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Editorial on the Research Topic 


Recent advances in hazelnut (Corylus spp.)


The European hazelnut (Corylus avellana L.) of the genus Corylus is a major species of interest for nutritional use, and its nuts are widely used worldwide in the chocolate, confectionery, and bakery industries. Other Corylus species, including C. americana, C. heterophylla, and C. colurna, are of local interest for commercial uses and provide important genetic resources for breeding. The global production of hazelnut has increased since the beginning of the last century, especially in the last 10 years in response to the demands of the confectionery industry, which processes about 90% of the harvested nuts. Cultivation of this nut has expanded in several traditional countries as well as in new areas, including Chile, South Africa, and Australia.

Therefore, this Research Topic devoted to European hazelnut and its related species has been designed with the aim of assembling an effective-knowledge platform based on recent research carried out in the Corylus spp. sector.

The Research Topic brings together some of the latest research outputs in hazelnut cultivation, genetic resources, and post-harvest processing, thanks to the excellent response to the call which resulted in the publication of 25 original articles. We found the edition and selection of articles for this book very inspiring and rewarding. We also thank the editorial staff and reviewers for their efforts and help during the process.

The scientific contributions are briefly discussed below, grouped into seven sections according to the main topics proposed during the Research Topic launch.


Advances in hazelnut breeding methods, new releases from breeding programs, advances in genome sequencing, and development of markers for traits of interest

In this section mainly devoted to breeding and genome sequencing, four original articles were grouped and published.

In the first article, titled “Unraveling Genetic Diversity Amongst European Hazelnut (Corylus avellana L.) Varieties in Turkey” (Oztolan-Erol et al.), the authors discuss the genetic variation among hazelnut varieties defining variety-specific and disease resistance-associated alleles, prone to facilitating hazelnut breeding in Turkey. This study provides suitable molecular markers to establish a protection program for the most commercially valuable hazelnut varieties, such as “Tombul”, which does not yet present an elite line.

The second contribution focuses on “New Sources of Eastern Filbert Blight Resistance and Simple Sequence Repeat Markers on Linkage Group 6 in Hazelnut (Corylus avellana L.)” (Koma et al.). The authors discuss the genetic resistance to control the disease Eastern Filbert Blight caused by Anisogramma anomala (Peck) E. Müller. In this study, new simple sequence repeat (SSR) markers were developed for the resistance region on LG6, and new sources of resistance were investigated. In total, 42 new SSR markers were developed from four contigs in the genome sequence of cv ‘Jefferson’ released by the Oregon State University breeding program. These new LG6 resistance sources and SSR markers may be useful in breeding new cultivars.

The third article presents the “Genome-Wide Identification of the ARF Gene Family and ARF3 Target Genes Regulating Ovary Initiation in Hazel via ChIP Sequencing” (Wei et al.). The research discusses the regulation of auxin in ovary development, which is thought to be related to auxin response factors (ARFs). The authors suggest that ChARF3 (C. heterophylla ARF3) may regulate ovary initiation and ovule development by mediating genes related to auxin biosynthesis and transport, cell division and proliferation, and flower and fruit development. This study provides new insights into the molecular mechanism of hazelnut nut formation.

The fourth contribution is titled “Mapping the Genetic Regions Responsible for Key Phenology-Related Traits in the European Hazelnut” (Valentini et al.). The authors discuss a rational approach for mapping QTL for phenology-related traits, such as the time of male and female flowering, dichogamy, and the period required for nut maturation, with the aim of identifying quantitative trait loci (QTL) and specific genes associated with plant phenology. Overall, 71 QTLs were detected, of which 20 were identified as contributing to the time of male flowering, 15 to the time of female flowering, 25 to dichogamy, and 11 to the time of nut maturity.



Genetic resources for potential expansion of hazelnut production to new locations

In the second section, a further four original articles were grouped as follows.

The first contribution is titled “Chromosome-Level Genome Assembly and Hazel Omics Database Construction Provides Insights into Unsaturated Fatty Acid Synthesis and Cold Resistance in Hazelnut (Corylus heterophylla)” (Liu et al.). The authors discuss the unclear mechanism underlying the adaptation of C. heterophylla to extremely low temperatures. Through genome evolution analysis, 17 expanded genes were identified, which were found to be significantly enriched in the unsaturated fatty acid biosynthesis pathway (ko01040). It was deduced that the expansion of these genes may promote a high unsaturated fatty acid content in kernels and improve the adaptability of C. heterophylla to the cold climate of north-eastern China.

The second article, entitled “Is It Possible to Produce Certified Hazelnut Plant Material in Sicily? Identification and Recovery of Nebrodi Genetic Resources, in vitro Establishment, and Innovative Sanitation Technique from Apple Mosaic Virus” (Yahyaoui et al.), discusses the sanitation of eight Sicilian cultivars to obtain plants free from the Apple Mosaic Virus affecting European hazelnut. The authors investigated the possibility of establishing in vitro true-to-type and virus-free hazelnut plantlets via the encapsulation technology of apexes.

A third article, titled “Stigmatic Transcriptome Analysis of Self-Incompatible and Compatible Pollination in Corylus heterophylla Fisch. x Corylus avellana L.” (Hou et al.), highlights the molecular mechanism of saprophytic self-incompatibility (SSI) in some Corylus spp. that remains currently largely unknown. From self-pollination experiments (‘Dawei’ _ ‘Dawei’) and cross-pollination experiments (‘Dawei’ _ ‘Liaozhen No. 7’) and later an RNA-Seq analysis, the mechanism of pollen-stigma interactions was investigated to identify genes that may be responsible for SSI, discovering 19,163 up- and 13,314 downregulated genes, some of these potentially involved in pollen stigma interactions and SSI mechanisms.

The fourth contribution is titled “Variation of Morphological, Agronomic and Chemical Composition Traits of Local Hazelnuts Collected in Northern Spain” (Negrillo et al.). The authors discuss phenotypic variation for phenological and morphological traits, chemical composition, and investigated a field collection of 41 local and 17 non-local accessions in Villaviciosa (Spain). A large degree of variation for most morphological and phenological traits, except nut maturity date, was revealed.



Recent findings in the propagation of Corylus spp., including micropropagation

The third section grouped two original articles.

In the first contribution, titled “Advances in Nursery Production of Hazelnut Plants in Serbia-Successful Grafting of Different Corylus avellana L. Cultivars and Clones onto Corylus colurna L. Rootstock” (Bijelic et al.), the authors discuss the grafting affinity of the main Italian cultivars (“Tonda Gentile Romana”, “Tonda di Giffoni”, and “Tonda Gentile delle Langhe”) and their clones onto Turkish filbert seedlings (C. colurna L.) to be used as non-suckering rootstocks, evaluating possible differences in the quality of the obtained planting material. The results revealed that the chosen hazelnut cultivars and clones exhibited excellent grafting success rates, with the highest grafting success by clone “AD17”.

The second article is titled “Agronomical and Physiological Behavior of Spanish Hazelnut Selection “Negret-N9” Grafted on Non-suckering Rootstocks” (Rovira et al.). The authors discuss the grafting effect of the cultivar “Negret N-9” onto four low sucker emission clonal rootstocks (Dundee, Newberg, Tonda Bianca, IRTA MB-69) in comparison with the self-rooted plants of “Negret N-9” selected as control. The results showed that clonal rootstocks had a strong influence on the vigor and yield of “Negret N-9.” Physiological traits indicated a higher overall performance with “Dundee” rootstocks. Further, “Dundee,” “Newberg,” and “IRTA MB-69” rootstocks showed very low emission of suckers.



Advances in knowledge of hazelnut pests, diseases, and control methods

The section grouped four more original articles, mainly concerning phytopathological microorganisms such as bacteria and fungi.

The first contribution, titled “Draft Genome Sequence of a New Fusarium Isolate Belonging to Fusarium tricinctum Species Complex Collected from Hazelnut in Central Italy” (Turco et al.), discusses the typical symptomatology (brown-grayish spots at the bottom of the nuts progressing upward to the apex) associated with the Nut Gray Necrosis syndrome, likely caused by Fusarium lateritium. To increase knowledge of this fungal pathogen, whole-genome sequencing of a strain isolated from symptomatic hazelnuts was performed. The following phylogenetic and comparative genomics analysis suggested that the isolate collected in central Italy is induced by the F. tricinctum species complex rather than F. lateritium one.

The second article is titled “Susceptibility of some Corylus avellana L. Cultivars to Xanthomonas arboricola pv. corylina” (Webber et al.). The authors discuss the susceptibility of hazelnut cultivars to Xanthomonas arboricola pv. corylina (Xac). Two inoculation protocols of Xac were investigated in two different hazelnut cultivation environments to assess cultivar susceptibility: in vitro tissue culture under sterile and controlled conditions tested on five cultivars, and in vivo potted tree conditions tested on seven cultivars. Under in vitro conditions, severe bacterial blight symptoms were noticed, consistent with those seen in the field, without significant differences in the susceptibility from the cultivar tested. Under in vivo conditions, the proportion of necrotic buds was significantly higher in “Jefferson” and “Dorris” compared with the other tested cultivars, including “Barcelona.”

The third contribution, titled “Molecular Characterization of Diaporthe Species Associated with Hazelnut Defects” (Arciuolo et al.), is focused on which fungal species are present in defective hazelnuts from Turkey, including the role of Diaporthe spp. Seven Turkish hazelnut orchards differently located were tested and several genera were isolated, with Diaporthe spp. being among the most prevalent, highlighting that Diaporthe strains can be grouped into seven distinct clades, with the majority of Turkish strains (95%) being placed into a single clade related to D. eres.

The last article of this section is titled “Characteristics of the Fungal Communities and Co-occurrence Networks in Hazelnut Tree Root Endospheres and Rhizosphere Soil” (Ma et al.). The authors determined the fungal communities in the root endosphere and rhizosphere soil of four hazelnut species by DNA sequencing. Two-factor correlation network analysis and linear regression analysis showed that the total organic carbon was the main environmental factor affecting the fungal communities.



Understanding the eco-physiological behavior of European hazelnut and its relatives

In this section, five original articles were grouped and published.

The first contribution is titled “Effect of Photo-Selective Shade Nets on Pollination Process and Nut Development of Corylus avellana L.” (Guastella et al.). The authors discuss the effects of photoselective nets on the pollination process and nut development of hazelnut in South Africa. Mature hazelnut trees were maintained under netting and compared with the ones in open fields. Results showed differences in pollen tube growth, the timing between treatments, and even differences in ovule abortion. The shade nets influenced the pollen tube growth and the nut development, principally due to micro-climate modification, and a higher rate of abortion was detected in open fields compared to the plants under netting.

In the second article, titled “Hazelnut Pollen Phenotyping Using Label-Free Impedance Flow Cytometry” (Ascari et al.), the authors discuss the use of Impedance Flow Cytometry (IFC) to characterize hazelnut pollen viability during its dehiscence. IFC was validated via dye exclusion in microscopy and employed to follow pollen hydration over time to define the best pre-hydration treatment for pollen viability evaluation and test hazelnut pollen viability and sterility on 33 cultivars and two wildtypes grown in a collection field located in central Italy. Pollen sterility rate varied greatly among hazelnut accessions, with one main group of highly sterile cultivars and a second group, comprising also the wild genotypes, producing good quality pollen.

The third contribution is titled “Assessment of Canopy Conductance Responses to Vapor Pressure Deficit in Eight Hazelnut Orchards Across Continents” (Pasqualotto et al.). The article treated the asses of the tree conductance responses to Vapor Pressure Deficit (VPD), as a key step for modeling plant performances and productivity under future environmental conditions, especially when trees are cultivated outside their suited areas for soil and climate conditions. The results can be used for defining suitability maps based on average VPD conditions, facilitating the correct identification of the potentially most productive sites.

The fourth article, titled “Combined Spraying of Boron and Zinc During Fruit Set and Premature Stage Improves Yield and Fruit Quality of European Hazelnut cv. Tonda di Giffoni” (Meriño-Gergichevich et al.), refers to the efficiency of combined boron (B) and zinc (Zn) spraying in relation to European hazelnut phenological stages. The study carried out on 9-year-old trees of “Tonda di Giffoni” highlighted moderate and partialized rates of B and Zn and the time of their application contribute to improving yield and nut traits in the crop.

The fifth article is titled “Effects of Living Cover on the Soil Microbial Communities and Ecosystem Functions of Hazelnut Orchards” (Ma et al.). The authors discuss the differences observed between soils with living cover treatments with Vulpia myuros and soils without cover treatments, analyzing changes in soil properties, microorganisms, and microbial functions. According to their findings, the application of a living cover with V. myuros showed a favorable regulatory influence on soil properties, microbial communities, and microbial function.



New prototypes and precision farming applications for sustainable intensification of production in hazelnut orchards

In this section, two original articles were submitted and published.

An article titled “The HADES Yield Prediction System - A Case Study on the Turkish Hazelnut Sector” (Bregaglio et al.) discusses the application of machine learning for yield prediction in Turkish environments, through a system called HADES (HAzelnut yielD forEcaSt). HADES paves the way for a next-generation yield prediction system, to deliver timely and robust information and enhance the sustainability of the hazelnut sector across the globe.

The second contribution, titled “Rotten Hazelnuts Prediction via Simulation Modeling - A Case Study on the Turkish Hazelnut Sector” (Valeriano et al.), is focused on the quality defects of the nuts, which comprise changes in morphology and taste, highlighting that their intensity mainly depends on seasonal environmental conditions. In Turkey, a rotten defect forecasting model was proposed, and the results confirmed that the rotten defect is strictly dependent on precipitation amount and timing, as well as plant susceptibility being crucial to triggering fungal infections.



Advances in industrial processing, nutritional value, and the health benefits of hazelnuts

Four original articles were grouped in the last section according to their main treated topics.

The first contribution is titled “Corylus avellana: A Source of Diarylheptanoids with a-Glucosidase Inhibitory Activity Evaluated by in vitro and in silico Studies” (Masullo et al.). The authors discuss the biological properties of certain cyclic diarylheptanoids, namely giffonins, a class of natural products isolated from Italian cv. Tonda di Giffoni. The inhibitory effects of diaryletanoids isolated from C. avellana by-products against a-glucosidase enzyme were evaluated, promoting the hazelnut leaves as a prospective source of bioactive diarylheptanoids, as a prospective source of bioactive diarylheptanoids for the development of functional ingredients for treating diabetes.

The second article titled “Corylus avellana L. Aroma Blueprint: Potent Odorants Signatures in the Volatilome of High-Quality Hazelnuts” (Squara et al), is focused on volatilome of hazelnuts that encrypts information about phenotype expression as a function of cultivar/origin, post-harvest practices, and their impact on primary metabolome, storage conditions, shelf-life, spoilage, and quality deterioration. Within the bulk of detectable volatiles, few of them play a key role in defining distinctive aroma (i.e., aroma blueprint) and conferring characteristic hedonic profiles.

The third article of the section, titled “Corylus avellana L. Natural Signature: Chiral Recognition of Selected Informative Components in the Volatilome of High-Quality Hazelnuts” (Stilo et al.), treated the enantiomeric composition of a large set of chiral compounds within the complex volatilome of European hazelnut belonging to different cultivars, harvested in different geographical areas. The results showed that chiral compounds have diagnostic distribution patterns within hazelnut volatilome with cultivar and harvest region playing the major roles.

