did which I will be doing by putting together all my results in this thesis. 

Thanks to Prof Mauro Colombo and Paola Bonfante I was able to meet all these amazing people 

from which I will be eternally grateful. I was able to perform morphological and molecular 

analysis by following a detailed fluxogram (and sometimes add some of my own to the pre-

existed ones) aiming to have the best material for Illumina MiSeq technology for our fungal 

biodiversity surveys. This meant many sequences to analyze and many troubles as well which I 

was able to detangle with the help of Andrea Berruti and Samuele Voyron. The first memories I 

have were the endless sessions face-to-face with Erica and Valeria in order to understand how 

to manage new data (horticultural crops, saffron metabolic profiles, ITS primers, next generation 
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sequencing) which day by day, gave space to the skills that grew up and I was finally able to 

describe both the arbuscular mycorrhizal and overall fungal diversity present in the alpine soils 

and inoculation aspects that could interfere with crop performance. Chapters IV and V tell this 

story. Thanks to the gained knowledge, I also started to analyze soil sequences, coming from a 

project with Mozambique. To do that I went to Maputo and Nampula (Mozambique) -  

Department of Biological Science of Eduardo Mondlane University to perform soil sampling and 

PCR that further contributed to a study that was orally presented in Istanbul, at an international 

conference. Last but not least, the PhD gave me the great opportunity to attend many 

international conferences in Italy and to meet many experienced scientists that brought up many 

additions to my career. 
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1.1. Medicinal and aromatic plants, the new “gold” resource 

From ancient times until now, Medicinal and Aromatic Plants (MAPs) are known to be used for 

several purposes such as medicine, nutrition, cosmetics, coloring and aromatic in herbal teas, 

food supplements, liquors, insecticides, fungicides, essential oils, perfumes and cleaning 

products. In recent decades the demand for MAPs has grown causing over-exploitation of wild 

plant population, the main source of raw material. Medicinal and Aromatic Plants (MAPs) 

includes a group of plants used in medicine - traditional or conventional, and/or those containing 

essential oils (Bhattarai and Karki, 2004; Palos, et al., 2005) which are a natural mixture of 

volatile secondary metabolites responsible for the characteristic aromatic flavor and biological 

properties present in this type of plants (Burt, 2004; Barbara et al., 2004; Vagionas, et al., 2007). 

MAPs cultivation not only allows effective land use of wastelands and forests but also employs 

many rural families from sowing to marketing, representing an income diversification option for 

farmers. According to WHO (2008) reports, by 2050 trade of medicinal plants will be up to US$ 

5 trillion (Allkin, 2017; Maiko 2019), estimating that new modern medicines and 60% of 

antitumor drugs will be produced from it.  

1.2. The saffron  

♦ Historical background 

Saffron (Crocus sativus L.) origin reports are controversial, showing its first appearance in 

Kashmir 550 AD followed by Persia from where it was then spread to the East and 

Mediterranean basin (Zohary and Hoof, 1994). A second theory of its origin postulates that after 

Kashmir has been conquered by the Persians, Persian saffron corms were planted in Kashmir 

soils by Persian rulers to fulfill their newly built gardens and parks and later on spread to other 

continents. As a spice saffron has been cultivated for at least 3500 years in Egypt and Middle 

East (Kumar, 2008), starting from the wild species Crocus sativus subsp. cartwrightianus Herb. 

K.Richt., that supposedly hybridized with Crocus thomasii Ten. or Crocus 

sativus subsp. pallasii Maw K.Richt. originating the sterile triploid Crocus sativus (3n =24) on the 

late Bronze Age (Kumar, 2008). According to the same author Crocus cartwrightianus (2n=16) 

was spread in meridional and insular Greece while Crocus pallasii (2n = 12, 14, 16) was present 

in the oriental south part of Europe. Crocus hadriaticus Herbert (2n = 16) was present in Greece 

while the Crocus thomasii (2n = 16) existed in the south of Europe and Italy. In Great Britain and 

Spain saffron was introduced by the Romans and the Arabs respectively (The Royal Horticultural 

Society, 2006), often used as a commercial trade commodity (Landi, 2007). The word saffron or 

simply zafran derived from the Arabic word asfar meaning “yellow” (The Royal Horticultural 
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Society, 2006) while the word Crocus derived from the Greek word Corycus, a region in Cilicia in 

the Eastern Mediterranean (Kumar, 2008).  

♦ Botany and Morphology 

From Iridaceous family the Crocus sativus commonly known as saffron belongs to the Crocus 

genera and is a bulb-originated perennial stemless herb (Figure 1A) that can reach up to 30 cm 

in height (Mzabri 2019) with roots (Figure 1B) that can be fibrous and thin, when coming from 

the base of the mother bulb or contractile, when coming from the base of the lateral buds (Kalesi 

et al, 2004).  The leaves (Figure 1C), 5 to 11 true leaves are very narrow and dark green 

measuring up to 60 cm in length and in October, the plant blooms striped purple flowers with a 

honey-like smell (Koocheki et al., 2006). The flowers (Figure 1D) are protected by whitish 

membranous bracts and the pistil is composed of an inferior ovary from which a thin style, 9 to 

10 cm long, arises. The style ends with a single stigma composed of three filaments of intense 

red color which are the part from where the saffron powder is extracted (Molina et al., 2003, 

Mzabri 2017). 

 
Figure 1. Crocus sativus plant morphology: (A) saffron plants; (B) types of roots in saffron; (C) saffron flower (star) 

and leaves (arrows). 

Saffron is a perennial plant, whose activity slows down in spring in contrast to most flowering 

plants and as a sterile triploid it propagates by underground vegetative organs known as corms 

(Nehvi and Yasmin, 2013). Characterized by a biannual life cycle C. sativus L., possess three 

distinct stages: dormant (July-Aug), flowering (Oct-Nov) and vegetative (Jan-May), with sowing 

of the corms occurring between July-August and depending upon their weight, if more than 8g, 

flowering may happen between October-November in same year or may go through the annual 

cycle to attain the minimum required weight to support flowering (Figure 2). Flowering stage is 

followed by emergence of grass like leaves in vegetative stage wherein daughter 



12 
 

corms/cormlets are born and vegetative phase finally leads to the next dormant growth phase 

(Nehvi and Yasmin, 2013).  

 

Figure 2. Crocus sativus annual life cycle (Modified from Corcoles et al., 2015). 

 

♦ Principal bioactive molecules 

According to Winterhalter and Straubinger (2000) C. sativus stigmas chemical analysis has 

shown to possess more than 150 volatile and non-volatile compounds, but till date only around 

50 constituents has been identified being the most important constituents the dye material – 

crocin, the pharmacologically active, bitter metabolite – picrocrocin and the volatile agent and 

aroma donor – safranal (Kianbakht, 2009). 

