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Preface

It was in 2016 when | “sailed” to Italy to pursue my dream of undergoing on a PhD studies. | 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 | thought | was going to do. | was a brand new PhD student in Biology and Applied
Biotechnologies and | 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. | 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. | 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. | have worked with Andrea Berruti,
who patiently transmitted me some of his vast bioinformatic analysis knowledge.

| 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 qualita' -
Fondazione Cassa di Risparmio di Torino (RF= 2017.1966) took place. | 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 I
and Ill.

Four years later, COVID 19 in the middle with all its limitations, it is now time to draw conclusions
from what | actually did which | will be doing by putting together all my results in this thesis.
Thanks to Prof Mauro Colombo and Paola Bonfante | was able to meet all these amazing people
from which | will be eternally grateful. | 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 lllumina MiSeq technology for our fungal
biodiversity surveys. This meant many sequences to analyze and many troubles as well which |
was able to detangle with the help of Andrea Berruti and Samuele Voyron. The first memories |
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



sequencing) which day by day, gave space to the skills that grew up and | 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, | also started to analyze soil sequences, coming from a
project with Mozambique. To do that | 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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General introduction



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

(Nehvi and Yasmin, 2013).

June ‘September ‘ October ‘November-March |ApriI-May June

100% =y 1 100%
m m 1 Mass of leaves

wausn Mass of replacement corms

60% - 60%

40% — —40%

20% - -20%

0% — 0%

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 (CasHe4024) is a rare water-soluble carotenoid widely applied as a dye, in foods and
medicines, due to its high solubility, while picrocrocin (CigH2607) and safranal (C10H140) are the
main factor influencing the bitter taste of saffron and the responsible for the aroma respectively

(Moghaddasi, 2010) — Figure 3.

o
" *
o | O Hy CH
’ OH [ I H.C CH,O
Y 0—t—\—Q A
o Crocin AN Y e W @(‘LH Safranal
pm oM
=L Picrocrocin CH,

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 a- and B-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 USS per Kg) medicinal and aromatic plant and, according to ISO 3632
(2011) can be ranked in three major categories of quality (I, II, Ill) 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 (Rafig 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

14



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) (Azcon-Aguilar and Barea,
1997, Bianciotto et al., 2018).

AMF belongs to Glomeromycotina (SchiiRler 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).
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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 Piliarova
et.al. (2019).

Currently, the Glomeromycotina comprise approximately more than 200 known species
Btaszkowski 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).

Itis 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 (Azcon-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) (Azcdn-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 (Kriger,
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 (Opik 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; Stiirmer 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; Borstler et al., 2008; Thiéry et al., 2010; Stirmer et
al.,, 2018; Delavaux et al. 2021) , B-tubulin (Msiska and Morton, 2009; Morton and Msiska,
2010a,b), elongation factor 1-a (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 (Kriger,
2011; StUrmer 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) (SchiRler 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 lllumina 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 x 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 lllumina 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 Illlumina
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°45'35.1” N; 7°02'37.3" E; 1000 m a.s.l.)
and Saint Cristophe (45°45'06.9” N; 7°20'37.0" 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
qualita”, 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 | 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 Il);

- 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 lll);

- 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 lllumina
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 i

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:
e evaluate saffron cultivation in soilless systems, where plants can grow without having
to deal with stress caused by pathogens or nutrients deficit.
e 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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Abstract: Suffron (Crocus sativns L) is cultivated worldwide. Its stigmas represent the highest-priced
spice and contain bicactive compounds beneficial for human health. Saffron cultivation commonly
occurs in open lield, and spice yield can vary greally, (rom (L15 lo 1.5 g m™2, based on several
agronomic and climatic factors. In this study, we evaluated saffron cultivation in soilless systems,
whure plants can benefit from a wealth of nutrients without competition with pathogens or stresses
related to nutrient-soil interaction. Inaddition, as plant nutrient and water uptake can be enhanced
by the symbiosis with arbuscular mycorrhizal Tungi (AMT), we also tested two inocula: a single
species (Rhizophagus ntraradices) or a mixlure of R. intraradices and Funnelifornnis mossear. Afler one
cultivation cycle, we evaluated the spice vield, quality (ISO category), antioxidant activity, and
bivactive compound contents of saffron produced in soilless systems and the effect of the appliced
AMF inocula, Spice yield in soilless systems (0.35 g m™2) was on average with that produced in
open lield, while presenled a superior conlent. of several healih-promoling compounds, such as
polyphenols, anthocyanins, vitamin C, and elevated antioxidant activity. The ANMF symbiosis wilth
saffron roots was verified by light and transmission clectron microscopy. Inoculated corms showed
Larger replacement cormms (+30% ca). Corms inoculated with R, intraradices performed better than
those inoculated with the mix in terms of spice quality (+90% ca.) and antioxidant activity (+88%
ca.}. Conversely, the mixlure of R. intraradices and +. wassear increased the polyphenol content
(+3437% ca.). Thus, soilless systems appeared as an effective alternative cultivation strategy for the
production of high quality saffron. Further benefits can be obtained by the application of targeted
AMF-based biostimulants.

Keywaords: biostimulants; Crocts sativus; Fromacliformis mosseae; glasshouse; protected cultivation;
Rhbizophagis intrarmdices; substrate

1. Introduction

Crocus sutious L. (saffron) is a flowering plant belonging to the Iridaceae family [1], grown for its
red scarlet stigmas that represent the world’s highest-priced spice. The market price for high quality
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saffron can reach 15,000-20,000 € kg '[2]. This species is widely cultivated in several countries, such
as lran, ltaly, Spain, Morocco, trance, Greece, China, India and Mexico [3], with an annual spice
production that exceeds 220,000 kg [4]. The importance and notoriety of saffron, used since ancient
times as a dye, ingredient for the preparation of spirits, and condiment for foad, is due to the substances
contained. in the spice, primarily crocins, picrocrocin and safranal. |5,6]. These compounds confer
the saffron’s unique colour, taste, and aroma, and can also have positive biological cffects. Saffron
active constituents, such as carotenoids (i.e., crocins), polvphenols, and vitamins showed significant
antioxidant activity [7-12]. Furthermore, saffron extracts exhibit anti-carcinogenic, anti-depressive,
anli-hyperglycemic, hypoglycemic, and memory-enhancing effects [3,13]. Crocus salivns is a highly
hand labour-intensive crop, mainly during tlower harvesting and stigma separvation. It is traditionally
cullivaled in small and flat plots, wherein mechanisalion is nol economically suslainable due lo the
harvest type and short flowering period [5,8]. Five humdred hand labour hours are needed to obtain 1
kg ol dried sallron [4,5]. Saffron cultivation can be carried out on an annual or multi-vear cycle [14,15].
Annual cultivation guarantees the effective control of plant diseases with a more accurate corm selection.
On the contrary, in a multi-vear cycle (c.g., 3-4 years in Spain, 4-5 years in Italy, and 6-8 years in India
and Greece) [14], corm multiplication and the sive of replacement corms in the ground can decrease
drastically over the third year [15]. Environment and cultivation management affect flower induction
in C. safivus |5,16-18]. In Mediterranean environments, flower induction occurs from early spring
to mid-summer, while flower emergence oceurs from carly- to late-autumn. Differences in the time
required for flower initiation have mostly been attributed to the corm size |19]. To produce flowers,
the C. sativus corm diameter needs to be greater than 1 em [20]. As the corm increases, flowering
increases |16,21] and occurs in advance |22]. Commercially, a 2.3-3.5 cm diameler corm appears 1o
be the most common sive used to have full flowering already during the first cultivation cyele [23].
To increase sallron yield and quality, and ta reduce production costs, flowering modulation through
cultivation in soilless systems has been proposed [6,19,24]. In this cultivation system, plants are grown
without the use of soil as a rooting medium and are supplied of inorganic nutrients via the irrigation
water [25], and thus can benefit of a wealth of nutrients without competition with pathogens or stresses
related to nutrient-soil interaction [26]. Llowoever, at present, only limited and controversial reports of
saffron soilless cultivation under protected conditions are present in the literature. Molina et al. [18]
reported that, in a glasshouse, temperatures may be responsible for production differences in terms of
flower induction and flowering duration. Maggio et al. | 19] showed that, in southern Italy, cultivation in
a cold glasshouse on vermiculite and perlite-based substrates positively affected the yield and nomber
of replacement corms. Similarly, Helal Beigi et al. [27] found thal cocopeat and perlite substrales
enhanced corm dry weight. While Souret and Weathers [28] and Mollafilabi ot al. [24] concluded that
soilless cullivalion in experiments cartied oul in Trance and Iran, respectively significanlly decreased
the spice yield, in comparison to open field cultivation.

Plant performance in soilless systems may be improved through use of biostimulants, i.e., any
natural substance or microorganism applied to plants with the aim to enhance nutrition efficiency, abiotic
stress tolerance and/or crop quality traits, regardless of its nutrients content [29], with a consequent
decrease of chemicals and increase of sustainability of the production system [30]. Soil microorganisms
such as arbuscular mycorrhizal tungi (AMF} are collecting growing interest as biostimulants. They can
form mutualistic symbiosis with about 80% of land plant species, including several crops [31]. Across
the interface between the plant and the fungus, carbohydrates and mineral nutrients (e, N, P, Zn and
B} are exchanged [32]. Thus, AMT can alleviate the limitation in plant growth caused by an inadequate
nutrient supply and can improve tolerance to biotic and abiotic stress [33]. Additionally, there is
evidence (0 indicale thal AMI: symbiosis may have a posilive impacl on crop qualily [34]. Increased
vield of essential gils, terpenes and polyphenols, and enhanced antioxidant activity were induced by
AMIT symbiosis in several medicinal and aromalic plants (MATs) [12,35-538]. This higher concentralion
of bivactive molecules makes AME-hosted plants generally more attractive for the pharmaceutical and
food industries [39].
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The positive effects of AMF on corm growth, spice vield, and the nutraceutical compound content
of C. sativns have already been reporled in open field Lrials [12,40-42]. However, so far litlle is known
of the proper saffron AME inocula application and effects in soilless conditions, where plants are
cultivated in pots filled with sterilised substrates that are free of AM fungal propagules or highly
reduced in AMF diversity [43]. In the meta-analysis performed by Berrati ct al. [31], it has been
observed that the fungal colonization gain in inoculated plants was significantly more frequent in the
greenhouses than in the open-field conditions, even if the effectivencss of AMFE inoculation on shoot
biomass and yield was equally successful.

Thus, in the literature, saffron cultivation on soilless systems has been proposed for spice
production, but no comparison with open field has been reported. While, the effects of AVF-based.
biostimulants have been investigated only in open ficlds. To evaluate if saffron cultivation in soilless
systems and AMF application may improve crop performance, spice yield and quality, and modulate
bioactive compounds content, we cultivated saffron on soilless systems, applying two AMYE inocula,
and we compared results with those obtained in a previous open field-based trial [12].

2. Materials and Methods

2.1, Plant Material and Soilless Crullivation

Crocus sativns corms with horizontal diameters of 2.5-3.5 eam, provided by the Azienda agricola
“Les épices Vda” di Alessandro Putzolu (Chatillon, AQO, Italy), were planted during the last 10 days
of August 2017 in the experimental heated glasshouse of the Department of Agricultural Forest and
Food Sciences (DISAFA) of the University of Torino ([taly, 45“06’23.21”N Lat, 7°57'82.83"E Long;
300 m a.s.l). Corms were cultivated in pots (4 L, 14 cm diameter and 17 ¢m height; two corms per pot;
density of 91 corms m 7} filled with sterile quartz sand (2 T per pot; bulk deusity of 1.2 kgm ) ona
layer of sterilised expanded clay (1 L per pot; bulk density of 300 kg m~>) for a total weight of about
1.5 kg. Daring the flowering period, the average temperatures were 22 “C during the day and 14 °C
during the night.

Two inocula (MycAgro T.ab, Breteniére, FR) were used in this experiment: one composed of a
single fungus Riizophagns intravadices (Ri) and one composed of K. intraradices and Frnneliformis mosseie
{Ri+Fm). Both inocula consisted of ANMF spores and inorganic substrate (calcined clay, vermiculite
and zeolite}. Inocula treatments were compared to a control without any formulation (AMI-}). Ten
grams of each inoculum were inserted into each vase. The treatment was placed under each corm
in order to guarantee contact between the inoculum and the roots, therefore, favowring mutualistic
symbiosis. Corms were not treated for tungal pathogens and cultivation lasted one cycle (August
2017-April 2018).

A complete randomised block design was used, with a total of 48 pots in two experimental plot
unils (24 pols per unil) and three trealmenls (8 pols per lrealment). Irrigalion waler (pH 7.4, LC 503 uS
am) was added weekly (250 ml. per pot} with a drip system. The corms were fertilised by fertigation
(N:K 13:46; VIGORTLCR, AL.IL. srl, MN, Ilaly) every 2 weeks slarling from the emergence of the

spate, in quantitics of 1.5 g L7 of waten
2.2. Defermination of Flower Production, Stigwa Yield and Corm Growlh

At flowering (October and November 2017), the numbcer of flowers produced daily per corm and
the yield of spice (i.e., stigmas dried at 40 “C [or 8 h in an oven) were measured. The spice vield was
calculated by weighting the mg of saffron produced per pot (area equal to 196 em?) and comparing the
values (o g of spice per square meter (m>). Al the end of Lhe vegelalive period (April 2018), corms were
lifted, rid of topsoil, cleancd and de-tunicated, then the number, size and weight of replacement corms
were delermined.
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2.3. Prepavation of the Saffron Fxtract

The saffron aqueous extracts were prepared according to Caser et al. [12]. Brietly, 30 mg of
powdered saffron were suspended into 5 mL of detonised water. After stirring (1000 rpm) for 1 hour at
room temperature (circa 21 *C) in the dark, the solution was filtered with polytetrafluorocthylene (PTFE,
VWR International, Milano, ltaly) filters with a 25 nun diameter and 0.45 pm pore size. The saffron
extract was then diluted 1:10 with deionised water to obtain the working solution. Each sample was
prepared in triplicate.

2.4, Determination of Saffron Quality by ISO 3632

Saffron aqueous extracts were analysed with a spectrophotometer (Ultrospee 2100 Pro, Ultrospec
2100 pro, Amersham Biosdences, Uppsala, Sweden) to determine the content of picrocrocin, safranal,
and crocin to have the information on the bitterness, tho fluvuuring sh'ungth, and the Lt(!luuring
stremgth [44]. Data were related to the dry matter purcentage and expressed as the absorbance of a 1%
aqueous solution of dried saffron at 257, 330 and 440 nm respectively, vsing a 1 am pathway quartz cell
[ALl% 1 em (A max)] and calculated according to the following formula [45]:

Al%Tem (A max) =D x 10000/m X (100—wMV) (n

where D is the specific absorbance; m is the mass of the evaluated solution in grams; and wMV is the
moisture expressed as a percentage mass fraction of the sample.
Moisture content (WMV) was determined using the following formula:

wMV = (m0-m1) % (100/mi)% (2)

where m0 is the mass, in grams, of the saffron portion before drying; and m1 is the mass, in grams, of
the dry residue after incubation, performed in an oven for 16 hat 103 +2 °C.
All analytical steps were conducted in the dark to prevent analvte degradation.

2.5, Determingtion of Bionctive Componnds by HPT.C

Bioactive compounds were determined by means of four high  performance  liquid
chromatography-diode array detection (HPLC-DAD) methods (Table 1; [46]) using an Agilent 1200
Lligh-Performance Liquid Chromatograph coupled to an Agilent UV-Vis diode aaray deteetor (Agilent
Technologics, Santa Clara, CA, USA). Phytochemical separation was achicved with a Kinetex C18
column (4.6 x 130 mum, 3 pum, Phenomenes, Torrance, CA, USA) using several mobile phases for
compound identification and recording UV spectra at different wavelengths, based on 11IPLC methods,
as previously tested and validated [47], with some modifications. UV spectra were recorded at 330 nn
{x}, 280 nm (B), 310 and 441 nm (y), and 261 and 348 nm (d). All single compounds were identified
by a comparison and combination of their retention times and UY specira with those ol authentic
slandards under Lhe same chromatographic condilions.
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Table 1. Characteristics of the TTPL.C methods applied to analyse the bicactive compounds present in
Lhe sludied saffron samples.

HPLC -1y " Stationaty P klow . .
Method Class Standard Phase Mobile Phase (b min 1) Time {min}
Calleic acid
Cianamic acids 1 XOBENiS scid A 10mM KHo PO, fH5 PO, e
3 Ceumaric acid pH - 2.3 15 200 2CT)
Cerulic acid KINETEX-C1S B: CH-CN
Hypevoside coluwrun ¢.6 X :
lsoquercitrin 150 pun, 3 jun)
Flavanalz Quercelin
Wuercitrin
Rutin
X . Ellagic acid - s
- g ¥ A HaOfCHROHHCCKOH
i Renzoic acids Gallic acid (59501 Py a6 231 2(CT)
Careching Carechin 15 CH-OHHCOUH
Fpicasechin (L0051 v
Crocir 1 W Tl O‘ ’
¥ Cavatenoids Cringin 1T TK: l“l IiL_N 1.6 N (]
Saframal e
Ancathic acid . hr\*(_: I“?"g A
B Vitamin £ Dehydraascarbic Lol Janhih 12 23T T 0y e 3T

KILPOy, pTT-2.5
B CT01T

acid

Cl = cond'ltioning time; Method :x—graulicnt analysis: 3% Bt 21 Bin 17 min 1 21% Bin 3 min - 2 min of
wanditivning time—wavelength: 330 nm; Vethad —gradient analysiz: 3% B ta 85% Bin 22inin 1 85% B in 1.min 1
2 min of conditioning time—wavelength: 280 nu; Method v—gradient analysis: 5% 1 to 9% B in 30 min + 95% B
to 5% B in Smin — 10} min of conditioning time—wavelengths: 310 run + 111 nm; Method S—isocratic analysis:
10 min + 5 min of conditioning time—wavelengths: 261 nom + 218 nm.

2.6. Phytechemical Charicterisation

The phytochemical characterisation of cach sample was performed as previously doscribed by
Caseretal. [48,49]. Briefly, the total anthocyanin content {TAC) was determined using the pl I-ditferential
method. Saffron solution was added to pH 1 and pH 4.5 buffer solutions. The absorbance of samples
was determined at 315 and 700 run atter 15 min of equilibration. The results were expressed as
milligrams of cyanidin 3-O-glucoside (C5G) per 100 grams of dry weight (mggs¢; 100g7 DW). The total
phenol content (TPC) was measured using the Folin-Ciocalteau phenolic method at 763 nm. The results
were expressed as mg of gallic acid equivalents {(GAF) per 100 g of dry weighl (12W; mggar I{)[lg,_l
DW}. The antioxidant activity (AQA) was determined at 595 nm using the ferric reducing antioxidant
power (FRAP) method and al 734 nm using Lhe 2,2"-azinobis {3-elhylbenzolhiazoline-6-sulphonic acid;
ABTS) method. Results were expressed as millimoles of fereous iton (Fe? ) equivalents per kilogram of
dry weight (mmol l'e?* kg™ 1DW) and as jtmol of ‘[rolox equivalents per gram of drv weight {umol
TE & ' DW), respectively. All analyses were performed in three replicates and the absorbances were
read using a spectrophatometer (Ultrospec 2100 Pro, Ultrospec 2100 pro, Amersham Biosciences,
Uppsala, Sweden).

2.7. AMT Fruhuation

On the base of saffron highly mycorrhization level (70 to 90% mycorrhizal intensity) previously
reported [12], we randomly selected saffron roots in April 2018, Then, the root segments were processed
for observation in light and under transmission electron microscopy. Rool segments were excised
under a stereomicroscope and quickly fixed in 2.5% glutaraldehyde in 0.1 M cacodilate buffer (pH
7.2) for 2 hours al room lemperalure and overnighl al 4 °C. I'he samples were then posl-lixed in 1%
504 in the same buffer and dehydrated in an ascending series of ethanaol to 100%, incubated in two
changes of absolute acetone and infiltrated in Lpon-Araldite resin [50]. 'The resin was polimerised
for 24 hat 60 “C. Semi-thin (1 um) sections were then stained with 1% toluidine blue and ultra-thin
{70 nin) sections were counter-stained with uranyl acetate and lead citrate [S1], and used for electron
microscopy analyses under a Thilips CM10 transmission clectron microscope.
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2.8 Chenticals and Reagents

Sodium carbonate, l'olin—Clocalteu phenol reagent, sodium acetate, citric acid, hydrochloric
acid, iron (1) chloride hexahydrate, 2,4,6-tripyridyl-S-triazine {TPTZ) and 1,2-phenylenediamine
dihydrochlotide (OPDA) were purchased from Sigma Aldrich (St. Louds, MO, USA), whereas acetic
acid was purchased [romn I'luka Blochemika {Buchs, Swilzerland). Lihylenediaminelelraacelic acid
(EDTA} disodium salt was purchased from AMRESCO (Solon, OH, TSA), whercas sodium fluoride was
purchased from Ricdel-de 1laen {(Seelze, Germany). Ethanol, acetone, sodium citrate and lead nitrate
were purchased from Fluka Biochemika. Analytic HPI C grade solvenls, melhanol and formic acid were
purchased from Sigma Aldrich and Fluka Biochemika, respoctively; potassium dihydrogen phosphate,
ammonium dihydrogen phosphate and phosphoric acid were also purchased from Sigma Aldrich.
Milli-Q ultrapure water was produced by Sartorius Stedium Biotech mod. Arium (Sartorius, Goettingen,
CGermany). Cetyltrimethylamnmonium bromide (cetrimide) was purchased from Extrasynthése {(Genay,
lirance), whereas 1.2-phenylenediamine dihydrochloride (OPDA) was purchased [rom Sigma Aldrich.
All polyphenolic and torpenic standards were purchased from Sigma Aldrich. The organic acids woere
purchased from Fluka Biochemika, whereas ascorbic acid and dehgdroascorbic acid were purchased
from Tixlrasynthése. All chemicals specific lor eleclron and oplical microscopy were purchased from
Electron Microscopy Sciences (Newark, PA, USA), i.c., glutharaldeyde, cacodylate buffer, osmium
tetroxide, epon/araldite resin, toluidine O and wranyl acetate.