The last contribution of the section, titled “Kernel Nutrient Composition and Antioxidant Ability of Corylus spp. in China” (Jiang et al.), discusses the nutritional quality of hazelnuts from Chinese Corylus species. Four wild Corylus spp. (C. heterophylla Fisch., C. mandshurica Maxim., C. kweichowensis Hu., and C. yunnanensis Franch.) originating from China and the Chinese hybrid hazelnut cultivar ‘Dawei’ (Corylus heterophylla Fisch. x C. avellana L.) were used to analyze the basic nutritional composition and antioxidant ability. Compared to the four wild hazelnut kernels, ‘Dawei’ had higher oil, oleic acid, a-tocopherol, and sugar content. Overall, as discussed in the article, large differences emerged in the nutritional composition of the different Corylus species analyzed.

In summary, the original articles published in this Research Topic represent some of the latest and most promising research outputs linked to science and technology applied to the Corylus spp. We thank all authors of the Research Topic, hoping that the research findings here collected will be useful and guide the future technical and scientific activities of breeders, geneticists, eco-physiologists, horticulturists, plant pathologists, and agricultural engineers involved in the hazelnut sector.
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Impedance flow cytometry (IFC) is a versatile lab-on-chip technology which enables fast and label-free analysis of pollen grains in various plant species, promising new research possibilities in agriculture and plant breeding. Hazelnut is a monoecious, anemophilous species, exhibiting sporophytic self-incompatibility. Its pollen is dispersed by wind in midwinter when temperatures are still low and relative humidity is usually high. Previous research found that hazelnut can be characterized by high degrees of pollen sterility following a reciprocal chromosome translocation occurring in some cultivated genotypes. In this study, IFC was used for the first time to characterize hazelnut pollen biology. IFC was validated via dye exclusion in microscopy and employed to (i) follow pollen hydration over time to define the best pre-hydration treatment for pollen viability evaluation; (ii) test hazelnut pollen viability and sterility on 33 cultivars grown in a collection field located in central Italy, and two wild hazelnuts. The accessions were also characterized by their amount and distribution of catkins in the tree canopy. Pollen sterility rate greatly varied among hazelnut accessions, with one main group of highly sterile cultivars and a second group, comprising wild genotypes and the remaining cultivars, producing good quality pollen. The results support the hypothesis of recurring reciprocal translocation events in Corylus avellana cultivars, leading to the observed gametic semi-sterility. The measured hazelnut pollen viability was also strongly influenced by pollen hydration ([image: image] = 0.83, P ≤ 0.0001) and reached its maximum at around 6 h of pre-hydration in humid chambers. Viable and dead pollen were best discriminated at around the same time of pollen pre-hydration, suggesting that high humidity levels are required for hazelnut pollen to maintain its functionality. Altogether, our results detail the value of impedance flow cytometry for high throughput phenotyping of hazelnut pollen. Further research is required to clarify the causes of pollen sterility in hazelnut, to confirm the role of reciprocal chromosome translocations and to investigate its effects on plant productivity.

Keywords: Corylus avellana L., cultivar selection, sterile pollen, pollen hydration, pollen viability, reciprocal chromosome translocations


INTRODUCTION

Hazelnut (Corylus avellana L.) is a diploid 2n = 2x = 22 (Guo et al., 2009; Falistocco and Marconi, 2013), self-incompatible, monoecious species with peculiar reproductive biology, being wind-pollinated and flowering during late winter or early spring (Germain, 1994). Its cross-pollination is enhanced by the sporophytic self-incompatibility occurring at the stigmatic surface, which is controlled by a single locus with multiple alleles (Mehlenbacher, 2014). Fertilization is strongly delayed and pollen tubes wait dormant for weeks at the base of the style for ovules to be fully developed (Liu et al., 2014). The increased economic interest toward hazelnut has brought its cultivation in new areas, where plants are often subjected to different environmental conditions if compared with those found in the native range. Besides, the lack of wild hazelnuts in these areas can hinder fertilization and cropping without the adoption of proper pollination strategies (Ascari et al., 2018).

To deepen the knowledge about pollination dynamics and improve crop yield, basic and applied research was recently carried out. In particular, the effect of temperature on hazelnut pollen storage (Ellena et al., 2014; Novara et al., 2017), the influence of spermidine and temperature on pollen performance (Çetinbaş-Genç et al., 2019, 2020), and the efficacy of artificial pollination in constrained growth conditions (Ascari et al., 2018) were investigated.

Corylus avellana pollen is binucleate at dispersal (Me et al., 1983; Heslop-Harrison et al., 1986; Tiyayon, 2008) and has generally been considered long-lived (Heslop-Harrison et al., 1986). In fact, pollen remains viable for several weeks at +4°C, but quickly dies at +20°C in some cultivars, emphasizing the importance of lower temperatures for keeping pollen viable over the time necessary to land on a compatible stigma (Novara et al., 2017). Moreover, some authors described hazelnut pollen as partially hydrated, having a water content at dispersal higher than 30% (Nepi et al., 2001). In partially hydrated or desiccation sensitive pollen, water loss cannot be regulated, implying that transport to a receptive stigma must be quick enough to keep pollen alive (Franchi et al., 2002; Pacini et al., 2006). Hazelnuts have female inflorescences with dry stigmas (Ciampolini and Cresti, 1998) where a specific pollen-stigma interaction must occur to mobilize water and nutrients toward the pollen grain (Edlund et al., 2004). Taken together, those findings support the hypothesis that environmental temperatures and pollen hydration status play an important role in the reproductive success of hazelnut.

Furthermore, some hazelnut cultivars were found heterozygous for a reciprocal chromosomal translocation, resulting in the production of sterile pollen (Salesses and Bonnet, 1988; Frenguelli et al., 1997; Marinoni et al., 2018). Plants with heterozygous reciprocal translocations usually undergo either alternate or adjacent meiotic segregation, producing 50% of unbalanced non-viable gametes and 50% of balanced normal gametes (Ray et al., 1997). C. avellana × Corylus americana hybrids also presented irregularities at meiosis in pollen mother cells and partial or total male sterility (Mckay, 1965). Besides, abundant sterile pollen was detected in the cultivar “Tonda di Giffoni” but not in wild hazelnut plants (Ascari et al., 2020). Therefore, hazelnut can be considered a valuable example for investigating the effects of environmental and genetic factors on pollen phenotypes.

Pollen grains with anomalous morphology are usually produced by genomic backgrounds or environmental stressors that hinder pollen development. Because it lacks essential cellular structures, this pollen is unable to accomplish fertilization even in favorable conditions and is considered sterile. Pollen that undergoes a successful development shows a regular morphology and is potentially fertile. Nevertheless, adverse conditions that decrease its viability can occur throughout or after anthesis (Ascari et al., 2020).

Various techniques have been employed for the quantitative analysis of pollen viability and sterility. Some of them require the labeling of pollen grains and the non-automated or automated analysis of micrographs (Mudd and Arathi, 2012; Tello et al., 2018; Ascari et al., 2020). Flow cytometry using fluorescent probes has also been used for the evaluation of pollen DNA content and its response to temperature stress (Kron and Husband, 2015; Luria et al., 2019). Moreover, other authors proposed methods for pollen analysis based on its dimensions (Kelly et al., 2002; De Storme et al., 2013).

Recently, label-free impedance flow cytometry (IFC) was demonstrated as a useful alternative to the above-mentioned techniques for the analysis of microspore development and characterization of pollen viability in different plant species (Heidmann et al., 2016; Heidmann and Di Berardino, 2017; Canonge et al., 2020; Impe et al., 2020).

In IFC (Figure 1), pollen grains in suspension flow through a microchannel, where an alternating electric field is applied. Each pollen grain changes the measured impedance signal depending on its dielectric properties (Sun and Morgan, 2010). At low frequencies (<1 kHz), the phospholipid bilayer of the outer membrane becomes polarized, thereby obstructing current flow and acting as a capacitor (Azzarello et al., 2012). At this stage, information about pollen number and volume can be extracted. At intermediate frequencies (1–8 MHz), membrane polarization decreases and its capacitance and conductance can be characterized, giving information about viability (Figure 1A). Finally, at higher frequencies (>8 MHz), the plasma membrane is no longer an impediment to the electric field and the cytoplasm and organelle status can be interrogated (Cheung et al., 2005).


[image: image]

FIGURE 1. IFC signal acquisition and transduction. (A) Due to their dielectric properties, biological cells show a distinct behavior in an electric AC field, which depends on the applied frequency. (B) Image of one of the microfluidic chips used in this study. The sensing channel had a dimension of 120 μm × 120 μm. (C) The impedance signal obtained from a cell flowing through the microfluidic channel and crossing the electric AC field applied on the microelectrode pairs is split into its real (resistance) and imaginary (capacitive reactance) components. As the capacitive component is dependent on the membrane integrity of the cell, viable and dead cells can be discriminated mainly in their imaginary component if measured at the appropriate frequency.


In this study, impedance flow cytometry was employed to address some of the open questions about hazelnut reproductive biology and pollination and to build a robust protocol for the high-throughput phenotyping of hazelnut pollen. To accomplish this goal, (i) the ability of IFC to measure pollen viability was validated, (ii) impedance was monitored during a prolonged pollen hydration period to define the best hydration period for hazelnut pollen, and (iii) pollen viability and sterility were assessed in an ample set of cultivated and wild hazelnut plants.



MATERIALS AND METHODS


Impedance Flow Cytometry

Impedance signals of pollen in suspension were measured using a commercial impedance flow cytometer Ampha® Z32 (Amphasys, Switzerland). The instrument evolved from the work of Cheung et al. (2005) and can measure up to four different frequencies simultaneously in a 0.3–30 MHz range, using microfluidic chips with parallel facing electrodes and channel sizes of 15 up to 400 μm (Figure 1B). In its simplest form, the equivalent electric circuit of living pollen in an electric field is made of a resistor, the cytoplasm, in series with a capacitor, the plasma membrane (Foster and Schwan, 1989). Impedance extends the notion of resistance to alternate current (AC) and is defined as the voltage to the current ratio (Sun and Morgan, 2010). In cartesian coordinates, impedance Z(ω) can be described as the vector sum of a real component Zr (ω), or resistance, and an imaginary component Zi (ω), or capacitive reactance (Azzarello et al., 2012):

[image: image]

Phase angle (θ) describes the relation between resistance and reactance:

[image: image]

Finally, the impedance modulus or amplitude is given by:

[image: image]

Impedance signals from individual cells are usually analyzed in amplitude vs. phase scatterplots (Figure 1C). At low frequencies, the impedance amplitude is reflecting the particle volume and the position of the particle when moving through the electric field applied in the microchannel. At higher frequencies, the dielectric properties of the cell membrane can be interrogated. Therefore, cell sizing and counting applications are usually done at a low measurement frequency, while viability tests are typically performed at higher frequencies.

After initial testing at various frequencies, analyses were performed at 2 MHz and 8 MHz. A chip with a 120 μm × 120 μm sensing channel was used with electronic parameters adjusted as follows: the modulation gain was 0.7 V per frequency and the trans-impedance amplification was 8–16-fold, while the triggering level (i.e., the threshold separating signal from noise) was set to 0.05 V. A second chip with an 80 μm × 80 μm microchannel was used with a modulation gain of 0.35 V, 8–16-fold trans-impedance amplification and 0.07 V triggering level.



Plant Material

In the first place, the ability of IFC to identify different levels of hazelnut pollen viability was tested using samples from the cultivar “Camponica” (from here onward: “Camponica UNITO”) collected at the experimental station of the University of Turin (Chieri, Piedmont – Italy. Latitude 45°02′27.25″ N; longitude 7°50′00.85″ E; altitude 340 m a.s.l.).

Secondly, to study hydration dynamics over time, hazelnut pollen was collected from wild and cultivated genotypes growing in orchards of the Piedmont region (Italy).

Finally, pollen viability was evaluated during blooming on 33 hazelnut cultivars situated in the experimental field “Le Cese” (Caprarola, Latium – Italy. Latitude 42°20′00″ N; longitude 12°11′00.0″ E; altitude 570 m) and on two wild hazelnut accessions growing in the surrounding vegetation (see Table 1 for a comprehensive list). Two additional pollen samples of “Nocchione” cultivar (Stelliferi A6 and F6) were collected from a nearby commercial hazelnut orchard (Nepi, Latium – Italy. Latitude 42°16′00.0″ N; longitude 12°17′00.0″; altitude 275 m). Samples were collected in January 2019 from fully elongated catkins ready to shedding pollen, either directly on plants or after overnight drying of flowers at room temperature. Pollen samples were partially dehydrated in sealed boxes with silica gel before storage at −20°C. The provenance of all the analyzed samples and the amount and distribution of catkins for each analyzed genotype are supported in Table 1.


TABLE 1. Amount (high; medium; low) and distribution (apical; uniform) of catkins on plants, average pollen viability and sterility (%) and relative standard deviation (sd) for 33 cultivated and two wild hazelnuts.

[image: Table 1]


Preparation of Pollen Samples and Impedance Analysis

To validate the experimental setup, a small amount of pollen from “Camponica UNITO” cultivar was dispersed in the analysis buffer AF6 buffer (Amphasys, Switzerland) and half of the sample was left inactivating by heat in boiling water for 30 min. Untreated and heat-inactivated pollen were mixed in 1:0, 3:1, 1:1, 1:3, and 0:1 ratios before the analysis using the 80 μm × 80 μm channel chip. Two samples, three replicas and 20′000 pollen grains per replica were analyzed at every mixing ratio.

Pollen rehydration dynamics were monitored by placing a small amount of pollen for each hazelnut genotype (Table 1) at the bottom of sealed Eppendorf tubes with imbibed hydrophilic cotton inside, before suspending pollen with measurement buffer AF6 (Amphasys, Switzerland). Impedance was monitored using the 120 μm × 120 μm microchannel chip every 30 min from time 0 up to 7 h. The stability in the buffer of rehydrated and non-rehydrated pollen from the same hazelnut genotype was also monitored for 1.5 h every 15 min. A total of nine samples of 10′000 pollen grains each were measured per sample.

Finally, pollen viability was assessed on the 33 cultivated and two wild hazelnut genotypes (Table 1). For this latter experiment, one sample comprising three replicas of 20′000 pollen grains per replica was analyzed for each hazelnut genotype using the chip with a 120 μm × 120 μm microchannel. Apart from the samples used for the rehydration monitoring, all pollen was left pre-hydrating for 6 h in improvised humid chambers as described above. Before each analysis, some pollen was dispersed in the analysis buffer and left to stabilize for 10 min. All impedance measurements were carried out in the AF6 buffer (Amphasys, Switzerland), a proprietary buffer containing mineral salts and sugars with conductivity and osmolarity suitable for hazelnut pollen grains. Samples were always filtered with 50 μm strains (Sysmex, Italy) before the analysis.



IFC Data Analysis

Pollen populations were identified on scatterplots using fixed polygon gates for each hazelnut cultivar and genotype. In the experiment of pollen hydration monitoring over time, gates were placed when populations were best separated from one another and then applied to all the other time steps. The gating procedure was performed using AmphaSoft 2.1.6 (Amphasys, Switzerland). For further investigation, measurement data were exported in CSV databases and analyzed in the R environment (R Core Team, 2019). The experimental setup was validated with linear regression models and adjusted coefficient of determination ([image: image]). Pollen viability of the 33 cultivated and two wild hazelnut genotypes was analyzed with boxplots. Pollen sterility was grouped using either package “Ckmeans.1d.dp” (Wang and Song, 2011) by fast univariate k-means clustering and the number of clusters estimated by the normalized Bayesian Information Criterion (n/BIC), or package “fastcluster” for fast hierarchical clustering and the number of clusters estimated by Silhouette (Rousseeuw, 1987) and Gap statistic (Tibshirani et al., 2000). Finally, the relationship between average pollen sterility and average amplitude values of the analyzed hazelnut genotypes was inspected through linear regression models and Pearson correlations (R).