Crocin (C44H64O24) is a rare water-soluble carotenoid widely applied as a dye, in foods and 

medicines, due to its high solubility, while picrocrocin (C16H26O7) and safranal (C10H14O) are the 

main factor influencing the bitter taste of saffron and the responsible for the aroma respectively 

(Moghaddasi, 2010) – Figure 3. 

         
Figure 3. Saffron main biologically active compounds modified from Mzabri et al., 2019. 

Safranal however has little or no presence in fresh stigmas, its concentration depends on the 

conditions applied to saffron drying or conservation process (Ait Oubahou et al., 2009). The 

concentration of these three constituents combine to determine the saffron spice quality, as 

defined by the International Organization for Standardization - ISO 3632 updated every three 
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years (ISO, 2011; Caser et al., 2019a). Additionally, to crocin and picrocrocin non-volatile 

(zeaxanthin, lycopene, and various α- and β-carotenes) and volatile (mainly terpenes, terpene 

alcohols, and their esters) compounds can be found in saffron (Liakopulou and Kyriakides, 2002) 

along with anthocyanins, flavonoids (such as kaempferol), vitamins, amino acids, proteins, 

starch, mineral matter and gums (Winterhalter and Straubinger, 2000). 

♦ Uses 

Historically saffron has been largely used not only in the kitchen as a spice but also as dye, 

parfum, phytotherapeutic and commodity for money exchange for Greeks and Romans. Saffron 

has been used in paintings and textiles by Buddhist monks and due to its biodegradability and 

compatibility with the environment, lower toxicity and less allergenic properties it is still used 

as a dye for clothes, oriental carpets, food (butter, pasta, cheeses, and oleomargarine) and 

cosmetics (Abrishami, 1987; Li et al., 2002; Giaccio, 2004; Zeka et al., 2015, Ahrazem et al., 2018). 

Today, we find this woody, sweet note in the composition of different perfumes both feminine 

and masculine, with an original and exotic potential. Saffron, as well as other spices, has always 

enjoyed a reputation as an aphrodisiac in different Egyptian, Greek, Roman and other 

civilizations (Akhondzadeh et al., 2008; Dwyer et al., 2011; Akhondzadeh et al., 2013). Saffron 

was used absorbed in infusion or even in the cutaneous application, mixed with fat or macerated 

in donkey milk, for youthful properties by Cleopatra (Mzabri 2019), to improve the complexion 

in traditional Iranian medicine, to refresh the skin of the face by traditional Greek medicine, to 

treat acne, and more recent has been found to reduce erythema (Dwyer et al., 2011). Few 

studies have shown that saffron lotion may be a better sunscreen than homosalate (an organic 

compound used in sunscreens) acting as a natural UV absorbing agent (Tabrizi et al., 2003; 

Golmohammadzadeh et al., 2010). In cosmetics, saffron has been used with caution due to its 

high cost when compared to other ingredients (Li et al., 2004). Saffron is rich in antioxidants 

(Hosseinzadeh et al., 2009) which showed to act in neurodegenerative pathologies such as 

Alzheimer's disease (Bathaie et al., 2013) and in inhibit the expression of markers of 

inflammation such as tumor necrosis factor (TNF) and interleukin, acting as anti-cancer agent 

(Mzabri, 2019). Extracts and tinctures of saffron have been used to treat fever, wounds, lower 

back pain, abscesses, and gingivitis as well as pain related to the eruption of the first teeth in 

infants (Premkumar et al., 2003). Aqueous and alcoholic extracts of stigmas and saffron petals 

have an antinociceptive and anti-inflammatory activity for both acute and chronic pain (Eghdami 

et al., 2013). Due to the presence of crocetin, saffron indirectly helps to lower cholesterol levels 

in the blood and thus the severity of atherosclerosis, reducing the risk of a heart attack 

(Hosseinzadeh and Younesi, 2002; Mzabri 2019). According to Mzabri (2019) the use of saffron 
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as an antidepressant has a long tradition, ranging from antiquity to modern times. At last but 

not least, saffron spice is widely used in culinary famous dishes such as Moroccan koftas, Iranian 

kabab, Indian biryani, Spanish paella, French bouillabaisse, Italian risotto and saffron cake 

(Mzabri, 2019). 

 

♦ Economic value and major cultivation constraints 

For a long time, saffron cultivation was neglected by researchers and farmers since it was 

considered a minor crop (Gresta et al., 2008). Only in the last few years’ interest in using it as an 

alternative crop for the diversification of agricultural production and as an important new source 

of income has increased. Crocus sativus (Saffron) is economically important, as it is world’s 

highest priced (~4500 US$ per Kg) medicinal and aromatic plant and, according to ISO 3632 

(2011) can be ranked in three major categories of quality (I, II, III) depending on the 

concentration of the three main metabolites (crocin, picrocrocin and safranal). According to 

Manzo and colleagues (2015) saffron flower is the most important organ as it is from where the 

spice is obtained of, however the high number of by-products – leaves and corms, that are 

usually wasted (Kianmehr, 1981) are now rendering more desirable as recent studies showed 

their antioxidant effect (Hosseinzadeh and Younesi, 2002; Kanakis et al., 2007; Chen et al., 2008; 

Mzabri, 2019). For many farms, economic diversification has become the keystone for obtaining 

an adequate income (Grande, 2011), a fact that is particularly evident in mountain areas. 

Saffron culture is accessible, easy to grow and its cultivation is done by families mainly women 

(The World Bank, 2017). The world estimated saffron production is around 205 million tons per 

year, being cultivated in Iran, India, Greece, Morocco, Spain, Italy, Turkey, France, Switzerland, 

Israel, Pakistan, Azerbaijan, China, Egypt, Japan, Afghanistan and Iraq (Rafiq et al., 2016) 

however its productivity can be seriously threat by biotic stresses as Macrophomina phaseolina 

Tassi goid, Fusarium oxysporum Schltdl and Penicillium verrucosum Dierckx (Kumar et al., 2008). 

Crocus sativus is a highly labor-intensive crop, especially in flower harvesting and stigma 

separation. It is traditionally cultivated in small and flat plots in which mechanization is not 

economically sustainable (Dhar and Mir, 1997) demanding long hand labor hours in order to 

obtain 1 kg of dried saffron (Koul, 1999). 

 

1.3. Natural biofertilizers, a sustainable alternative for agriculture 

Worldwide use of chemical fertilizers in agriculture practices has extensively increased in the 

last few years, and, despite all efforts done by public awareness in informing farmers of chemical 

fertilizers harmful effect - deterioration of human health, disruption of ecosystem functioning 

and degradation of the environment (Pelosi et al. 2013; Bhandari 2014), it’s use is predicted to 
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increase significantly in the future. Predictions of population growth expect numbers to double 

by 2050 pressuring global agriculture on food demand; however, any increase in the dosage of 

agrochemicals should be avoided in order to safeguard environment health to future 

generations. The soil as a complex habitat for many microorganisms is a key component in the 

soil–plant–microbe interactions and it determines further ahead a successful plant growth and 

development. Some microorganisms “capable of improving soil fertility and optimize plant 

growth” commonly referred as biofertilizers have gained notoriety on sustainable agriculture 

and environmental management thanks to remarkable results shown in agroecosystems (Reddy 

et al. 2014) being for that, also, extensively exploited by agricultural biotechnology. A detailed 

understanding of their various functions and applications however is still to be revealed. 