2.9. Statistical Annlysis

An arcsin transformation was performed on all percentage incidence data before statistical analysis
in arder to improve the homogeneity of the variance (Levene test). All the analysed data were checked
for the normality of variance. For all the analysed parameters, mean differences were computed using
a one-way ANOVA with a Tukey post fioc test (p < 0.05). Mean comparisors between data obtained
in soilless and those [rom the [irst growing season of a previous work conducted in open field [12]
cultivations were performed using an independent samples t-test. All analyses were performed using
SPSS 24.0 Ine. software (SPSS Inc., Chicago, LL, USA).

3. Results and Discussion

3.1, Crop Peyformuncr, Quality and Secondary Metabolite Condent of Saffron in Soilless Cultivation

Soilless cullivalion in a glasshouse has been recenily proposed as an allernalive melhod (o open
ficld cultivation for saffron. Maggio et al. [19] and Gresta et al. |6] reported that, by controlling growth
conditions, flowering could be modulated, extended and considerably increased, compared with open
field cultivation. In the present study, under protected conditions, flowering had the same duration
(ca. 22 days) compared to cultivation of the same corms planted on the same days in a northwestern
ltalian open field [12], but the salfron Dowering moved forward about 20 days (from 3 Ociober 2017
to 23-30 October 2017), in agreement with Gresta et al. |6]. Since, for the flower emergence, corms
required to be transferred from 23-27 *C to 17 “C [18], the most likely reason for this results is related
lo the facl thal, in a glasshouse, the lowering of seasonal lemperalures lakes place more slowly than
in an open ficld. Tn addition to the temperature lowering, Gresta ot al, |52] indicated the soil water
content as another environmental component that can trigger flowering. [lowever, as in these twa
studies object of comparison, the cultivation occurred in different substrates (quartz sand vs soil), it
appears not possible to make speculations.

Saifron vield can vary from (.15 to 1.5 g m~2, based on planting density, plantation age ({from
one to six year ¢rop cycles), and climatic conditions during the crop season [1]. Tn this study, an
average of 0.55 g m~2 was obtained, indicating a profitable production alrcady during the fiest vear.
‘I'his yield was similar lo whal oblained cullivaling lhe same corms at a densily of 39 corms m—2
in a northwestern Ttalian open ficld [12] and superior to that obtained in south Ttaly under similar
alasshouse conditions by Gresta et al. [6] (corm density equal ta 40 corms m™; 0.46 g m™~2) with corms
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coming from Sardinia (Ttaly). With similar corm density to our work, Cavusoglu and Frkel [53] and
Maggio et al. [19] obtained much higher vields (0.88 g m™ and 2.34 g m™, respectively) in glasshouses
located in Turkey and south Ttaly. Tn Tranian open ficlds, at a corm density similar to our study,
Mollafilabi et al. [24] and Koocheki and Seyyedi [54] oblained an average spice vield of 0.48 g m™2,
As affirmed by Gresta et al, [52], to tigger saffron flowering, a not yet fully understood combination
of lemperalure and. soil waler conlent is needed.

In addition to the spice vield, another economically important attribute of saffron is the number of
replacement corms. The oblained values (2.63 replacemenl corms corm™) are lower of those oblained
by Maggio et al. [19] in soilless cultivation in a cold glasshouse in south Italy, by using peat and perlite
(1:1) substrates, where corms produced from 3.0 to 4.5 replacement corms per corm. In addition ko a
different substrate, these authors also incubated corms in the dark for 83 dags before planting. Thus,
the combination of these two factors could have guarantee a superior result. Comparing to open field
experiments that used corms with similar size to our study, results were n agreement with those
from our trial in northwest Ttaly |12], and tha trials performed by Turhan ot al. [55] in Turkoey (2.32
replacement corms corm™), while superior to those abtained by Koocheki and Seyyedi [54] in [ranian
fields (1.32 replacement corms corm .

Guidelines for lhe analyses of the main compounds thal conlribule o the sensory prolile of
saffrom have been established by 180 3632 regulations [44]. These regulations define procedures to
determine Lhese compounds by speciropholomelric analyses and have established the limils by which
saffron quality is classified into three different categorics (first, sccond and third). Specifically, the
saffron produced under soilless conditions helongs to the highest quality, i.e., first category, for all the
studied parameters.

The evaluation of antioxidant activity is generally considered as an important method to evaluate
the nutraceutical properties of food, as indicated in other previous studies [30]. Apart from crocins,
Karimi ¢t al. [36] and Asdaq and Thamdar |57] highlighted that phenols and flavonaols are responsilile
lor the antioxidant potential of sallron. Overall, lhe sallron produced in soilless systems showed a
very high TPC (4445.4 mg; 4 100g ! DW), more than the saffron cultivated in other sites in the Alps
(range belween 1340 and 2355 mgg;ap 1007~ 1W) [12], Lebanon (160 mggar 100g71 W) [38], and
Inclia (828 mygc,ap 100g ' DW) [S]. In terms of antioxidant activity, FRAP values were superior to those
of Tranian and Ttalian samples (circa 370 and 1250 mmol Fet kg1 [12,36] and ABTS values were
compatrable to those found In ltalian and Greek satfron by Caser et al. [12] and Ordoudi et al. [59].

3.2, AMF Colonisation

In our study, the presence of AMI and their colonisation of saffron roots were confirmed by
observations using light microscopy {(Figure 1) and transmission clectron microscopy (TEM; Figure 2)
on semi-thin and thin seclions, respeclively. Observalions on semi-thin seclions, slained in blue, show
that the saffron roots are mycorrhised when inocalated with both inocula (Figure 1A C), confirming
the mycorrhizal inlensily described in Caser el al. [12]. Al the level of the corlical rool parenchyma, ihe
typical mycorrhizal arbusewlar fungal structures have been highlighted (insets Figure 1A,C). Figure 1
shows the presence of intercellular and intracellular hyphae (Figure 1C) and arbuscules (Figure 1A B).
No fungal structures were found in the roots of the contral treatments (Figure 1D),
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Figure 1. Light microscope images of semi-thin sections of Crueus sefiens roots inoculated with
Rhizephigns infrarlices and Fanmelifopnds mosseae (Ri+Fm, A), R infranalices alone (Ri, B and C) ar
the control (arbuscular mycorrhizal fungi (AMT)-, D), stained with toluidine blue. At the lavel of
the cortical cells, note the presence ol intercellular and intracellular hyphae (i) and arbuscules (a).
Magnification in inscts A and C shows delails of the intracelhar hyphae. Cortical parenchyma (1°C)
cells with nucleus (N) are indicated. No fungal structure is present between and inside the root cells in
AMF-roots (1), Note the central cylinder (o) and the endodermide (en). Bars are 20 pmin A, Cand I,
and 10 um in B.

Here, the host plasma membrane invaginates and proliferates around all the developing,
intracellular [ungal structures, and cell wall material is laid down between this membrane and
the fungal cell. surface. The exchange of molecules belween the fungal and plant cyloplasm lakes place
both through their plasma membranes and their cell walls; a functional compartment, known as the
symbiotic interface, is thus defined. At the electron microscope level, as seen in Figure 2A,C (arrows),
this new apoplastic space, based on membrane pmlif&:l'aﬁuﬂ, is evident around the intracellular and
arbusculated hyphae of the AMF penetrated inside the saffron root cortical cells. On the basis of TEM
observations, we can conclude that the mycarrhizae, formed between saffron roots and the two species
of AM fungi in the inocula used in pot experitnents, are alive and functionally active.
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Figure 1. Light microscope images of semi-thin sections of Crueus sefiens roots inoculated with
Rhizephigns infrarlices and Fanmelifopnds mosseae (Ri+Fm, A), R infranalices alone (Ri, B and C) ar
the control (arbuscular mycorrhizal fungi (AMT)-, D), stained with toluidine blue. At the lavel of
the cortical cells, note the presence ol intercellular and intracellular hyphae (i) and arbuscules (a).
Magnification in inscts A and C shows delails of the intracelhar hyphae. Cortical parenchyma (1°C)
cells with nucleus (N) are indicated. No fungal structure is present between and inside the root cells in
AMF-roots (1), Note the central cylinder (o) and the endodermide (en). Bars are 20 pmin A, Cand I,
and 10 um in B.

Here, the host plasma membrane invaginates and proliferates around all the developing,
intracellular [ungal structures, and cell wall material is laid down between this membrane and
the fungal cell. surface. The exchange of molecules belween the fungal and plant cyloplasm lakes place
both through their plasma membranes and their cell walls; a functional compartment, known as the
symbiotic interface, is thus defined. At the electron microscope level, as seen in Figure 2A,C (arrows),
this new apoplastic space, based on membrane pmlif&:l'aﬁuﬂ, is evident around the intracellular and
arbusculated hyphae of the AMF penetrated inside the saffron root cortical cells. On the basis of TEM
observations, we can conclude that the mycarrhizae, formed between saffron roots and the two species
of AM fungi in the inocula used in pot experitnents, are alive and functionally active.
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Figure 2. Transmission eleclron microscopy images of Lhin seclions of sallron rools colonised by
Rhizophagus inlraradices and Funneliformis mosseee {Ri—Fm, A), R. inlraradices alone {Ri, B and C) ot lhe
conlral {AMF-, D). [n delails, a: fungal arbuscule; N: nucleus: M: milhocondria; P: plastids; it fungal
hyphae; PCW: plant cell wall; FCW: [ungal cell wall; arrow: planl plasmamembrane; arrowhead and
inset: Golgi apparatus. The bar is 1 um in A, B, Cand D.

3.3. Impact of AMF on Saffron in Seilless Culliontion

3.3.1. Crop l'erformance and Qualily Classification

In the present sludy, slight dillerences in flowering lime and produclion were delecled beliveen
treated corms (igure 3 and ‘lable 2). Both applied inocula (Ri and Ri+lim} anticipated saffron flowering
time of one week, compared to untreated corms (AMEF-; 23 October vs. 30 Qctober), whereas the
flowering peaks and end of flowering occurred in about the same number of days (6-9 November and
11-13 November, respectively).

No significant differences were observed bebween the treatments in terms of the number of flowers
corm™! and the oblained mg of spice flower™! {Table 2). Very [ew reporls aboul the eifeclive role of
AML in saffron flowering and yield are available in the literature, and only under open field conditions.
Aimo ot al. [40] and Cascr et al. [12] indicated a positive role of AMF on the saffron productive
performance, with an increase in flower production (+68% and +138%, respectively, compared to the
untreated corms) using AMF species belonging to the genus Glosmes,
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Table 2. Effects of AMF inoculum composed of Rhizophagus intraradices alonce (Ri), R. intraradices and Funneliformis mosseae (Ri+Fm) or the control (AMF-) on yield
performances (flower corm™! and saffron flower1), growth (number of replacement corms corm™!; replacement corm size and weight variation between the end and

beginning of the trial) and mean absorbance values for picrocrocin, safranal and crocin of saffron samples obtained during glasshouse cultivation.

Yield Replacement corm Quality category (ISO3632 [42])
Flower corm™= Saffron N . Picrocrocin (A1, Safranal (A'%,, Crocin (A",
%) " o cn om om
Treatment pis flower? (ing) Size (%) Corm™! (n) Weight (%) (A257) (A330) (A440)

Ri .84 + 0.62 6813 45.8 £ 4.6a 271153 THE5.6 1438 + 2.6()Pa 61.0 £ 5.3(Da 4226 + 4.1(1)a

Ri+km 0.66 + 0.60 6.0x14 54.6+62 225£0.95 5.6+£38 124.3 £39()¢ 307 £ 3.4()c 164.2 £ 3.8(1)c

AMF- 097 +0.53 66+04 331 +68b 263 +1.06 12,6+ 5.1 135.9 + 3.4(0b 543+ 6.7(b 3247 + 590

» ns ns oo ns ns o e e

according to a Tukey post fuc test. The statistical relevance of ‘Between-Subjects Effects” tests (**p < 0.001, ns = not

Mean values with the same letter are not statistically different at p < 0.0:
ignificant) B The quality category (IS03632) is indicated in brackets. The limits for the first (I) quality category are: picrocrocin>70; safranal 20-50; crocins>200. 1803632 limits for the

8
second (II) quality category arc: picrocrocin >55; safranal 20-50; crocins >170. 1503632 limits for the third (I1l) category arc: picrocrocin>40; safranal 20-50; crocins>120.
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Figure 3. Fffects of AMT inoculum composed of Riuzaphagus intraradices alone (Ri), R. intraradices and
Funneliformis mosseae (Ri+Fm) or the control (AMF-} on the flowering calendar of Crocws saffins corms
and the daily number of picked Howers m~2 during soilless cultivation,

Both of the AMF inocula increased the size of replacement corms in comparison to untreated
corms (Table 2), suggesting a positive effect on fower production for the following cultivation cycle, in
agreemenl wilh Aimo el al. [40] and Mohebi-Anabal el al. |39]. Corm size is indeed a major [aclor in
bulbous plants to determine the flowering capacity and production of new replacement corms [3,42].

Saffrom yuality greatly depends on the growing conditions [12,60]. In the present study, among
the AMF inocula, R. intraradices alone significantly increased the content of picrocrocin. (bitterness),
safranal (flavouring strength) and crocins (colouring strength), in comparison to the other treatments.
On the contrary, Ri+Fmn significantly reduced the content of these molecules and, thus the quality of
the spice, in particular by Towering the crocin content to the third category of 150 3632. To the best
of our knowledge, this is Lhe {irs{ reporl indicaling Lhe ellecl of AMI' on Lhe quality (ISO) of saflron
obtained by soilless cultivation. The positive role of Ri on the Increase of the saffron quality, especially
on the content of picrocrocing, was highlighted also in northwestern Ttalian open field [12]. Thus, the
corm. inoculation with Ri could further increase the already high. quality saffron produced in the Ttalian
Alps [45,61].

3.3.2. Saffron Metabolic Profiling Comparing to Other Foods

In addition to the peculiar organoleptic characteristics, the stigmas of the C. satious flower contain
many secondary metabolites with demonstrated pharmacological effects |3,11,62-64|. The identification
and quantification of bioactive compounds in saffron and the evaluation of their biological activities are
important to gauge their potential efficacy in food and pharmaceutical industrics [63]. The range of all
chemicals can vary greatly as a result of growing conditions, such as in response to the application of
biostimulants [65]. Inoculalion with AMT is knowr lo aller the production of secondary melaboliles in
MAPs, both in roots, shoots, and flowers, even if is not consistent amonyg plant organs [66]. The effects
of AMF inocula on the biosynthesis of secondary metabolites in saffron are presented in Table 3. This
more in-depth analysis confirmed the results obtained by assessing the spice quality according to
1503632 guidelines. Lhe single species inoculum Ri significantly increased the content of cracins {crocin
Land 11), whereas the mix Ri+Fm decreased it; these findings are in agreement with those obtained
by Caser et al. [12] under field conditions in a temperate mountain area (north-west Ttaly), where the
sallron oblained by corms inoculaled wilth Ri resulled in superior qualily (i.e., qualily compared lo
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the IS0 slandards). Regarding anlioxidant aclivily (AOA), inoculalion wilh Ri resulled in superior
values in both used methads (FRAP and ABLS). The AMF inoculum composed of Ri+Fm significantly
increased the contents of isoquercitrin and the total phenolic (TPC) compared to Ri, while of ellagic
acid in comparison. to Ri and AMF-. Differences in results according te the AMFE inoculum composition
were also observed in other plant species cultivated on dillerent substrates. Among the reviewed
studics, it has been found that the single inoculation of R, futraradices tend to be more successful for
bivactive compounds increase than inoculation experiments with more than one species applied at the
same time. In Echinacea purpurea Moench. [67] cultivated in a sand and soil (1:1) subslrate, R, infraradices
alone increased more the content of polyphenols than the mixed inoculum, while in Cynara carduncrilus
L. cultivated in sandy soil [68] and Lactuer sativa L. cultivated in a mixture of peat, sandy loam soil and
calcinated clay (1:1:1) ]69] R. nttraradices enhanced more the antioxidant activity. However, ithas not
been observed any eflecl on the accumulalion ol polvphenols in Ocimum basificusn L. cullivaled in a
sterilised sand and soil (3:1) substrate [70] and in Salwin officinatis L. in sand, soil, and expanded clay
{1:1:1) [71,721.

Table 3. Bivactive compounds, anthocyaning, total polyphenol content and antioxidant activity (ferric
reducing antioxidant power (FRAP) and 2,2’-azinobis(3-cthylbenzothiasaline-6-sulfonic acid) (ABTS);
antioxidant activity (AQA)) of the saffron produced via glasshouse cultivation with AME inocula
composed of Rifzophegus intravedices alone (Ri), R. fifrarvadives and Cunwediforniis nossene (Ri+Fm) or a
conirol {(AME-).

Class Compaund (mg 100g~' DW) Ri Ri+T'm AMU- p
Cinnamic acids Cowmaric acid 231435 22726 237 +35.1 ns
Flavonol lsoguercitrin 19 +0.30 16 - 0.2 23+ 5ab A
avonals Queceilsin 178445 NG+4.1 101 £36 ns

4 _— Gallic acid 45 _13 51113 49114 ny
MV A I u . o ot
HNARIC acids Lillagic acid 19 %05k 32=03a 10+ 04b
. . Catechin 1Yy=14 Ta U3 18 £0.3 ns
S i Epicatechin 98 _29 5912 96125 ns
Satranal 10=08 A0+ 1.2 10+07 ns

Carotenoids Crocin | 104.2 + n.éa 221 + 650 53.5 - 84db hahd
Crocin 1T 427 _%6a 164 1L A8h 337 L 129ab =

Dehy droascorbic acid 288+ 6.3 302+11 EYR- XA ny

Vitamin C Ascorbic acid 30 +493 NI+ 6.7 HNTF+48 ny
Total witamin C AGN =102 6.3 £ 5.9 736 x84 ns

TAC Anthocyanin (mgeg,, 1104 - Dw) 640.7 L &.6h 146.4 1 298¢ 16543 1L 65.4a *

Methruls

TFC Falin—Civcalteu (mgpap W™ DW) B1685£15270 36190240020 44454243022 i
AOA LRAL (mmol et kg"' DW) J10RYE1524 5 TINANE38Y.7ab 379, 7=128.4b =
ABTS (umoly 27! D) 3.4+ TbHILAL 4.5+0.7ah

Vean values with the same Teller are nal slalistically difierent at p £ 005, according 1o a Tukey pes! e (ot
The atatisheal velevanca of 'Beh\rem—fiubjccl:s Effects” tests {* p < L5, ** < (L1, 22 p <00, ns — not igmificant).

Karimi et al. [55] and Raharee et al. [63] indecated that the anbioxadant capaaities of saffron might
be due to the prasence of total phonolics and Alavencids. Pased on the oblained results, the content
of the bioactive compounds detected in saffron could be compared to other commonly saten fruits
wilh highly advantageous nutrilive propertes. Safiron had a higher tolal phenol content (TPC) and
antioxidant activity {(ADA) than fresh Ribes nigrom Lo berries (circa +10000% and +493%, respectively),
and fresh (eirea +2000%0 and +18300%, respectively) and dried (circa +900% and +1530%, respectively)
Lyciem spp. fruits [65,73], analysed with the same method. Since saffron showed an antioxidant activity
superior than 371 mgeag 1970 it could be also listed verthun the health beneficial frutts such as Rudus
gimeus Barth. and Proonis sevoting var. Capuli as suggested by Vasco ot al. [74]. Tts contont of vitamin
€ was similar to what found in Actinidin delicioss (A Chev) C Fliang & A R Ferguson and Citrus
sinepsis (L) Osb., and even higher than in Lucium spp. (+150%) and Vaccinfum spp. (+380%). Also,
the cowmaric acid content was superior {(+85°) than in Morus nigea L. fruits [75] while Lower than in
Lyjeim spp. fruits, that showed also highor content of gallic acid, cllagic acid, catechin, and epicatechin
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was generally lower in saffron (on average circa —75%, —70%, —92%, and —95%, respectively) |73,75].
Lastly, the content of anthocyanins, that are suggested to have neuroprotective properties [76], was up
to 11654.5 mg 3¢ 100¢~! DW, i.e., a value very high in comparison to fresh fruit extracts from Mors
nigri, Rubus fdacus L., and Fragaria animassa D. (80.0, 33.7, and 35.2 mgese, 1 ()(]g‘1 . respectively) [75].

3.3.3. Soilless Culiivation vs. Open Field

Saffron root colonisation by AMF could be affected by the cultivation conditions related to the
subsirale composilion, rootl lemperalure or the presence ol antagonistic fungi nalurally occurring
in the soil [31,40,41,76]. In vur recent studies, AM fungal colonisation was noted in C. sativats roots
inoculated with Ri and Ri+I'm, both in soilless (I'igures 1 and 2) and in open field conditions [12].
Figures 4 and 5 report the comparisons of the results obtained by these studies. Compared to open
[ield, in soilless conditions not-inoculated corms (AMI-} showed similar spice yields but with higher
quality while, referring to AMF treatments, Ri-inoculated corms produced less spice but with a higher
quality, whereas Ri+I'im inoculated corms produced less spice, with a lower quality (i.c., reduction in
crocin content).