Pollen Staining and Image Analysis for IFC Validation

The viability of “Camponica UNITO” pollen was assessed employing the dye exclusion principle. Rehydrated pollen (Amphasys, Switzerland) was heat-treated and mixed with viable pollen in buffer AF6 in 1:0, 3:1, 1:1, 1:3, and 0:1 ratios. Pollen was centrifuged at 5000 rpm for 5 min and the supernatant was discarded. Staining was carried out in Brewbaker and Kwack (BK) medium (Brewbaker and Kwack, 1963) with the addition of 0.5% acid fuchsine. Dead pollen is unable to exclude the stain due to a damaged outer membrane and is colored dark pink, while viable pollen remains unstained. Imaging was performed in bright-field microscopy at 4 × employing a Leitz Diaplan microscope connected to a Leica DFC420 camera with a 5 MP Sony ICX452 CCD sensor, on two samples and three replicas each. Image segmentation and object detection were performed using CellProfiler software (McQuin et al., 2018), coupled with CellProfiler Analyst (Dao et al., 2016) for automated classification of dead, viable and sterile pollen grains using a supervised random forest algorithm. 4241 pollen grains per replica were counted on average.



RESULTS


Evaluation of Pollen Viability and Sterility With Impedance Flow Cytometry

Staining of pollen from cv. “Camponica UNITO” paired with image analysis discriminated between three pollen types showing different morphologies and dimensions. Pollen grains with a regular morphology were classified either as viable (unstained), with an average maximum Feret diameter of 38 ± 4 μm, or dead (dark-pink), with an average maximum Feret diameter of 34 ± 3 μm. An additional class of smaller (27 ± 3 μm), anomalous pollen grains, characterized by no staining and the absence of the typical internal structures of hazelnut pollen (Figure 2B), was considered sterile.


[image: image]

FIGURE 2. (A) Viability of untreated and heat-inactivated pollen grains mixed in different proportions (1:0, 3:1, 1:1, 1:3, and 0:1), evaluated with IFC and image analysis. Samples of cv “Camponica UNITO” were used in this experiment. For percentage computation, sterile pollen was excluded. [image: image] = adjusted coefficient of determination. (B) Viable, dead, and sterile pollen grains stained with acid fuchsine and segmented from images (C) Phase-amplitude scatterplots with per-axis kernel densities of heat-inactivated (100% dead) and untreated (100% viable) “Camponica UNITO” pollen. Data from one sample (60′000 grains) was used for scatterplot generation.


IFC of “Camponica UNITO” at 8 MHz using the 80 μm × 80 μm microchannel chip showed that two populations of hazelnut pollen changed their size according to the proportion between treated and untreated samples (Figure 2C). The first population was considered coming from viable pollen as it was characterized by higher average phase and amplitude values (200° ± 1.35° and 0.9 ± 0.23), while the second population was considered coming from dead pollen as it was differentiated by an average lower phase (188° ± 0.72°) and similar amplitude (0.9 ± 0.25). A third population having a lower average amplitude (0.364 ± 0.11) and an intermediate average phase (190° ± 1.1°) was detected invariably throughout the experiment (Figures 2B,C). This last group was considered sterile pollen, as smaller amplitude is indicative of smaller pollen size, whereas the constant proportion throughout the experiment reflects the absence of cellular compartments that could be damaged by the heat treatment.

In the comparison between the two methods, both image analysis and IFC were able to identify different pollen viability levels in cv. “Camponica UNITO” with good accuracy ([image: image] = 0.99 and [image: image] = 0.96). Moreover, the two methods strongly agreed ([image: image] = 0.97) as shown in Figure 2A.



Hazelnut Pollen Hydration Dynamics and Best Rehydration Time Window

Impedance measurements of hazelnut pollen at 8 MHz and with the 120 μm × 120 μm channel chip in saturated air at room temperature showed that the separation between viable and dead phase values increased with increasing hydration time (Figure 3A). A significant positive relationship ([image: image] = 0.83, P ≤ 0.0001) was found between changes in average pollen viability (Figure 3A) and changes of absolute average difference among viable and dead phase values (Figure 3B). Viable pollen stabilized at mode phase values of 198°, while dead pollen moved from mode values of 192° at 0′ to 188° after 5.5 h (Figure 3C). This phenomenon resulted in a better separation of viable and dead pollen populations after 6 h of hydration treatment (Figure 3D). Following the progressive decrease in dead pollen volume, also the amplitude of this population slightly but significantly decreased throughout hydration (Supplementary Figure 1A). Phase and amplitude values of sterile pollen remained constant over the hydration experiment (Supplementary Figures 1B,C). Finally, the viability of pollen from the same hazelnut genotype remained stable in buffer AF6 if rehydrated for 6 h, but quickly dropped if not rehydrated (Supplementary Figure 1D).


[image: image]

FIGURE 3. Effect of pollen hydration over time (minutes) explored by IFC at 8 MHz. (A) Difference between average phase values of dead and viable pollen populations. In red, linear regression fitted to data. (B) Linear relationship between average pollen viability at each hydration step and average absolute difference between viable and dead phase values. (C) Kernel densities and global modes estimated for dead and viable phases at each time step. (D) Scatterplots of viable and dead pollen (sterile pollen was not considered) at 30 min (top) and 360 min (bottom) of hydration. [image: image] = adjusted coefficient of determination.




Pollen Quality of Selected Hazelnut Genotypes

Pollen viability of various hazelnut genotypes measured at 8 MHz using a 120 μm × 120 μm channel microchip after 6 h of pre-hydration treatment is shown in Figure 4A. Many of the most popular hazelnut cultivars, such as “Tonda di Giffoni,” “Comune di Sicilia,” and “Negret” produced a copious amount of sterile pollen mainly responsible for lower viability. On the contrary, “Tonda Bianca,” “Grossal,” “Tombul,” “Gironell,” “Gunslebert,” “Ennis,” “Pallagrossa,” “Apolda” cultivars and the two wild hazelnut plants, all produced low quantities of sterile pollen (Figure 4A).


[image: image]

FIGURE 4. (A) Percent (%) of viable, sterile and dead pollen of 33 cultivated and two wild hazelnuts sampled in the Latium region (Italy) ordered by the percent of viable pollen. (B) Average pollen sterility clustered by k-means clustering following the number of clusters defined by the normalized Bayesian Information Criterion (BIC/n) and (C) Gap statistic or Silhouette methods. Dot colors and shapes change following cluster membership. Each dot corresponds to one sample replica. Labels are placed beside per-cultivar average values. (D) Pearson correlations (R) and linear regressions of average pollen sterility (%) and average amplitude at 2 MHz of the analyzed hazelnut genotypes for viable, dead and sterile pollen. Colors correspond to cluster membership as assessed by gap statistic or Silhouette and hierarchical clustering. In black general linear regressions and Pearson correlations.


Furthermore, the cultivars tested showed different amounts and distribution in the crown of male inflorescences (catkins), as reported in Table 1. One group of accessions, namely “Apolda,” “Barrettona,” “Carrello,” “Cosford,” “Minnolara,” “Negret,” “Nocchione,” “Nostrale,” “Pallagrossa,” “Piazza Armerina,” “Santa Maria del Gesù,” “Tonda di Giffoni,” “Tonda Romana,” and “Vermellet,” were distinguished for their homogeneous distribution of catkins throughout the tree canopy, while the other accessions had a high apical incidence of catkins. Referring to catkin amounts on the plant, the cultivars “Apolda,” “Barrettona,” and “Cosford” had the highest quantity of elongated catkins during blooming, contrary to “Barcelona,” “Grifoll,” and “Tombul” that showed the lowest amount.

Hierarchical clustering based on silhouette and gap statistic methods identified two main groups of hazelnut genotypes, with average pollen sterility of 6.7% and 48.1%, respectively (Figure 4C). However, five groups were found using n/BIC and k-means clustering, characterized by 3.9%, 13.6%, 43.6%, 54.1%, and 73.6% pollen sterility (Figure 4B). The analysis of impedance at 2 MHz showed a cluster-dependent relationship between average pollen sterility and average amplitude (i.e., average size) in viable, dead and sterile pollen of the analyzed hazelnut genotypes. Hazelnut genotypes that displayed higher pollen sterility also tended to produce viable pollen with higher average size and sterile pollen with lower average size (Figure 4D). Gated scatterplots for each hazelnut genotype are shown in Supplementary Figure 2.



DISCUSSION

The analysis of single cells in flow cytometry has enabled a wide range of research opportunities in plant biology (Doležel et al., 2007). Despite this long tradition, the application of flow cytometry that relies on fluorescent labeling to the analysis of intact pollen has been hampered by some intrinsic characteristics of the pollen grain, such as the highly variable size and wall thickness and composition (Suda et al., 2007). As a consequence, flow cytometry was mainly relegated to the study of pollen ploidy, using pollen with the outer wall removed (Kron and Husband, 2012, 2015; Kron et al., 2014). Only very recently, flow cytometry using probes for reactive oxygen species was showcased for the evaluation of pollen viability (Luria et al., 2019). This left space for the development of alternative techniques to study pollen performance traits using either image analysis (Mudd and Arathi, 2012; Tello et al., 2018; Ascari et al., 2020) or impedance flow cytometry (Heidmann et al., 2016; Heidmann and Di Berardino, 2017). IFC in particular provided the opportunity of measuring a high number of pollen grains and distinguished well between viable and dead pollen in high-throughput without requiring long sample preparation and staining procedures (Heidmann et al., 2016).

In this study, different populations of viable, heat-inactivated (i.e., dead) and sterile pollen grains were identified in two cultivated hazelnuts (Figure 2). Dead and viable pollen were characterized by lower and higher average phase angles, respectively, reflecting a different membrane capacitance. The loss of membrane integrity, as evidenced by lower membrane capacitance, is one of the footprints of pollen death (Shivanna and Heslop-Harrison, 1981).

Being partially hydrated at dispersal, hazelnut pollen should be particularly sensitive to water loss and, conversely, could benefit from elevated ambient relative humidity (Nepi et al., 2001; Firon et al., 2012). Hazelnut dead pollen dimensions decreased constantly during hydration (Supplementary Figure 1A) likely following a progressive decline in membrane integrity. It was also shown that immediately after the storage period, part of the hazelnut pollen grains presented phase angles that classified them neither as viable nor dead. Instead, the signal was similar to that of tomato pollen partially deactivated by temperature treatments above 37°C (Heidmann et al., 2016). After around 6 h of pre-hydration, the same population reached phase values of heat-inactivated pollen, while overall pollen viability slightly increased at the same time (Figure 3). A possible interpretation is that a fraction of the partially inactivated pollen was able to rehydrate well and appeared viable after 6 h. The remaining part was likely too damaged and not able to recover an intact membrane. The presence of this population could be explained by an inappropriate dehydration treatment before storage, but also by natural factors, like developmental asynchrony and temperature (Harsant et al., 2013; Carrizo García et al., 2017). Interestingly, measured pollen viability depended on pollen hydration ([image: image] = 0.83, P ≤ 0.0001). Rehydration also ensured the complete stability of pollen viability in the buffer over time (Supplementary Figure 1D). Heslop-Harrison et al. (1986) found that hazelnut pollen germination was able to benefit from long pre-hydration treatments. Controlled re-hydration not only ensures the recovery of the outer membrane (Shivanna and Heslop-Harrison, 1981) but is also a key factor for pollen metabolic reactivation and pollen tube emergence on the stigma (Edlund et al., 2004). A mechanosensitive ion channel (MSL8) of the plasma membrane in the partially dehydrated Arabidopsis pollen was recently characterized (Hamilton et al., 2015). Interestingly, plants with MSL8 were able to survive osmotic stress in distilled water, while those lacking the channel soon died after the treatment. This observation implies that partially dehydrated pollen could have developed an active mechanism to endure hypo-osmotic shocks even without earlier pre-hydration. IFC could be a valuable technique for investigating the behavior of pollen in different osmotic environments further.

Impedance flow cytometry was also employed to detect different degrees of sterility in hazelnut plants. Populations of sterile pollen were characterized by lower average amplitudes indicative of lower average dimensions (Figure 4D). As shown by the fuchsine staining, sterile pollen grains have a subtriangular shape, lower dimensions and appear emptied of the cytoplasm content (Figure 2). Most of the analyzed hazelnut cultivars produced copious sterile pollen (Figure 4D). Other authors also reported the presence of anomalous, sterile pollen in hazelnut (Mckay, 1965; Potenza et al., 1994; Frenguelli et al., 1997). Plant male sterility can result from gametophytic mutations (Sari-Gorla et al., 1996; Procissi et al., 2001), chromosome rearrangements (Nonomura et al., 2004; Stathos and Fishman, 2014), extreme temperatures or drought regimes (Sheoran and Saini, 1996; Rieu et al., 2017), irradiations (Vazquez and Sanche-Monge, 1987), and hybridization in cultivated plants (Long et al., 2008). Different authors also reported a higher incidence of deformed or anomalous pollen in natural populations of Quercus, Betula, and Crataegus interspecific hybrids (Karlsdóttir et al., 2008; Wrońska-Pilarek et al., 2013, 2016). Moreover, it was demonstrated that even plant age can influence the production of anomalous pollen (Aizen and Rovere, 1995). Therefore, it would be deceptive to infer the cause of hazelnut pollen sterility solely based on the collected data. Nevertheless, the neat separation between at least one group of highly sterile cultivars and a second group with lower sterility values (Figure 4C) supports the findings of heterozygous translocations in various hazelnut cultivars (Salesses, 1973; Salesses and Bonnet, 1988; Marinoni et al., 2018). Some of the cultivars affected by pollen sterility are also of strong economic importance for their good yield and fruit organoleptic properties, nut traits and kernel (Cristofori et al., 2008; Solar and Stampar, 2011). Therefore, other factors such as plant vigor and female flower densities could have somewhat compensated for the lack of fertile gametes. A reciprocal translocation without an apparent effect on plant fitness and yield is also present in the barley cultivar Albacete (Farré et al., 2012).

Finally, the relationship between pollen sterility and pollen dimensions was investigated (Figure 4D). Strong relationships between pollen size and DNA content were found in different plant species (Lavia et al., 2011; Pécrix et al., 2011; De Storme et al., 2013; Srisuwan et al., 2019). Extrapolating data from De Storme et al. (2013) we can compute an average increase of 12 ± 3.5% in pollen volume at each ploidy level in Arabidopsis. For hazelnut, viable pollen is 15% bigger in highly sterile cultivars than in cultivars with low sterility (Figure 4D). Therefore, if ploidy scales equally with volume and amplitude, we would have detected reduced haploid (smaller) and unreduced diploid (bigger) gametes. Non-reductional meiosis is the most frequent pathway to unreduced gamete formation, though not all the produced gametes are equally affected, with both environment and genetic mutations influencing the frequency of unreduced pollen (Pécrix et al., 2011; De Storme and Geelen, 2013). Alternatively, unreduced pollen can be found in polyploid plants, a circumstance that should be excluded for hazelnut as different genotypes have been showing a diploid genome (Guo et al., 2009; Falistocco and Marconi, 2013). The reciprocal translocations purportedly causing pollen sterility in hazelnut are more consistent with the formation of aneuploid (i.e., with supernumerary chromosomes) gametes following secondary patterns of chromosome segregation which, however, are considered to be rarely compatible with viability (Scriven et al., 1998; Gardner and Sutherland, 2012).