The plant growth promoting microorganisms (PGPM) are soil and rhizosphere-inhabiting 

microorganisms that can colonize plant roots and influence plant growth in a positive manner 

(Antoun and Prevost 2005; Spaepen et al. 2009). According to du Jardin (2015), PGPM can be 

divided into two main groups: plant growth-promoting rhizobacteria (PGPR), defined in 1978 by 

Kloepper and Schroth to describe plant growth enhancer soil bacteria capable of colonize plants 

roots in a mutualistic manner and more recently found, plant growth-promoting fungi (PGPF). 

As mentioned above the PGPRs are mutualistic endosymbionts of the type Rhizobium 

(Bhattacharyya and Jha, 2012; Gaiero et al., 2013; Berg et al., 2014) considered multifunctional 

(Philippot et al., 2013; Vacheron et al., 2013) and capable of influence all aspects of plant life - 

nutrition and growth, morphogenesis and development, response to biotic and abiotic stress, 

interactions with other organisms in the agroecosystems (Ahmad et al., 2008; Babalola, 2010; 

Berendsen et al., 2012). Its agricultural uses although is constrained by its own complexity, by 

the variable responses of the plant cultivars and the receiving environments and by the technical 

difficulties associated with the formulation of the inoculants, which gives inconsistent results in 

practice (Arora et al., 2011; Brahmaprakash and Sahu, 2012). Despite this, the world market of 

PGPR inoculants is growing and they are now referred to as “plant probiotics”, i.e. efficient 

contributors to plant nutrition and immunity (Berendsen et al., 2012). 

Plants and fungi have co-evolved since the origin of terrestrial plants and the heterogeneous 

taxa of mycorrhizal fungi which establish symbioses with over 90 % of all plant species (Bonfante 

and Genre, 2010) have been deeply investigated as potential biofertilizers. Redundantly is to 

mention their applicability, the AMF a widespread type of endomycorrhiza associate with crop 

and horticultural plants, where fungal hyphae of Glomeromycotina species penetrate root 

cortical cells and form branched structures called arbuscules (Bonfante and Genre, 2010; Behie 

and Bidochka, 2014). Even though mycorrhizal association can be found in almost all ecosystems 

with the majority of plant species in agroecosystems and urban green areas, their presence is 
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not always a certainty, mainly because of human activities.  There is an increasing interest for 

the use of mycorrhizal fungi to promote sustainable agriculture, considering the wide range of 

benefits that the symbioses bring (Gianinazzi et al., 2010; Berruti et al. 2016; Rouphael and Colla, 

2020) and, more recently, AMF tripartite association with plants and rhizobacteria became 

relevant in practical field situations (Toscano et al., 2019). 

Conventional agriculture practices as deep and frequent tillage and high pesticides and inorganic 

fertilization input had brought changes into soil community structure reducing AMF species 

diversity (Berruti et al., 2014 and 2016; Agnolucci et al., 2019), but, on the other hand, the 

transition to organic farming has caused a positive response in AMF activity and diversity, 

reinforcing the idea that direct inoculation and appropriate management of AMF species pool 

into target soil, can be a promising sustainable alternative to chemical input (Manoharan et al. 

2017; van der Heijden et al. 2008). 

 

1.4. AMF symbiosis 

♦ Fungi kingdom and phylogeny 

Plants do not exist as single entities rather found forming a complex community with microbes 

and other organisms. Mycorrhizal symbiosis represents one of the major associations within the 

plant-fungal interactions being known to exist for more than 600 million years ago (Redecker et 

al. 2000, Strullu-Derrien et al., 2021). It is formed by the widespread obligate symbionts 

arbuscular mycorrhizal fungi (AMF) which colonize roots of more than 200,000 plant species, 

including numerous important horticultural crops among the Solanaceae (e.g. tomato, eggplant 

or petunia), the Alliaceae (e.g. onion, garlic and leek), fruit trees (e.g. grapevine, citrus sp.), 

ornamentals and herbal plants (e.g. crocus, basil, thyme, rosemary) (Azcón-Aguilar and Barea, 

1997, Bianciotto et al., 2018). 

AMF belongs to Glomeromycotina (Schüßler et al., 2001; Spatafora et al. 2016; Bruns et al. 2018) 

with a life cycle divided into an asymbiotic phase occurring in the soil, where spores are asexually 

formed and a pre-symbiotic phase where ramification of the primary germ tube occurs 

(Brundrett and Tedersoo. 2018). Once in physical contact with the root surface, the fungus 

builds up hyphopodia (appressoria) on the root surface and on the plant side, epidermal cells 

undergo a particular mycorrhiza-specific process forming the so-called pre-penetration 

apparatus, a transient intracellular structure which is used by the fungus to enter the root 

(Genre et al., 2005). Then fungal hyphae colonize roots cortical cells - coiled hyphae (Gianinazzi-

Pearson and Gianinazzi, 1988) and builds up highly branched hyphal tree-like structures in the 

apoplast of the plant cells – arbuscules (Figure 4) or form lipid-rich vesicles as storage organs 

(Walker, 1995). Parallel to root colonization, the fungus can explore the surrounding soil with its 
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hyphae, interact with other microorganisms and colonize roots of neighboring plants and it is 

within this connected web that AM fungi hyphae and plant roots exchange nutrients or signals 

(Ganugi et al., 2019). Lastly, new spores are formed at the extra-radicular mycelium and the life 

cycle is closed (Ganugi et al., 2019). 

 

Figure 4. Typical intracellular structures (A – arbuscules and V – vesicle) of arbuscular mycorrhiza produced by 
Glomus species (left). A mature arbuscule (right up) and vesicles (right down) of Glomus. Modified from Piliarová 
et.al. (2019). 

Currently, the Glomeromycotina comprise approximately more than 200 known species 

Błaszkowski et al., 2015) but molecular diversity studies, however, have suggested the existence 

of 348 to 1,600 Glomeromycotina species (Ohsowski et al., 2014; Crossay et al., 2017). The 

reasons for the existence of so many possible unknown taxa are: first, they may represent 

isolates that are difficult to grow (Ohsowski et al., 2014). Second, according to the same author, 

they may not have been discovered due to a lack of AMF sampling in many earth terrestrial 

regions and third, only a small number of experts currently address morphological and 

molecular characterization of this group of fungi. The mutualistic relationship established by 

AMF has a substantial impact on the nutrition, growth and productivity of host plants AMF by 

increasing plant mineral nutrients intake, especially phosphorus, zinc, copper and ammonium 

(Crossay et al., 2017). This is achieved as a consequence of root surface enlargement. AMF 

confers protection against soil borne pathogens, Phytophthora, Rhizoctonia, Pythium, 

Aphanomyces, Verticillium, Fusarium, Macrophomina (Smith and Read, 2008), increase 

tolerance against abiotic stresses like drought, capacity to reduce toxic matters in soil 

(Bianciotto et al., 2018; Ranganathswamy et al., 2019) and increase soil aggregation or soil 

stabilization. The mechanisms implicated in the protective action of AM symbiosis includes 
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competition for photosynthates or for colonization/infection sites, induction of changes in the 

root system morphology/anatomy and induction of changes in mycorrhizosphere populations 

(Salvioli and Bonfante, 2013). 