Saffron corm™ {mg)

A%, (A330)

A% (A257)
*

Ri Ritlm AMI-

Figure 4. Effects of AMF inoculum consistingg of Rhizophayws infruvadices alone (Ri), R. imfrioadivces and
Funneliformis inosseas {Ri+1m) or a control (AMI-) on (A.) mg ol saflron corm™1, (B.) picrocrocin, (C.)
safranal, and (D) crodn of Crocus setiEns corms cultivated in suilless (Ulack bars) and open field (grey
bars, [12]) conditions. Mean comparisons of cach treatment in the bwo cultivation types were performed

using an independent samples t-test.
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Figure 5. Tiffects of AMT inocalum consisting of Ritfzophagus infraradices alone (Ri), R intraradices and
}-'mmcbjfcw'rms niesseae (Ri1 Fm) or a conlrol (AMF-) on the conlenl of {A.) isoquercilrin, (B.) quercilrin,
{C.) ellagic acid, (12.) epicatechin, (E.} crocin T, (E.) crocin 11 {GL) ascorbic acid, (H.) vitamin C, (L) total
palyphenol content (TPC), and (L.) antioxidant activity (TRAT assay) of saliron produced in soilless
{black bars) and upen field {grey bars, [12]) conditions. Mean comparisons of cach beatment in the two
cultivation types were performed using an independent samples t-test.

With respect to the nutraceutical compounds, the comparisons are presented in Figure 5.
No differences were reporled belween the untrealed corms (AMF-), whereas (he applicalion of
Riin the soilless condition induced an incrcase in the contents of epicatechin, crocin T, and andoxidant
activity (+80%, +435%, and +675%, respectively), while a decrease in the contents of isoquercitrin,
quercitrin, ellagic acid, ascarbic acid, vitamin C, and 1PC. l'ewer dillerences were induced by Ri+lim,
which positively stimulated both the total phenolic content and anboxidant activity (1210% and 1 325%,
respectively), but caused a decrease in quercitrin, erocin 1T, ascorbic acid, and vitamin C.

4. Conclusions

Sailless cultivation in a glasshouse appeared as an effective strategy for the cultivation of saffron
with a firsl-year cullivalion spice yield thal is comparable with open field production sites. Moreover,
the high quality saffron produced via soilless cultivation prosented an clevated content of several
health-promoting compounds with highly advantageous nutritive propertics, such as polyphenols and
elevaled antioxidanl aclivily. 'urther studies are needed 1o deline beller the methodologies lo modulale
time and duration of flowering, to improve vield, and to efficiently schedule harvest practices.

Arbuscular mycorrhizal-based products have received great interest in agriculture for their
potential to improve crop productivity, nutritional quality, as well as resistance to plant pathogens and



50

Agronens 2019, 9, 232 150f 1¥

ramerous environmernttal stresses. The literature highlights that AMF must be chosen by evaluating
differenl aspects, such as the inoculum Iype, hosl plants, and the environmenlal and growing, condilions.

1ere, AMEF successfully colonised C. satizus roots; their effects varied on the basis of inoculum
lype and cullivalion condilions. Among the studied AMF inocula, R. infraradices appeared lo give
more benefits to C. safivis than the mix of R, intraradives and Fowmosseae. Specifically, the R, intrariadices
inoculation appeared successful in open field to increase spice yields while in soilless systems Lo
increase the spice quality.

Thus, soilless systems appeared as an effective alternative cultivation strategy for the production
of high quality saffron. Further benefits can be obtained by the application of targeted AMF-based
biostimulants. A cost-benefit analysis should be performed to assess the economic sustainability.
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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:
e evaluate saffron mycorrhization in potted conditions.
e 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

56



57

particularly the mixture of R. intraradices and F. mosseae, positively affected saffron

cultivation in the two Alpine sites.
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Abstract: Arbuscular mycorrhizal fungi {AMT) establish mutualistic symbiotic associations with
plant rools and acl as biolertilizers by enhancing plant nulrienl and walter uptake. Moreover, AMY
colonization may influence the bivsynthesis of plant bivactive compounds in medidnal and
aromatic plants. There s limited information on AMF associations with Croeus saftous T {saffron)
rools and Lheir efllecl on crop performances and spice qualily. In 1he present work we verilied Lhe
efficiency of rool mycorrhization in potled condilions, then we evalualed Lhe vield and qualily of
the saffron produced in two Alpine sites during two cultivation eycles with the application of AME.
Two inocula were applied, either a single-species (Rinzophagus Mtraradices

or o multi-species
mixture (R. finfravadices and Funnafifornnis wiosseqe). The trial conducted in potted conditions
confirmed thal both AMF cominercial inocula established symbiolic relationships wilh saffron
roots. The multi-species inoculation yiclded the highest content of arbuscules in colonized portions
of the root (TOO), while the single-species was slightly less {82.9%) and no AMT were recorded in
unirealed conirol corms. In open-iield conditions, AMT colonization of the root sysiems, {lower
produclion, and saf{ron yiclds were monilored, and bioaclive compounds conlenls and anlioxidant
activity in the dried spice were analysed using spectrophotometry and high performance liquid
chromatography. Overall, the satfron produced was high quality (ISO category) and had high
conlenls of bioaclive compounds, wilh very high Lolal polyphenol conlent and elevated anlioxidanl
activity. ‘The use of arbuscular mycorrhizal symbionts as biostimulants positively affected saffron
cultivation, improving the crop performances and the content of important nutraceutical
componnds. In particular, the inoculum compaosed by R intreradices and F. srossoae inereased flower
praduclion and [he saffron yield. R. finlraradices alone enhanced Lhe spice anlioxidanl aclivily and
the content of bivaclive compounds such as picrocrocn, crocin [l and quercilrin, Since saffron is
the world’s highest priced spice, the increases i yiddd and quality obtained vsiog AMF suggests
that farms in marginal areas such as alpine sites can increase profitability by inoculating saffron
lields wilh arbuscular mycorrhiza.

Keywaords: Crocus satious 1. biofertilization; arbuscular mycorrhizal fungi; antioxidant activity;

crocin; picrocrocin; polyphenols; safranal
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1. Introduction

Saffron (Crocus seHimns 1.) s a triploid herbaceous geophyte that is reproduced by means of
replacement corms and is cultivated in environments with very different soil characteristics [1-3] for
ils red scarlel sligmas Lhat are used worldwide as a spice and nalural dye [1]. Origin, abiolic stresses,
agronomical practices, and processing methods (stigma separation, drving, and storage) can
influence both the plant and the saffron spice vield, composition, and quality |5,6]. The spice’s
organoleptic properties are ascribed to the relative percentage of peculiar secondary metabolites:
crocin, picrocrocin, and safranal, which provide the unique color, bitter taste, and aroma,
respectively. The concentration of these constituents combine to determine the saffron spice quality,
as defined by the International Organization for Standardization [7]. Studies related to saffron
quality are expanding mainly due o the antioxidant properties of 1his spice and their positive
influence on human health [8]. Antitomor and cancer-preventive propertics are mainly attributed to
the high carolenoids content |9].

Reproductive, vegetative, and dormancy are the main phenological stages [10]. Saffron flower
induclion is a very complicaled mechanism direcily relaled 1o ecological condilions and field
management [11,12]. As in most geophyte plants, both seasonal and daily thermoperiodism are
involved as the main environmental factors [11]. Flower induction requires an incubation of the
corms at high temperature (23-27 °C}, followed by a period of exposure at moderately low
temperature (17 “C) for flower emergence. I Mediterrancan environments, flower induction occurs
from early spring 1o mid summer, while flower emergence occurs from early-to late-auluman.
Differences in the time required for flower iniiation have mostly been attributed to the corm size
113]. In addition, Molina el al. [14] reporled Lhal air and soil lemperalures mighl be responsible for
diffcrential flower induction and duration of up to twoe months. Flowering is followed by a
vegelalive slage Lhroughout the winler and formation of replacement corms al Lhe base of shools. Al
the end of spring, the leaves reach the highest length, start to senesce, and wither, und the bulbs go
into dormancy [14].

Due to its unique biological, physiological, and agronomic traits, saffron is able to exploit
marginal land and is included in low-input cropping systems, even if high amount of skilled labour
is required |11]. In ltaly, saffron coltivation is gaining increasing attention as an alternative crop for

sustainable agriculture systems [11,15], where it could represent a valid mean for increasing incomes
ol mullifunclional (arms, with a posilive impacl on Lhe recovery and economy ol Lhese areas [15,16].
Since saffron is the workd’s highest-priced spice due to the intensive himd labour required for daily
Hower picking and sligma separalion [14], small increases in Lhe vield and/or qualily can connole a
large increase in profitability, In this context, the adoption of sustainable cultivation technigues such
as Lhe use of biostimulants may represent [urther help in both the increase in spice vield and aclive
ingredients accumulation [17].

Recent rescarch has focused on the benefits of soil organisms to crops, espedally to promote
plant nutrient uptake and assimilation [18,19]. Indeed the soil is not only the location of plant life
cyde stages, but also the main reservoir for a wide ramge of plant biostimulants (PBs), including
arbuscular mycorrhizal fungi (AMI) [19-21]. Ubiquitous and abundant, AMI are obligate
endosymbionts living inside most plant routs present in diverse envirorments, induding productive
agricultural svslems |22-25|. When colonizing roots, hyphae extend rool limils, improving waler
andl inorganic nutrient acquisition from the soil, mainly phosphorus (P) and other minerals, in
exchange for photosynthetic products. The use of AME has a demonstrated cconomic impact on
agriculture and horticulture and they may also confer pathogen protection Ly altering plant
physiological paramcters, and improving soil nutrition and aggregation under different growing
conditions [26-28].

Mounting cvidence indicates that AMF may induce changes in primary and scecondary
metabolism of host plants, increasing polyphenols, flavonoids, and phytohormone dynamics [29,30].
Such metabulic changes may be ascribed to a transient activation of host defence reactions in
colonized rools |20,31]. The role off AMF symbiosis in Ilowering dale and [lower produclion is
fragmented [32].
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In medicinal and aromatic plants (MATSs), such as Armica nrontuia L., Coriundrwm suticum L., and
Anethum yruveelens L, AMF colonization influenced bioactive compound biosynthesis such as
ascarbic acid, flavonoids, polyphenols, carotenoids, and vitamins [33-36]. lnoculation with
Furntelifornis inosseae Gerd, & Trappe and G, versiforme P, Karst, improved plant growth and
enhanced the glveyrrhizin concentration In Glyeyrrhiza uralensis Fisch plants |26]. Moreover, under
low I” availability, @ mix of AMIiincreased the production of root biomass and of pseudohypericin
and hypericin content in flowers of Hypericim perforaiun 1. |32]. Although widely applied, evidence
for AMI symbiosis efficacy and persistence is scanl, incomplele or lacking [37,38] and Lhe use of
AMI‘ in crop produdiion is lacing some limitations due lo product cosls, producer awareness levels,
and variability in mycorrhizal inoculum quality [21,27]. Many faclors can allecl Lhe success of
inoculation and AMF persistence, including environmental and cultivalion conditions, species
compatibility, degree of spatial competition with other soil organisms, and the time of inoculation.
However, omce AMF inoculation is restored and well established in soil, the AMF commumity will
persist through time. Tf detrimental practices are minimized before and after cultivation, biodiverse
mycarrhizal hyphal networls will remain unaltered and infechive in the field [27]. Henee, it is
important to assess the coffects of AMF on crop traits both as carly application and as residual
persistenee in the following crop cultivation scasons,

Incidence of AMEF, alone or in combination with plant growth promoting bacteria (PCPB), was
reported in corms of C. satiens [39-44). Different authors report that well-established AME
colonization of saffron roots results in increased corm P content, chlorophyll, fresh and dry corm
mass, and [eaf matter, and greater soil P and nitrogen assimilation [43—45]. Shajari et al. [44]
indicated a significant effect of AMF in corm grawth and mineral assimilation during the second
cullivation season, supporiing their effective residual effects in saffron cullivation. However, Jitile js
known about 1he efiects of AMIi on spice yield, and phytochemical profiles in open field cullivation
146,47.

The possibilily thal AMF can enhance Lhe economic value of salfron by increasing yield and
qualily is even more inleresting il we consider Lhe worldwide increase in use of biocompounds in
Lhe lood and pharmaceulical indusiries. 'hus, Lhe aims ol the presenl sludy were (1) Lo preliminarily
verify the constitubive assodation of AMF with saffron roots in sterile pot conditions, and (2) to
assess the AMF symbiosis in open field conditions and its effects on satfron plant growth,
productivity, and bioactive compounds content in Alpine open ficld conditions.

2. Materials and Methods

2.1 AME fnocudation in Pol

Sallron corms wilh horizonlal diamelers ol 1.3-2.8 ¢m were sown in pols (4 1.; 1 corm per pol}in
Lhe lasl len days of Augusi 2016. Pols were (illed wilh slerile quarlz sand (3 |. per pol) on a layer of
slerilized expanded clay {1 1. per pol). Corms were lrealed wilh lwo inocula (MycAgro Lab,
Breteniére, FR), one composed of a single fungus Rhizophagus infraradices (Ri) and one of R.
intraradices and Furmeliformis nossear {(Ri + Fm). Ten g of each inoculum were placed under each corm
in order to guarantee the contact betwoeen the inoculum and the roots and therefore to favour the
symbiosis between AMF and roots. Saffron corms used as conbrols waere not inoculated (AME-)
Corms were not treated against fungal pathogens. A randomized block design was used with a total
of 48 pots displayed in two experimental plot units (24 pots per unit) and three treatments (8 pots
per treatment). Cultivation lasted for one eycle {August 2016-April 2017) in a heated glasshouse of
the Department of Agricultural Forest und Food Sciences (DISAFA) of the University of Torino
(Italy, 45°0623.21" N Lat, 7°37'82.83" E Long: 293 m a.s.l.), with an average temperatare of 22 °C
during the day and 16 “C in the night. erigation water (pl1 7.4, EC 505 pS cm) was added weekly
(250 mL per pot) with a drip system. The covms were fertilized by fertigation (VIGORFLOR, AL.IL.
srl, MN, Italy) every two weeks starting from the emergence of the spate, n quantities of 1.5 g L L of
water. No tlowering occurred because of the soall size of the corms,
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2.2, AMT Tnoculation in Open Tield

Saffron corms with horizontal diameters of 2.5-3.5 cm were planted in the last ten days of
August 2016 in two Alpine experimental sites located in the municipality of Morgex (43°4535.1" N;
7°02°37.3" E; 1000 m a.s.1.) and Saint Cristophe (45°4506.9" N; 7°20737.0" E: 700 m a.s.l.) in Ttaly and
cullivalion lasled for two cvcles (2016-2017 and 2017-2018}. Bolh sites were cullivaled wilh sallron
for at least the previous three years. Before starting the experiment both fields were milled. To assess
the effects of AMF inocula on saffron cultivation and production, the same treatments used in the
pot trial woere applied (Ri, Ri + Fm or AMF-). A randomized block design was used, with three
experimen(al plol unils {(blocks). I‘ach plol unil consisled ol 56 corms, planled in a 1.44 m? area (39
corms m2). Inler-row planting dislance was of 7 cm, while belween-row dislance was of 25 cm. lols
were sepavated from cach other with at least 4 m distance. Before planting, 10 g of inoculum was
placed under the corms to ensure contact between plant and the treatment. Trrigation was provided
when needed and hand weeding conlrol was conducled during cullivation, while no pre-planling
fertilization, tillage, or ireatments against pathogens were applied. The two Alpine siles were
characterized by seri-continental climate, with a long and cold winter (Supplementary Figure 51).
In guneral, hoth sites had a sandy-loam texture accmding to the USDA classification and similar
chemical characteristics {(Supplementary Table St).

2.3, AMF Foaluation

At the end of the vegetative phase in both pot (February 2017) and open field experimoents
{April 2017 and 2018), sallron rools were harvesled, rid ol lopsoil, cleaned and slained wilth 0.1%
(e} cotton blue in 80% lactic acid overnight, then de-stained 3 times with lactic acid for 18 h, cut
into lem long segments and placed on microscope slides for further morphological analysis.
Approximately 25 fragments were observed under light microscope for cach replicate for a total of
300 root fragments. Fungal colonization was determined and caleulated as described by Trouvelot et
al. |48].

2.4, Plastt Performance and Saffron Yield in Open Field

‘The daily number of picked llowers per corm {Supplemenlary Iigure 2) and Lhe yield of spice
{l.e., stigmas dried at 40 °C for § I in an oven) were measured at flowering (November 2016 and
2017). When leaves were fully expanded (April 2017 and 2018), 50 my of fresh leaves per treatment
were wsed to determine chlorophyll and carotenoids content as described by Caser et al. [49].
Simullaneous with leal sampling, the Chlorophyll Meler SPAD-302 (Konica Minolla Sensing Inc.,
Osaka, Japan) was used lo delermine Lhe relalive quantily of chloropbyll present in 27 randomly
selected plants per treatment in the field.

At the end of full plant development (April 2017 and 2018), the leaves Tength of all corms was
meagured. Then, 27 plantﬁ per treatment were lifted, and corms md of mpsnil, cleaned and
de-tunicated. The wilted rate as the ratio between the nuunber of wilted corms and the total number
of sown corms, the shoot calibet size, and the number, the size and the weight of replacement cormes
were determined.

2.5, Suffron Extract Preparation and Quality

The saffron aqueous extracts were prepared according to Cresta et al. [11]. Fifty mg of
powdered saffron from cach treatment and both cultivation years, were put into 5 mL of deionized
waler. After slirring for 1 h al room temperature (circa 21 “C) in the dark, he solution was fillered
with polvtetrafluorcethylene (PTUL, ¥VWR international, Milano, ltaly) filters of 25 mm diameter and
0,45 win pore size. The saffron extract obtained was diluted 1:10 with deionized water (1 mg ml—).
Saftfron extracts were analysed with a spectrophotometer (Ultrospee 2100 Pro, CE Healtheare, UK
I.wd, Little Chalfont, Buckinghamshire, UK) to determine the amount of picrocrocin, crocin, and
salranal, according, to 150 3632 [7].
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2.6, Totul Phenols

The content of total phenols (TPC) was measured by using the Folin-Ciocalteau’s phenolic
method and determined as reported by Domno et al. [30]. Five hundred pl of saffron extract was
added and mixed with 30 m1. of deionized waler, 2.3 ml. of I'olin-Ciocalleau’s reagenl (diluted 1:10),
and, aller eighl minutes, 1) ml. of 7.3% (w/z} saluraled sodium carbonale solulion. The solulion was
incubated at room temperature for 2 h in the dark and the absorbance was detected at 763 nm with a
spectrophotometer (Ultrospece 2100 Pro, GE Iealthcare, TK Ltd,, Little Chalfont, Buckinghamshire,
LK). The results were expressed as mg of gallic acid equivalents {GAE) per 100 g of fresh weight
(W),

2.7, Total Anthocynning

The total anthocyanins content (TAC) was determined using the pll-ditferential method [30].
Saflron exiracts were added to a pH 1 and pH 4.5 buffer solulions. Absorbance of samples was
determined al 513 nm and 700 nm after a 15 min equilibralion. ‘Ihe lormula for calculaling TAC is as
follows:

TAC (mg L") = (A = sample dilution factor x 1000)/{molar absorptivity x 1) €D

where A is {Absorbance 315 nm— Absorbance 700 nmm) at pH 1.0—(Absorbance 515 nm Absorbance
700 nm) at pIT4.5. The results were expressed as milligrams of eyunidin 3-O-glucoside (C3G) per 100
gof fresh welght (mg of C3G 100 g 1 TW).

2.8. Antioxidunt Activity

The antioxidant activity {AOA) was determined using the ferric reducing antioxidant power
(FRAP} method us reported by Caser et al. [31] and the 2-azinobis (3-ethylbenzothinzoline-6-sulfonic
acid) (ABTS) method as described by Urbani et al. [52].

bor the FRAI? method, a lolal of 30 pl. of saffron extracl was added and mixed with 9 ul. of
deionized water and 90 pL of the FRAP reagent. After incubation at 37 °C for 30 min, the
absorbunce of the solutions was measured at 593 nmn using a spectrophotometer (Ultrospee 2100 Pro,
GE llealthcare, UK Ltd, Little Chalfont, Buckinghamshire, UK). Results were expressed as
millimoles ol lerrous iron (lie™) equivalents per kilogram ol [resh weighl

The ABTS radical cation (ABTS +} was obtained by the reaction of 7.0 mM ABTS stock solution
with 2.45 mM potassium persulfate solution. After the incubation for 12-16 h before use in the dark
and at room temperature, the solution was diluted with distilled water to obtain an absorbance of
0.70 (+0.02) at 734 nm. After addition of (.6 ml. of diluted ABTS+ solution o 180 pl. of saffron
exlracl, the reaclion was lefl in the dark al room temperalure for six min. The absorbance was then
measured at 734 nm using a spectrophotometer (Ultrospec 2100 Pro, CE Healthcare, UK Lid., Little
Chalfont, Budkinghamshire, UK} . The anfioxidant activity was expressed as umol of Trolox
equivalents per gram of dey weight (umol TE g + DW).

All anatyses were parformed in Lhree replicales.

2.9 ldentification and Quanhification of Bieactive Componnds

The chromatographic analysis of saffron extracts {Supplementary Table 2) was conducted with
an Agilenl 1200 high-perlormance liquid chromaiograph coupled o a diode array deleclor
{(HPLC-DAD; Agilenl 'l'echnologies, Sanla Clara, CA, USA), according Lo eslablished melhods |53).
Ditferent chromatographic methods were used for analysis: benzoic acids (ellagic and gallic acids),
cateching ((—)catechin and (-)epicateching, cinmanie acids (caffeie, chlorogenic, coumaric, and ferulic
acids), flavonols (hyperoside, isoquercitrin, quercetin, quercitrin, and rutin), carotenoids (crocin 1
and Il and salranal), and vilamin C (ascorbic + dehydroascorbic acids).