Studying microsporogenesis in different Corylus species, Woodworth (1929) reported the presence of cytomixis, an exchange of bivalents or even entire nuclei between pollen mother cells during microsporogenesis (Mursalimov and Deineko, 2018). This phenomenon has been observed in combination with polyploidy and pollen sterility (Negrón-Ortiz, 2007; Singhal and Kumar, 2008; Pécrix et al., 2011; Kumar et al., 2013; Reis et al., 2016) and is thought to be one of the cytological processes occurring during unreduced pollen formation (Falistocco et al., 1995; Mursalimov and Deineko, 2015), even if there is not enough evidence to support its role as a supplementary mechanism for genetic recombination (Mursalimov and Deineko, 2018). Taken as a whole, the lack of additional data on hazelnut microsporogenesis hinders drawing a definite picture around the rationale behind the observed increase in pollen size and point to the need for a deeper study of meiosis during hazelnut pollen development in low and high sterile cultivars.

As a closing remark, IFC turned out to be strikingly useful for the label-free characterization of hazelnut pollen in a high throughput, allowing the fast identification of hazelnut cultivars with high male sterility. Moreover, its versatility holds great promise for numerous research applications in hazelnut pollen biology and pollination ecology and has the potential to simplify haploid plant production for hazelnut breeding purposes (Gniech Karasawa et al., 2016), as demonstrated by recent studies on wheat (Canonge et al., 2020).



CONCLUSION

Our results demonstrate that IFC technology is well suited for the extensive characterization of hazelnut pollen traits. We showed how hazelnut pollen responds to prolonged hydration times through changes in the impedance signal. We also detected high pollen sterility in many cultivated hazelnut genotypes possibly linked to chromosome translocations. Finally, we observed an increase in pollen dimensions in highly sterile cultivars. Additional inspection of pollen development, especially in the meiotic phase, is required to explain the increase in pollen volume associated with pollen sterility. Moreover, further investigation is needed to confirm the occurrence of chromosome translocations and identify the involved chromosomes. This is especially important to enhance the choice of suitable pollinators for the most popular hazelnut cultivars, particularly when this cultivated species is introduced in new growing areas.
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Hazelnut (Corylus avellana L.) is one of the most appreciated nut crops, which is motivating the cultivation outside its historical production areas. Despite that, there is still limited knowledge about the floral biology of the species and its developmental fruiting stages under different environments. Adverse climatic conditions can threaten the pollination process and fruit development. In South Africa, the deciduous fruit industry identified the net shading as a tool to mitigate the effects of unfavorable abiotic events. The objective of this work was to investigate the effects of photo-selective nets on the pollination process and nut development of C. avellana. Mature hazelnut trees were maintained under netting and compared with the ones in open field. Microscopic examination of female flower and developing nuts were conducted in order to observe the pollen tube growth and the pattern of disodium fluorescein transport into the funiculus and ovule. The results showed differences in pollen tubes growth and timing between the treatments. Generally, trees under nets showed higher rate in pollen tubes developing and reaching the base of the style. On the contrary, the tests carried out in open field showed a higher ratio of pollen tubes arrested in the style. The results also indicated differences in ovules abortion. Developing fruits that showed an interruption point at the funicle level or at junction point of the ovule were classified as aborting fruits (blank nuts at harvest time). A higher rate of abortion was detected in open field compared to the plants under netting. In conclusion, the shade nets influenced the pollen tube growth and the nut development, principally due to micro-climate modification. Therefore, further investigations are needed to analyze the influence of light spectra and to determine the sustainability of photo-selective nets over several years.

Keywords: hazelnut, pollen tube, abortion, ovule, aniline blue, disodium fluorescein, assisted pollination


INTRODUCTION

The implications of global warming are becoming major issues on the productivity of temperate fruit industry, which may decline because of the sensitivity to higher temperatures, heat waves, frequent frost, hail and strong wind events (Luedeling et al., 2011; Hribar and Vidrih, 2015; Rai et al., 2015; Midgley et al., 2016). In the South Hemisphere, South Africa is one of the largest exporting countries of temperature fruits, second only to Chile (Retamales, 2011). Therefore, during last years, extreme climatic events such as El Niño, warmer winter conditions, drought, and hailstorms caused significant economic losses (Midgley et al., 2016). In addition, future projections are calling for effective contingency plans to be implemented in the fruit production systems (Gbetibouo and Hassan, 2005; Luedeling, 2012; Calzadilla et al., 2014; Mditshwa et al., 2019). For these reasons, the implementation of shade nets (antihail, insect screen, and photo-selective) is becoming popular in the fruit industry, for both temperate and sub-tropical fruit crops (Stander and Cronje, 2016; Tinyane et al., 2016; Brown, 2018; Mditshwa et al., 2019). The temperate tree nut industry is expanding worldwide. In South Africa, the predominant nut crops grown are macadamias (world’s largest exporter) and pecans (Brits, 2018; Sikuka, 2020). However, other nuts such as walnut, almond, pistachio, and hazelnut, relatively new in South Africa, are slowly emerging, where research institutes, private companies, and farmers are working on finding appropriate agronomic procedures, cultivars, and to demonstrate the sustainability of the crop (Swart and Blodgett, 1998; Chen and Swart, 2000; Ascari et al., 2018; Kriel, 2019). Although recent reports from the International Nut and Dried Fruit Council [INC] (2020) point out that traditional hazelnut growing countries like Turkey, Italy, Azerbaijan, and Georgia source 88% of the global production, the increasing interest toward hazelnut has driven the search for new areas of cultivation outside its native range. European Hazelnut (Corylus avellana L.) is a monoecious and wind pollinated species. Its floral biology exhibits several unusual characteristics (Germain, 1994). In the north hemisphere, the male inflorescences (catkins) induction starts in mid-May and they begin to be visible in June, reaching the maturity in winter. Consequently, pollination occurs during winter, as early as middle November in some cultivars in the Northern hemisphere (Cristofori et al., 2018) or in June for the Southern hemisphere (Von Bennewitz et al., 2019). Hazelnut floral biology is quite uncommon, where a considerable lapse of time occurs between pollination and fertilization. In fact, soon after the pollination, the pollen tube grows to the base of the style, where the tube becomes latent and waits for the ovary to be mature (Rigola et al., 2001; Tiyayon, 2008; Liu et al., 2014). Only then, the fertilization takes place. Therefore, this delayed fertilization is between the principal factors threatening hazelnut yield (Heslop-Harrison et al., 1986; Çetinbaş-Genç et al., 2019). Pollination and fertilization processes are extremely sensitive to air temperature and relative humidity (RH) (Kelley, 1979; Huo et al., 2014; Çetinbaş-Genç et al., 2019); for these reasons, specific attention should be given to protect the trees from abnormal and extreme climatic conditions. While there is extensive literature on the effects of shading nets on floral development of several fruit species (Mupambi et al., 2018; Manja and Aoun, 2019; Mditshwa et al., 2019), very few applied researches were carried under nets on hazelnuts (Hampson et al., 1996; Azarenko et al., 1997; Me et al., 2005). This study aims to explore the effect of protective netting on the reproductive development phases of hazelnut as mitigation technique against erratic weather conditions.



MATERIALS AND METHODS


Site Description and Plant Material

The trials were carried out in a 9-year-old hazelnut orchard, at Agrisudafrica Ltd., an experimental farm situated in Greater Kokstad Municipality of KwaZulu-Natal Province, South Africa (30°21′34.63”S; 29°25′31.22”E), altitude 1560 m above sea level. According to Köppen-Geiger climate classification, updated by Kottek et al. (2006) and Rubel et al. (2017), the local climate is classified as Cw (Warm temperate climate with dry winter). Twenty hectares of orchard were covered with photo-selective nets and 10 ha in open field were considered as control. Since the performance of protective nets and their influence on certain physiological parameters of a tree seem to vary based on the geographical location (Meena et al., 2015; Zoratti et al., 2015; Brkljača et al., 2016), and in the absence of any existing local information, it was decided to verify the effects of different photo-selective nets. Each block had a size of 2 ha. The experiment started in June 2018 and ended in January 2020. The trials were set considering two hazelnut cultivars: Tonda di Giffoni and Barcelona (also known as Fertile De Coutard). The tree spacing between and within the rows was 5 × 3 m for Tonda di Giffoni (665 trees/ha) and 5 × 4 m for Barcelona (500 trees/ha). In the orchard, four blocks of Tonda di Giffoni and four blocks of Barcelona cultivar were selected for the experiment. Each block was divided in three sections, one for each treatment: Active Blue (20%), Photo Red (20%), and Black/White 20%, from Knittex (South Africa). Each tree row in a section included 66 trees for Tonda di Giffoni and 50 for Barcelona. Each net was covering at least five rows. The brand name “SpectraNets” describes the capacity of the nets to manipulate the quantity, quality, and relationship of blue, green, red, and far-red wavelengths (Knittex, 2020). The characteristics of each net are described in Table 1. The effect of the nets was compared with trees grown under sunlight. For each treatment, temperature and humidity in open field and under the nets were monitored hourly using data loggers (Tinytag Plus 2, Gemini Data Loggers Ltd., United Kingdom). Data loggers were installed 2 m above the ground, at the center of each netted section. In addition, Arable Mark 2 weather stations (Arable Labs, Inc., San Francisco, CA, United States) was installed in the orchard in open field. The soil texture was clay with a pH ranging from 5 to 5.6 between the blocks and electrical conductivity (EC) of ±0.3 mS/cm. All trees in the orchard were fertigated with the same nutritional solution. The irrigation timing and fertigation were managed by a drip irrigation system and controlled automatically using Irricheck PulseTM, a platform that allows to use different combinations of soil moisture probes, sensors, and telemetry, helping to maintain soil moisture at optimal levels. Soil and irrigation management information for the dry winter season are summarized in Table 2.


TABLE 1. Net details.

[image: Table 1]

TABLE 2. Irrigation water management during dry winter season.
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Hazelnut Phenology

To record the phenological phases of C. avellana, the authors used a modified version of the phenological guide of Puppi and Zanotti (1998). For this study, the development of the female flowers was classified into the following stages: Stage R7, beginning of female flowering (the red tips of the stigmas are visible); Stage R8, Inflorescence in full bloom (stigmas are fully extended); Stage R9, end of the flowering (stigmas are wilted and dark red); Stage R10, ovaries enlarge (the inflorescence start to evolve into clusters); Stage R11, small cluster are visible; Stage R12, immature fruits (fruits are visible but still green); Stage R13, fruits reach maturity (the shell turn brown and harden). The phenology was recorded every week.



Pollen

Pollen was collected during winter time from Barcelona (S1 S2), Hall’s giant (S5 S15), Nocchione (S1 S2), and Tonda Gentile Romana (S10 S20). Catkins were dried at room temperature overnight. To optimize the pollen collection, a machine was locally developed (Figure 1), consisting in a series of filters connected to a hopper (100 and 50 μm). The size of pollen grains of Corylus spp. can vary in size from 20–25 × 26–28 μm (Kubik-Komar et al., 2018). At the bottom, a Dust Deputy DIY Cyclone Separator was attached. At the top end of the dust separator (Oneida Air System, United States), a flexible anti-static pipe was connected with a wet/dry vacuum machine (>1800 W). At the lower end of the cyclone dust separator, 1-L plastic container was attached to it, where thanks to the centrifugal force, the pollen ends. Before starting the process, the catkins were shredded using a shredding mulching box (Ryobi RGS-1240, 2400 W). After extraction, the pollen was vacuum packed and stored at −20°C (Novara et al., 2017).


[image: image]

FIGURE 1. Machine built to extract hazelnut pollen.




Pollen Suspension and Assisted Pollination

For the suspension, the procedure followed the method described by Ascari et al. (2018). The pollen was suspended at 0.1% (w/v) in a liquid media containing: 10% (w/v) sucrose mixed with 0.5% (w/v) xanthan gum and 0.02% boric acid. The applications were carried out when the female inflorescences were in full bloom (Phenological stage: R8). For Tonda di Giffoni, the treatments started mid-June and for Barcelona cultivar mid-July. The application was done during late afternoon, when environmental humidity and temperature were more favorable. The pollen suspension was applied using mist blowers (STIHL, SR420). Fifty liters of solution per hectare were required to complete the application. The experiment was carried out in an area without natural pollinators. Based on the amount of pollen available, for each test, 150 g pollen ha–1 was applied.



Observation of Pollen Tube Growth

After the assisted pollination, female inflorescences were sampled at 48 h, 5 days, 10 days, and 15 days. In the orchard, 10 plants for each block and treatment were randomly selected. From each tree, 10 flowers were collected from 1-year old branches. To control the border effect, the border rows and the ones between two net sections were not sampled. Samples were stored in a portable cool box and taken to the laboratory. The following procedure followed the method of Liu et al. (2012, 2014). The inflorescences were fixed in FAA solution for 3 days, and then stored in 70% alcohol at 4°C. After 24 h, the samples were rehydrated in 50-30-15% ethanol, for 20 min each step. The inflorescences were then observed under a stereo microscope (LEICA, EZ4) and with the aid of a scalpel, the pistils were separated from the inflorescences (Figure 6C). The pistils were socked in Eppendorf tubes containing 5 M NaOH solution and kept at 35°C for 3 days (Figures 6D–F). The samples were rinsed three times in distilled water and macerated for 30 s in 0.1 M acetic acid solution. Subsequently, the pistils were further washed in distilled water three times and stained in aniline blue solution (0.1 g aniline blue + 0.071 g K3PO4 + 100 mL distilled water) for 24 h. Finally, the samples were observed with an OMFL600 Inverted Fluorescence Compound Microscope with a set of UV filter, and equipped with a digital microscope camera (Summit SK2-10 × 10.0MP PC) (Figures 6G–J).



Observation of Disodium Fluorescein During Nut Development

Once the fruit clusters were visible, samples were taken following the sampling pattern mentioned for the inflorescences. Unlike the female flowers, clusters were collected with a piece of stalks, ±5 cm long. Immediately, samples were placed in jars containing water to prevent embolism and taken to the laboratory. Subsequently, the end of the stalks was inserted in 50 mL glass jars containing a solution of 0.25% of disodium fluorescein and placed in a growing tent at 25°C and 60% RH. The tent was illuminated for 24 h, using full spectrum grow lights (MarsHydro reflectors, 300 W1). Finally, the fruits were longitudinally dissected and observed under the inverted fluorescence compound microscope.



Statistical Analysis

For the longevity of the stigma’s receptivity among the treatments, a survival analysis was performed using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, CA, United States). Log-rank test was adopted to compare the distribution of the samples. Regarding the observations of the pollen tube growth and nut development, statistical significance of the effect of colored shade nets, ANOVA analysis was carried out using XLSTAT (Addinsoft, New York, NY, United States). Tukey’s HSD test was applied to all pairwise differences between means. Dunnett’s test was performed to compare each category with the control category. Means were compared using least significant difference (LSD).