It is important to mention that in addition to the intrinsic characteristics of both partners (fungus 

and plant) a wide range of environmental influences and cultural practices modulate the 

efficiency of AM associations in terms of improving plant performance, such as soil fertility that 

when low to moderate favors AM formation (Azcón-Aguilar and Barea, 1997; Chaudhary et al., 

2014), agricultural practices (Gianinazzi et al., 1990, Mosbah et al., 2018) and substrate type 

(sand, gravel, peat, expanded clay, pumice, perlite, bark, sawdust, vermiculite or a mixture of 

these) (Azcón-Aguilar and Barea, 1997; Malicka et al., 2021, Zai et al., 2021). 

 

♦ Applicability in horticulture 

A common practice in horticultural nurseries to achieve high yield and quality is the use of 

chemical treatments to kill harmful organisms; however, this can also kill the beneficial 

microorganisms impacting by this on the mycorrhizal association directly, by damaging or killing 

AMF, and indirectly, by creating unfavorable conditions to AMF (Gosling et al., 2006). The impact 

of various agricultural practices on soil biodiversity and AMF is still poorly understood and in 

cultivated soils AMF presence is impoverished, particularly in terms of numbers of species 

(Rouphael et al., 2015).  

Many studies have already described the effects of AMF on the growth and development of 

horticultural plants which includes: (i) enhanced seedling growth; (ii) reduced phosphate 

requirements; (iii) increased survival rate and development of micropropagated plantlets; (iv) 

increased resistance to fungal root pathogens; (v) increased resistance to abiotic stresses; (vi) 

earlier flowering and fruiting; (vii) increased crop uniformity; (viii) improved rooting; (ix) 

increased fruit production (Smith and Read, 2008; Davison et al., 2015; Thirkell et al.2017). 

Menge et al. (1977) first showed evidence of the positive influence of the AM symbiosis on 

horticultural production where the establishment of citrus plants was achieved by inoculation 

with an AMF propagule. Since then, experiments have been continuously carried out in 

vegetable crops and spices, temperate fruit crops, tropical plantation crops and floricultural 

crops. While many studies have shown mycorrhizal positive effect in improving contents of 

secondary metabolites (Zeng et al., 2013; Rouphael et al., 2015; Bianciotto et al., 2018), in-depth 

research is still required to better understand the mechanisms by which AM fungi affect the 

accumulation of effective ingredients in horticultural plants.  

 

♦ Characterization of soil fungal community  
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AMF are asexual organisms making their classification consequently based almost entirely on 

spore morphology. Spores however are a form of fungal resting stage not representing the 

active community (Merryweather and Fitter, 1998; Renker et al., 2005; Hempel et al., 2007). 

Also, their morphology full comprehension is restricted to few experts in this field, due to sparse 

spore characters, the ability of species to form dimorphic spores, ambiguous or incomplete 

species description and possible spontaneous changes of the spore characters (e.g., color, size). 

Because using exclusively morphological characters is known to be difficult the systematic and 

taxonomy studies has lately been relying on phylogenetic analyses of molecular data (Krüger, 

2011) using reliable markers such as the rDNA regions, which are well defined and conserved 

(Bruns et al.2018). The largest taxon sampling for AMF is provided for the SSU rDNA marker 

region (Berruti et al., 2017), but it only allows phylogenetic resolution down to genus level (Vasar 

et al., 2017). Phylogenetic analyses of the ITS and LSU rDNA region in other hand has showed to 

be capable of distinction to AMF species-level (Öpik and Davison, 2016) but due to the high 

intraspecific variability of the ITS region, this marker alone is not suited to resolve very closely 

related species, as for example Rhizophagus intraradices N.C. Schenck & G.S. Sm and its close 

relatives (Stockinger et al., 2009; Stürmer et al., 2018), nevertheless, the ITS region has become 

the most likely DNA-barcoding region for fungi, potentially in combination with the partial LSU 

rDNA region. Further molecular markers are available for AMF, such as the genes for the 

mitochondrial LSU rRNA (Croll et al., 2008; Börstler et al., 2008; Thiéry et al., 2010; Stürmer et 

al., 2018; Delavaux et al. 2021) , β-tubulin (Msiska and Morton, 2009; Morton and Msiska, 

2010a,b), elongation factor 1-α (Sokolski et al., 2010), H+-ATPases (Requena et al., 2003), etc., 

but they are either inapplicable or data are only available for a few closely related AMF (Krüger, 

2011; Stürmer et al., 2018). Techniques including DGGE and T-RFLP for in-field community 

analyses have been tested and used but as for other techniques the not phylogenetic inclusive 

primers and the high number of repeated multiple copies makes them problematic to produce 

reliable results (Calheiros et al., 2019). 

According to Berg and colleagues (2020) of the nearly 400 species of Glomeromycotina 

comprising arbuscular mycorrhizal fungi (AMF) (Schüßler et al. 2001b; Tedersoo et al. 2018; 

Turrini et al. 2018, et al., Jobim et al., 2019, Wijayawardene et al., 2020), only a small part can 

be sequence-annotated. The use of molecular markers has expanded in AMF study but some 

diversity field studies are still based also on spore surveys. Current studies have shown the 

relevance of combining morphological characterizations with a molecular phylogenetic 

approach (Ontivero et al. 2020), and more in concrete the need to develop reliable molecular 

markers as well as data baseline for correct identification of AMF on species level (Berruti et al., 

2017, Victorino et al., 2020). 
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1.5. MiSeq technology to decipher soil microbial community 

Soil quality is one of the major threats to sustainable soil management particularly in cultivated 

land areas in which the soil microorganism’s potential can be harnessed providing an eco-

friendly and cost-effective method for soil improvement. Microorganisms residing in soil, 

although numerous, widespread and known to be present and active from more      than 1 billion 

years ago, are still hard to study because many of the mastered techniques involve in vitro 

cultivation or expertise in microbial taxonomy. With the advent of molecular techniques many 

uncultivable species were discovered and as DNA sequencing technologies emerged and 

evolved it became clear that the unseen — and perhaps unseeable — microbiota outnumbered 

the diversity observable through cultivation. According to Zhu and colleagues (2014) sequencing 

methods started with the single specimens to parallel Sanger sequencing (also known as low 

throughput sequencing) followed by the so-called high-throughput sequencing — HTS. Sanger 

DNA sequencing, developed by Dr. Frederick Sanger, was a great achieve in molecular studies 

rendering him a Nobel prize in Chemistry in the 80's (Zhou et al., 2010); Same authors refers 

that this method however were limited by the amount of DNA that could be processed at a given 

time so to address the low throughput, newer sequencing technologies capable of read the 

sequence of multiple DNA molecules in parallel were developed. Therefore, a number of 

bioinformatics methods and software have been created to accelerate HTS studies and to 

reduce sequencing costs dramatically, making it possible to sequence an entire genome for less 

than 1000 euros (Kulski, 2015). 