Four chromatographic methods woere used to separate the bioactive molecules on a Kinctex C18
column (4.6 * 150 mm, 3 um, Phenomenex, Torrance, CA, USA). Several mobile phases were used
for bloactive compound identification and ultra violet (UV} spectra were recorded at different
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wavelenglhs, based on HPLC methods, previously lested and validated [4], with some
madificalions. UV speclra were recorded al 330 nm (ax); 280 nm ((3); 310 and 441 nm (x); 261 and 348
nm (d}.

All single compounds were identified in samples by comparison and combination of their
retention times and UV spectra with those of authentlic standards analysed with the samo
chromatographic conditions,

2.10. Chemicals and Reagents

All the chemicals and reagents used for the AMF evaluation, phenols, anthocyaning, FRAT and
ABTS assays, and bioactive quantification were purchased from Sigma-Aldrich (Saint Louis, MO,
USA).

2.11. Statistical Anatysis

Arcsin transtormation was performed on all percent incidence data before statistical analysis in
order to improve homogeneity of variance (Levene test). All the analysed data were checked for
normality of variance. For all indices analysed in the greenhouse assay, mean differences were
computed using a onc-way analysis of variance (ANOVA) with Tukey post hoc test (p < 11.05). Data
from open ficld were analysed by means of a lincar mixed cffect models considering AMF
treatments as a fixed factor, year as a repeated measure, and sites and blodks as random factors. The
following interactions (year x AMF treatment) were included in the model. Pairwise comparisons
according to a sequential Bonferroni post hoce tests were used to separate means when a treatment
way significantly affecting the varable at a p = 005 All presented values are means of
untransformed data. All computations were conducted with SPSS statistical package (version 25.0;
SFSS5 Ine., Chicago, IL, USA).

3. Results

3.1 Assessment of Saffron Mycorrhization af Pot and Open Field Scale

Values concerning inlensily of colonization in lhe rool syslem and abundance of arbuscules or
coils in the saffron rools in polled conditions are shown in "l'able 1. Corms realed with Ri + Fm
reached 1he highest level of mycorrhizalion (M%) (93.33%), however, high levels were also oblained

s

wilh Riinoculum {71.37%). Ihe Ri+ I'm lrealmenl also had Lhe highest occurrence of arbuscules (a%
in lhe mycorrhizal portions (100%), signilicantly higher than Ri (82.99%) and AMF-(0%).

Table 1. AMF colonizalion indices (intensily in the whele rool svstem, M; inlensily of lhe
mycorrhizal portions, o; presence of arbuscules in the whale oot system, A; presence of arbuscules
in the myvcorrhival portions, a) of Crocies saffines 1. roots treated with the inoculum composed by
Rhizopheages braradives and Funnelifirmds imossrae (051 km), R ietraradices alone (Ri), or the control

(AMEF-) in the saffron pot cultivation.

Index (%)

Treatment M m A a
Ri+1im 9333 a 9333 a 93.53 a 100.00 a
Ri 7137 b 8028 b S8.98 b 82.99 b
AMI- Q.07 ¢ 033 ¢ 000 ¢ Q.00 ¢
p Py NN L g e

Maoan values with the same letter ate not statistically different ak p < 0.03 accordingg to ‘Tukey post-hoc
lesls, The stalistical relevance is provided (™ p < 0,01,

In vpen field conditions, the AMF root colonization measurements in C. saficus treated with Ri+
Fim or with Ri alone during the two cultivation cycles are presented in Table 2. In general, both the
prosence of arbuscules in the mycorrhizal portions (a%) and in the whole root system (A%} indices
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were affected by the inoculum composition only in the first cultivation year, while control plants
(AMF-} were not colonized, In the second year, low root colonization was observed and no
differences among the breated and untreated corms were detected.

Table 2. AMT colenizalion indensily in open field conditions afler the firsl and second cullivalion
year ol the whole rool system (M) and of lhe mycorrhizal portions (), and presence of arbuscules in
the whole root system (A) and in the mycorrhizal portions (a) of Crocus saliziis Toots treated swith
inocarham compased of Rizophige: infravadices and Viaelifrnd: awawae (R1 Fm), R intrezadios
afone (R3), or the control (AMF-).

Effect Index (%)
Year 1 M m A a
Ri+Fm 11.6a 1.7 4.0a 26.6 a
Ri 13.8a 142 69a 3.1 a
AMEF- 1.7b 34 0.0b 0.0b
p » ns EER 4 L
Year 2
Ri | Fm 7.0 8.5 0.8 12.5
3] 6.1 6.3 1.6 8.31
AMEF- 4.73 6.1 2.5 18.8
j') ns ns ns ns
Year x Treatment (p) * ns * *

Values with the same letter denote no sigmificant differences. The skatistical relovanae is provided
(s, mot sigmificant; “ @< 0L05; ™ p< 001 p < 0000).

3.2, Inpact of AMF Symbiosis on Saffron Productivity and Qualitatice Traits in Open Field

Signilicant. differences belween lhe Lwo cullivalion years emerged for several sludied
paramcters. In general, the wilting rate, all the main productivity traits (mamber of flowers m-2,
number of flowers per corm, myg of saffron m= saffron per flower, and the number of replacement
corms), and the content of leaf chlovophyll and carotenoids significantly increased after the second
year of cultivation (Table 3). While, a reduction in leaf length, SPAD wnit, and shoot size was
observed.

Table 3. Ctfects of cultivation seasons (Year 1 and Year 2), AMT treatments (Ri - Fov was compused
of Ritkophagus infraradices and Fuwneliferinis wosseae, Ri of R Intravafices alone, and AMF-was he
un-inoculaled conlrel), and their inleraction (Year x AMF Lrealmenl) on saffron plant growlh and

productivity based on lincar mixed-ctfects maodels rtmsid(‘ring AMF treatments as a fived factor,
yoar as a repeated measure, and sites and blocks as random factors,

Growing Seasons AMF Lreatments Year x AMF
Traits Year1l Year2 p Ri+Fm Ri AMF- p jd
Wilting rate (%) 39.0 544 i 443 50.0 458 ns ns
Flower (n m~) 19.8 0.7 e 91 8a 619b  6hsh ¥ *
Flowerfeorm () | ) 4.2 b hla 3801 3901 * *
Sallron yield (mg m=}) 278.0 7000 e 6d3.3a  3774b 4772b 0 4 *
Saffron/flower (mg) a.l) 7.0 = 7la 58D 73a * *
leaf length (cm) 36.8 241 i 3.4 303 299 ns ns
SPAD unit 74.8 43.7 e 60.0 61.1 5.7 ns ns
Shoat size (1umn) 53 41 > 85a 33b 42ab T *
Corm size {mim) 211 2002 ns 19.8 20.0 22 ns ns
Replacement corm {n) 22 3.7 * 2.8 3.4 2.7 ns ns
Corm weight (g) 77 6.5 ns 7.8 74 6.3 ns ns

Chlorophyll (g mg} 1.6 4.1 R 29 29 27 ms ns
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Carotenoids (g mg™") 0.6 2.2 o 1.4 1.5 1.4 ns ns

In Table 3, the productivity and growth traits influenced by the AMF treatments are also
reporled. Parlicularly, the inoculum composed of the mix ol R. inireradices and F. muosseae
significantly increased the number of tlowers m 2 (+138.2%), the number of flowers carm ! (+130.8%),
and the myg of saffron m = (+135.2"%) in comparison to other treatments. In contrast, the mg of saffron
flower™ and the shoot size were significantly reduced (-20% and -40%, respectively) by the
inoculum of R, intraradices alone in comparison to Ri +1im and AMI -, Signilicant inferaction between
cultivation vear and AMF treatments resulted for the number of flowers m=, the number of flowers
corm !, saffron yield, saffron flower °, and shoot size.

Regarding the synthesis of bioactive molecules in Lhe studied saffron spice, differences hetween
the two cultivation seasons occuirred (Table 4). Overall, the satfron produced at the two experimental
sites belonged to the quality category I for the picrocrodn, safranal, and crocins analysis [7] with a
significant increase after the second cultivation year. On the opposite, different biocactive compounds
(isoquetcitirin, quercitrin, ellagic acid, safranal and total vitamin C) were significantly reduced. Very
few differences were observed among AMF treatments (Table 4). Both Ri + Fm and Ri positively
affected the antioxidant activity (FRAP assay) of the saffron produced. While, the effect of the Ri
inoculum significantly increased the absorbance value of picrocrocin (TSO 3632) and the content of
quercilrin in comparison lo Ri + Im, and the conlent ol crocin Il compared lo AMI-(lable 4). A
significant interaction between cultivation seasons and AMPFP treattments resulted for picrocrocin
{IS0), querditrin, crocin IT, and antioxidant achivity (FRAP assay).

Table 4. Lffects of cullivalion seasons (Year 1 and Year 2), AMT Lreaiments {Ri + Tm was composed
of Riizeplugus intraredives and Dineliformis mossene, Ri of R iptravadices alone, and AME- was the
un-inoculated control), and their interaction (year x AMT treatment) on bicactive compounds, total
polvphenol content (1PC), anthocyaning, quality traits as defined by 150 3632 |7], and antioxidant
activity of the produced saffron based on liner mixed-effects models considering AMT treatiments as
a fixed factor, year as a repeated measure, and sites and blocks as vondom factors,

Growing Seasons AMEF Treahnents Year x AMF

Traits Year 1 Year2 p Ri+Fm Ri AME- L p

180 3632 [7]
Pigracrovin 1314 1330 = 130,21 13870 13604 ® *
Satranal ELT 442 hat RER 3.8 EUR] ns ns
Crocing 2071 J68.5 i 2739 3035 2841 ny ny

Bivactive caompounds (mg 100 g drg weight
Coumaric acid 236 235 ns 236 287 ns ns
T=equerciCrin 14 25 * 25 246 ne ns
Quercitrin 228 164 = 17 0b (B *
Callic arid 50 4.9 ns 49 5.1 ns ns
Fllagic acid 27 & iae 20 ns ns
Catechin 34 3.1 ns 27 ne ns
Epicatechin 6.1 83 ns 6.4 ne ns
Salranal 4.4 408 jaae 42 ns ns
Crncin | 325 7.8 b 4492 ns ns
Cracin 1L 31 366 . 5.0 ab ol *
Tolal ¥itamin C. 7h5 ATA) H 14 nl ns ns
e {macak v g D) T340.7 23335 s 1490181 TEAR.B ng ns
Anbocyaning (myrce TOD o 1 DWG 1805 16336 ns Gnd.1 2418.5 ns ns
Anlioxidanl activily

FRAP fmmol Fe2' kg 1) 408.9 19371 = 42{8a 4638a 3382b ¥ st
ABTS (umolr g 4.2 4.6 n$ 4.3 4.5 4.6 ns ns

4. Discussion

4.1, AMF Colonization

In the literature, only some studies report AMI colonization of C. satizus roots. [n the present
study, their presence in potted cultivation was detected in C.osaffous roots subjected to both AMF
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treatments (Ri + I'm and Ri). Saffron root fragments shoiwed extensive AM fungal colonization,
characterized by a moderate to high intensity of colonization and arbuscule formation. Saftron root
colonization in the present pot cultivation trial was markedly superior to the results obtained in the
open field test. Lhis could be due to the antagonistic action of the naturally occurring fungi in the soil
that compete with the AMF and by the different cultivation substrate used. [lowever, to the best of
our knowledge, this is the first report clearly indicating and measuring successful svmbiosis
between C. sativns roots and AMFE under pot cultivation conditions.

Qur open field data are equal or lower than findings obtained in other open field trials as
reported by Aimo ot al. |4 and Lone ot al. J43|. Applying the percent colonization method for root
AMF evaluation, these authors reached a maximum of 30% and 60% mycorehizal colonization in
saffron roots in Italy and Kashmir cultivation ficlds when using a mix of AMF belonging to the
senus Glowus., vespectively. In a similar study conducted in lranian ficlds, the percentage of root
colonization of saffron was of 39% [42], while in a ficld in Kashmir, ranged between 13 and 90% on
tha basis of the scason [43]. As reported in Supplementary Table 1, P Olsen values measured at the
experimental sites are high (>69.2 my kg 1), indicating the potential for a detrimental offect of P oon
AMEF colonization in our experiment. As the cost of the symbiosis to the plant outweighs the benefit
of access to P via the fungal pathway, plants reduce fungal access to carbohydrate [34]. Similar data
wore reported also in other species such as Zew mays L. in which the AMF root colonization was
reduced with a soil P content of 90 mg kg 1 [53]. [n other geophyte plants, such as Atlivw tricocanm
Aiton,, a low level of AMF symbiosis was observed in the absence of leaves and photosynthetic

activity. However, once leaves ctltmga te in carly spring, root colonization increases rapidly. This is
similar to the pattemn of Mafunthermom racemosiim 1., where AMF colonization peaked during
vegetabive growth [36]. Hore, AMFE sampling was porformaed during maximum leaf elongation, and
therefore, the detection of Tow colonization is likely more related to soil characteristics than to other
physiological or biochemical parameters.

Taken together, all these findings indicated that under open field conditions in Alpine
environments, AMFE colonization was substantially lower than under pot conditions as already
indicated in literature, This is in agreement with the meta-analysis of Berruti et al. [27], in which
successful outcomes of AMF inoculation were more often found in controlled {greenhouse and
growth chamber) conditions. Tn this condition, environmental extremes and variation are minimised
or absent [38]. Moreover, one of the most important confounding factors in pot or field experiments
is the effecl of root lemperalure on the AMEF growth [57]. The higher temperatures lypical of
greenhouse conditions favour greater growth and superior colonization by AMF [58].

4.2. AMF Modulate Crop Performance and Spice Quality

Flower yield is a difficult parameter to forecast in saffron since it is influenced by a combination
of agronomie, biological, and envivonmental factors |11[. Generally, a saftron field may produce
from 200 to 3000 mg m=2 of spice, depending on the cultivation factors [11] and obviously, by the
planting density, which may vary considerably. By planting at a 35 corms m2 density in southern
Italy (Sicily), Gresta ot al. |3] obtained more than 1200 mg m 2. In the area of Navelli {contral ltaly)
[39], with a similar corm density, the average vield ranged between 1000-1600 mg m= In lranian
ficlds with a density of 150 and 100 corms m 2, Mollatilabi et al. [60] and Koocheki et al. |61] obtained
740 and 370 mg m 2 of saffron, respectively. Recently, the path cocfficient analysis conducted by
Bayat ctal. [62] highlighted that fresh stigma weight, lower number, dry stigma and flower weight,
lcaf size, and number and size of replacement corms have the highest positive corrclation with
saftron yicld.

Arbuscular mycorrhizal fungt are known to be benefidal to several important plants, including
some medicinal plants J30]. Unfortunately, very scarce reports of the effective role of AMF in saffron
vicld are available. Only, Aimo et al. [40] indicate an increase in flower production m * (equal to 68%,
compared to control) using a mix of AMF spedies belonging to the genuys Glomus. Qur results are
generally more supportive of the benefits of AME inoculation with an increase of flower production
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m = of circa 140%. Taken together, these findings suggest a beneficial effect of AMF inoculation with
a mixlure of R. fntraradices and F. mosseae on saffron vield performance.

liew spices are able lo provide the combination of color, lasle, and aroma (o the loods and
possess several nutraceutical properties for human health as saffron. Most of the beneficial effects of
saffron, recognized since ancient times, are due mainly to its total phenolic content (TPC) and
anlioxidanl aclivily (I'RAI” and ABTS assays). K. tufraradices alone was found (o induce an increase
in secondary metabolite contents, such as terpencs and phenolics, in Safodi officinalis L. [63] and
Fchinacea purpurea 1. [64]. Overall, the saffron produced in the studied alpine areas had very high
TPC {ranges belween 1340.7-2355.5 mgGAL 100 g~ DW), which was more than sallron cullivaled in
different arcas of Lebanon (160 mgGAE 100g - DW) [65], and is much greater when compared with
other common food additives and spices, such as Eugenia eoryophylate (Thunb.), Lovendula spp.,
Curcuma dernestica Val, and Cwrenma fonga L. (026, 022, 23m and 36 mgGAL 100 g' DLW,
respectively) (Table 4) [66,67]. Results of ABTS and FRAP assays also demonstrated clevated
antioxidant activity (Table 4}, ABTS assay values were comparable to what was found in Greek
sallron by Ordoudi et al. |68]. FRAL assay values (ranges belween 408.9 and 1937.1 mmeol l'e2 + kg™)
wore generally higher in comparison to the lranian samples (circa 570 mmol Fe2 1 kg 1) analysed by
Karimi et al. [69]. The saftron produced in the west Ttalian Alps also had ditferent bioactive
compounds (I'able 4) known for their health-promaoling aclivily, lhal is, cinnamic acids, flavonols,
benzoic acids, catechins, and carotenoids |30). Other studies report that water-soluble carotenoids
such as crocings have antioxidant eftects superior to a-tocopherol [67]. TE was recently observed ina
clinical study thal high crocin 1 and crocin 11 conlenls (4000 and 1000 mg, respeclively) inhibil
B-amyloid and tau aggregation [70]. Apart from crocing, Asdaq and Inamdar [71] suggest that
flavonols are responsible for the synergistic antihyperlipidemic and antioxidant potential of saffron.
Amin et al. [72] indicated that a concentration of 1 mg of safranal attenuated the behavioural
symptoms of neuropathic pain. Our data indicate that the saffron produced presented high crocin 11
comtent (27.7 38.8 mg 100 i ' DW), almost in line with the saffron produced in Sardinia {Ttaly, DOP
Zalferano di Sardegna} [73], while also preseniing a higher conlenl of gallic acid compared Lo whal
was found In lranfan and Greek saffron (2 mg and 1.2 100 g™t DW) by Karimi et al. [69] and Proestos
ct al. [74], respectively. Thus, the saffron obtained could be of particular interest for its clevated
antioxidant properlies.

5. Conclusions

Salfron qualily mayv vary greally by sile on lhe basis of several [aclors, among which are
climatic conditions and cultivation techniques. We hereby provide data indicating the production of
high quality saffron in marginal Alpinc arcas, thus confirming that this crop is a strategic resource
and good allernalive for mounlainous areas building mullifunclional economies. Besides lhe
phiytachemieal profile highlighted, the crop had many bicactive compounds. The use of arbuscular
mycorrhizal symbionts as biostimulants positively affected saffron cultivation, mainly by increasing
the crop productivity, and parlially also the content of imporlank nulraceutical compounds.
Specitically, the inoculum composed by R. éintraradices and F. nosseqe was particularly effective in
increasing flower production and saffron yield, while R, infraradices alone increased the content of
some bioaclive compounds such as picrocrocin, quercitrin, crocin TI, and antioxidant aclivity. Since
saffron is the world’s highest priced spice, the Increases In yield and quality obtained using AMF
should allow for an increase in profitability.

Furthermore, a new perspective can be envisaged. Since AMF symbiosis was more effective
under soilless pot cultivation, this system may be a valuable alternative for satfron production and
further work is underway to assess the potential of AMF inocula in saffron soilless cultivation.

Supplementary Materials: The following are available online at www mdpicomixxxisl, Figure S1: title,

Ligure S2:, Table S1: title, Table S2: tiile.
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Table S1. Physical and chemical propertics of the soils collected in the three saffron experimental fields located in the
municipality of Saint Cristophe and Morgex (north west Italy).

Saint Cristophe Morgex

Texture Clay (%) 37 3.8
Fine Silt (%) 21.8 21.0
Coarse Silt (%) 20.2 144
Fine Sand (%) 24.3 25.0
Coarse Sand (%) 299 35.8

Bulk density (g L) 1123.7 1075.6
Moisture (%) 17.3 202

P Olsen (mg Kg™) 69.2 113.0
pH 6.9 74
Electrical conductivity (uS/cm) 316 243
N tot {%) 0.31 0.23
C tot (%) 3.50 3.79
Cation-exchange capacity {meq 100g7) 19.2 15.7
Exchangcable Ca (meq 100g™) 17.31 16.61
Exchangeable K (meq 100g™) 1.47 0.53
Exchangeable Mg (meq 100g™) 1.90 0.76

Table §2. Characteristics of the | [PLC methods applied to analyse the bioactive compounds present in the studied saffron samples.

Flow
HPLC ) : Time ) Wavelenght
Method Class Standard Stationary Phase Mobile Phase (. (nimy | Gradient o
min ')
caffeic acid
Cinnamic chlorogenic acid
acids coumaric acid
ferulic adid
. AN KINFTFX - C18 column (46 x A: 10M KIHFOTROs, pl1=2.8 s 20+2 s 23
¢ Myperoside 150mm, 5 um) B: CH:CN - 1) yes <
isoquercitrin k
Flavonals quercctin
quercilrin
rutin
Benzoic acids ‘;L‘ﬁ’: 1‘;:;’
) s HO/CHAOHHCOOH (5:954
e calechin KINITEX = C18 column (16 x At HOCHOHHCOOH (595:01 23+2
3 Cateching i T50mm, 5 )  pli=25 06 o ves 280
cpiaatecy omm, =y B: CIEOIVTICOOL (100:0.1 o)
N castalagin
Tammins B
vescalagin
srasin KINETEX - C18 columun (46 A:TLO 3E-10
- ; - C18 columu (44 AT 35— ! .
v Carotencids crocin T 50, 5 1) B CHLON 06 < ves 310,441
safranal ;
ascorbic acid . A5 MM CisHaaN(CH53Br/50 mM -
KINTTEX - C1 | 2.6 x 1
o Vitamin € dehydroascorbic NPTEYC CI8 column (4.6 KILPOs, pII=25 09 ((S.’ no 261, 348
acid ¥ 3 um) 15: CH:OH )

* T = conditioning time. Method at—gradient analysis: 3% B {0 21% B in 17 min + 21% B in 3 min + 2 min of conditioning {ime. Mcthod ($—gradient
analysis: 3% B to 85% B in 22 min + 85% B in 1 min + 2 min of conditioning time. Method x - gradient analysis: 5%B to 95%B in 30 min - 95%B to 5%B in 5
min + 10 min of conditioning time. Method & - isocratic analysis: 10 min +5 min of conditioning time.
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Chapter IV

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

microbiome



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 Illlumina 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. Schiif$ler) or a mixture of two species (M = R. intraradices and
Funneliformis mosseae, C. Walker & A. Schiifler), on the resident fungal communities.