RESULTS


Temperature and Relative Humidity Under Photo-Selective Nets

In this study, differences in temperatures up to 6°C were observed between the nets and the open field (control) (Figure 2). Variations also occurred between the types of photo-selective nets (Table 3). During winter (from June to end of August), the average temperature recorded between 8 am and 4 pm was higher in the open field (TMax: 28.6°C; TAVG: 17.3°C; TMin: −3.4°C), lower under the Active-Blue net (TMax: 27.9°C; TAVG: 17.1°C; TMin: −2.8°C), moderately lower under the Photo-Red net (TMax: 29.8°C; TAVG: 16.8°C; TMin: −2.2°C), lower under the White/Black net (TMax: 27.4°C; TAVG: 16.5°C; TMin: −3.1°C). During night hours, the average temperatures recorded between 6 pm and 7 am were higher under the red net (TMax: 22.2°C; TAVG: 7.8°C; TMin: −4.8°C), moderately lower under the blue net (TMax: 2.1°C; TAVG: 7.4; TMin: −5.5°C), lower under the white/black net (TMax: 22.3°C; TAVG: 7.3°C; TMin: −5.7°C), and slightly lower in open field (TMax: 22.3°C; TAVG: 7°C; TMin: −5.6°C). Interesting was to observe a temperature increase induced by the red net between 4pm and 5pm, followed by a progressive decrease. To summarize, during daytime, the nets were able to slightly reduce the temperature compared to the open field. However, in the presence of particular heat waves in winter (Figure 3), the daily mean temperatures under the Phot-Red were slightly higher compared to both, the control and the other nets (Figure 3). When these events were occurring, the fluctuation between day and night under the red net was accentuate, recording lower temperatures compared to the other tests. RH was recorded simultaneously to temperature. Sensors revealed that RH% changed cyclically during the day, increasing during the night hours while decreasing during the sunlight exposed hours (Figure 4). In average, under the netted areas, an increase of daily relative air humidity by approximately 2–10% was recorded. From 8 am, RH decreased sharply reaching the minimum (<10%) at 3–4 pm. During sunset, RH started to increase again. Among all the tests, the RH means were constantly higher under blue net (Figure 4).
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FIGURE 2. Temperature recorded under photo-selective nets during winter (from June to end of August). Data were collected hourly. Temperature is expressed as difference between temperatures recorded under the nets and in open field (control). The horizontal middle line represents the median that goes through the mean of each box. The whiskers (vertical lines) extend from the ends of the box to the minimum value and maximum value.



TABLE 3. Results of ANOVA for the effect of treatment setup on temperature differences and relative humidity.
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FIGURE 3. Temperature recorded under photo-selective nets during a warm spell in winter. Data were collected hourly for a week. The horizontal middle line represents the median that goes through the mean of each box. The whiskers (vertical lines) extend from the ends of the box to the minimum value and maximum value.



[image: image]

FIGURE 4. Relative humidity measured under photo-selective nets and in open field (control) in winter (from June to end of August).




Stigmas Receptivity

During winter 2018 and 2019, phenological data reported that the full bloom (Stage R8) was observed in mid-July for Tonda di Giffoni and at the beginning of August for Barcelona. At this stage, the female flowers showed the typical red stigmatic styles poking out (Figures 6A,C) from the bud scales (Olsen, 2013). In areas where hazelnut is traditionally cultivated, the female flowers can remain receptive for few months (Thompson, 1979; Hampson et al., 1993). In this study, due to the warmer and dry winter condition during daytime, the stylar desiccation was accelerated. In fact, in open field, the female flowers maintained their red appearance for no longer than 1 week (Figure 5). In some cases, the tips of the styles turned black during the stage R7. Under the netted blocks, the reduced solar irradiation, the slightly cooler, and higher humid conditions prevented such rapid stylar desiccation, extending the flowers receptivity up to 2 weeks. Obviously, these differences affected the capacity of the styles to offer a good support for pollen grain adhesion and germination and showed how slight changes in temperature and humidity modifications can influence the success of pollination in hazelnut.


[image: image]

FIGURE 5. Stigmas receptivity among the different treatments. Data were collected during phenological recording. The days were counted starting from the phenological stage R8 (full bloom), until stage R9 (stigmas are wilted and dark red). (A) cv. Tonda di Giffoni; (B) cv. Barcelona. Log-rank (Mantel-Cox) test, P < 0.0001.
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FIGURE 6. Preparation and examination of the stigmatic styles. (A) Hazelnut female inflorescence in R8 stage. (B) Female inflorescence after dust application. (C) Structure of the female inflorescence after bud dissection. (D) Stigmatic styles soaked in 5 M NaOH solution after 2 days. (E) Stigmatic styles soaked in 5 M NaOH solution after 3 days. The bleaching phase is a fundamental step to properly visualize the pollen tubes. (F) Samples ready to be squashed in aniline blue. (G,H) Healthy non-pollinated stigmatic styles. (I) Top of the style withered and the pollen tube curled and arrested at the top part of the style. (J) Pollen tubes reached the base of the styles. (K) Damaged stigmatic styles covered with dust. (L) Pollen grains siting on a dried style after dust application.




Observation of the Pollen Tube Growth

The observations were made at 48 h, 5 days, 10 days, and 15 days after the pollen application. For each step, 50 female inflorescences were collected for each cultivar and treatment. Each experiment had four replicas. In total, 200 glomerules were examined for each step. At 48 h, significant differences in pollen germination rate were recorded between open field and netted areas (Tables 4, 5). Generally, germination was most affected in open field; on the contrary, the highest values were recorded under Black/White net (p < 0.0001). The Black/White net performed better than the Photo-red net for both cultivars (TdG: p < 0.001; Bar: p < 0.0001). In Tonda di Giffoni, Active-blue net showed detectable variation compared to the open field condition (p < 0.001); however, no statistically significant differences were detected in comparison with the other two nets. On other hands, Barcelona under the blue net showed higher pollen germination levels (p < 0.001), where no differences were found between the red net and the control. After 5 days, the number of samples showing pollen tubes reaching the base of the styles was generally low. However, the higher amount was recorded under the Black/White net (p < 0.0001). Analogous results were found for the blue net. For both cultivars, the red net did not show significant results compared to the control under direct sunlight. In the 10-days check, Tonda di Giffoni and Barcelona showed the same trend. Black/White net gave the higher number of pollen tubes reaching the base of the styles (p < 0.0001), followed by the blue net (p < 0.001) and the red net (p < 0.025). The samples collected after 15 days did not show a substantial increment in pollen tubes reaching the base of the styles compared to the 10 days check point.


TABLE 4. Pollen germination mean after 48 h.
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TABLE 5. Pollen tubes that reached the base of the styles at 5, 10, and 15 days after pollination.
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Observation of Disodium Fluorescein During Nut Development

To study the nut development, disodium fluorescein was utilized as indicator of vascular continuity as described by Liu et al. (2013). The advantage of this technique is that in 24 h, disodium fluorescein is transported in functional vascular tissues and it is easily detected in tissues at very low concentration thanks to the strong fluorescence under the microscope (Figure 7). As result, the presence or absence of fluorescence is reliable indicator that transport is occurring or not (Figure 7). Strong fluorescence could be observed in the viable ovules. At R11, clusters became visible and the two ovules could be easily observed thanks to the bright fluorescence (Figure 7B). Interestingly, no differences were recorded between the treatments. The only detail worthy of note is that almost all the samples showed one ovule smaller than the other. Significant differences were observed at R12 (Table 6). A markedly difference between the diameters of the two ovules in the same ovary could be easily observed (Figures 7C,D). The fluorescence intensity differs between the two. In fact, the fluorescence in the smaller ovule was slightly dimmer. Moreover, blank nuts could be easily detected. In this case, the developing nuts showed a very dim fluorescence or nothing (Figures 7F,G). In both cultivars, Tonda di Giffoni and Barcelona, the highest number of fruits showing continuity of transport was recorded under the Black/White net (p < 0.0001) and Active-blue net (p < 0.0001). No significant differences were observed between the two nets. Considerable differences were observed between the Photo-red net and the open field (p > 0.043). However, statistically significant differences were recorded between the Black/White or Active-blue net and the Photo-red net (p < 0.0001), which performed poorly compared to the other two types of nets.


[image: image]

FIGURE 7. Investigation of the ovule development using disodium fluorescein. (A) Comparison between an abortive ovary (right) and developing ovary (left). (B) Intense fluorescence observed in two developing ovules. (C) Two ovules. The one on the right is developing and the other on the left side, much dimmer, ceasing the development. Note the yellowish color of the funicle and developing ovary after disodium fluorescein absorption. (D) Two ovules. The one on the right continue to develop and the other on the left side ceased the development. (E–G) Reduced transport of disodium fluorescein in immature ovules ceasing the development (E,F) and a funicle where the ovule completely ceased the development.



TABLE 6. Mean of disodium fluorescein detected in viable ovule during the phases R11 and R12.
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DISCUSSION

Contrary to more common hail nets, photo-selective nets are usually deployed to decrease light intensity and to alter the spectrum, to buffer extreme temperatures and increase RH (Shahak et al., 2004, 2008; Elad et al., 2007; Wachsmann et al., 2014; Ilić et al., 2015). In warm temperate production regions of South Africa, climate warming is affecting accumulation of chill units and RH, eventually reaching a critical threshold for temperate deciduous fruit and nut trees (Midgley and Lötze, 2011; Midgley et al., 2016). The pollination mechanism can be critically affected under high air temperature, reducing stigmatic receptivity and pollen germination (Pham et al., 2015; Mditshwa et al., 2019). Elevated temperatures often take place in combination with high solar radiation, drought, and strong wind, which can be harmful for the plant and especially for the pollination process (Hall, 1992; Devasirvatham et al., 2012; Monteiro et al., 2015). Previous research demonstrated how C. avellana can drop more than 80% of the flowers, even if they show a developed pollen tubes in the styles (Rimoldi, 1921; Romisondo, 1965; Thompson, 1967) and how the percentage of the blanks produced can be influenced by abiotic stress and resources availability (Painter, 1956; Silva et al., 1996; Erdogan and Mehlenbacher, 2001; Beyhan and Marangoz, 2007; Liu et al., 2012, 2014). Mild temperature and high humidity are required for the pollen tube to grow quickly and complete successfully the process (Huo et al., 2014). Generally, the pollen germinates in 1–2 days (Kelley, 1979) and it takes from 2 to 10 days for the pollen tube to reach the base of the style (Figure 6J) (Rigola et al., 1998; Liu et al., 2014). Çetinbaş-Genç et al. (2019) demonstrated that pollen tubes in hazelnut are sensitive to high temperature and how the pollen tolerance varies between cultivars. Huo et al. (2014) proved the influence of RH and temperature on the stigma receptivity and pollen tube growth in Corylus kweichowensis Hu. Basically, the health and the speed at which the pollen germinates and the pollen tube grow depends on weather conditions during winter, which can considerably affect the fate of reproduction and fertilization processes (Boyer, 1982; Hopf et al., 1992; Silva et al., 1996; Delph et al., 1997; Giorno et al., 2013; Rieu et al., 2017). In this study, photo-selective technology was tested for the first time in a hazelnut orchard with the aim to modify microclimatic conditions and explore the netting effect on the pollination process. Artificial pollination was carried out utilizing a suspension media. This method showed to be more effective than dry-pollen applications, especially when warm and dry winter conditions threaten the pollen viability (Ascari et al., 2018). In accordance with other authors, the augmented stigma receptivity, pollen germination, tube growth, and nut development under some of the nets could be probably associated to the decreased air/canopy temperature and increased RH (Germanà et al., 2003; Zilkah et al., 2013). Under black/white net slightly lower TMax and TAVG were recorded. Moreover, the mean temperatures were generally lower between 10 am and 4 pm, the hottest time of the day (Figure 2). In addition, black/white net showed an improved flower receptivity, pollen germination, pollen tube development, and detected viable ovules (Tables 4–6). Active-blue net performed slightly lower compared to the black/white net in terms of the reproductive parameters even though the RH% recorded was generally higher. Instead, Photo-red net was generally exhibiting mean temperatures lower than open field conditions during the daytime, showing an unusual pick between 16:00 and 19:00. TMax was higher under red net compared to the other two treatments. In case of warm spells in winter, the red net showed temperature even higher than open field conditions. Moreover, the receptivity of the female flowers, pollen germination, tube development, and viable ovules under red nets were closer to under sunlight conditions. This variability under the nets may be correlated to the net color and its spectral quality (McDonald, 2003). The effect of Photo-Red net could alter the flowering period (Smith and Whitelam, 1997; McDonald, 2003; Mupambi et al., 2018; Kalaitzoglou et al., 2019). For this reason, further studies are necessary to investigate the effect of net color and spectral quality on the reproductive biology of hazelnut. Nevertheless, the performance of photo-selective nets and their influence on certain physiological parameters of a tree seem to vary based on the geographical location (Meena et al., 2015; Zoratti et al., 2015; Brkljača et al., 2016). For this reason, in the absence of any existing local information, it is necessary to verify the effects of photo-selective nets on the targeted crop. As mentioned above, RH is another important parameter affecting the reproductive biology of Corylus spp. Although the nets had analogous shade factor, variation in RH% was detected (Table 3). Hazelnut trees grown under Active-blue nets had a modest higher RH%, followed by the red and the black/white nets. Nevertheless, these differences in RH% did not give any significant improvement in terms of reproductive parameters. Previous studies carried out by Middleton and Mcwaters (2002) and Rigden (2008), in comparison to open field conditions, showed how shade nets increased RH by 10–15%. However, in this study when a warm spell was occurring during winter, the effect of the nets was drastically reduced. A remarkable factor was the reduced water use under the netted area. During the dry winter season, when trees are dormant, because of the reduced solar radiation reaching the orchard floor in combination with a reduced wind speed, the irrigation input was greatly reduced (Table 2). Another factor that could affect the longevity of the female flowers and interfere with the pollination process, especially in field condition, was the presence of dust (Waser et al., 2017; Zhang et al., 2019). Hazelnut is a wind pollinated plant and the sticky style exposed to air can be polluted by dust. Observing the styles under the microscope (Figures 6K,L), large amount of dust particles was detected. Further studies are necessary to investigate how it affects hazelnut pollination. In conclusion, the results of this study bring out that the use of photo-selective nets could represent an interesting practice to assist the plants during sensitive phases, such as flowering and pollination. However, the results should be considered preliminary and verified by further studies in the coming years. Much more need to be explored, especially focusing on the effect of light variations by the nets on flowering, alternate bearing, risk of cluster abscission, final yield, quality, and nutritional value of the nuts.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

DG was the principal investigator. DG, JA, and GE contributed to conception and design of the study. GE and OS contributed to the design of the net structures. ES contributed and organized the pollen collection. MS and OS organized the data collection and organized the database. DG performed the statistical analysis and wrote sections of the manuscript. ES contributed to writing the introduction of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



ACKNOWLEDGMENTS

The research was carried out with the cooperation and contribution of the Hazelnut Company division of Ferrero Group.


FOOTNOTES

1www.mars-hydro.com


REFERENCES

Ascari, L., Guastella, D., Sigwebela, M., Engelbrecht, G., Stubbs, O., Hills, D., et al. (2018). Artificial pollination on hazelnut in South Africa: preliminary data and perspectives. Acta Hortic. 1226, 141–148. doi: 10.17660/ActaHortic.2018.1226.20

Azarenko, A. N., McCluskey, R. L., and Hampson, C. R. (1997). Time of shading influences yield, nut quality, and flowering. Acta Hortic. 445, 179–184. doi: 10.17660/ActaHortic.1997.445.24

Beyhan, N., and Marangoz, D. (2007). An investigation of the relationship between reproductive growth and yield loss in hazelnut. Sci. Hortic. 113, 208–215. doi: 10.1016/J.SCIENTA.2007.02.007

Boyer, J. S. (1982). Plant productivity and environment. Science 218, 443–448. doi: 10.1126/science.218.4571.443

Brits, M. (2018). World’s largest macadamia factory opened in White River: farmlink Africa. FarmBiz 4, 45–45.