The Illumina MiSeq platform (http://www.illumina.com/) is the major player among the HTS 

platforms and the default choice for metabarcoding studies of fungi and other organisms on the 

basis of fragmented DNA or complementary DNA (Nilsson et al., 2019), offering a much larger 

sequence outputs than the previous platforms. According to the same author, it uses a paired-

end approach covering amplicons of up to ~550 bases in length (MiSeq 2 × 300) and although 

offering shorter single-end read lengths of up to 300 bases, its read quality is relatively high for 

most taxa. Many factors can dictate a successful HTS study, namely, experimental design and 

sample preparation, genetic markers selection, primers and amplification conditions setup 

program (Nilsson et al., 2019; Agnolucci et al., 2019), and, because choice of primers dictates 

the microorganisms that may be recovered from the sample additional time analyzing the choice 

of primers is recommended. Since 2012 commercially available sequencing platforms are 

various but the Illumina one dominates the sequencing industry (Quail et al., 2012; Kulski, 2015). 

The MiSeq technology is an interesting tool to monitor and study microbial associations in the 

rhizosphere and the rapid advances in DNA and RNA sequencing technologies may enable us to 
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study microbial communities in a more integrative way allowing the exploration of taxonomic 

profiles and correspondent functional and ecological roles. 

 

1.6. Aim 

The general aim of my thesis has mainly been devoted to investigating the potentiality of fungi 

and in particular Arbuscular Mycorrhizal fungal symbionts to be used as biofertilizers for a 

sustainable cultivation of Saffron. In this context a combination of morphological and molecular 

approaches was used in order to identify and select cultivation methods and AMF taxa more 

useful for Saffron plant growth and secondary metabolites production.  

In the meanwhile, the composition and biodiversity of the fungal communities that have best 

adapted to the complex soil/fungus/plant system of the typical Alpine agro ecosystem where 

Saffron is cultivated have been evaluated. In particular, genetic diversity of fungi in agricultural 

and natural soils were assayed by using a targeted-metagenomics approach based on Illumina 

MiSeq high-throughput technique.  

The above topic started from the idea that the soil is an important diversity source to be 

preserved and in order to do this, knowing what soil contains is essential.  For this purpose, we 

performed comparative analyses over two years on microbial communities associated to Saffron 

cultivated soils, located in the municipality of Morgex (45°45ʹ35.1ʹʹ N; 7°02ʹ37.3ʹʹ E; 1000 m a.s.l.) 

and Saint Cristophe (45°45ʹ06.9ʹʹ N; 7°20ʹ37.0ʹʹ E; 700 m a.s.l.) in Italy. 

This research has been mainly carried out in the frame of the National Research Project project 

titled “SaffranALP - Lo zafferano di montagna: tecniche sostenibili per una produzione di 

qualità”, CRT Foundation (2018-2020). One of the environments analyzed by the project is a 

typical Alpine ecosystem; investigating biodiversity in such environment is particularly 

interesting for two reasons: firstly, because being it an under-exploited area it may represent a 

biodiversity hotspot and secondly because it has been an area under agriculture exploitation for 

many years many environmental parameters (e.g. soil types, soil threats, climatic zones, and 

land uses) are already monitored for longer periods. 
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Figure 5. Landscapes from Valle d'Aosta. a), b) and c) the saffron cultivated areas. These environments were the 

central thread of all performed fungal studies. 

In detail this thesis is divided into chapters mirroring the work I did during my PhD. The outline 

is:  

- verify the constitutive association of AMF with saffron roots in sterile pot conditions and to 

assess the AMF symbiosis in open field conditions and its effects on saffron plant growth, 

productivity, and bioactive compounds content in Alpine open field conditions (Chapter II);  

- evaluate if saffron cultivation in soilless systems and AMF inocula application may improve 

crop performance, spice yield and quality, and modulate bioactive compounds content over 

two-year cultivation cycles (Chapter III);  

- evaluate by MiSeq analysis the fungal diversity associated to saffron cultivated fields located 

in Valle d´Aosta (Chapter IV);  

- describe a workflow for AMF identification by high-throughput sequencing through Illumina 

MiSeq platform of two DNA target regions: Small Subunit (SSU) and Internal Transcribed Spacer 

(ITS) that can apply to both soil and root AMF communities (Chapter V).  
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Chapter II 

Saffron crop performance and metabolic profile modulation by arbuscular mycorrhizal fungi 
in soilless cultivation 
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Preamble 

 

Saffron (Crocus sativus) is a mainly open field worldwide cultivated crop whose spice yield, 

quality based on ISO category, antioxidant activity, and bioactive compound contents vary 

greatly according to agronomic and climatic factors. Better general plant performance is 

expected in systems where they can grow without the use of soil as a rooting medium, supplied 

with inorganic nutrients via water irrigation and no competition with pathogens (Putra and 

Juliando, 2015 from 2019_Caser et al Agronomy published). For saffron crop however limited 

and controversial studies using soilless cultivation had been reported, and, from the one´s 

reported, the substrate type, mixture content and chamber temperatures has been mentioned 

as the most influencing factors. Arbuscular mycorrhizal fungi are well known to symbiotically 

interact with plants enhancing nutritional status of both soil and plant. They can associate with 

a wide variety of plants forming vesicles, arbuscules, and hyphae in roots, and also spores and 

hyphae in the rhizosphere determining improvement in plant growth and molecules production 

(Jami et al., 2020; Avio et al., 2018; Pellegrino et al., 2014). Experimental trials on horticulture 

plants inoculated with AMF alone or in combination with other microorganisms reported 

increased leaf area, enhanced dietary quality of crops and increased levels of secondary 

metabolites as benefits of the AMF use (Toscano et al., 2018). The use of AMF in saffron 

production has already been investigated reporting, in most cases, an increase in corm growth, 

spice yield, and the nutraceutical compound content [12,40–42 from2019_Caser et al Agronomy 

published), however proper saffron AMF inocula application effect in soilless conditions remains 

unclear. In the paper below we presented the results obtained in saffron bulb inoculation with 

single and multispecies commercial inocula in a soilless      system. 

 

The objective of this research was to: 

● evaluate saffron cultivation in soilless systems, where plants can grow without having 

to deal with stress caused by pathogens or nutrients deficit.  

● evaluate saffron plant performance and metabolite profile if inoculated with two types 

of inoculums: a single AMF species (Rhizophagus intraradices) or a mixture of R. 

intraradices and Funneliformis mosseae. 