The main objective was to:

o characterize the diversity and composition of fungal communities associated to Crocus
sativus cultivation by using lllumina 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, ltaly), 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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Abstract: Soil fungi strongly influence ecosystern structure and functioning, plaving a key role in
many ecological seryices as decomposers, plant mutualists and pathogens. Arbuscular mgeorehizal
[ungi (AMT) eslablish mutualistic symbiolic assacialions wilh plant rools and acl as biolertilizers by
enhancing plant natrienks and water nptake. Information about the AMF agsociation with Crocies
satfines 1. (satfron) and their impact on crop performances and spice quality has been increasing
in recent years. Instead, there is still little data un the biodiversity of soil microbial communities
associated wilh this crop in the Alpine environments, The aims of his study were lo investigale
the fungal communilics of lwo Alpine experimenlal siles cullivaled wilh safTron, and Lo rank Lhe
relative impact of beo AME inocula, applicd to soil as single specios (R — Rhizoplages infravadives,

C. Walker & A, Schiifiler) or a mixture of two spea
C. Walker & A, Schiikler), on the resident fungal communities which might be influenced in their
diwersily and composiion. We used Iumina MiSeq melabarcading on nuelear ribosomal ITS2 region
1 characterize the fungal commimiticos associated to Crarus saEnus cultivation in two ficlds, located

s (M — K. infraradives and Funneliformis mosseae,

in the municipalities of Saint Christophe {5C) and Morgex (M), (Aosta Valley, ltaly), treated or
not with AMT inocula and sampled for tw consecutive years (Y1; Y2), Data analyses consistently
indicated that Basidiomycola were parlicularly abundanl in bolh siles and saaypling vears (Y1 and
Y2} Significant differences in the distribulion of fungal taxa assemblages al phylum and class levels
hetwoen the two sites were also found. The main compositional difforences consisted in significant
abundance changes of O 1Us belmging to Dothidleomyeetes and Leotiomyeetes (Ascomycota), Agari-
conycetes and Tremellomycetes {Basidiomy cota), Mortierellomy cetes and Mucoromycetes, [urther
dilferences concerned OTUs, of other classes, sighilicantly represented only in Lhe [irsl or second
year of sm'npling. (,Zonccming (,Ilomcmn'lyrnm, the most r(zp'r(‘s:c.nt('d LeNms was (',.'!aim'drmga'mn.lfs
always detected in both sites and years. Other AME genera such as Faiclitors
Microdomin

prtugtonmes and

, were retrieved only in MG site. Results highlighted that neither sites nor inoculation
signiflicantly impacted Alpine sallron-ficld [ungal communilics; inslead, (he vear of sampling had
the most appreciable influence on the resident communitics.

Keywords: soil fungal metabarcoding;
inocula; alpine field enviranments

satfron cullivation; arbuscular 111}-'col'rhi7.al [‘ungi; AMF
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1. Introduction

Soil has always heen known Lo be a source of microorganisms and although sludied for
many years its microorganisnt diversity is far from being fully known. Microhial commu-
nities present in soil are res‘p{m%ible for carr\-‘ing out key ecosystem services for life on our
planct but unfortunately, many beneficial functions are threatened due to climate change,
soil degradation and d},l’l(.llltu] al exploitation |1,2]. The availability of soil nutbrients to
plants is key to obtaining healthier and better fitted crops, as they are agricultural produc-
tivity dependent on a wide range of ccosystem services provided by the soil microbiota [3].
Ilowever, most crops of global and local interest are still heavily dependent on the use
of fertilizers and other chemicals which are hazardous to human and animal health and
to the soil itself [4,5]. As concerns have been raised about the impact on soil microbiome
of herbicides, pesticides and inorganic ferilizers, and more generally an the soil nutrient
availabilily and planl phyloloxicily, the inleresl in allernalive siralegies for ecosyslem
managemenl has greally increased [6]. Planl growh promoling microorganisms (PGPM),
i.e, s0il and rhizogphere-inhabiting microorganisms, in minute quantities, promote plant
growth [7], and have become one of the most important components of bio-fertilizers for
sustainable agriculture. They arc applicd duc to their role in plant growth promotion by
regulating the dynamics of various processes (e.g., decomposition of the organic matter),
the accessibility of various nutrients to plants (iron, magnesiurn, nitrogen, potassium and
phosphorus), as well as acting against pathogens [8,9].

Within the categorics of PGPM are the plant growth-promoting rhizobacteria (PGPR)
and among the beneticial fungi, the arbuscular mycorrhizal fungi (AME) [10,117. It is
well known that fungi can interact with plant roots in different ways, from mutualistic
mycorrhizal syinbioses (i.e., when bolh organisms live in direct contactUwilh each other and
eslablish mulually beneficial relalionships [12], lo parasilism [13]). Among mycorrhizal
symbioses, arbuscular mycorrhizal (AM) fungi represent a fungal mulualistic endophylic
group which establishes symbioses with over 0% of all plant species since the origin of
terrestrial plants |12]. There is an increasing interest for the use of AM fungi to promote
sustainable agriculture, considering the widely accepted bencefits of the association with
plants to nutrition efficiency (for both macronutrients, especially phosphorus, and micronu-
trients), water balance, and biotic and abiotic stress protection [14]. Successtul progresses
in AMEF inoculation have been achieved and reported worldwide, but studies regarding its
application from laboratory and greenhouse to field trials are still encouraged.

Agricultural practices strongly affect soil physical and chemical properties, and impact
on the microbial communities affecting their abundance, diversity, and activity [15]. lhe
elfecls of managemenl praclices could be posilive or negalive [16,17]. On the negalive
side, they may affecl Lhe inleraclion helween differenl microbial communilies, including
bacteria and fungi [18], which are known to be key drivers for a more sustainable soil
management [19].

Hl;,h -throughput DN A sequencing techniques have greatly expanded our capability
to characterize soil microbiome and identify the factors, including land managemaent, that
shape soill microbial communities across space and time [20]. In light of these studics,
although most soil microorganisms still remain indeserbed, some of them have recently
been characterized based on their ecological strategies [21]. This aspect is of importance to
identify and predict functional attributes of individual taxa that could be manipulated and
managed to maintain or increase soil fertility and crop production under severe threats,
including intensive exploitation [22].

While studying a soil sample il is importanl lo consider Lhal there is no “Iypical” soil
microbiome, bul the relalive abundances of major prokaryolic and eukaryolic laxa found
in the soil microbiome can vary considerably depending on the soil in question [23]. Tt
has been widely reported that soil samples, collected from the same sampling sites just
a few centimeters apart from cach other, may retain very different microbiomes 20,24
The microbiome variation can be attributed to spatial variability in the soil environment
and to specific characteristics of the sampling site, sampling time and crop species and
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management |3]. For this reason, over the last vears, some protocols have been endorsed by
international projects, such as the Earth Microbiome Project (hittp:/ /carthmicrobiome.org /),
to analyze and compare soil microbial diversity at a large scale [25].

Fungi are widely distributed among all tervestrial ecosystems with a huge biodiver-
sity and ceological importance by their prindpal role in ccosystems processes such as
carbon cyeling, plant nutrition, and phytopathology [26]. 1owever, the distribution of
fungal species, phyla, and Tunclional groups as well as the delerminants of fungal di-
versity and biogeographic patterns arc stll poorly understood despite recent large-scale
sampling campaigns |27]. So far, information on soil fungal biodiversity in ccosystems
suich as ltalian Alpine cultivated areas is still scarce, with the exception of some studies on
vineyards [28,29] and apple orchards [30)], compared Lo Lhose concerning Furopean alpine
maeadows, pastures, woods or spocific alpine endemic plants and environmaents |31-34]. Tn
the Aosta Valley region (north west Italy), smallholder farming systems, such as saffron
culiivation, lead 1o interesting and unique Alpine agriculiural ecosysiems. Indeed, they
are characterized by a high level of agricultural diversity, being mainly focused on meeting
farmers’ needs. In this regard, they could represent a valid means for increasing incomes of
multifunctional farms, with a positive impact on the recovery and economy of these often
remole areas [33,36]. In parlicular, sallron is gaining increasing allenlion as an allernalive
crop in sustainable agricultural systems due Eo its unique biological, physiological, and
agronomic traits, such ay the capability to exploit marginal land. The application of AMF
or PGPR inocula has also found interest due to the possibility to increase the overall culti-
valion suslainahi]ily and qual[Ly [37=39] In 1his conlexl, we have alread ¥ gained i)ﬁsighl
into the impact of AMF inoculants on growth and sccondary metabolites production in
saffron plantations [40].

Specifically, we record an increasing ierest in applying low-inpul cropping systems
(e.g., saffron cultivation) in mountain regions. Nonetheless, this is accompanied by a scant
data collection on soil microbial diversity in saffron productive arcas along with limited
information on the effect of AMF inoculation on field-grown Crocus siatieus L. (saffron). To
fill this knowledge gap, the aims of Lhis sludy were lo invesligale the lungal communilies
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 = Ritizephagus intraradices, C.
Walker & A. SchiBiler) or a mixture of two species (M R. intraradices and Funsieliformis
murssear, C. Walker & A. Schiifler), on Lhe residenl fungal communilies which might be
influenced in their diversity and composition. We used Tllumina MiSeq metabarcoding on
nuclear ribosormal ITS2 region to characterize the fungal comnunities associated to Crocus
sativus cultivation in two fields, located in the municipalities of Saint Christaphe (5C) and
Morgex (MG), (Aosla Valley, Tlaly}, Lrealed or not wilh AMF inocula and sampled for lwo
comsccubive vears (Y1;Y2). In the frame of an increasing demand to reduce chemical inputs
inagriculture, the results of this study could reveal useful information on the real impact
ol AMIi inoculation on the resident (ungal communities opening new perspectives on the
possible roles of AMF and /or other most competitive beneficial microbes to be further
exploited in a sustainable agriculture perspective.

2. Materials and Methods
2.1. Sampling Sites

Two Italian western alpine experimental sites, located in the municipality of Morgex
(45745331 N; 7°02'37.3" 151000 m a.s.1.} and Saint Christophe (43°43°06.9" N; 77203707 I;
700 m as.l) (Aosta Valley, AOJ and cultivated with saffron for at least the previous three
years, were selected for our analyses (Figure 1), The experiment covered two successive
cultivation cycles: vear 1 (Y1) (2016-2017) and vear 2 (Y2) (2017-2018) as reported by
Caser el al. [40]. Belore slarling the experimenl, bolh fields were milled and, al lime of
plantation (mid-August), Crocus sitions corms {(caliber size of 6-7 cm, without antifun-
gal application), kindly provided by the Azienda Agricola “La Branche di Diego Bovard”
{(Morgex, AQ, ltaly), were treated with two AMI inocula (MycAgro Lab, Breteniére, I'rance).
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One was composed by the single species Ritizophagus intraradices (R), the other by the mix
of R. infraradices and Funneliformis mossear (M), As Control {C), corms were nol inoculated
with AMF but with their sterile carrier. Just before the fivst year of planting {August 2016),
10 g of inoewlum /earrier was placed under the corms to ensure contact between plant and
the trealmenl [40], while in the second year {(August 2017) corms were planled withoul any
further inoculum supply.

A randomized block design was used, with three experimental plot units (blocks)
(Migure 1). Lach plol unil consisled of 56 corms, planted in a 1.44 m?2 area (39 corms m?).
Inter-row planting distance was of 7 cm, while between-row distance was of 25 em. Plots
were separated from cach other with at least 4 m distance. Lerigation was provided when
needed and hand weeding conlrol was conducled during cullivalion, while no pre-planting
fertilization, tillage, or reatments against pathogens were applied. Sites were characterized
by semi-continental climate, with a long and cold winter, and both of them had a sandy-
loam lexlure, according, [0 Llhe USDA classificalion, and similar chemical characlerislics [41].
At cach expoerimental site, samples were collected for 2 following cultivation cycles (Y1 and
Y2) at flowering time (November 2016 and 2017). Five replicates of bulk soil were collected
in each of the three experimental plot unit {C; M; R} with an earth drill from the first 30 cm
of soil following a Veshaped sampling patterm, pooled to generate a total of three biological
replicates and kept in zip lock bags at 4 C before being processed in the laboratory. Soil
samples were sieved using 2 min stainless steel sieve mesh and then put in tubes at —20°C
for further molecular analysis. A total of 9 soil samples for Y1 and 9 samples for Y2 were
collected respectively in Morges and Saint Chrdstophe for a grand total of 36 soil samples.

MORGEX

M| |ST. CHRISTOPHE

1xIm ;

a5m —
am 1w e

3 c R M H C e Tree |
— * ™, 2

Figure 1. Scheme of the randomized block design in the experimental sites located in the munici-
palily of Morgex (4545351 N; 7°0237.2" E, 1000 m a.s.1.) and Sainl Chrislophe (45°45'06.9" \;
7902370 E, 700 m a:s.1), Aosla Valley (AQ), Ilaly. (C = Carricr {Control); R = Single-specics inocu-
lum (Riuzophagus inlraradices); M = Multi-species inoculum (R, infraradices and Fuinaliforiis wioseene),

2.2. Site Lnvironiental Conditions

In the first cultivation scason (2016-2017), average temperatures ranged from - 3.5 °C
to 234 “C in Saint Christophe, and from —2.7 “C to 20.0 °C in Morgex. In particular, Morgex
showed grealer precipilalion rale (57.5 mm/month) and higher relalive humidity (R.H.},
with the peak in November (89.3%) compared to Saint Cristophe. Converscely, the total
racliation was generally higher in Saint Cristophe, from —2.3 C to 22.6 “C than in Morgex,
from —1.27C 10 19.5 °C. [n facl, Mlorgex showed, in general, more wel condilions and more
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rainfall weather conditions, with the highest precipitation rate and RH. (7435 mm/month
and 84.0%, respectively).

2.3. Setl DNA Cxtyaction, PCR Amplification and Sequencing

In order to achieve our main objective, DNeasy PowerSoil Kit, (formerly sold by MO
BIO as PowerSoil DNA Isolation Kit) {Qiagen, Hilden, Germany) endorsed by the Larth
Microbiome Project {(http:/ /earthmicrobiome.org/} was used. Extractions were carried out
from 230 my of soil samples, following the manufacturer’s protocul,

‘lo invesligale the Lotal lungal communily, the nuclear ribosomal 1152 region was
amplified nsing Invitrogen Platinum HotStart PCR Master MIx (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) from all DNA extracts by means of a semi-nested PCR
approach. Tn the first PCR, the entire TTS (TT51-3.85-TTS2) region was amplified with the
generic fungal primer pair ITSIF-ITS4 [42,43]. The cycling conditions were an initial step at
95 =C for 153 min, 35 cycles at 95 *C for 35, 57 “C for 355, 72 *C for 455, and a final exlension
step of 72 7C for 7 min. Each PCR product was checked on agarose gel, diluted at 1:20 and
used as a template in the semi-nested PCR largeling the [TS2 region, with primer (1TSS (3'-
CAACCCAGCRAANIGYGA-3), which has been previously reported to match only 20% of
5.85 AMF sequences at NCBI [44], and ITS4 (5-TCCTCCGCTTATTGATATGC-3). This
second couple of primers was added Lo lllumina overhang adapler sequences: forward
vverhang: 5'-TCCTCCCCACCCTCACATCTCTATAACACACAG- |locus specific target
primer], reverse overhang: ¥ GICICGTGGGCTCGGAGAIG TG TATAAGAGACAG- [lo-
cuy specific target primer|. The semi-nested PCR eyceling conditions were an initial step
at 95 “C for 15 min, 27 cvcles at 95 “C for 30 s, 57 “C for 30 s, 72 °C for 30 s, and a final
extension step of 72 *C for 7 min.

For the 36 samples (18 in Y1 and 18 in Y2) DNA extracted was amplitied in triplicate
and pooled prior the purificalion using Lhe Wizard® SV Gel and PCR Clean-Up Syslem
{Promega, Milano, Italy). A final number of 36 PCR purificd products were quantified with
Qubit 2.0 (Invitrogen, Carlsbad, California, LSA) following manufacturer’s protocol and
sent for Mumina MiSeq sequencing (2 x 250 bp) to TGA technologies (Cdine, Ttaly).

2.4, Bioinformuativ and Stufistical Analyses on Soil Tungal Conmnitivs

IDNA reads Irom each sampling poinl included lorward and reverse sequences in
sceparate files. Sequencing adapters and primers were removed, and the sequences were
then analyzed by means of the microbiome bioinlormatics platform QIMI2 (Quantitative
Insights Tnto Microbial Ecology 2, version 2019.7 [453]. Denoising and quality control,
including removal of chimeras, were achieved by means of the DADA2 [46] plugin (qiime
dada2 denoise-paired). lo avoid low quality sequences, reads were Lruncaled (3)) bp for
forward, 290 bp for reverse reads). The dassifier adopted for the taxonomic assignment of
the total fungal community was generated using the UNITI Community (2019): UNIT
QIIME release for Fungi version 02.02.2019.

The gencrated dataset, including OTU table, taxonomy table and metadata, was
then imported in Retudio (R5tudio ‘leam 2(116) and was used to create a phyloseq ohject
with the R package phyloseq [47] that was employed for all the following analyses. To
allow slatislical compatisons, the OI'U lable was rarelied al §185 sequences per sample,
by means of the rarefy_even_depth function of the R package phyloseq. Rarefaction
curves of the non-rarefied and rarefied OTU table were obtained by means of the function
rarecurve of the R package vegan v. 2.5-4 [48]. Biodiversity analyses were carried out by
comparing the richness (number of species) and evenness (richness taking into account
relative abundances) of fungal communilies. Wilhin-sample {alpha) diversily was assessed
by three estimators: “observed fungal species,” “Chaol,” and “Shannon”. The alpha
diversity indices were calculated and plotted. by means of the functions estimate richness
and plot_richness implemented in the R package phyloseq [47]. Bar plots were then
generated with the R package ggplot2 version 3.1.¢ [49]. Ordination plots (NMDS) were
generaled by means of Lhe R packages phyloseq, ggplol2 and plyr version 1.8.4 [S0]. The



82

J- Fangi 2021, 7, 45

Gl 15

trophism of retrieved OTUs was defined by means of the FUNGuild package [51]. [n order
Lo evaluate significant diffevences (p < 0.0%) between alpha diversity indexes or influences
of the site, inoculum and time of samnpling over the fungal populations” distributions,
the adonis lunclion rom R package vegan was used (0 perform PERMANOVA lesls.
PERMANOVA tests were mun for every metadata, or combinations of metadata using
dissimilarity index of Bray-Curtis, Permutest was also run in order to check the validity of
the previous tests by means of the funchion betadisper of the R package vegan. Significant
differences between taxonomic distribution at the phylum level of fungal communitics
relrieved from the Lwo siles was evalualed by means of Lhe software I’asL 4 (hilps:/ /pasLen.
lodd.com/ windows), and the test Anova, Mann-Whitney pairwise comparison; Bonferrond
correcled {p = 0.05). I''S2 represenlalive sequences were deposiled in GenBank under the
accession numbers (MW 162630-164623).

3. Results
3.1, Composition and Structure of FPungal Soil Comminmnties

After the hioinformatic analysis, 487,815 high—c[ualit}-‘ Trs2 sequences (out of a total of
2,572,327 raw sequences) were retained and custered in 1391 operational taxonormnic mnits
(OTUsY. Inorder 1o perform slalisiical analysis, the resulling OI'U 1ables wete Lhen rarefied
at 8185 sequences per sample for a total number of 10 OTUs. The fungal taxonomic
diversity retrieved in the two sites (MG and 5C) for the two vears of sampling (Y1 and ¥2)
is reported at phylum level in Table 1.

‘lable 1. Taxonemic distribution, at phylum Jevel, of operational taxonomic units (OTUs}) retrieved
from the two sampled sites (Morgex: MG; Saint Christophe: SC) at Y1 (vear 1) and Y2 {year 2).
Data are expressed as percentage {mean L standard deviation). Different letters indicate significant
differences (Anova; Mann-Whitney pairwise comparison; Bonferroni corrected p values; p < 045).

Y1 Yz
Phvlum MG sC MG SC

Ascomyeola 3106 L5784 18.39 + 1.4p 0 28,80 L 7.41¢ 1612+ 4360
Basidiomycala 4514 L 7.35¢ 9H3+ 6590 46.56 L 11.36% 6602 +h21F
Chytridiomycota 146 L 086« 1.14 _ D559 201 L 118" 0.66 + 0.54 "
Clomeromycota 0.30 + .37 ¢ 022 —0.197 068+ 1.04 7 029+ 0317
Kickxellomycola 742 + 1.89¢ 708 =075 7.35 + 2,08 935+ 1.52°
Morticrellomyeata 2,92 +1.307 093 L 063" 363 +341° 079 L 065"
Mucoromycota 564+ 1387 343 —1.402 4874+ 1787 1321108t
unidentified 528 L 2.77 ¢ 894 _ 4827 371 L1430 343 L 5.78¢

The percentage of the different phyla was variable among the bvo sampled sites. As a
matler af fact Clable 1), Basichomycota were particularly abundant i the two sifes sampled
and for both years 'Y1 and ¥2). More in detail, Dasidiomycota, over the two sampling
times, are significantly more present in SC (approx. 59-88%; Y1 and Y2 respectively)
than in M (approx. 45-46%; Y1 and Y2 vespectively). Conversely, Ascomycota were
sigmificantly more present in MG (approx. 31-28%), both for ¥1 and Y2, than in 8C
{approx. 18-15%). A similar Lrend is shown by Morlierellomycala and only for Y2 by
Mucoromycota. {ur data showed a significant decrease of Chytridiomycota in 8C at Y2,
while for Kickxellomyaota, Glomeromycota, and {ar the unidentified fungi, we did not
repaort any significant differences.