Brkljača, M., Rumora, J., Vuković, M., and Jemrić, T. (2016). The Effect of photoselective nets on fruit quality of apple cv. ‘Cripps Pink’. Agric. Conspec. Sci. 81, 87–90.

Brown, R. (2018). Effect Of Permanent Shade Netting On ‘Nadorcott’ Mandarin Tree Phenology And Productivity. Stellenbosch: Stellenbosch University. Doctoral dissertation.

Calzadilla, A., Zhu, T., Rehdanz, K., Tol, R. S., and Ringler, C. (2014). Climate change and agriculture: Impacts and adaptation options in South Africa. Water Resour. Econ. 5, 24–48. doi: 10.1016/J.WRE.2014.03.001

Çetinbaş-Genç, A., Cai, G., Vardar, F., and Ünal, M. (2019). Differential effects of low and high temperature stress on pollen germination and tube length of hazelnut (Corylus avellana L.) genotypes. Sci. Hortic. 255, 61–69. doi: 10.1016/J.SCIENTA.2019.05.024

Chen, W., and Swart, W. J. (2000). First report of stem canker of English walnut caused by Fusarium solani in South Africa. Plant Dis. 84, 592–592. doi: 10.1094/PDIS.2000.84.5.592A

Cristofori, V., Pica, A. L., Silvestri, C., and Bizzarri, S. (2018). Phenology and yield evaluation of hazelnut cultivars in Latium region. Acta Hortic. 1226, 123–130. doi: 10.17660/ACTAHORTIC.2018.1226.17

Delph, L. F., Johannsson, M. H., and Stephenson, A. G. (1997). How environmental factors affect pollen performance: ecological and evolutionary perspectives. Ecology 78, 1632–1639. doi: 10.1890/0012-96581997078[1632:HEFAPP]2.0.CO;2

Devasirvatham, V., Tan, D. K. Y., Gaur, P. M., Raju, T. N., and Trethowan, R. M. (2012). High temperature tolerance in chickpea and its implications for plant improvement. Crop Pasture Sci. 63, 419–428. doi: 10.1071/CP11218

Elad, Y., Messika, Y., Brand, M., David, D. R., and Sztejnberg, A. (2007). Effect of colored shade nets on pepper powdery mildew (Leveillula taurica). Phytoparasitica 35, 285–299. doi: 10.1007/BF02981163

Erdogan, V., and Mehlenbacher, S. (2001). Incompatibility in wild Corylus species. Acta Hortic. 556, 163–169. doi: 10.17660/ACTAHORTIC.2001.556.22

Gbetibouo, G. A., and Hassan, R. M. (2005). Measuring the economic impact of climate change on major South African field crops: a Ricardian approach. ıGlob. Planet. Change 47, 143–152. doi: 10.1016/J.GLOPLACHA.2004.10.009

Germain, E. (1994). The reproduction of hazelnut (Corylus avellana L.): a review. Acta Hortic. 351, 195–210. doi: 10.17660/ACTAHORTIC.1994.351.19

Germanà, C., Continella, A., and Tribulato, E. (2003). NET SHADING INFLUENCE ON FLORAL INDUCTION ON CITRUS TREES. Acta Hortic. 614, 527–533. doi: 10.17660/ACTAHORTIC.2003.614.78

Giorno, F., Wolters-Arts, M., Mariani, C., and Rieu, I. (2013). Ensuring reproduction at high temperatures: the heat stress response during anther and pollen development. Plants 2, 489–506. doi: 10.3390/PLANTS2030489

Hall, A. E. (1992). Breeding for heat tolerance. Plant Breed. Rev. 10, 129–168. doi: 10.1002/9780470650011.ch5

Hampson, C. R., Azarenko, A. N., and Potter, J. R. (1996). Photosynthetic Rate, Flowering, and Yield Component Alteration in Hazelnut in Response to Different Light Environments. J. Am. Soc. Hortic Sci. 121, 1103–1111. doi: 10.21273/JASHS.121.6.1103

Hampson, C. R., Azarenko, A. N., and Soeldner, A. (1993). Pollen-stigma interactions following compatible and incompatible pollinations in hazelnut. J. Am. Soc. Hortic Sci. 118, 814–819. doi: 10.21273/JASHS.118.6.814

Hanson, B., Orloff, S., and Peters, D. (2000). Monitoring soil moisture helps refine irrigation management. Calif. Agricult. 54, 38–42. doi: 10.3733/ca.v054n03p38

Heslop-Harrison, Y., Heslop-Harrison, J. S., and Heslop-Harrison, J. (1986). Germination of Corylus avellana L. (hazel) pollen: hydration and the function of the oncus. Acta Bot. Neerl. 35, 265–284. doi: 10.1111/J.1438-8677.1986.TB01289.X

Hopf, N., Plesofsky-Vig, N., and Brambl, R. (1992). The heat shock response of pollen and other tissues of maize. Plant Mol. Biol. 19, 623–630. doi: 10.1007/BF00026788

Hribar, J., and Vidrih, R. (2015). “Impacts of climate change on fruit physiology and quality. In Proceedings,” in 50th Croatian and 10th International Symposium on Agriculture, (Opatija: Croatia), 42–45.

Huo, H., Zhang, R., Ma, Q., Zhao, T., Liang, L., and Wang, G. (2014). Stigma receptivity and characteristics of pollen tube growth of Corylus kweichowensis. For. Res. Beijing 27, 403–409.

Ilić, Z. S., Milenković, L., Šunić, L., and Fallik, E. (2015). Effect of coloured shade−nets on plant leaf parameters and tomato fruit quality. J. Sci. Food Agric. 95, 2660–2667. doi: 10.1002/JSFA.7000

International Nut and Dried Fruit Council [INC] (2020). Statistical Yearbook 2018/2019. New Delhi: INC.

Kalaitzoglou, P., Van Ieperen, W., Harbinson, J., van der Meer, M., Martinakos, S., Weerheim, K., et al. (2019). Effects of continuous or end-of-day far-red light on tomato plant growth, morphology, light absorption, and fruit production. Front. Plant Sci. 10:322. doi: 10.3389/fpls.2019.00322

Kelley, J. R. (1979). An analysis of the effects of Boron and plant growth regulators on flower development in Filbert, Corylus avellana L. Available online at: https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/2z10ws79h. [accessed on 11 April 2020].

Knittex. (2020). SpectraNet, Climate Control Shade Net. © 2017 Multiknit (Pty) Ltd. All rights reserved. (Reg no. 2008/027159/07). Available online at: http://knittex.co.za/knittex-spectranet.html [accesses on June 06, 2020].

Kottek, M., Grieser, J., Beck, C., Rudolf, B., and Rubel, F. (2006). World map of the Köppen-Geiger climate classification updated. Meteorol. Z. 15, 259–263. doi: 10.1127/0941-2948/2006/0130

Kriel, G. (2019). Almonds: High value, huge potential. RetrievedfromAvailable online at: https://www.farmersweekly.co.za/crops/fruit-nuts/almonds-high-value-huge-potential/ [accessed on July 15, 2020].

Kubik-Komar, A., Kubera, E., and Piotrowska-Weryszko, K. (2018). Selection of morphological features of pollen grains for chosen tree taxa. Biol. Open 7:bio031237. doi: 10.1242/BIO.031237

Liu, J. F., Cheng, Y. Q., Yan, K., and Liu, Q. (2012). An investigation on mechanisms of blanked nut formation of hazelnut (Corylus heterophylla fisch). Afr. J. Biotechnol. 11, 7670–7675. doi: 10.5897/AJB11.1192

Liu, J., Cheng, Y., Liu, C., Zhang, C., and Wang, Z. (2013). Temporal changes of disodium fluorescein transport in hazelnut during fruit development stage. Sci. Hortic. 150, 348–353. doi: 10.1016/J.SCIENTA.2012.12.001

Liu, J., Zhang, H., Cheng, Y., Wang, J., Zhao, Y., and Geng, W. (2014). Comparison of ultrastructure, pollen tube growth pattern and starch content in developing and abortive ovaries during the progamic phase in hazel. Front. Plant Sci. 5:528. doi: 10.3389/FPLS.2014.00528

Luedeling, E. (2012). Climate change impacts on winter chill for temperate fruit and nut production: a review. Sci. Hortic. 144, 218–229. doi: 10.1016/J.SCIENTA.2012.07.011

Luedeling, E., Girvetz, E. H., Semenov, M. A., and Brown, P. H. (2011). Climate change affects winter chill for temperate fruit and nut trees. PLoS One 6:5. doi: 10.1371/JOURNAL.PONE.0020155

Manja, K., and Aoun, M. (2019). The use of nets for tree fruit crops and their impact on the production: A review. Sci. Hortic. 246, 110–122. doi: 10.1016/J.SCIENTA.2018.10.050

McDonald, M. S. (2003). Photobiology of higher plants. England: John Wiley & Sons.

Mditshwa, A., Magwaza, L. S., and Tesfay, S. Z. (2019). Shade netting on subtropical fruit: Effect on environmental conditions, tree physiology and fruit quality. Sci. Hortic. 256:108556. doi: 10.1016/J.SCIENTA.2019.108556

Me, G., Valentini, N., Caviglione, M., and Lovisolo, C. (2005). Effect of shade on flowering and yield for two different hazelnut training systems. Acta Hortic. 686, 187–192. doi: 10.17660/ACTAHORTIC.2005.686.25

Meena, R., Vashisth, A., Singh, A., Singh, B., and Manjaih, K. M. (2015). Microenvironment study under different colour shade nets and its effects on biophysical parameters in spinach (Spinacia oleracea). New Delhi: Excellent Publishing House, 11–16.

Middleton, S. G., and Mcwaters, A. D. (2002). Maximizing Apple Orchard Productivity Under Hail Netting. Final report for project AP96014. Queensland: Department of Primary Industries and Fisheries.

Midgley, S. J. E., and Lötze, E. (2011). Climate change in the western cape of South Africa: Trends, projections and implications for chill unit accumulation. Acta Hortic. 903, 1127–1134. doi: 10.17660/ACTAHORTIC.2011.903.157

Midgley, S. J. E., New, M., Methner, N., Cole, M., Cullis, J., Drimie, S., et al. (2016). A status quo review of climate change and the agriculture sector of the Western Cape Province. South Africa: University of Cape Town.

Monteiro, V. M., da Silva, C. I., Pacheco Filho, Q. J. S., and Freitas, B. M. (2015). Floral biology and implications for apple pollination in semiarid Northeastern Brazil. JAES 4, 42–50.

Mupambi, G., Anthony, B. M., Layne, D. R., Musacchi, S., Serra, S., Schmidt, T., et al. (2018). The influence of protective netting on tree physiology and fruit quality of apple: A review. Sci. Hortic 236, 60–72. doi: 10.1016/J.SCIENTA.2018.03.014

Novara, C., Ascari, L., La Morgia, V., Reale, L., Genre, A., and Siniscalco, C. (2017). Viability and germinability in long term storage of Corylus avellana pollen. Sci. Hort. 214:295. doi: 10.1016/J.SCIENTA.2016.11.042

Olsen, J. L. (2013). Growing hazelnuts in the Pacific Northwest: pollination and nut development. Available online at: https://catalog.extension.oregonstate.edu/em9074/html. [accessed on 20 March 2020].

Painter, J. H. (1956). Filbert nuts containing no kernels. Nut. Growers Soc. Ore. Wash. 41, 223–231.

Pham, V. T., Herrero, M., and Hormaza, J. I. (2015). Effect of temperature on pollen germination and pollen tube growth in longan (Dimocarpus longan Lour.). Sci. Hortic. 197, 470–475. doi: 10.1016/j.scienta.2015.10.007

Puppi, G., and Zanotti, A. L. (1998). “Guida ai rilievi fenologici,” in Guida al Rilevamento dei Giardini Fenologici Italiani, 10.

Rai, R., Joshi, S., Roy, S., Singh, O., Samir, M., and Ch, A. (2015). Implications of changing climate on productivity of temperate fruit crops with special reference to apple. J. Hortic. 2:135. doi: 10.4172/2376-0354.1000135

Ratliff, L., Ritchie, J., and Cassel, D. (1983). Field-measured limits of soil water availability as related to laboratory measured properties. Soil Sci. Soc. Am. J. 47, 770–775. doi: 10.2136/sssaj1983.03615995004700040032x

Retamales, J. B. (2011). World temperate fruit production: characteristics and challenges. Rev. Bras. Frutic. 33, 121–130. doi: 10.1590/S0100-29452011000500015

Rieu, I., Twell, D., and Firon, N. (2017). Pollen development at high temperature: from acclimation to collapse. Plant physiol. 173, 1967–1976. doi: 10.1104/PP.16.01644

Rigden, P. (2008). To Net or Not to Net. 3rd ed. The State of Queensland, Department of Primary Industries and Fisheries. Available online at: http://www.otcobirdnet.com.au/Orchard-Netting-Report.pdf [accessed on 16 June 2020].

Rigola, D., Pe, M. E., Fabrizio, C., Me, G., and Sari-Gorla, M. (1998). CaMADS1, a MADS box gene expressed in the carpel of hazelnut. Plant Mol. Biol. 38, 1147–1160. doi: 10.1023/A:1006022524708

Rigola, D., Pe, M. E., Mizzi, L., Ciampolini, F., and Sari-Gorla, M. (2001). CaMADS1, an AGAMOUS homologue from hazelnut, produces floral homeotic conversion when expressed in Arabidopsis. Sex. Plant Reprod. 13, 185–191. doi: 10.1007/s004970000057

Rimoldi, F. J. (1921). A study of pollination and fertilization in filbert (Corylus avellava). Master of Thesis. Oregon: Oregon State University.

Romisondo, P. (1965). Some aspects of the floral biology of the filbert cultivar Tonda Gentile della Langhe. Ann. Accad. Agricol. Torino. 170, 1–60.

Rubel, F., Brugger, K., Haslinger, K., and Auer, I. (2017). The climate of the European Alps: Shift of very high resolution Köppen-Geiger climate zones 1800–2100. Meteorol. Z. 26, 115–125. doi: 10.1127/metz/2016/0816

Shahak, Y., Gal, E., Offir, Y., and Ben-Yakir, D. (2008). Photoselective shade netting integrated with greenhouse technologies for improved performance of vegetable and ornamental crops. Acta Hortic. 797, 75–80. doi: 10.17660/ACTAHORTIC.2008.797.8

Shahak, Y., Gussakovsky, E. E., Cohen, Y., Lurie, S., Stern, R., Kfir, S., et al. (2004). COLORNETS: A NEW APPROACH FOR LIGHT MANIPULATION IN FRUIT TREES. Acta Horticult. 636, 609–616. doi: 10.17660/ACTAHORTIC.2004.636.76

Sikuka, W. (2020). Positive Outlook for South African Tree Nut Production and Trade. Washington: United States Department of Agriculture.

Silva, A. P., Ribeiro, R. M., Santos, A., and Rosa, E. (1996). Blank fruits in hazelnut (Corylus avellana L.) cv. “Butler”: characterization and influence of climate. J. Hortic. Sci. 71, 709–720. doi: 10.1080/14620316.1996.11515451

Smith, H., and Whitelam, G. C. (1997). The shade avoidance syndrome: multiple responses mediated by multiple phytochromes. Plant Cell Environ. 20, 840–844. doi: 10.1046/j.1365-3040.1997.d01-104.x

Stander, O. P. J., and Cronje, P. J. R. (2016). Important considerations for citrus production under shade nets. South Afr. Fruit J. 2016, 64–67.