 

We were able to visualize AMF symbiosis with saffron roots on light and transmission electron 

microscopy and to confirm improved crop performance (replacement corms produced and 

polyphenols content). Higher antioxidant activity was seen on the single species inocula plant 
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treatment and the soilless systems proved to be a good candidate in saffron cultivation without 

compromising spice quality. 
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Chapter III 

Arbuscular mycorrhizal fungi as natural biofertilizers for saffron on the Marginal Alpine soils: 

role and potential 
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Preamble 

Soil–plant–microbe interactions can be complex and directly influence plant      health and 

productivity, being the microbial activity in the rhizosphere a major factor in determining the 

availability of nutrients to plants. Groups of beneficial rhizosphere microorganisms present are 

countless; some of them develop from fairly loose associations with the root, like the so called 

rhizobial bacteria whilst others engage in well-developed symbiotic interactions in which 

particular organs are formed - arbuscular mycorrhizal fungi. Biofertilizers as the AMF has a 

demonstrated economic impact on agriculture and horticulture as they promote plant nutrient 

uptake and assimilation and confer pathogen protection (Mercy et al., 2017; Toscano et al., 

2018) and on medicinal and aromatic plants AMF colonization have shown to influence bioactive 

compound biosynthesis such as ascorbic acid, flavonoids, polyphenols, carotenoids, and 

vitamins which are important in human health. Saffron (Crocus sativus ) is an autumnal flowering 

geophyte whose dried stigmas, well known for their aromatic and coloring properties, first found 

in Mediterranean      Asia being afterwards transported and distributed worldwide (Gresta et al., 

2008). For long it has been neglected by farmers being considered a minor crop, however in the 

last few years it has gained the attention of farmers as alternative and low-input agricultural 

crop. In Italy its cultivation is mainly concentrated in Sardinia and Abruzzo but, being Italy the 

second saffron-importing country farmers from regions like the northern marginal Alps has been 

encouraged to cultivate it as a valid mean for increasing incomes of multifunctional farms, 

maintaining however the high standards of the saffron produced in the south or in the major 

producing countries. So, in the paper below we presented the results obtained by saffron root 

mycorrhization efficiency in potted conditions, and secondly to assess the AMF symbiosis in 

open field conditions and its effects on saffron plant growth, productivity, and bioactive 

compounds content in Alpine open field conditions, using both single and multispecies 

commercial inocula. 

 

The objective of this research was to: 

● evaluate saffron mycorrhization in potted conditions. 

● evaluate, in two Alpine sites, how saffron plants inoculated with two types of inoculum: 

a single AMF species (Rhizophagus intraradices) or a mixture of R. intraradices and 

Funneliformis mosseae ones, are affected in terms of yield and bioactive compounds 

production if grown in field conditions. 

 

We were able to confirm that commercial inocula can establish symbiotic relationships with 

saffron roots either in potted and open field conditions, and that both AMF inocula, and 
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particularly the mixture of R. intraradices and F. mosseae, positively affected saffron 

cultivation in the two Alpine sites. 
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Chapter IV 

MiSeq Illumina analysis as an additional tool in the labyrinth of studying Italian Alps 

microbiome 
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Preamble 

Microbiome is an essential component of diverse habitats (air, soil, water and the gut of simple 

and complex organisms), playing a crucial role in metabolic processes of both abiotic and biotic 

systems, mineral recycling and breakdown, nitrogen fixation, modulation of host immune 

responses and production of vitamins and secondary metabolites (Reese and Dunn, 2018; 

Turnbaugh et al., 2007; Kamada et al., 2013; Philippot et al., 2013 and Zilber et al, 2008). To 

unfold ´the microbiome´ researchers have relied on the advances in high-throughput 

sequencing as the Illumina MiSeq system, which dominates more than 70% of the sequencing 

market, providing sequencing results in 1 to 2 days at a cost of $0.18 for each run. Although 

Illumina MiSeq technologies faces many experimental and computational challenges, it also 

promises to, in the near future, bring resourceful inputs to microbiome analysis (arbuscular 

mycorrhizal fungal and also other microorganism’s communities) (Barthi and Grimm, 2021). 

Therefore, best-practices and standardized protocols on experimental design, sample collection, 

sequencing, assembly, binning, annotation and visualization are crucial to obtain comparable 

and reproducible results.  

Italian Alpine area has become a valid  means  for  increasing  incomes   of   multifunctional   

farms  due to medicinal and aromatic plants production however the microbiome present there 

is far from being known, so that the following paper presents the results of a study  to investigate 

the fungal communities of two Alpine experimental sites cultivated with saffron, and to rank the 

relative impact of two AMF inocula, applied to soil as single species (R = Rhizophagus 

intraradices, C. Walker & A. Schüßler) or a mixture of two species (M = R. intraradices and 

Funneliformis mosseae, C. Walker & A. Schüßler), on the resident fungal communities. 

The main objective was to: 

● characterize the diversity and composition of fungal communities associated to Crocus 

sativus cultivation by using Illumina MiSeq metabarcoding on nuclear ribosomal ITS2 

region which might be influenced in their two fields, located in the municipalities of 

Saint Christophe (SC) and Morgex (MG), (Aosta Valley, Italy), treated or not with AMF 

inocula and sampled for two consecutive years (Y1; Y2); 

 

As a result, data      analyses consistently indicated that Basidiomycota were particularly 

abundant in both sites and sampling years. Also, significant differences in the distribution of 

fungal taxa assemblages at phylum and class levels between the two sites were found whether 

no significant difference was seen through inoculation. Further differences concerned OTUs, of 

other classes, significantly represented only in the first or second year of sampling. These 

findings altogether highlighted the fact that neither sites nor inoculation significantly impacted 
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Alpine saffron-field fungal communities; instead, the year of sampling had the most appreciable 

influence on the resident communities. 
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Table S1. Taxonomic distribution, at Class level, of OTUs retrieved from the two sampled sites (Morgex: MG; Saint Christophe: SC) at Y1 (year 1) and Y2 
(year 2). Data are expressed as percentage (mean ± standard deviation). Different letters indicate significant differences (Anova; Mann-Whitney pairwise 
comparison; Bonferroni corrected p values; p<0.05). 