In particular, in MG, the Basidiomycota most represented classes were Agaricomycetes
{253-21%) followed by Tremellomyceles (14-13%), Pucciniomycetes (2-0.67%) and Mi-
crobotriomycotes {L.4-020%), in Y1 and Y2 respectively, while in 8&C Agaricomycetes
represenled up lo 49-054% of lhe lolal [ollowed by a smaller percenlage of Tremellomyceeles
{5.6-8.5%) and a percentage less than 1-2% of both Pucciniimycctes and Microbaotri-
omycetes. Considering Ascomycota, the most represented classes were for MG Deoth-
ideomyceles (12-7.8%) fullowed by Sordariomyceles (8-9%) and Leoliomyceles (5.5-7%)
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for Y1 and Y2 respectively. Concerning SC, the most represented class is Sordariomyctes
(6 7%} followed by Dothideomycetes (6 3%) and Leotiomycetes (3.3 3%) for Y1 and Y2
respectively, The complete taxonomic association at class level is reported in Table S1.
Regarding Glomeromycola, our resulls underline thal, when considering sile and lime
of sampling, there were not significant differences in terms of taxa abundance while AM
fungal community compuosition was variable in terms of retrieved genera (Figure 2A,B).
As a matter of fact, 5C was mostly dominated by the genus Clareideogiomus both for
Y1 and ¥2, whereas MG showed higher diversily: Claroideoglomus was again the mosl
represented genus, but in MG we retrieved also Nunnediforms, Septoglemus, Glimmus and

Microdoniiikia genera,

Y1 Y2
400
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Figure 2. (A) Bar chart showing the taxonormic distribution (based on fungal 1152), at genus level,
of OTUs belonging to the phylum Clemeromycota, retieved from Morgex, and Saint Christophe;
{B} Bar charl showing, lhe effect of the inoculum on the taxonomic distribution (based on fungal
IT&2), al genus level, of OTUs belonging la Lhe phylum Glomeromycola, relrieved from Morgex,
and Saint Christophe. {Y1: year 1; Y2: vear 2; C - Carrier (Control); R - Single-species inoculum
{Rhizophagus infravadices); M - Multi-species inouculam (R intraradices and Funnelifornis mossens).
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Community shifts from Y1 and Y2, duc to inoculation with AME, are shown in
Figure 2B. In SC all. the treatments displaved lower relative abundance levels of the
most represented genus (i.e., Clareideogionius) which was nearly to disappear only in the
single species inoculated plots (R). Th MG, the abundance of Claroidoglomus OTUs sharply
decreased in bath the inoculated plots (M and R} giving way to OL'Us belonging to Glomits
and Funreliformis genera, which were not retrieved in the Y1, On the other hand, in the MG
control plot (C), the abundance of Funneliformis, Glomus and Seploglormis remained almosl
unchanged, Microdominikia instead was no longer detected and Clirvoideglomus represented
the most retrieved genus ever found.

‘The I15 region sequence data were also used to infer the putative ecological roles of
the total fungal communitics at cach sampled site (Figure 3). The assignment to a strategy
was possible for 546 (49, 63%) oul of 1100 ITS2 OTUs. In lerms of rophic diversily, the
abundance of saprotroph, pathotroph and saprotroph/symbiotroph fungi was significantly
higher in MG than in SC, both at Y1 and Y2, and only for pathotroph / saprotroph guilds at
Y2. Symbiotrophs are instead significantly more represented at SC, both at Y1 and Y2.

Y1 Y1 Y1 Y1 Y1 Y1 Y Y2 Y2 Y2 Y2 Y2 Y2 Y2
P P-S PSSy P-Sy E) S-Sy Sy P PS8 P8-Sy P-Sy S S8y Sy
* *

30,000

*

Phylum
Ascomycota
20,000 Basidiobolomycota
Basidiomycota
Chytridiomycota
Glomeromycola
Kickxellomycota
Mortierellomycota
Mucoromycota
10,000 Olpidiomycota

854

54 58 854554 8¢

Abundance
*

58 58 358 358358 58 38

Sites

Tigure 3. Trophic distribution and phylum composition of OTUs relrieved lrom Morgex (MG} and Sainl Christophe (5C} al
sampling time Y1 {firsl year) and Y2 (second vear}. S, saprolrophs; Sy svmbiolrophs; I, palhotrophs (fungi showing different
trophic behaviors are separately annotated}. Data are expressed as percentage {mean = standard deviation). *: indicate
sigmificant ditferemces (Anova; Mann-Whitney pairwise comparison; Bonferrond corrected p values; p < 0.05),

3.2, Soit Fungat Micrabiota Assembly and AME tnoculn hipact

The evaluation of alpha diversity highlighted that the variable most significantly
aflecting the [ungal communily was the vear of sampling (Y1 and Y2), while AM fun-
gal inocula did not exert significant offect (Figure $1). The homogeneity of dispersion
among groups was supported by a non-significant resull in permutest. PERMANOVA
analyses also revealed that the fungal communities thriving in the soil of Morgex and Saint
Christophe were not significantly affected by the AMF inocula but only by the sampling
time {Y1; Y2) {p = 0.05, Bray-Curlis) {l'igre 4).
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Figure 4. Ordination plols (NMDS) showing bela diversily of fungal communilics of Morgex (A)
and Saint Christophe (B). The two {fungal communities are signilicantly aifected by the sampling
time (Y1, Y2) (p = (.05, Permanova; Bray—Curtis) but not by the inoculum (C - Carrier Control; R -
Single-species inoculum (Rhizophagus intraradices): M — Multi-species inoculom (K. inbravadices

and Funncliformis mosseac).

4, Discussian

Despite growing interest, the variability of soil microbial fungal communitics (fungi
and bacteria) and the biotic and abiotie factors that drive their differentiation are still
poorly understood in some remote, but still ecologically impaortant, environments such.
as Alpine marginal cultivated fields. Soil microbiome could be of particular relevance in
saffron (Crocus sabfous L) cultivation, since soil has been shown to serve as a reservoir of
microorganisms which, once colonizing roots, might contribute to saffron plant growth,
nutrient availability and pathogen defense [38,39,52].

Besides bacteria, the major component of soil microbiota is represented by lungi
which play crucial roles as saprotrophs, plant mutualists, symbionts and pathogens [53].
Morcovaer, fungi are key in controlling the soil structure and its water content and in
regulating the aboveground biodiversity and productivity [34]. Due to their large number
of species, specialization, and important ecological functions, fungi are also considered
excellenl hioindicalors of soil quality [55]. This aspecl is especially relevant in ihe case of
marginal alpine areas where saffron yield and gquality may vary greatly by site on the basis
of several factors such as soil types, climatic conditions and cultivation techniques [35,36].
Ilowevet, one of the most iportant factors, namely the soil microblota assoclated with
cultivation sites, has been poorly exploted in C. satizns worldwide, in spite of its economic
value both at national and international level. Here, for the first Lime, we reported resulls
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obtained by profiling the fungal components of soils cultivated with saffron through
Nhunina MiSeq metabarcoding on fungal ITS2 from the Valle d"Aosta agriculture sites of
Saint Christophe (5C) and Morgex (MG), and covering twa years of sampling (Y1, Y2).

Tn general, the bwo sites were characterized hy slightly different fungal phyla assem-
blages: in both sites and years (Y1 and Y2), Basidiomycota were particularly abundant
in soil. This findings is not in line with previous reports identifying dominant fungal
phylolypes as belonging, lo generalisl Ascomycola thal dominale soils globally [36]. Qur
results are also different from those obtained by Coller et al. [29] in Alpine vineyards
soils showing Ascomycota (31.8%) and Zygomycota (20.1%) as dominant Phyla, while
Basidiomycota representing only a small fraction (11.2%). The surprising percentage of
Basidiomycola in saffron cullivaled fields, where some of the (OTUs were alfilialed Lo
ectomycorrhizal species {e.g., nocybe vulpinella Bruylants: Suillus granulatus (L.} Roussel,
S. viscidus (L.} Rousscl), could be explained by the fact that most major genera of fungi,
such as the ectornycorrhizal genera Kussila, Boletus, trocybe, Cortingrins and Awianila, seem
to be present on all habitable continents [56]. Tt is worth noting that the site of 5C is also
characterized by: a shrubby fence, the presence of a tree inside the plot, several plants
of birch just around the plot fence and very few grass (Figure 1), We can speculate that
our data on the helowground fungal communily may provide use(ul elements on the
aboveground features such as previous and actual vegetalion coverage and /or agronomic
procedures, allowing to assess the impact of anthropogenic land use to hidden diversity
insoil [31]. Through the analysis of fungal ecological guilds, we indeed highlighted that
fungal symbiolrophs were significant more in SC than in MG. On the olher hand, the higher
abundance of saprotroph, pathotroph and saprotroph/symbiotroph fungi in MG could be
explained by some other site specific edaphic characteristics.

Our resulls are in line wilh lhose obtained in 1he same experimental plols by Caser
and colleagues [41]. Tndeed, they clearly demonstrated that the largest difference in
physiological and biochemicals flower-related traits and corm propertics of saffron plants
cultivated in the same sites (Le., Morgex and Saint Christophe) were between the growing
seasons (Y1 Lo ¥2). In parlicular, they found thal many more moldy corms (willed) occurred
in the first cultivation scason (36.8%) than in the second (16.8%), and more in Morgoex
(32.4%) than Saint Christuphw (39.1%). They argued that clevated pereentage of wilted
corms was probably due to the high relative humidity and precipitation rate (more than
530 mm /year), mainly nccurring in MG than in 5C and, to the absence of corm antifungal
treatments. In accordance with those findings, our results showed that Morgex's soil seems
to thrive not ondy significantly higher saprotroph but more important, pathotroph and
saprolroph/symbiolroph lungi.

Even if a specific characterization of plant pathogens was not conducted, the high
wilting rate found in MC could be related and favored by the presence, in this site, of
several fungal species belonging to Ascomycetes such as Blumerin, Coltetolrvichum, Ciurvu-
laria, Gibberella, I eptosphacria, Plectosphacrella, Ranudaria, Stigniina. Indeed, all these have
been reported to be associated with saffron diseases |57,58). We also detected some taxa,
previously reported as endophytic fungal isolates, belonging to two Ascomycota lincages
representing two orcers (Helotiales and Pleosporales) and one order each in Basidiomyeota
and Mortierellomycota, namely Agaricales and Mortierellales, respectively. The presence
in 501l of microbial endophytes is very important, In fact, some endophytes (e.g., M. alpima)
showed positive effects on many growth parameters (ic., total biomass, size of corms,
number of apical sprouling buds, number of adventiiious rools) and planl secondary
metabolite production |39]. Furthermore, the endophyte can enhance biofic stress tolerance
to corm rot fungmas by releasing arachidondc acid [60].

Despite being also designed to rank the relative impact of two AML inocula on the
residenl soil (ungal communilies, Lhis study highlighled Ihal the variable significanlly
affecting the fungal communities was instead only the year of sampling (Y1 and Y2). Nei-
ther the sites nor inoculum application significantly influenced soil fungal diversity and
composition. [n particular, our results also showed that apparently, the resident AM fungal
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communities found in the treated or control plots of Morgex and Saint Christophe were
not significantly affected by the introduction of commercial AMF-based inoculum and that
the AMF sequences refrieved from the soil metagenome very partially reflected the species
inoculum composition. Tn addition, unlike what has been previously reported [61] the
moculation process seems to increase the dominance of a single species (i.e., Claroidoglomus)
and decrease diversity of the preexisting AMF communities. Unlike the results obtained in
other Alpine environments of Northern Italy by Berruli el al. [25], on vineyards of Aosia
Valley, and Turrini et al. |30], on apple orchards of South Tyrol, the most abundant genus
relrieved in saffron alpine agricullure siles, was nol Glomus bul Clgroideaglomus, repre-
senting up to 80% of the Glomeranycota sequences. Similar ko previous reports, ANME Laxa
belonging lo Seploglomus and Funneliformis corresponded Lo less than 1% of lolal sequences
in lhese agricullure siles. However, we musl poinl oul thal (he diilerences found may be
due Lo the differenl melhods, which were used in Lhe sludies ciled above, o invesligale AN
so0il lungal communilies and only parlially overlapping with ours. Regarding the higher
AME abundance and biodiversily found in Morgex we could speculaie thal this sile is
characlerized by some palchy areas dominaled by grasses; an environmenl more lavorable
lo AM. I‘ungi such as surrounding herbaceous plants, lrom which AMI* propagules and/or
heallhy AMI* mycelial nelworks could gradually have colonized salfron cultivaled fields.
Anolher hypolhesis could be hal in MG Lhe vegelalion-medialed legacy efllecls on soil
microbial communilies is slill mainlained.

l'urthermore, no sequences ol Riizophagus/Rhizogloinus spp. thal represenled lhe main
taxon of one of the applied inoculum (i.e., R) were [ound. Many factors can alfect the success
ol inoculation and AMI’ persisience, including environmental and cultivation conditions,
species compatibility, degree ol spatial competition with other soil organisms, and the time
of inoculation. Hence, it is important to assess the effects of AMI' on crop traits both as
early application and as resiclual persisience in the following crop cultivation seasons [61].
‘Lhis aspect of particular importance is in accordance with previous results showing that
AMY root colonization of C. sativns, treated with mixed or with single inoculum, during the
two successive cultivation evcles (vear Y1 and Y2}, was very low in terms of both intensity
of colonization (0.0-9.0%) and percentage of arbuscules (0.0—4.4%) [40].

These results are, however, in line with those reported by Ceballos et al. [62] and
Berruti et al. [61] on cassava and maize plants inoculated by AML respectively. In fact,
even if root nycorrhization was very low for both plants (which are usually very well
mycorrhized in the field) they eventually produced higher yields anyway. Beside the
results regarding the belowground aspect of our experiment, it is important instead to
underline that in many experiments AM fungal applications exerted an important impact
on the above-grown features [37,39]. In particular, the inoculation of saffron with single
or multiple AM fungal isolates was demonstrated to increase cither flower praduction
and, saffron yicld as well as spice antioxidant activity and the content of some important
bivactive compounds (L., pierocracin, crocin 1, and quercitrin [39,40].

We can assume that the AM fungal inoculum may have had a side stimulating cffect
on other resident soil microbial components (Le., PGPR) that attect plant growth and
physiology. Another possible explanation could be the presence of PGFR strictly associated
with spores of some AM fungal species commaonly used as inoculum [63].

5. Conclusions

For the first time, we have characlerized the fungal communilies of an Tkalian alpine
agroecosystem cultivated with saffron and treated with arbuscular mycorrhizal fungal
inocula. Since saffron is the world’s highest priced spice, the increases in yield and
qualily ebtained using AMT inoculum along with having no evident impact on resident
microbial populations suggests that farms in marginal areas such as alpine siles can increase
profilability by inoculaling sallron bulbs with arbuscular mycorrhizal lungi.
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In addition to AME, it would be advisable to investigate other endophytes to be
co-inoculated with saffron bulbs, or dircctly recruited from soils, that could offer further
advantages, for example, an increasing tolerance to biotic and /or abiotic stresses. This
last aspect is of particular importance because, after a few vears of continuous culliva-
lion, sallron could exerl allelopathic aclivilty against many soll componenls [64,63], thus
compromising both its replanting and the cultivation of alternative crops (i.e., lettuce} [66].

Lastly, the provided datasets may contribute to future searches on fungal bio-indicators
to be applicd as biodiversity markers of a specific site and /or agriculture cultivation.

Supplementary Materials: ‘I'he following are available online at https:/ /vwwwmdpi.com /2309-6
08X /7 /174571, Table S1. Taxonomic distribution, at Class level, of OTUSs retrieved from the two
sampled sites (Morgesx: MG; Saint Christophe: SC) at Y1 (vear 1} and Y2 (vear 2); Tigure 51: Alpha
diversity measunes of saffron fields: Observed OTUs, Chaol and Shannon.
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Fig.52 Alpha diversity measure of Saffron fields: Observed OTUs, Chao 1 and Shannon.




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
. 0,00+0,00a 0,01+0,03a 0,00+0,00a 0,00+0,00a
Ascomycota Archaeorhizomycetes
. 12,2243,53a 5,93+1,57b 7,87+2,19a 3,06+1,46b
Dothideomycetes
. 2,30+1,39a 1,14+0,52b 1,33+1,34a 1,32+1,02a
Eurotiomycetes
0,00+0,00a 0,00+0,00a 0,04+0,11a 0,00+0,00a
Geoglossomycetes
. 0,04+0,13a 0,01+0,02a 0,11+0,27a 0,00+0,00a
Laboulbeniomycetes
. 5,54+1,67a 3,69+2,07b 7,09+3,25a 3,33+1,59b
Leotiomycetes
. 0,32+0,45a 0,08+0,14a 0,28+0,25a 0,37+0,96a
Orbiliomycetes
. 1,00+0,95a 0,39+0,42a 1,41+1,46a 0,32+0,33b
Pezizomycetes
0,37+0,51a 0,16+0,23a 0,12+0,29a 0,04+0,05a
Saccharomycetes
) 8,9442,05a 6,75+2,27b 9,66+2,63a 7,64+2,22a
Sordariomycetes
. . 0,33+0,40a 0,22+0,32a 0,89+0,70a 0,04+0,08b
unidentified
0,00+0,00a 0,02+0,04a 0,00+0,00a 0,00+0,00a
Basidiobolomycota Basidiobolomycetes
. . 25,20+4,37a 49,71+7,58b 31,1349,18a 54,26+6,25b
Basidiomycota Agaricomycetes
L 0,01+0,04a 0,00+0,00a 0,00+0,00a 0,01+0,02a
Agaricostilbomycetes
0,01+0,03a 0,00+0,00a 0,10+0,29a 0,02+0,04a

Cystobasidiomycetes




0,15+0,24a 0,33+0,31a 0,08+0,19a 0,41+0,65a
Dacrymycetes
. 0,00+0,00a 0,05+0,16a 0,08+0,15a 0,00+0,00a
Exobasidiomycetes
o 0,00+0,00a 0,03+0,08a 0,00+0,00a 0,00+0,00a
Geminibasidiomycetes
] 0,00+0,00a 0,03+0,08a 0,00+0,00a 0,01+0,02a
Malasseziomycetes
. 1,42+1,42a 0,92+0,54a 0,90+0,62a 0,88+0,71b
Microbotryomycetes
L. 2,10+1,09a 1,67+0,50a 0,67+0,54a 0,93+0,56a
Pucciniomycetes
16,02+4,93a 6,61+1,67b 13,63+3,53a 8,59+1,81b
Tremellomycetes
0,14+0,20a 0,17+0,19a 0,20+0,24a 0,19+0,24a
unidentified
o 0,08+0,13a 0,30+0,29a 0,06+0,19a 0,73+0,42b
Ustilaginomycetes
0,06+0,11a 0,00+0,01a 0,09+0,17a 0,00+0,01a
Blastocladiomycota unidentified
0,00+0,00 0,04+0,11 0,00+0,00 0,00+0,00
Chytridiomycota Chytridiomycetes : : : :
0,00+0,00a 0,02+0,05a 0,00+0,00a 0,14+0,23a
Lobulomycetes
. . 0,00+0,00a 0,01+0,03a 0,00+0,00a 0,07+0,18a
Rhizophlyctidomycetes
. . 0,06+0,12a 0,00+0,00a 0,10+0,21a 0,02+0,06a
Rhizophydiomycetes
. 0,06+0,07a 0,12+0,16a 0,01+0,03a 0,01+0,02a
Spizellomycetes
. . 1,34+0,90a 0,95+0,55a 1,91£1,20a 0,42+0,39b
unidentified
0,02+0,07a 0,00+0,00a 0,00+0,00a 0,00+0,00a
Glomeromycota Archaeosporomycetes
0,48+0,55a 0,18+0,19a 0,68+1,04a 0,29+0,31a
Glomeromycetes
0,00+0,00a 0,03+0,06a 0,00+0,00a 0,00+0,00a
Paraglomeromycetes
. . 0,00+0,00a 0,01+0,04a 0,00+0,00a 0,00+0,00a
unidentified
0,09+0,21 0,03+ 10+0,2 1+0,04
Kickxellomycota GS19 ’ <1 ,03+0,05 0,10+0,25a 0,010,042
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7,33+1,82a 7,06+0,75a 7,24+2,13a 9,34+1,49a
Kickxellomycetes
. 2,92+1,30a 0,90+0,58b 5,63+3,41a 0,79+0,65b
Mortierellomycota Mortierellomycetes
0,00+0,00a 0,03+0,10a 0,00+0,00a 0,00+0,00a
unidentified
5,64+1,38a 3,42+1,38b 4,87+1,78a 1,32+1,08b
Mucoromycota Mucoromycetes
0,00+0,00a 0,01+0,02a 0,00+0,00a 0,00+0,00a
unidentified
0,44+0,36a 0,01+0,02b 0,00+0,00a 0,00+0,00a
Olpidiomycota Olpidiomycetes
0,08+0,17a 0,01+0,04a 0,00+0,00a 0,01+0,02a
Rozellomycota Rozellomycotina_cls Incertae_sedis
5,28+2,77a 8,94+4,82a 3,71+£1,43a 5,43£5,78a
unidentified unidentified
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Chapter V

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



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 lllumina MiSeq sequencing analysis.