Swart, W. J., and Blodgett, J. T. (1998). First report of Botryosphaeria dothidea basal canker of pistachio trees in South Africa. Plant Dis. 82, 960–960. doi: 10.1094/PDIS.1998.82.8.960A

Thompson, M. M. (1967). Role of pollination in nut development. Nut. Grow. Soc. Ore. Wash 53, 31–36.

Thompson, M. M. (1979). Growth and development of the pistillate flower and nut in ‘Barcelona’ filbert. J. Am. Soc. Hort. Sci. 104, 427–443.

Tinyane, P. P., Makwakawa, M., van Rooyen, Z., and Sivakumar, D. (2016). Influence of photo-selective shade netting to improve fruit quality at harvest and during postharvest storage. South African Avocado Growers’. Assoc. Yearbook 38, 6–7.

Tiyayon, C. (2008). A Microscopic and Phenological Study of Pollen Development and Bloom in Selected Cultivars of Hazelnut (Corylus avellana). Available online at: https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/4j03d294d. [accessed on 22 April 2020].

Von Bennewitz, E., Ramírez, C., Muñoz, D., Cazanga-Solar, R., Lošak, T., Alba-Mejía, J. E., et al. (2019). Phenology, pollen synchronization and fruit characteristics of European hazelnut (Corylus avellana L.) cv. tonda de Giffoni in three sites of central Chile. Rev. Fac. Cienc. Agrar. UNCuyo 51, 55–67.

Wachsmann, Y., Zur, N., Shahak, Y., Ratner, K., Giler, Y., Schlizerman, L., et al. (2014). Photoselective anti-hail netting for improved citrus productivity and quality. Acta Hortic. 1015, 169–176. doi: 10.17660/ACTAHORTIC.2014.1015.19

Waser, N. M., Price, M. V., Casco, G., Diaz, M., Morales, A. L., and Solverson, J. (2017). Effects of road dust on the pollination and reproduction of wildflowers. Int. J. Plant Sci. 178, 85–93. doi: 10.1086/689282

Zhang, L., Beede, R. H., Banuelos, G., Wallis, C. M., and Ferguson, L. (2019). Dust interferes with pollen stigma interaction and fruit set in pistachio pistacia vera cv. Kerman. HortScience 54, 1967–1971. doi: 10.21273/HORTSCI14330-19

Zilkah, S., David, I., Lazar, M., Rotbaum, A., Itzhak, S., and Winer, L. (2013). The effect of high temperature on fruit set of “triumph” persimmon. Acta Hortic. 996, 277–282. doi: 10.17660/ACTAHORTIC.2013.996.38

Zoratti, L., Jaakola, L., Häggman, H., and Giongo, L. (2015). Modification of sunlight radiation through colored photo-selective nets affects anthocyanin profile in Vaccinium spp. berries. PLoS One 10:e0135935. doi: 10.1371/journal.pone.0135935

Conflict of Interest: DG is employed by Ferrero Hazelnuts Company, Division of Ferrero Trading Luxembourg and Agrisudafrica Ltd. ES and JA are employed by Ferrero Hazelnuts Company, Division of Ferrero Trading Luxembourg. MS, OS, and GE are employed by Agrisudafrica Ltd.

Copyright © 2020 Guastella, Sigwebela, Suarez, Stubbs, Acevedo and Engelbrecht. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 11 December 2020
doi: 10.3389/fpls.2020.611655





[image: image]

Molecular Characterization of Diaporthe Species Associated With Hazelnut Defects

Roberta Arciuolo1, Carla Santos2, Célia Soares2, Giuseppe Castello3, Nicola Spigolon3, Giorgio Chiusa1, Nelson Lima2 and Paola Battilani1*

1Department of Sustainable Crop Production, Università Cattolica del Sacro Cuore, Piacenza, Italy

2CEB – Centre of Biological Engineering, Micoteca da Universidade do Minho, University of Minho, Braga, Portugal

3Soremartec Italia S.r.l., Alba, Italy

Edited by:
Valerio Cristofori, University of Tuscia, Italy

Reviewed by:
Stuart James Lucas, Sabancl University, Turkey
Jay Pscheidt, Oregon State University, United States

*Correspondence: Paola Battilani, paola.battilani@unicatt.it

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 29 September 2020
Accepted: 16 November 2020
Published: 11 December 2020

Citation: Arciuolo R, Santos C, Soares C, Castello G, Spigolon N, Chiusa G, Lima N and Battilani P (2020) Molecular Characterization of Diaporthe Species Associated With Hazelnut Defects. Front. Plant Sci. 11:611655. doi: 10.3389/fpls.2020.611655

Fungi of the genus Diaporthe have been reported as the main causative agent of hazelnut defects in the Caucasus area. This study aimed to define which fungal species are present in defective hazelnuts grown in Turkey and confirm the role of Diaporthe spp. Seven hazelnut orchards were selected, with each one located in a different Turkish Province (Düzce, Giresun, Ordu, Samsun, Sakarya, Trabzon, and Zonguldak), and hazelnuts were collected at early and full ripening. Fungal isolation and identification were performed at the genus level based on morphological characteristics. Several genera were isolated, with Diaporthe spp. being among the prevalent. This was the only genus with increasing incidence from early to full ripening, and incidence at full ripening was positively correlated both with internal (ρ = 0.86) and visible defects (ρ = 0.81), which confirmed its role as the key causative agent of hazelnut defects. The correlation of defect occurrence with rainfall, reported in previous study, was not confirmed, possibly due to the low defect incidence. A total of 86 Diaporthe monosporic strains isolated from Turkish hazelnut samples, together with 33 strains collected in the Caucasus region and 6 from Italy, were analyzed with a multi-locus phylogeny based on three genomic loci (ITS, EF1-α, and tub). The results showed that Diaporthe strains can be grouped into 7 distinct clades, with a majority of Turkish strains (95%) being placed into a single clade related with D. eres. These samples were organized into several sub-clades, which indicates the existence of genetically diverse sub-populations.

Keywords: fungi, Diaporthe, Phomopsis, hazelnut, rotten, molecular phylogeny, multi-locus sequence analysis, Turkey


INTRODUCTION

Hazelnuts (Corylus avellana L.) are cultivated worldwide in areas of mild climate and high humidity. When considering the worldwide production of tree nuts, hazelnuts are the fifth most highly produced nut,1 at 528.07 thousand metric tons that are directly consumed or processed. Turkey is the main grower, producing approximately 72.9% of the total world supply2. In Turkey, hazelnuts are grown in different provinces, mainly in the Black Sea area (Islam, 2018).

Several defects have been reported in hazelnuts, such as the presence of blemishes, areas of discoloration, or stains in marked contrast with the rest of the kernel (Teviotdale et al., 2002). The resulting defective kernels are not compliant with the quality standards required by the market3. The incidence of defects varies between 1 and 15%, depending on the year, weather conditions, and growing area4. Thus, hazelnut defects, defined as “rotten hazelnuts” by commercial evaluation, negatively impact kernel availability on the market as well as economics. The identification of the causal agents is critical in order to define and apply preventive actions, improve hazelnut yield and quality, and thus increase the market value.

Diaporthe spp. fungi appears as necrotic spots on kernel surfaces and causes internal browning that is visible after cutting the nut in half (half-cut). In a previous study in the Caucasus region, Diaporthe spp. was identified as the crucial genus involved in causing hazelnut defects. Only three strains were identified at the species level in the study, but this suggested that D. eres was responsible for the visible brown spots on the kernel surface and the internal discoloration observable after the nut was cut in half (Battilani et al., 2018). D. eres was also recently reported by other authors as associated with hazelnut trunk cankers in Oregon (Wiman et al., 2019), while D. foeniculina was mentioned by Guerrero et al. (2019) as causing black tip and necrotic spots on hazelnut kernels in Chile and D. rudis was detected in hazelnut kernels with visible mold in Oregon (Pscheidt et al., 2019).

Diaporthe species have been frequently reported as an important group of plant pathogenic fungi, non-pathogenic endophytes, or saprobes, and are related to diseases that occur in a wide range of economically important plants (Farr et al., 2002a,b; Crous, 2005; Udayanga et al., 2011; Gomes et al., 2013; Huang et al., 2015; Chepkirui and Stadler, 2017; Guarnaccia et al., 2018).

Since their discovery, Diaporthe spp. and their asexual stage Phomopsis spp. have been identified based on morphology and host association (Uecker, 1988; Ferreira et al., 2015). However, the association between host and species is not reliable within the Diaporthe genus as an identification criterion (Gomes et al., 2013; Udayanga et al., 2014a,b). It has been observed that the same Diaporthe spp. colonizes different hosts, and the co-occurrence of different species is commonly reported in the same host (Rehner and Uecker, 1994; Mostert et al., 2001; Guarnaccia et al., 2016; Guarnaccia and Crous, 2017). Additionally, many studies have recently claimed that morphology is generally not conclusive for identification at the species level due to the high complexity of the Diaporthe genus (Santos et al., 2010; Udayanga et al., 2011; Dissanayake et al., 2017a,b). Therefore, by using molecular approaches, substantial progress regarding the identification and characterization of emerging pathogens in the Diaporthe genus has been realized (Santos and Phillips, 2009; Diogo et al., 2010; Luongo et al., 2011; Udayanga et al., 2012a,b; Thomidis et al., 2013; Gao et al., 2017; Guarnaccia and Crous, 2017). Notably, among the various techniques, multi-gene phylogenetic species delineation is becoming the most effective instrument for taxonomic studies of fungi (Taylor et al., 2000; Dettman et al., 2003). Regarding Diaporthe spp., the taxonomy of the genus is especially based on ITS (internal transcribed spacer region of ribosomal DNA), EF1-α (translation elongation factor 1-alpha gene), tub (β-tubulin), and cal (calmodulin) loci sequences (Udayanga et al., 2012a; Gomes et al., 2013).

Based on this background, the objectives of this study were to (i) investigate the fungi associated with defective hazelnuts in Turkey, with a special focus on the role of Diaporthe spp.; (ii) characterize Diaporthe strains based on molecular techniques, using multi-locus phylogenetic species identification by means of ITS, tub, and EF1-α; and (iii) identify, at the sub-genus level, the Diaporthe strains isolated from hazelnut kernels.



MATERIALS AND METHODS


Culture Media

Potato Dextrose Agar (PDA). Agar, 15 g; natural potato broth obtained from 200 g potato, dextrose, 10 g, double-distilled water, 1 L; streptomycin sulfate added during cooling, 0.15 g L–1. Water Agar (WA). Agar, 15 g; double-distilled water, 1 L. Streptomycin sulfate added during cooling, 0.15 g L–1. Malt Glucose Yeast Peptone (MGYP). Malt extract, 3 g; mycological peptone, 5 g; glucose, 10 g; yeast extract, 3 g; double-distilled water, 1 L.



Molecular Biology Buffers and Solutions

Hexadecyl trimethyl-ammonium bromide 2% buffer (CTAB). Cetyl trimethylammonium bromide (CTAB), 2.0 g; 2 M Tris-HCl pH 8.4, 5.0 ml; 0.2 M ethylenediaminetetraacetic acid (EDTA), di-sodium salt, pH 8.0, 12.48 ml; NaCl, 8.18 g. The volume was adjusted to 100 ml with distilled water. 2 M Tris-HCl pH 8.0. Tris base, 12.114 g; distilled water, 50 ml. The pH was adjusted to 8.0 by adding 2 M NaOH. 0.2 M EDTA pH 8.0. Ethylenediaminetetraacetic acid, di-sodium salt, 3.7224 g; distilled water, 50 ml. The pH was adjusted to 8.4 by adding HCl. The solution was cooled to room temperature before making the final adjustments to the pH. 1% Agarose gel. Agarose, 1 g; Tris-acetate EDTA (TAE) 0.5× buffer, 100 ml; GreenSafe Premium (NZYtech, Lisbon, Portugal), 5.3 μL. 50× TAE buffer. Tris base, 242 g; acetic acid, glacial, 57.1 mL; 0.5 M EDTA pH 8.0, 100 mL; distilled water to 1 L. To make a 0.5× working solution, the concentrated stock solution was diluted at 1:100 dilution concentrated stock.



Hazelnut Orchards and Meteorological Data Collection

In 2017, 7 hazelnut-growing provinces in different Turkish locations were selected for this study (Figure 1). One orchard was considered in each province, for a total of 7 sampling points. Three orchards were located in hazelnut growing provinces in West Turkey (Düzce, Sakarya, Zonguldak), and the other orchards were located in 4 growing provinces in East Turkey (Giresun, Ordu, Samsun, and Trabzon). A mix of different hazelnut varieties were grown in the orchards sampled; Kara findik, Mincane, Çakildak and Foşa were reported in Sakarya, Düzce and Zonguldak, while Tombul, Palaz, Mincane, Çakildak, Foşa and Sivri in Samsun, Ordu, Giresun and Trabzon. Orchards were managed according to common hazelnut agricultural practices used in Turkey. At ripening, hazelnuts were hand harvested from the plant and dried on the ground for approximately one week; then, husks were mechanically removed and in shell drying continued on the ground until a final kernel humidity ≤6%.Wireless weather stations (Vantage Pro2TM Plus®, Davis Instruments) were placed close to the orchards (approximately 500 m distance; the GPS coordinates are shown in Table 1), and hourly data consisting of air temperature (T, °C), air relative humidity (%RH), and rainfall (R, mm) were recorded from January 1st to August 30th in each orchard.
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FIGURE 1. Distribution of the seven sampled hazelnut orchards located in different Turkish provinces (https://upload.wikimedia.org/wikipedia/commons/f/f9/Turkey_ %28regions%29%2C_administrative_divisions_-_Nmbrs_-_colored.svg adapted).



TABLE 1. Wireless weather station GPS coordinates of Turkish provinces selected for the study.
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Hazelnut Sampling

Hazelnuts were collected approximately 45 days after setting, at early ripening (BBCH 81) and at full ripening (BBCH 89), according to Battilani et al. (2018). Each orchard was approximately 1,000–2,000 m2. In each orchard, 100 trees were selected along 2 diagonals of the orchard, and 30 hazelnuts per tree were randomly collected in order to obtain a total of 3,000 hazelnuts per sampling point and time. The nuts were shelled and observed for defects, both superficial and internal, the latter after the kernel was cut in half (Teserba GmbH, Rüti, Switzerland).

The hazelnuts were stored at 5°C under vacuum until they were delivered to the laboratory. Two hundred and seventy defective kernels were randomly selected from each of the 7 orchards (90 half-cut nuts, analyzed in triplicate), with some exception of smaller samples in BBCH81.



Fungi Isolation and Identification

Hazelnuts collected at early and full ripening were processed using the same protocol. Half-cut kernels were washed with running tap water for 1 min, disinfected with 1% sodium hypochlorite solution for 1 min, rinsed 3 times in sterile double-distilled water, and then dried on sterile paper under a sterile hood. Half-cut kernels were plated in 90-mm diameter Petri dishes containing WA and incubated at 25°C, with a natural photoperiod, up to 21-day. The plates were viewed twice a week for fungal growth, and visible colonies were transferred to PDA dishes and incubated at 25°C, with a natural photoperiod, until the development of reproductive structures, for a maximum of 30-day. Morphological characterization was determined with the support of a stereomicroscope (Motic) with 40× magnification, and an optical microscope (Leitz labor lux D) at 500× magnification, following taxonomic keys to identify the isolates at the genus level (Raper and Fennell, 1965; Ellis, 1971, 1976; Pitt, 1979; Sutton, 1980; Rotem, 1994; Krol, 2005; Leslie and Summerell, 2007; Udayanga et al., 2011; Gomes et al., 2013; Visagie et al., 2013; Maharachchikumbura et al., 2014; Samson et al., 2014). When available, two to three well-separated colonies of Diaporthe spp. were selected from each replicate for further studies. They were subject to conditions that resulted in obtaining monosporic cultures according to Battilani et al. (2018). Colonies grown on PDA were transferred to tube vials containing WA and stored at 4°C until use.