    Y1 Y2 

Phylum Class MG SC MG SC 

Ascomycota Archaeorhizomycetes 
0,00±0,00a 0,01±0,03a 0,00±0,00a 0,00±0,00a 

  Dothideomycetes 
12,22±3,53a 5,93±1,57b 7,87±2,19a 3,06±1,46b 

  Eurotiomycetes 
2,30±1,39a 1,14±0,52b 1,33±1,34a 1,32±1,02a 

  Geoglossomycetes 
0,00±0,00a 0,00±0,00a 0,04±0,11a 0,00±0,00a 

  Laboulbeniomycetes 
0,04±0,13a 0,01±0,02a 0,11±0,27a 0,00±0,00a 

  Leotiomycetes 
5,54±1,67a 3,69±2,07b 7,09±3,25a 3,33±1,59b 

  Orbiliomycetes 
0,32±0,45a 0,08±0,14a 0,28±0,25a 0,37±0,96a 

  Pezizomycetes 
1,00±0,95a 0,39±0,42a 1,41±1,46a 0,32±0,33b 

  Saccharomycetes 
0,37±0,51a 0,16±0,23a 0,12±0,29a 0,04±0,05a 

  Sordariomycetes 
8,94±2,05a 6,75±2,27b 9,66±2,63a 7,64±2,22a 

  unidentified 
0,33±0,40a 0,22±0,32a 0,89±0,70a 0,04±0,08b 

Basidiobolomycota Basidiobolomycetes 
0,00±0,00a 0,02±0,04a 0,00±0,00a 0,00±0,00a 

Basidiomycota Agaricomycetes 
25,20±4,37a 49,71±7,58b 31,13±9,18a 54,26±6,25b 

  Agaricostilbomycetes 
0,01±0,04a 0,00±0,00a 0,00±0,00a 0,01±0,02a 

  Cystobasidiomycetes 
0,01±0,03a 0,00±0,00a 0,10±0,29a 0,02±0,04a 
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  Dacrymycetes 

0,15±0,24a 0,33±0,31a 0,08±0,19a 0,41±0,65a 

  Exobasidiomycetes 
0,00±0,00a 0,05±0,16a 0,08±0,15a 0,00±0,00a 

  Geminibasidiomycetes 
0,00±0,00a 0,03±0,08a 0,00±0,00a 0,00±0,00a 

  Malasseziomycetes 
0,00±0,00a 0,03±0,08a 0,00±0,00a 0,01±0,02a 

  Microbotryomycetes 
1,42±1,42a 0,92±0,54a 0,90±0,62a 0,88±0,71b 

  Pucciniomycetes 
2,10±1,09a 1,67±0,50a 0,67±0,54a 0,93±0,56a 

  Tremellomycetes 
16,02±4,93a 6,61±1,67b 13,63±3,53a 8,59±1,81b 

  unidentified 
0,14±0,20a 0,17±0,19a 0,20±0,24a 0,19±0,24a 

  Ustilaginomycetes 
0,08±0,13a 0,30±0,29a 0,06±0,19a 0,73±0,42b 

Blastocladiomycota unidentified 
0,06±0,11a 0,00±0,01a 0,09±0,17a 0,00±0,01a 

Chytridiomycota Chytridiomycetes 
0,00±0,00a 0,04±0,11a 0,00±0,00a 0,00±0,00a 

  Lobulomycetes 
0,00±0,00a 0,02±0,05a 0,00±0,00a 0,14±0,23a 

  Rhizophlyctidomycetes 
0,00±0,00a 0,01±0,03a 0,00±0,00a 0,07±0,18a 

  Rhizophydiomycetes 
0,06±0,12a 0,00±0,00a 0,10±0,21a 0,02±0,06a 

  Spizellomycetes 
0,06±0,07a 0,12±0,16a 0,01±0,03a 0,01±0,02a 

  unidentified 
1,34±0,90a 0,95±0,55a 1,91±1,20a 0,42±0,39b 

Glomeromycota Archaeosporomycetes 
0,02±0,07a 0,00±0,00a 0,00±0,00a 0,00±0,00a 

  Glomeromycetes 
0,48±0,55a 0,18±0,19a 0,68±1,04a 0,29±0,31a 

  Paraglomeromycetes 
0,00±0,00a 0,03±0,06a 0,00±0,00a 0,00±0,00a 

  unidentified 
0,00±0,00a 0,01±0,04a 0,00±0,00a 0,00±0,00a 

Kickxellomycota GS19 
0,09±0,21a 0,03±0,05a 0,10±0,25a 0,01±0,04a 
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  Kickxellomycetes 

7,33±1,82a 7,06±0,75a 7,24±2,13a 9,34±1,49a 

Mortierellomycota Mortierellomycetes 
2,92±1,30a 0,90±0,58b 5,63±3,41a 0,79±0,65b 

  unidentified 
0,00±0,00a 0,03±0,10a 0,00±0,00a 0,00±0,00a 

Mucoromycota Mucoromycetes 
5,64±1,38a 3,42±1,38b 4,87±1,78a 1,32±1,08b 

  unidentified 
0,00±0,00a 0,01±0,02a 0,00±0,00a 0,00±0,00a 

Olpidiomycota Olpidiomycetes 
0,44±0,36a 0,01±0,02b 0,00±0,00a 0,00±0,00a 

Rozellomycota Rozellomycotina_cls_Incertae_sedis 
0,08±0,17a 0,01±0,04a 0,00±0,00a 0,01±0,02a 

unidentified unidentified 
5,28±2,77a 8,94±4,82a 3,71±1,43a 5,43±5,78a 

 

  



 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter V 

High-throughput sequencing platform on mycobiome diversity study and fungi identification 
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Preamble 

After the publication of the two articles, the opportunity arose to participate in the writing of a 

book chapter on the molecular techniques used in the study of arbuscular mycorrhizal fungi and 

the subsequent Illumina MiSeq sequencing analysis.           

In the chapter is described a workflow for AMF identification by high-throughput sequencing 

through Illumina MiSeq platform of two DNA target regions: Small Subunit (SSU) and Internal 

Transcribed Spacer (ITS), for both soil and roots AMF communities. 

This book chapter was published as: 

Victorino, I.a, b, c, Berruti, A. a, Orgiazzi, A., d Voyron, S. b, Bianciotto, V. a, Lumini, E. a (2020). High 

throughput sequence-based analysis of Arbuscular Mycorrhizal Fungal communities. In: 

Arbuscular Mycorrhizal Fungi: Methods and Protocols. pp. 99 – 116. Humana Press. 

https://doi.org/10.1007/978-1-0716-0603-2. 
a Institute for Sustainable Plant Protection, National Research Council (CNR), Viale Mattioli 25, 10125 Torino. 
b Department of Life Sciences and Systems Biology, University of Turin, Viale Mattioli 25, 10125 Torino, Italy. 

c Biological Science Department, Science Faculty, Eduardo Mondlane University (UEM), Av. Julius. 

d European Commission, Joint Research Centre (JRC), Directorate for Sustainable Resources, Land Resources Unit, 

Ispra, Italy. 