In the chapter is described a workflow for AMF identification by high-throughput sequencing
through lllumina 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, 1.>® ¢, Berruti, A.?, Orgiazzi, A., ¢ Voyron, S.®, Bianciotto, V.2, Lumini, E.? (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.

¢ 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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High-Throughput DNA Sequence-Based Analysis of AMF
Communities

iris Marisa Maxaieie Victorino, Andrea Berruti, Alberto Orgiazzi,
Samuele Voyron, Valeria Bianciotto, and Erica Lumini

Abstract

Arbuscular mycorthizal fungi (AMI} are obligate symbionts of most land plants. They have great ecological
and economic impacts as they support plant nutrition and water supply, soil structure, and plant resistance
1o pathogens. Investigating AME presence and distribution at small and large scales is critical. "Therefore,
research requires standard protocols 1o be easily implemented. In s chapter, we describe a worldlow for
AME identilicadon by high-throughput sequencing through Ulumina MiSeq platform of two DNA target
repions: small subunit (SSU) and internal tanscribed spacer (I181. The protocol can apply 1o both soil and
rool AME commumities.

Key words Arbuscular mycorrhizal fungi (AMFE), DNA-bascd species characterization, High-
throughpur scquence, THumina MiScq, ITS primers, SSU primers

1 Introduction

Over the last decades, high-throughput sequencing has revolutio-
nized microbial cecology. Indeed, we now have the ability to thor-
oughly characterize both bacterial and fungal communitics in
various environments [1]. Arbuscular mycorehizal fungi (AMEF)
have been, no exception, one of the most deeply investigated
groups ot sotl fungi |2, 3. They arc obligate symibionts colonizing
roots of more than 200,000 plant specics [4], exchanging soil
nuerients and other services for plant carbon. Currently, there are
about 300 morphologically defined | 5| and over 1000 molecularly
defined specics of AMF [6, 7]. High-throughput sequencing, com-
pared to Sanger methodology, has revealed a greater richness within
AME communities [8] as well as an incrcased understanding of
their global distribution patterns [9, 10, Due to their nature of
obligate biotrophs, AMF cannot be isolared and quantitied by
in vitro culture. Therefore, AME ceology largely relics on the usc
of DNA-based approaches for describing AM [ungal guilds. Over

Nuria Ferrel and Luisa Lanfranco ieds.), Arbuseufar Mycornhizal Fungi: Melhoods and Profocols, Melhods in Moelecular Biology,
vol. 2146, hitps://doi.org/10.1007/978-1-0716-0603-2 9. 3 Springer Science-Business Media. LLC. part of Springer Mature 2020
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the Jast years, next-generation scquencing (NGS) has been exten-
stvely embraced to depict AMF populations in narural {c.g., grass-
land} and disturbed (c.g.. cropland) ccosvstems | 11, 12| However,
it1s currently known that NGS may lead to biases when interpreting
microbial community patterns | 13, 14 |. This holds particalarly true
for AMF communities due to poor knowledge of basic biology and
genetics of this fungal group | L1, 15]. Therefore, when setting up a
protocol for AMF characrerization, the final research goal has to be
clear in order to adopt the most fitting procedure.

Nowadays, high-throughput sequencing technology (i.c., Ilu-
mina MiScq) ensures performance {up to 25 million reads per run)
greater than cver betore. This offers microbial ccologists the oppor-
runity to carry out broad investigations cncompassing the torality
of fungi presentin any type of environmental samples, Nonetheless,
n some cases, an exclusive research interest on AMI communities
may remain to specifically answer ecological questions associated to
this group of organisms. ITistorically, two regions are considered
when studying environmental AME assemblages: the small subunit
rDNA (SSU rDNA, I8S) and the internal transcribed spacer (IS}
{Fig. 1). Each of these shows strengths and weaknesses [11].

SSU gene is highly conserved and therelore considered uselul
in studying relatively distant organisms, and it is most often chosen
due to the availability of primer pairs recovering the majonity of
AMF familics. Furthermore, data wealth allows to casily assign SSU
sequences to virtual taxa (VTs) from curated databascs, such as
“MaarjAM™  (hrtrps: //maarjam.botanv.ut.ee /) |21[, and, thus,
facilitates comparisons across studies; however, it could fail to
discriminate species belonging ro some AMF taxonomic groups
(22, 23].

['1'S region is known as the universal DNA barcode for fungi
[13, 24]. Despite the availability of AMFE-specific primer sets [25],
I'TS region is less (requently targeted in AMFE community surveys.
This is due to technical reasons: (1) poor amplification of AMF
DNA by the universal TTS fungal primer pairs [26, 27] and for
{2) high variability of TTS scquences within specics, even within
individuals, which hampers clade recognition |28 |. Choosing ITS
primer sets may be advantageous as they can reveal community-
level response and interactions across the entire fungal kingdom
without additional efforts and resources [12 .

ITS1F
fITSS

ll _ S5V ITS1 S ITS2 2 SY Il.

AMDGR ITS2

—

AlL2 ITS4

Fig. 1 Ribosomal RNA primer map. Major regions targeted hy most used primers for fungal identification:
ITSTF, ITS2, and ITS4 [16, 17], fITSY [18], AMADF and AMDGR [19], and AML1 and AML2 [20]
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A more reliable molecular identification of AMF specics can be
achieved by using a mixed primer pair designed by Kriiger and
collaborators [257. This sct amplifics a fragment of approximatcly
1500 base pairs covering a portion of SSU, the whole ITS, and a
portion of LSU (large subunit, 285). However, such a long ampli-
con is not suitable for the most commonly used platform (i.c.,
Ilumina MiSeq), but it is compatible with other platforms (e.g.,
PacBio) [28].

All current approaches for AMF identification require trade-
offs to be considered when choosing the INA region to amplity,
AMF-specific SSU primers may be able to retricve more families
and, thus, provide a wide, but exclusive, view on the AMT commu-
nity [12, 19, 29]. Inswcad, universal fungal II'S primers could be
taken in account when the aim is the assessment of soil trearment
responses of only AMF dominant taxa, as long as a sufficient
number of AMF sequences are obtained to ensure adequate detec-
tion of the existing diversity [19].

In this chapter, we propose a list of protocols for carrying out a
high-throughput scquence-based analysis of AME communitics,
from DNA cxtraction in cnvironmental samples {i.c., soil and
plant roots} to bioinformatics rools for analyzing DNA reads. Dif-
ferent workflows depending on final rescarch aims and, thus, on
primer set choice (5SU or ITS) are presented.

2 Materials

2.1 Piant

2.1.1  Plant Sampling
and Pracessing

101

Before sampling, choose an appropriate area according to research
objcetives, Metadara collection is crucial and can be used for further
investigation on drivers of AME discribution. "Lherefore, itis impor
tant to gather as many informadon as possible: land use, land cover,
irrigation, signs of grazing, stoniness, and burned areas. Depending
on the tvpe of land, natural or cultivated, approaches to sample may
dilfer. In natural ficld, whenever possible, collect samples from
locations least disturbed by human activities |7]. In cultivated
arcas, be sure to know whether it is a monoculture or a rotation
crop field {additional metadata); moreover check and take note of
the presence of weeds, cover crops, or litter [30]. According to
[31], on cach swudy site, collect samples in at least two plots
30 x 30 m (or 15 x 15 m), each with similar vegetation type.

. Entire and/or root segments on the base of plant species.
. 95% ethanol.

. Sterile gloves.

O S

. Zip locks of different sizes,

LS

. Permancent marker,
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2.1.2  Plant Root Genomic
DNA Exiraction

2.2 Soit

2.2.1 Soit Sampling
and Processing

222 Soif Core Genomic
DNA Extraction:
NucleoSpin™ Soif Kit
{Macherey-Nagef) (See
Note 1)

2.2.3 Soif Core Genomic
DNA Exiraction: DNeasy
PowerSoif® Kit (Qiagen)
See Note 1)

102
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. Shovel.
. Box with coolers for sample storage and transport.
. Scalpel.

. l'weezers.

. DNeasy™ Plant Mini Kit (Qiagen).

. TissueLyser.

. Clean and sterile 1.5 and 2 ml microcentrifuge tubes.
. Pipettes (10-1000 pl).

. Disposable pipette tips.

. Microcentrifuge (20,000 x g).

. Vortex.

. Personal protection equipment {e.g., lab coat, disposable

gloves, protective goggles).

. Rhizospheric and /or bulk soil.
. 95% cthanol.

. Sterile gloves.

. Soil corer.

. Zip locks of different sizes.

. Permanent marker.

. A polystyrene box with freezer blocks or similar,

. NuclcoSpin’k' soil kit (Macherey-Nagel).

. Clean and sterile 1.5 ml and 2 ml microcentrifuge tubes.
. Pipettes (10-1000 pl).

. Disposable pipetre tips.

. Microcentriluge (20,600 x g).

. Vorrex.

. Personal protection cequipment {e.g., lab coat, disposable

gloves, protective goggles).

. DNeasy PowerSoil™ Kit {Qiagen).

. Clean and sterile 1.5 ml and 2 ml microcentrifuge tubcs.
. Pipettes (10-1000 pl).

. Disposable pipette tips.

. Microcentrifuge {20,000 x 4).

. Vortex.
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2.3 DNA
Quantification

2.3.1 Gel Electrophoresis

2.3.2 NanoDrop (Thermo
Fisher Scientific)

233 Qubif® {nvitrogen)

24 PCR
Amplification

2.5 PGR Products
Purification
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. Yortex adapter tube holder.

. Personal protection cquipment {c.g., lab coat, disposablc

gloves, protective goggles}.

. 200 ml Erlenmeyver flask.

. Microwave,

. Spatula.

. Pipettes (10-1000 pl).

. Disposable pipctte tips.

. Casting tray.

. 100 bp or 1 kb Plus DNA Ladder {depending on the size of

amplicons).

. Gel loading buffer.

. Electrophoretic apparatus.

. NanoDrop 1000 spectrophotometer and V 3.7 software.
. Pipectes (10 pl).

. Disposable pipette ups.

. Qubit™ 2.0 Fluoromctet.
. Qubit® thin-wall clear 0.5 ml PCR tubes.
. Pipettes (2-200 pl).

. Disposable pipette tips.

. Pipettes (2-1000 pl).

. Disposable pipette tips.

. Thin-wall 0.2 ml PCR tubes.

. PCR Master Mix (2x) (containing  high-fidelity . DNA

pol¥merasc).

. PCR thermal eyeler,

. Primers solutions: Tirst prepare stock primers solution at

100 pM. Then, prepare primers working solution at 10 uM
and store primer stocks and working solutions at —20 *C.
Primers sequences are reported in Table 1. Use positive
{IDNA extractions successtully used in previous assays} and
negative (water) controls.

. PCR purification kit {(Promega).
. Microcentrifuge.

. Eppendorf collection tubes 1.5 ml.
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Table 1
Primers list

Amplicon size

Primer pair Nucleotide sequence (5'-3') {bp}
Forward AMLI1 [20] ATCAACTTTCGATGGTAGGATAGA ~800
Reverse AMI.2 [20] GAACCCAAACACTTIGGTTITCC

AMADT | 19| GGGAGGTAGTGACAATAAATAAC ~420
AMDGR [32] CCCAACTATCCCTATTAATCAT

Forward IIS1F |16, 17| TTGGTCATT TAGAGGAAG TAA ~4(0
Forward 1159 [18] GAACGCAGURAAIIGYGA -350

Reverse 'S4 [16, 17]

TCCTCCGCTTATTGATATGC

Forward Illumina overhang, ~ TCGTCGGCAGCGTCAGATGTGTA =

(Iloj TAAGAGACAG
Reverse UHlumina overhang GICICETGGGETCGGAGATG TG TA
{Rlo) TAAGAGACAG
3 Methods

3.1 Processing Plant
Maleriat
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A clean working beneh should be used, and unless stated otherwise,
the water and all other reagents used should be of molecular
biological grade. For waste disposal, diligently follow all regula-
tions. Do all centrifugation  steps  at room  temperature
(R = 15-25 °(}), When working with small amounts of DNA
and using nested PCR protocols, it is necessary to work in a
conramination-free environment. Use separate rooms for pre- and
post-PCR steps and never expose the samples 1o an environment
where, c.g., target DNA-carrving plasmids were extracted or PCR
products handled. Make sure that all solutions are prepared and
kept uncontaminated; work under UV lighte decontaminated
benches tor imital sample preparation and in strictly UV deconta-
minated PCR cabinets. Use clean pipettes and pipette tips that are
only used {or [DNA extraction and separate pipette sets for the first
PCR and the nested PCR, respectively.

In the following scctions, one procedure for root DNA extrac-
tion and two procedures (twa different commercial kits) for soil
DNA extraction are described.

1. Wear sterile gloves and use your hands to carcfully remove any
weed from the arca.

2. Excavatc and collcct cach plant by removing a block of approx-
imatcly 15 o of diameter and depth [30]. This way vary
depending on the 1ype of plant and root lengih. You may
decide to transport it as it is in zip locks to the laboratory or
to carefully remove the entire root system without any soil.
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3.1.1 DNeasy" Plant
Mini DNA Extraction Kit
{Qiagen) Protoco!
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3. When arriving at the laboratory, wash the plant roots wich tap

watcr to remove any adherent soil particles and organic debris,
quick dry with a tissue paper, and then cut the entire root
system  from the planc with a scalpel. ‘Lo avoid cross-
contamination, process cach sample using a new scalpel. Alter-
natively, between one sample and another, sterilize the scalpel
blade by flame.

4. According to |33 ], cut 10-20 picces of sizes between 0.5 and

1 e¢m length (use an amount ol approximately 20-cm long root
segment), wrap in tissuce paper, and place it in #ip locks contain-
ing silica gel. It it is possible, freeze-dry roots as follow: put
200 mg in a 1.5 ml Eppendorf tube, sonicate to remove any
remaining soil particles, and then freeze the roots in liquid
nitrogen and lyophilize. Store at —20 °C.

Bulfer AP1 and buffer AW solutions may [orm precipitates upon
storage. If necessary, warm to 65 “C to redissolve (before adding
ethanol to bufter AW1}. Do not heat butter AW]1 after ethanol has
been added. Buffer AW2 and bulfer AW arc supplied as concen-
trates, Before using for the first time, add the appropriate amount
of ethanol {96-100%) as indicated on the bottle to obtain a work-
ing solution.

1. Disrupt samples (<150 mg tresh weight or =20 mg of lyophi-

o

lized root segments) using TissueRuptor, TissueLyser (24 Hz
for 2 s, repeat once), or a maortar and pestle.

. Add 400 pd of AP1 buffer and 4 pl RNase A. Remember not to

mix AP buffer and RNasc A betore usc.

. Vortex and incubate lor 10-15 min at 65 °C. Do not forget 1o

ivert the tube every 2 min during incubarion.

. Add 130 pl P3 buffer and mix well by pipetting. Incubate for

5 min on ice. This step precipitates detergent, proteins, and
polysaccharides.

. Centrifuge for 5 min at 20,000 x 4 {14,000 rpm}.

6. Pipct the lysate into a QIAshredder spin column placed in a

9.

10

N

2 ml collection tube and centrifuge for 2 min at 20,000 x g
{14,000 rpm).

. 'Lransfer the flow through fraction from step e into a new 2 ml

tube without disturbing the cell debris pellet.

. Add 1.5 volumes of AW1 buffer and mix by pipetting. Lransfer

550 pl of the mixture it into a DNeasy™ Mini spin column
placed in a 2 ml collection tube.

Centrituge tor 1 min at 6000 x g (=8000 rpm) and discard the
flow-through. Reuse the collection tube.

Repeat step 8 with remaining sample. Discard flow-through
and collection tube.
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3.2 Processing Soif
Core Samples

321 NucleoSpin™ Soil
DNA Extraction Kit
(Macherey-Nagel) Protocol

106

I1.

12.

Place the spin column into a new 2 ml collection tube, add
500 ul of AW2 buffer, and centrifuge for 1 min at 6000 X g4
(=8000 rpm).

Discard the flow-through, rcassemble the column in the same
collection tube, and add 500 pl of AW2 buffer and centrifuge ar
20,000 x g {14,000 rpm)}.

. Discard the flow-through and centrifuge for 2 min at

20,000 x g (14,000 rpm) to dry the membranc from residual
cthanol that may interfere with subsequent reactions, Tf it is
possible, let the lid of the centrifuge open in order to maximize
the ethanol evaporation.

. Carcfully remove the spin column from the collection tube

avoiding anv contact with the residual ethanol.

. Transfer the spin column to a new 1.5 ml microcentrifuge tube

and add 35 100 pl of AE buffer (10 mM Tris HCI; 0.5 mM
EDYTA; pH 9.0) or nuclease-free water to elute the DNA.
Leave tor 5 min at R1 and centrituge tor 1 min at 6000 x 4.
Add again 35-100 pl of AE bullcr, leave lor 5 min at RT, and
centrifuge for T min at 6000 x 4. Note chat the choice of
elution butfer depends from the next required analyses.

When aiming at soil DNA community analysis, gather minimum
live to ninc topsoil (0-20 ¢m) subsamples and mix to lorm a single
composite sample [31]. Collect soil samples in a pre-cstablished
georeferenced {GIS) location. Once chosen the first sampling
point, collect other four to eight soil subsamples on a plot
(30 x 30 m or 15 x 15 m) having the GIS point as central focus.

1. Wear sterile gloves and remove all signs of vegetation residucs

from the point.

. Collect soil sample through soil corer and place it into a

zip lock.

. Keep the seil as (tesh as possible {c.g., polystyrene box with

{freczer blocks) until arrive at the laboratory.

. In laboratory, sieve each soil sample on a 2-mm stainless steel

sieve, aliquot samples (250 mg) into 2 ml microcentrifuge
tubes, and store at —20 “C.

. Clcan sampling material with cthanol before processing sam-

ples from other locations.

Before starting, check if lysis buffers SL.1 and SL2 show sign of
precipitation; in this case, use a water bath at 40 *C tor 10 min to
dissolve it; shake the bottle every 2 min. All the procedures have to
be done ac RT.
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I.

10.

11.

12.

13.

Put the ceramic beads into a NucleoSpin®™ Bead Tubes Type A
and add 250 mg of fresh sample material paying attention not
1o exceed the T ml mark (0.6-0.8-mm ceramic beads arc

recommended ftor soil and sediments).

. Add 700 pl of bufter SL1 to the NucleoSpin™ Bead Tubes Type

Aand 150 pl of Enhancer $X. (Enhancer 8X ensures the high-
est possible DNA vyield.) Place the NucleoSpin® Bead Tubes
Type A horizontally on a vortex at full speed for 5-10 min at
RT. Note that longer vortex time could improve DNA extrac-
tion. For more than ten samples is recommended to augment
the vortex time to 20 min.

. Centrifuge for 2 min at 11,000 x g {9000 rpm) and repeat

this step collecting the supernatant into a new 2 ml
collection tube.

. Add 150 pl of buffer SL3 and vortex briefly. Incubare for 5 min

on ice and then centrituge at 11,000 x g (29000 tpm) for
1 min {this step precipitates contaminants).

. Use the NucleoSpin®™ Inhibitor Removal Column to filter the

lysate by placing the column into a new 2 mil collection tube
and then add 800 pl of the supernatant from step 4. Centrituge
for 1 min ar 11,000 x 4

M-

. Repeat step 5 with the remaining supernatant of step 4.

. Discard the Nltclc(_)Spin:@ Inhibitor Removal Column, Add

250 pl of builer 8B and vortex briefly o adjust binding,
conditions.

. Place a NucleoSpin™ Soil Column in a new 2 ml collection

tube, and load 550 pl of sample onto the column.

. Centrifuge the NucleoSpin™ Soil Column 1 min at 11,000 x g

{9000 rpm), and discard the flow-through.

Repeat step 9 loading the remaining sample onto the column,
and discard the flow-threugh. And place the eolumn back into
the collection tube.

To wash and dry silica membrane, add 500 pl of bufter SB to
the NucleoSpin® Soil Column and centrifuge for 1 min at
11,000 x 4 (>9000 rpm).

Place the MB spin column inte a new 1.5 ml clean tube, add
35100 ul of bulfer C6 and centriluge again for 3 s at
10,000 g (==9000 rpm). Discard the MB spin column and
keep the flow-through.

Add 650 pl of SW2 buffer to the NucleoSpin®™ Soil Column.
‘ortex briefly prior to centrifuge for 1 min at 11, 000 x g
(29000 rpm). Discard the flow-thorough and place the col-
wmnn back into the collection tube and centrifuge for 2 min at
11,000 x g (=9000 rpmy). If it is possible, let the lid of the
centrifuge open in order to maximize the ethanol evaporation.
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3.2.2 DNeasy

PowerSoif* DNA Extraction

Kit ((agen) Protocol

14. Put the NucleoSpin®™ Soil Column into a new microcentrifuge

1.5 ml tube. Add 50 pl of butter SE (5 mM Tris—HCI, pH 8.3)
to the column and incubate 1 min at RT with the lid open.
Close the lid and centrifuge for 1 min at 11,000 x g4
(=9000 rpm),

Before starting, use a water bath at 60 “C to disselve C1 solution if

precipitation occurs. All the centrifugations have to be done at RT.

1.

P'ut 250 mg of soil into PowerBead Tube. Vortex bricfly and
add 60 pl of buffer C:1. Invert the tube from time to time and
vortex the tabes positioned horizontally for 10 min (if vou
process more than 12 samples, vortex for 20 min}. Note chat
might be necessary to increase the soil amount up to 500 mg
for soil with high sand content.

. Centrifuge tubes at 10,(H}0 x g (=900 rpm]) for 1 min and

then transfer the supernatant 1o a clean 2 ml collection tube.

. Add 250 pl of buffer C2 and vortex briefly. Incubate tor 5 min

on ice and then centrifuge tubes for 1 min ar 10,000 x g4
(>9000 rpm).

. Avoiding the pellet, transfer up 1o 600 pl of supernatant 1o a

clean 2 ml collection tube.

. Add 200 pl of butter C3, vortex briefly, and then incubare for

5 min on icc. Centrifuge for 1 min at 10, 000 x g
(z=9000 rpm). Without disturbing the pellet, transfer total
amount of supernatant to a clean 2 ml collection 1ube.

. Mix by shaking C4 buffer, take 1200 pl, and add it to the

supernatant. Vortex briefly.

. Carcfully load 600 pl onto an MB spin column and centrifuge

ac 10,000 x g (229000 rpm) for 1 min.

. Discard the flow-through and repeat the previous step until no

sample is left.

. Add 500 pl of buffer C5 onto an MB spin column and ceneri-

fuge for 1T min at 10,000 x g (29000 rpm). Discard the flow-
through and centrifuge once more for 2 min at 10,000 x g
{=9000 rpm}. This step will dry the membrane.

. Carcfully place the MB spin column into a 1.5-ml clean

collection tube,

. Add of 35 pl of butter €6 (10 mM Tris—HCI, pH 8.0) in the

center of the white filter membrane and centrifuge tor 1 min at
10,000 x g (9000 rpm).

. Place the MB spin column into a new 1.5 ml clean 1ube, add

35-100 pl of buffer C6 and centrifuge again for 30 s at 10,000
X g (>=9000 rpm}. Discard the MB spin column and keep the
flow-through.
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3.3 DNA ‘T'o prepare sample for gel clectrophoresis, add 1 pl of 6x loading
Quantification buffer in 5 pl of IDNA sample.
3.3.1 Gel Eiectrophoresis 1. Using an Lrlenmever flask, weigh 1 ¢ of agarose and add

1G0 ml of 0.5x TAHK bufier,

2. Put the Erlenmeyer flask the microwave oven to dissolve
completely and gently mix the solution. Let it cool down and
then add 2 pl of cthidium bromide at a concentration of
10 mg/ml.

3. Pour the solution into a casting tray, place a comb {or two
depending on the number of samples to run), and letit become
solid.

4. Load che samples and the DNA ladder into the wells, connect
the electrodes to the power supply {negartive clectrode, south,
and positive clectrode, north), and let the gel clectrophoresis
run with 100 V for 30 min {or morc depending on the gel size
and voltage).

3.32 NanoDrop To clean the instrument, open the sampling arm and load 1.5 pl
Quantification onto the lower pedestal and follow the instructions provided by the
software.

1. Make a “blank” mcasurement using the same buffer nsed lor
DNA clution (this buller is different for the different
cxtraction kits).

2. Once completed the blank measurement, apen the sampling
arm, and with a towcel paper, wipe the upper and the lower
pedestals and load the sample to read.

3. Close the arm and initiate the measurement pressing the
“start” button on the operating software on the PC V 3.7
software.

4. Once completed the measurement, open the sampling arm,
and wirh a rowel paper, wipe the upper and rhe lower pedestals
and carry onto the next sample.

333 Oubif® (invitrogen) Store the dye, DNA standards ar 4 °C, and the buffer at RT. Prior
Quantification to begin, leave all the reagents at RT for 30 min.

1. Prepare two tubces for the standards and one tube for cach
sample.

2. Dilute Qubit® reagent 1:200 in Qubit™ buffer—working solu-
tion—using this working solution, prepare 200 pl of the work-
ing selution for each standard and for each sample.

3. Prepare a thin-wall clear 0.5 ml PCR tubes as follows:
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3.4 SSUrDNA

Ampilification
341 First PCR

34.2 Second
(Nested} PCR

110

Volume ot working solution
tfrom step 2 to add

Volume of standard from kit to add
Volume of sample to add

Total volume n cach tube

Standard tubes

190l

10yl

200 4l

Sample mbes

180 199 pl

1-20 pl
200 l

4. Bricfly vortex all tubes and then incubate for 2 min at RT.

5. Put the tubes into the Qubit™ 2.0 Fluorometer and start the

readings.

Before the scrup of the PCR reactions, adjust the genomic
DNA concentration ot each sample to 2 ng/pl.

1. Prepare a final volume of 25 pl of the mixture for PCR reaction

using:

PCR Master Mix (2%

10 pM torward primer (AML1)
10 M reverse primer {AMT.2)
DNA (2 ng/pl)

PCR-grade water

10 pl
0.5 pl
0.5
1pl

13 pl

2. Use as PCR conditions for 96-well thermocycler for cach

primer set the following:

Temperature Time Repeat
95 °C 15 min
95 “( 60 s %35
57 °C 60 s x35
725C 60 s x35
72°C 7 min

4°C Hold

PCR products from the first PCR should be used in the henu-
nested PCR with primer AMADF /AMDGR with added Illumina
overhang adapter scquences (see Note 2),

1. Prepare a final volume of 25 pl of the mixture for PCR reaction

using;:
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3.5 ITS rDNA
Amplification

3.5.1 First PCR (See
Note 3}
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PCR Master Mix (2x)

10 pM forward primer (AMADF}
10 pM reverse primer {AMDGR)
DNA (T ng/ul)

PCR grade waler

10 pl
0.5
0.5
1 pl

13 pl

2. Usc as PCR conditions for 96-well thermocycler for cach

primer sct the tollowing:

Temperature Time Repeat
95 °C 15 min
95 C 40 s x 30
58 ( 405 x 30
72 "( 45 % x 30
72 °( 7 min

4°C Hold

1. Prepare a final volume of 25 pl of the mixture for PCR reaction

using.:

PCR Master Mix (2x)

10 pM forward primer (ITS1F)
10 M reverse primer (1T84)
DNA (2 np/ul)

PCR-grade water

10l
0.5 pul
0.5l
1pl

13 pl

2. Use as PCR conditions for 96-well thermocycler for cach

primer sct the following:

Temperature Time Repeat
95 °C 5 min
94 °C 30s X3n
340G 45 5 X35
72°C Tmins x 35
72 °C. 10 min

4 (; Hold
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3.5.2 Hemi-Nested PCR
or Direct PCR

3.6 PCR Products
Purification (Promega)

112

PCR products from the first PCR should be used in the seminested
PCR with primer {T189 /'S4 with added lllumina overhang

adapter sequences (sec Note 2.

1. Preparc a final volume of 25 pl of the mixture for PCR reaction

using:

PCR Master Mix (2%

10 pM forward primer (fl11S9}
10 pM reverse primer {1TS4)
DXNA (] ng/pul)

PCR grade water

L0 pl
0.5 ul
0.5 pul
1 pl

13 pl

2. Use as PCR conditions for 96-well thermocycler for each

primer set the following:

Temperature Time Repeat
95 <C 5 min
95 <C 35s x 30
56 °C 355 %30
724 45 s x 30
72 °C 7 min

4°C Hold

It is recommended to obtain enough PCR products to be
purified and sequenced and to do hemi-nested or nested PCR in
triplicate. PCR products must be checked on agarosc  gel

electrophoresis.

Prior to purification, pool the three identical replicates coming
from hemi-nested PCR reactions.

1. Add an cqual volume of membrane binding solution to cach

sample and mix by pipetting.

2. lranster the solution from point 1 into a SV Minicolumn
inserted in a collection tube and incubate 1 min at RT.

3. Centrituge the SV Minicolumn assembly at 16,000 x g tor
I min and then discard the low-through.

4. Place back the §V Minicolumn into the collection (ube and add
700 pl of membrane washing solution. Centrifuge for 1 min at

16,000 x g.
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3.7 Sequencing

3.8 Biginformatics
Pipeline for Analyzing
Mumina MiSeq Reads

113

o

6.

2.

. Repeat step 4 with 540 pl of membrane washing solution and

centrifuge for 5 min at. 16,000 x g and discard the Mow-
through.

Place back the SV Minicolumn in the collection tube and
centrifuge for 2 min at 16,000 X # 1o allow residual ethanol
evaporation. Ifitis possible, let the lid of the centrifuge open in
order to maximize the ethanol evaporation.

. 'Transfer the SV Minicolumn into a new 1.5 ml microcentrituge

tube. Add 35-50 pl of nuclease-free water. Make sure to place it
in the center of the membrane and incubate at RT 1 min.
Centrifuge at 16,000 x g for 1 min and discard the SV Mini-
column and store the purified DNA at —20 *C.

. Prepare  samples for the Illumina MiSeq sequencing

{250-300 bp paired-cnd) according to your scquending pro-
vider (ina 96-well plate or in single tubes “upon request™).

Ship them with ice packs.

Treat 188 rRNA gene or I'I'S2 INA raw scquencing data with the
freeware Mothur v1.42 |34] in order to clean and cluster your
datasets. Here, our pipeline is briefly described. For more detailed
information, please refer to Mothur v1.42 Standard Operative
Procedures (available online at https: //www.mothur,org /wiki /
MiSeqSOP).

1.

Alter making contigs with the make.contigs{) command,
de-multiplex with the trim.seqs() command if needed; filter
raw sequences, using the screen.seqs() command, based on
the tollowing parameters: desired  fragment  length range,
absence of ambiguous nucleotides, and maximum homopaoly-
mers’ length.

. Cluster scquences based on 100% similarity using the unique.

seqs(} command and remove singletons. We suggest (o carry
out a de novo chimera check on the sequences using the
chimera, vsearch{} command with the dereplicate paramerters
sct as TRUE.

. Carry out OTU picking using the default cluster() command

which uses the OptiClust algorithm [35] set at 3% dissimilarity
{(although this distance cutoff is arbitrary and can be considered
controversial, it was chosen on the basis of the fact that the
choice of O'I'U delineation method has been demonstrated to
negligibly affect the interpretation of NGS-based AMFE com-
munity patterns by [36].

. Select the most abundant unique sequence of each OTU as the

representative one using the ger.oturep( ) command; prune out
OTUs with low numbers of scquences (<5-10, according to
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un

the dataset size) on a per-sample basis (an OTU that is com-
mon in one sample may oceur as a low-abundant contaminant
in other samples due to cross-contamination).

. Compure individual rarefaction curves in order to assess the

sequencing cffort provided per sample. For 185 (RNA genc
scquences, conduct a scarch for similar scquences with local
Blast v2.2.29 |37 on the latest release of the MaarjAM AMF
Virtual 'laxa online database (available at https: //maarjam.bot
any.ut.ee/) [21] integrated with the SSU Silva database (avail-
able at https: //www.arb-silva.de /) [ 38 ], after removal of AMI
sequences. Remove unwanted lineages (plant DNA, protists’
DYNA, metazoan DNA, ete.). Affiliate sequences to AMF when
they have at least ~90% homology with a VT reference
scquence and ~97% coverage. Alternatively, assign taxonomy
Lo the sequences of cach OTU using the RDT classificr [39]
and a 60-80% confidence threshold. Then, compute consensus
taxonomy tor cach O'1'U with the classity.otu() command. For
['1'§2 DNA scquences, the same approach but a different refer-
ence database can be used (UNITE+INSD online database,
available at https: //unite.ut.ee /repository.php} [40.

. Prior to statistical analyses, as a normalization step to reduce

bias associated with different sequencing depths, subsample all
samples down to the size of the smallest sample that has a
reasonable size for correctly describing the inferred diversity
ol the sample type under study.

. Compute sample rarctaction curves in order to asscss the level

of diversity coverage provided by the experimental design sam-
pling cttort.

4 Notes

114

. Ditterent soil extraction kits may have provided difterent vield

and DNA quality. Thercfore they must be chosen on the basis
ol soil features.

. PCR products from the first PCR (AML1 /AML2 or ITS1F/

I'1'S$4) might be diluted from 1/10 up to 1 /500.

. ATTS9 /1S4 can be applied directly if the DNA 1s well amplifi-

able; however the whole ITS fragment could be amplified in a
first PCR {(with primers pair ITS1FE/IT84) in order to perform
following hemi-nested PCR with either TTS1F/TTS2 and /or
fITS9 /ITS4 primers to cover both ITS1 and ITS2.
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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. (Seré et al, 2019). During my PhD thesis, | have
investigated the use of AMF in soilless cultivation of Crocus sativus and | 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 | 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 |.

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 | have acquired during my PhD period |
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 | 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 lllumina 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 | 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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Abstract

Mozambhique is a sub-Saharan country subsisted by familiar agriculture
in which the ose of pesticides and chemical fertilizers are common.

cal farmers howewver poorly understand the harmful effect of chemical
inputs, either for themselves or soil bdodiversity. For decades cottom
have been one of the major cash crops levying arcund 80 percent of
the naticnal investment. Constraints to cotton cultivation were
greatly presence of insects and weeds and sodl notrients deficit.
Arbuscular mycorrhizal fungi (AMF) arisen representing a viable and
self-rengwable alternmative to agrochemicals along with benefits for
the eovirooment. AMF are obligate oot fungal symbionts that
facilitate plant growth, by capturing nutrients in depleted sodls like
the Mozambican one®s, fact that makes them a possible solution to
limit chemical input. In the present work two cotton warieties (CR
324 and ALBARET 5314) were pot cultivated with previously tested
commercial inomala in order to evaluate whether these fungi could be
able to infect these particular varieties. It was wverified that AMF
infected cotton roots of both varieties; being the commercial inoculum
from Mychgro Lab the one that showed best inf ionftypical structures
presence ratio. Secondarily we are stodying soil native funmgal
commmities present in cotton cultiwated field in Nampula provinoe
{(Mpzambique) .

Keywords: arbuscular mycorrhizal fongi, cotton, sodl  fongal
commonities, bicfertilizers

Introduction, scope and main ocbjectives

Cotton [(Gossypitm spp.) is a shrub with soft fibre that grow oo a
protective case — boll (Figore 1), brought to African continent im
the 1%h century. In Hozambigoe cotton detain 97 percent of the
naticnal investment and in central and northern reglons it's one of
the main sources of income for rural famdilies (Tombez and Bokosheva,
2011). With decades of civil war, the country's agricultural sector
frll drastically, and cotton coltivation was not an exemption, hawving
alsc besn characterized by envirommental hamful due to use of
agrochemicals and low productivity due to presence of insects, weeds
and low fertility sodls.
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Since a long time, the endophytic fungl that form arbuscular
mycorrhizae (AM] have gained notoriety representing an eco—friendly
altemmative to agrochemicals. AM fungl can symbiotically interact with
plant roots facilitating plant growth by capturing motrients in
depleted soils and, by this, becoming a sustainable alternative to
cotton fertilization and protection against diseases (Quilambo, 2003).
Advances in molecular biology and biotechnology have resulted in the
development of powerful topls and techniques that have assisted the
svplution in crop improvement. AMF infloence on cotton cultivation is
scarcely reported (Eskandari et al., 2017). In 2017 a project entitled
“Microblal Resources for Agricultore: Arbuscular Mycorrhizal Fungl in
Cotton and Thelr Potential Use as Biofertilizer (MYCOTTONH)Y,. betwesn
DCE/FC (UEM) and IFSF (CMR) and DBICE (UNITO) has besn funded by FIAM
{Fundo Fara Investigagdo Aplicada e Multisectorial) aiming to isolate
and molecularly characterize AMF to formolate a cotton-tallored
biofertilizer inorulum. The main objective of MYCOTTON Project (2017-
20201 is to dewelop functicnally and efficient AMF based inocula for
gotton biofertilization. In this context, the aims of this work are:
1) to test two cotton varieties, commonly used in Mozambique, in order
to werify their ability to be mycorrhizedr 2) to extract and amplify
MMF DA from soll and roots, sampled in cotton cultiwated field, in
Hampula province (Mozambdique).

Methodology

Biological materials

Two cotbton varieties, ALSAREE 9314 and CA 324, were pre-germinated in
Petrl dishes and the obtained seesdlings wers then transferred into
pots filled with a sterilized substrate. Each pot from treated group
were incculated with thoes different commercial inocula (HychAgro Lab,
Micosat F Radinet, Micosat F ESEMI| containing AMF (Flgure 2)
previcusly tested by Caser et al. (2019), while a set of plants non-
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inpoulated wers used as contrel. ALL the pla ware mailntained

several months in gresnhouse.

Figaorw 2: Diwplay of pota in gosachoons
A& = inooula in pots contedcing sterilized scbebrets, 0 - Sosabsd pota wikh
diffarant inccala + conbrol pot

AMF Evaluation

iring the vegetatiwe phase of both control and treated cotton plants
groups,; roots were harvested; rid of topsoil; cleaned and stained with
0.1 percent (w/v) cotton blue in B0 percent lactic acid owernight,
then distained 3 times with lactic acid for 18 h, cut into l-cm-long
segonents and placed on microscope slides for the morphological
analysis. Approwimately 25 fragments wers observed umder light
for sach sample. Fungal colonization was determined and
as described by Troovelot, Koogh and Gianinazzi-Fearson

(1086] .

For the preparation of the roots for further observations in light
and transmission slectron microscopy we randomly selected fracments
of ocotton orrhized roots. Root segments were excised wnder a
stereomicroscope and quickly fixed im 2.5 percent glutaraldehyde in
0.1 H cacodilate buffer (pH 7.2) for 2 hours at room temperature and
ORI at 4 *C. The samples were then post-fixed in 1 peroent Qs0d
in the same buffer and dehydrated in an ascending seri of ethanol
to 100 percent, in two changes of absolute acetons and
infiltrated in Epo resin. The resin was polymerized for 24
h at &0 . stained with 1
peroent toluidine blue and w sections were coumber—
stained with wranyl ac e and lead citrate and ed for eslectrom
microscopy analyses under a transmission slectron microscops.

Molecular analysis

In order to optimize OHA extraction from soils and roots, coollected
in cotton cultivated field in Nampula province (HMozambigue),
were tested: DHeasy Fower Sodil kit (QIAGEN) for soll and DMes
kit [(QIAGEN) for sukaryotic DMA extractions. PCR amplification was
dome by means of specific primers targeting fungi. The resulting PCR
products wers visualized on 1.5 percent agarose gel.
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Rezults

Greenhouse cotton roots morpholegical cbservation and mycorrhizal
evaluation

Two cotton wvarieties treated with three different inocula (Mychgro
Lab, Mycosat ¥ Radinet and Mycosat F SEMI] were tested in pot. AMF
successfully infected cotton roots of both varieties and, as expected,
not incculated plants were not mycorrhized. The colonizaticn was seen
after 45 days of pot cultivation in greenhouse, showing highly AMF
presence in some root fragments, detected by the presence of
arbuscules, vesicles and inter-intracellular hyphae (Figure 3).
Mychgro lLab inoculum was the best inoculum in terms of ability to
colonize, as treated plants were able to form all AMF typical
structures mentioned before.

<)

Figure 3: Optical microaccpe izagea showing cotton roota cortical cells

In the pictures above (a-d) are presected cotton roota colonized MycAgro Lab
inoculum showing hyphae (M), veaicles (V), on AIDARSE 9314 wariety.

Under light and transmission electron microscopes by observing
semithin and thin sections hyphopodia were observed on epidermal
cells. The rcot epidermis and the first layer of root cortical
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parenchyma were free of colonization while the desper layer of
parenchyma (near central cylinder] was all colondzed by typlcal AMFE
structures. At this time of pot coltivation wery few mycorrhizal
structures were detected in roots treated with Mycosat F Radinet and
Mycosat F SEMI inocala.

Open field soil and roots DNA extraction amd amplification

Using DNeasy Fower Spil kit [(QIAGEM] and DNeasy Flant kit [(QIAGEN)
for sodl and cotton roots DMA isclation, we were able to suvccessful
extract template DHAs for amplification and subsequent NGS. Frevicusly
extracted OHAs resolted amplifiable by fungal specific primers.

The characterization of fungal commonities associated to sodl and
cotton roots samples, from cultivated field in Nampula province
(Mozambique); will be carried out with paired-end Illumina MiSeg data,
cower the full ITS2, a suitable target for enovirommental fungal
commmity assessment. In the meanwhile trap cuoltures, with
avtochthonous sodls, will be set wp in greenhouse experiments in order
to isolate and characterize "local adapted® AMF inocula that will be
tested as tailored-biofertilizer for cotton.

Discussion

This study presents, for the first time, sxperimental evidence for
directly inoculation of two cotbon varieties cultivated in Mozambigque.
The AMMF are soil microorganisms able to establish a mutuwalistic
interaction with most land plants [(Berruti et al., 2016}, thus as
wmmpected al three osed inocula were able to spread into the oot
systems of almost all infected plants after 45 days in greenhouse.
Mycorrhizal fongl from all three commercial inocula were able to
infect cotton, HychAgro commercial inocula howewer, showed the best
performance confirming that an inocula with more than one AM fungd
readily colondzed plant ropts fact that was stated previously by
Eianciotto et al. [(2016). All three inocula differently infected
ocotton roots (data not shown) . This fact can be explained bacause each
inoculim  (AMF isolate] may act differently both ecologically and
finctionally, depending on the plant species (Janous~kova et al.,
20171,

Commercial DMA extraction kits are widely available and hawve become
fawourable because they are often faster than traditional extraction
methods (Mahmouwdi, Slater and Fultrorpe, 2011). It is noteworthy that
suocessful DHA extractions, characterized by high gquantity and
integrity of dsDNA and low quantity of contaminants that absork at
230 and 280 rm, are the first important step for a foture reliable
characterization of microbial commmities associated to sodl and plant
samples and Next-Generation Sequencing (NGS| analyses.

Conclusions

MF comeercial inocunla can infect cotton plants and can be a great
alternative in ocotbton cultivation by oeducing the use of
agrochemicals. Inocula with more than one AM fungl tend to readily
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infect cotton plant roots as previously described for many other plant
species. For this reason, all the ressarch efforts to select and
improwe local AMF production and use are welcoms.
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