 

Email address of corresponding author: rvictori@unito.it 
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Chapter VI 

Final remarks and Conclusions 
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6.1. Final remarks and Conclusions 

Saffron (Crocus sativus) is an important and well-known medicinal plant due to its 

valuable bioactive compounds. Its cultivation is widely explored in diverse habitats, 

more specific in Mediterranean open fields but, unlike other horticultural crops, the 

information relating to its cultivation in the soilless system is poorly documented. The 

use of arbuscular mycorrhizal fungi as biostimulants has been extensively described in 

the literature. However, only recently the focus on the use of AMF has changed from 

only the improvement of cultivation traits to the improvement of secondary metabolites 

as well (Sibile et al. 2021). For this purpose, AMF have been applied to all possible crops 

great success, including some horticultural crops – Zingiber officinale L., Curcuma longa 

L., Amorphophallus commutatus Engler and Pueraria tuberosa (Shuab et al, 2016); 

Eclipta prostrata L. (Hong Duc et al, 2021); Valeriana officinalis L. (Amanifar and 

Toghranegar, 2020); Thymus vulgaris L.  and Thymus daenensis Celak (Bistgani et al, 

2019); Rosmarinus officinalis L. (Seró et al, 2019). During my PhD thesis, I have 

investigated the use of AMF in soilless cultivation of Crocus sativus and I was able to 

verify and report, for the first time, that microorganisms as the AMF can improve overall 

plant traits leading to production of ISO 3632-1:2011 category I saffron spice. The 

cultivation in a soilless system has proved to be suitable for saffron cultivation, without 

interfering with the flowering process, which is a very important process as the main 

target are the stigmas from which saffron powder is produced.  To date, a few 

biostimulants formulas have been produced and although AMF ubiquitous distribution, 

for some areas evidence of AMF efficacy is still scant, incomplete or lacking altogether 

(Hart et al., 2017). According to same author, a list of factors can be assumed as the one 

contribution to certain inocula success or unsuccess, propagule type, existing niche or 

dosage just to mention a few (Klironomos and Hart, 2002; Varga et al., 2015; Owen et 

al., 2015; Nielsen et al., 2016). In this study it was observed that inocula did increased 

saffron yield and productivity. Similarly, Mohebi-Anabat and collaborators (2015) 

showed that AMF inoculation caused significant increase of the above and below ground 

growth of saffron plants but still, more studies are encouraged. Saffron is known to grow 

better in Mediterranean areas (Alizadeh, 2006) but recently other environments are also 

being explored for successful cultivation of saffron. One example is the northern alpine 

region in Italy where saffron is produced by local farmers who were involved in our 
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project aimed to investigate the AMF symbiosis in open field conditions and its effects 

on saffron plant growth, productivity, and bioactive compounds content during two 

cultivation cycles. As expected, both single and multispecies inoculated saffron plants 

were colonized, similarly to what was described in Aimo et al. (2010) and Lone et al. 

(2016) reports. Colonization levels however were much lower when compared to pot 

trials using the same inoculants and same plant species (Caser et al., 2019b). Flower 

number and saffron yield between treatments greatly increased, in particular when 

multispecies inocula were used. Berruti et al (2017) previously mentioned that 

multispecies inocula greatly influence crop performance when compared to single 

species inocula. The number of replacement corms, the weight of the corms and the 

antioxidant activity, on the other hand, were not influenced by the inoculation in the 

open field.  Previous data suggested that sometimes undesirable effects of AMF 

inoculation also may occur in systems where the AMF community is already established. 

Janouskova et al. (2013) reported similar results after inoculation of fields with pre-

established AMF community suggesting that there might be an optimal level of AMF 

propagule density and composition in soil, and that changes in these levels can lead to 

increased competition between AMF species and decreased AMF community potential 

to promote plant growth. The ecological aspect of competition between inocula and 

native species has been neglected in inoculation studies, but should however be further 

explored. Similarly to saffron produced in soilless systems (with and without AMF) the 

saffron produced in open fields is also ranked in ISO 3632-1:2011 category I. 

Soil is a super exploited ecosystem and a source of microorganisms acting as 

decomposers, plant mutualists and pathogens. Fungi from soil are known to strongly 

influence ecosystem structure and functioning, playing a key role in many ecological 

services. Over the last decades, with the advance of metagenomics studies, knowledge 

regarding soil fungi biodiversity has increased into a whole new level with discovery of 

many new species, in habitats ever explored before (Hart et al., 2017) and another 

thousand expecting to be discovered according to high throughput data predictions.  

Agricultural practices are known to severely interfere with soil, both physical and 

chemical properties but also with above and belowground microbial communities’ 

abundance, diversity and activity (Lienhard et al., 2013). Most common primers used to 

describe soil fungi are ITS primers but they have proved not to be fail proof. Bias can be 
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introduced and cause changes in the interpretation of fungal community patterns and 

as a way to face this problem over the last year’s international projects as the Earth 

Microbiome Project is being used to compare soil microbial diversity at a large scale 

(Hawksworth et al., 2017). From the experience I have acquired during my PhD period I 

was able to see, by using Illumina MiSeq metabarcoding technique, that agricultural 

practices showed no evident impact on resident soil fungal communities associated with 

Crocus sativus cultivation fields. AMF inoculation instead has increased crop yield and 

productivity proving to be a “safe” addition to inoculate bulbs in marginal areas farms 

such as alpine sites for profitable gains. As a recommendation I would suggest further 

investigating the possibility to co-inoculate saffron bulbs with other endophytes (i.e 

bacterial PGPRs) to be co-inoculated on saffron bulbs, and/or to isolate and to multiply 

microorganisms directly recruited from the same soils, that could offer further 

advantages, as for example increased tolerance to biotic and/or abiotic stresses. 

 

I would add as main conclusions that: 

1. AMF were able to colonize saffron roots on both soilless systems and open field; 

2. AMF act as biofertilizer improving not only yield, overall growth, and crop 

performance but also secondary metabolites production; 

3. when using Illumina MiSeq metabarcoding technique or any other similar 

platform the experimental design must be done with as much accuracy and 

attention to details as possible, from sampling, choosing replicates number, DNA 

extraction, primer set, PCR conditions or even platform to use; 

4. being able to establish collaborations is essential either with scientists or with 

local farmers. With scientists as a way of being able to access as much data as 

possible and to analyze it in all degrees of expertise (molecular biologists, 

statisticians, bioinformaticians, taxonomists, and ecologists). With local farmers 

as a way of having accurate information of agricultural management that is being 

applied to the field, as to approximate more advanced science to actual 

application in the field; 

 

In my PhD I was also able to exploit the skills acquired during my stay in Italy and applied 

them in different experiments carried out at the laboratories of Biology Science 
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Department of Eduardo Mondlane University (DCB-UEM, Mozambique), as well as in a 

field experiment aimed to investigate soil fungal biodiversity associated with cotton 

cultivation in the north of Mozambique. These last experiences were carried out in the 

frame of a bilateral collaboration project between Mozambique and Italy (FIAM Project 

“MYCotton: Microbial Resources for agriculture: arbuscular mycorrhizal fungi in cotton 

and their potential use as biofertilizer” Applied and Multi-Sectorial Research Fund to 

Eduardo Mondlane University (UEM) Mozambique. (2017-2020). Results obtained from 

this collaboration were presented as posters and were the subject of an extended 

abstract on the FAO proceedings (2021). Posters and Extended abstract are enclosed as 

supplementary attached material. 
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