Of the 125 Diaporthe spp. strains used in this study for molecular characterization, 86 Diaporthe spp. strains were collected in Turkey (this study), 33 in the Caucasus region (Battilani et al., 2018), and 6 were from Italy. The nuts were gathered using the same protocol as that used to collect hazelnuts in the Caucasus region. All 125 Diaporthe spp. strains were deposited in Micoteca da Universidade do Minho (MUM) culture collection, Braga, Portugal.



Diaporthe spp. DNA Extraction

Following a previously described protocol (Rodrigues et al., 2009) with some modifications, all 125 monosporic Diaporthe spp. strains previously mentioned were inoculated into 5-mL tubes containing 3 mL of MGYP and incubated at 25°C for 14-day with rotation at 150 rev min–1. The mycelia were collected by filtration and stored at −20°C. Genomic DNA was extracted using the following protocol: 200 mg of filtrate was placed in a 2-mL tube containing 0.67 g glass beads (Sigma, 710-1, 180 μm) and 1 mL of CTAB buffer. FastPrep-24TM 5G (MP Biomedicals) was used at speed 6 for 30 s to break down the cellular membrane. After centrifugation at 14,000 × g for 8 min, 650 μL of supernatant was transferred in a new 2-mL tube, 750 μL of sodium acetate (3 M, pH 5.5) was then added, and the liquid in the tube was gently mixed by inversion and subsequently incubated at −20°C for 10 min. Then, samples were centrifuged at 14,000 × g for 10 min, and 750 μL of supernatant was transferred to a new 2-mL tube containing 750 μL of 2-propanol, gently mixed, and incubated at room temperature for 1 h. Samples were centrifuged at 14,000 × g for 10 min, and the supernatant was decanted without disturbing the pellet, which was then washed with 750 μL ice-cold 70% ethanol. The ethanol was decanted, and the last step was repeated. Residual ethanol was removed by drying in a SpeedVac concentrator (SPDIIIV, Thermo Scientific).

DNA was dissolved in 50 μL of ultrapure water, and samples were placed in a water bath at 56°C for 2 h. Next, 1 μL of RNAse (10 mg/mL) was added, and the samples were placed again in a water bath at 36°C for 1 h. The DNA was subjected to quality assessment by electrophoresis (120 V/cm for 7 min plus 80 V/cm for 30 min) on 1% (w/v) agarose in 0.5× TAE buffer gel. NZYDNA Ladder III was used as a DNA molecular weight marker. In addition, the DNA quantity and quality were measured by reading the entire absorption spectrum (220–750 nm) with a NanoDrop ND-1000 micro-spectrophotometer and calculating DNA concentration and absorbance ratio at both 260/280 and 230/260 nm. The machine was calibrated and cleaned according to the calibration check procedure.



PCR Amplification and Sequencing

DNA samples were diluted and equalized to 50 ng/μL. PCR reactions were performed in 50 μL reaction mixtures containing Taq 2x VWR Master Mix, 25 μL; genomic DNA, 1 μL; 10 μM primers, 2 μL (1 μL for each primer used); and ultrapure sterile water, 22 μL. The amplifications were performed using a Bio-Rad C1000 thermocycler. After a preliminary trial, primer pairs ITS1/ITS4 for the ITS region of the nuclear ribosomal RNA operon, EF1-728F/EF1-986R for partial EF1-α gene amplification, and Bt2a/Bt2b for partial tub gene amplification were selected and used in this study applying PCR conditions reported by the authors (Table 2). Amplified products were resolved by electrophoresis using the same conditions previously described. PCR products were purified using the E.Z.N.A. Cycle Pure kit (Omega) according to the manufacturer’s instructions and then sent to a commercial laboratory that performed Sanger sequencing (Eurofinsgenomics, Germany).


TABLE 2. Primer sets and corresponding amplification targets.
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Molecular Data Analysis

Sequence files were processed using the pattern analysis software package BioEdit Sequence Alignment Editor v.7.0.5.0 (Hall, 1999). To establish the identity of the strains at the species level, combined phylogenetic analyses of the three considered loci (ITS + tub + EF1-α) were conducted against those of different species sequences selected by extensive literature review (Udayanga et al., 2011, 2014a,b, 2015; Gomes et al., 2013; Lombard et al., 2014; Huang et al., 2015; Dissanayake et al., 2017a,b; Gao et al., 2017; Santos et al., 2017a,b; Fan et al., 2018; Guarnaccia et al., 2018; Yang et al., 2018; Long et al., 2019; Manawasinghe et al., 2019; Marin-Felix et al., 2019; Ozawa et al., 2019; Zhou and Hou, 2019; Hilário et al., 2020) and retrieved from the National Center for Biotechnology Information (NCBI) database (Supplementary Table 1). Individual alignments were performed using the MUSCLE tool (Edgar, 2004) implemented in MegaX (Kumar et al., 2018). Poorly aligned positions and divergent regions were eliminated using the Gblocks v.0.91b online tool (Castresana, 2000).

In order to perform a multigene phylogeny reconstruction, datasets were concatenated using the online tool FaBox (Villesen, 2007). The most suitable substitution model was determined based on the lowest Bayesian information criterion. Maximum-likelihood trees were constructed in MegaX through 1,000 bootstrap replications (Felsenstein, 1985) based on the Tamura-Nei (Tamura and Nei, 1993) substitution model (TN93) considering non-uniformity of evolutionary rates among sites modeled using a discrete Gamma distribution (+ G) with 5 rate categories and assuming that a certain fraction of sites is evolutionarily invariable (+ I). Bayesian posterior probabilities of branches were computed in MrBayes v.3.2.7 (Ronquist et al., 2012) using settings for the best-fit model selected by the Akaike information criterion in MrModeltest v.2.4 (GTR + I + G) (Nylander, 2004). Obtained trees were edited in the iTOL v.5.6 program (Letunic and Bork, 2019).



Data Analysis

In relation to the hazelnut growing season, different meteorological parameters were computed for four different time periods (P1: 1 January-30 April; P2: 1 May-30 June; P3: 1 July-31 July; P4: 1 August-30 August). In particular, the mean air temperature (Tm;°C) was calculated as the mean of the temperature for each period; degree day (DD;°C) was computed as the sum of the mean daily T; summation of DD (°C) was obtained by adding the DD of each period; total R (mm) was computed as the sum of daily R (mm); summation of R (mm) was obtained by adding R of each period; mean RH (RHm; RH%) was calculated as the mean of the RH for each period.

SPSS software (IBM SPSS Statistics v. 24) was used for the data analysis. Analysis of variance (ANOVA) was applied to arcsine-transformed data on fungi incidence in hazelnut kernels. Tukey’s test was used to indicate statistically significant differences between mean values. Pearson correlation analysis was run between the incidence of defective hazelnuts, assessed on 3,000 hazelnuts per orchard at full ripening, and the incidence of fungi at the same sampling time, so as between the incidence of defective nuts and meteorological parameters computed for the four time-periods.



RESULTS


Sampling and Meteorological Data

Early ripening sampling occurred on July 15–20, while the full ripening sampling was performed on August 5–10.

Similar values of Tm were recorded for the same period in the different Turkish provinces, but Sakarya and Samsun commonly had Tm that was lower and Trabzon higher than the mean (Table 3). In particular, during the time period P1, a minimum DD of 691 was recorded in Sakarya, and a maximum DD of 1041 was recorded in Trabzon. For the time period P2, the minimum DD was recorded in Samsun and the maximum in Zonguldak, with values of 934 and 1077 DD, respectively, while for the time periods P3 and P4, the minimum DD was recorded in Samsun and maximum in Trabzon, with values ranging from 632 to 723 DD in the third period and from 636 to 763 DD in P4. Further, only 70 mm of rainfall were recorded during P1 in Giresun, while more than 150 mm were recorded in all the other studied locations during the same time period, with a maximum of 282 mm in Düzce. Giresun was the province with the most abundant rainfall during the entire considered period, with ΣR of 793 mm versus a minimum of 290 mm recorded in Zonguldak.


TABLE 3. Summary of meteorological data collected during 4 periods (P1-P4) from 1st January to 30th August in different Turkish provinces (Düzce, Giresun, Ordu, Sakarya, Samsun, Trabzon, and Zonguldak) in 2017.
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Fungal Isolation and Identification

The results of fungal isolation are based on the analysis of 3,780 half-cut nuts and are reported here as incidence (%) of hazelnuts infected by each genus. Different fungi were isolated from plated half kernels; the prevalent fungi were Alternaria, Aspergillus, Botryosphaeria, Diaporthe, Fusarium, Penicillium, and Pestalotiopsis. Furthermore, Rhizopus, Cladosporium, Trichoderma, Botrytis, Trichothecium, and Mucor were also occasionally isolated, but always with incidence lower than 10%.

The ANOVA was run considering fungal incidence data collected during 2 sampling dates (early and full ripening) and in 7 Turkish provinces (Düzce, Giresun, Ordu, Sakarya, Samsun, Trabzon, and Zonguldak). Hazelnut growth stage at sampling significantly affected the incidence of Alternaria, Botryosphaeria, Diaporthe, and Fusarium. In particular, the highest incidence of Alternaria, Botryosphaeria, Diaporthe, and Fusarium was observed at full ripening. Penicillium was the most isolated genus, followed by Diaporthe. Regarding the role of geographic areas, for Alternaria spp. significant differences were only noticed between Giresun (7.2%), Trabzon (1.1%), and Ordu (2.2%). The highest incidence of Botryosphaeria was observed in Düzce, Sakarya, Samsun, and Zonguldak (mean 11.2%). The hazelnut growing province with the highest incidence of Diaporthe spp. was Samsun (26.1%), which was not significantly different from that of Giresun (19.3%). The highest incidence of Fusarium was observed in Düzce (21.3%), which was significantly different from that of Giresun (4.4%), Ordu (2.0%), and Samsun (6.5%). Penicillium incidence ranged between 68% in Ordu and 24.4% in Zonguldak. The impact of the sampling place was not significant for Aspergillus and Pestalotiopsis spp. Furthermore, the interaction between factors significantly affected the incidence of isolated fungi except for Aspergillus and Pestalotiopsis spp. (Table 4). Minor differences were noticed compared to the impact of main factors. Regarding Alternaria, no increase was observed in Düzce and Trabzon between early and full ripening, while it was reported for the main factor “location”; similarly, Fusarium spp. decreased in Giresun, Samsun and Trabzon from early to full ripening showing an opposite behavior compared to the main factor “location”. On the contrary, Penicillium commonly decreased from early to full ripening, except in Sakarya, Trabzon and Zonguldak (Figure 2).


TABLE 4. Mean incidence of the most isolated fungal genera in hazelnuts sampled at early and full ripening in 7 Turkish provinces (Düzce, Giresun, Ordu, Sakarya, Samsun, Trabzon and Zonguldak). Growth stage and province were considered as factors in ANOVA.
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FIGURE 2. Mean incidence of Alternaria, Botryosphaeria, Diaporthe, Fusarium and Penicillium isolated from hazelnuts sampled in Düzce, Giresun, Ordu, Sakarya, Samsun, Trabzon and Zonguldak at early and full ripening.


Regarding the incidence of defective hazelnuts, at early ripening, the total defects were ≤0.5%, while at full ripening, they ranged between 0.3 and 4.1%. At full ripening, differences were noted between the defect incidence in East (mean 3.1%) and West (mean 0.4%) provinces, with 3, 2.3, 4.1, and 3.1% incidence observed in Giresun, Ordu, Samsun, and Trabzon, respectively (East Turkey) versus 0.6, 0.3, and 0.2% incidence scored in Düzce, Sakarya, and Zonguldak, respectively (West Turkey). The incidence of internal defects, observed after nuts are half-cut, contributed between 15 and 45% to total defects.

Pearson correlation analysis, run between the incidence of defective hazelnuts and of fungi at full ripening, proved Diaporthe as the only genus positively correlated with internal (ρ = 0.86, P ≤ 0.01) and visible defects (ρ = 0.81, P ≤ 0.05, Table 5). Negative correlation was recorded for Fusarium (ρ = −0.81 and ρ = −0.82, P ≤ 0.05 for internal and visible defects, respectively). Although not significant (P ≥ 0.05), positive related trend with both internal (ρ = 0.32) and visible (ρ = 0.46) defects was found for Aspergillus (Table 5). Regarding meteorological parameters, no significant correlation was found, neither for defects nor for fungi incidence.


TABLE 5. Pearson correlation analysis, run between incidence of hazelnuts defects (internal and total) and incidence of fungi at full ripening.
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Diaporthe Phylogenetic Analysis

In order to reach sub-genus identification of the Diaporthe strains isolated from Turkish, Caucasian, and Italian hazelnuts, phylogenetic analysis was first performed against a set of 280 Diaporthe spp. strains selected from the literature (Supplementary Table 1) and representing a comprehensive overview of this genus. As shown in Supplementary Figure 1, the phylogeny is highly complex, with genetic distances (branch lengths, not shown) and bootstrap support values being generally low, which is the reason why it was difficult to establish clades or species complexes in this dataset.

In order to reduce the dataset complexity and improve grouping support, a second phylogenetic tree was constructed using a set of closely related reference strains that were selected based on the grouping patterns observed in the broader phylogenetic analysis. In this case (Figure 3), it was possible to define 7 well-supported clades (bootstrap values ≥70%; Bayesian posterior probability ≥95%). Two of them, clade I and III, included 91.2% of the total number of strains, with geographic origin being a factor supporting the diversity observed. Clade I contained 76% of the total number of analyzed strains and was mainly composed of Turkish strains (82 out of 95 in the clade), with 9 Caucasian and 4 Italian strains. However, clade III included 15.2% of the analyzed samples and was mainly composed of Caucasian strains (18 out of 19) and one from Turkey. The remaining clades are most likely to represent occasional and opportunistic species.


[image: image]

FIGURE 3. Combined phylogeny for the ITS, EF1-α, and tub sequence data of the 125 strains isolated from hazelnuts with other Diaporthe strains detailed in Supplementary Table 1. Diaporthella corylina CBS 121124T was used as the outgroup. Selected model: TN93 + G + I. The percentage of trees in which the associated taxa cluster together in the bootstrap test (1,000 replicates) is shown above the branches. Bold branches are supported with ≥0.95 Bayesian posterior probability. The tree is drawn to scale with branch lengths measured in the number of substitutions per site. All positions with less than 95% site coverage were eliminated. The final dataset included 162 nucleotide sequences and a total of 981 positions. The tree branch topology is shown in more detail in Supplementary Figure 2.




DISCUSSION

Because of kernel defects, hazelnut yield loss and market value decrease are observed worldwide, and studies with the aim of understanding the origin of such defects are crucial (Garrone and Vacchetti, 1994). Several Diaporthe species have been reported as causing diseases in different types of nuts (Osmonalieva et al., 2000; Teviotdale et al., 2002; Rhouma et al., 2008; Diogo et al., 2010; Gramaje et al., 2012; Chen and Morgan, 2014; Fan et al., 2015, 2018; Annesi et al., 2016; Gao et al., 2017; Pscheidt and Ocamb, 2017; Yang et al., 2018; Eichmeier et al., 2020), including hazelnuts (Guerrero and Pérez, 2013; Guerrero et al., 2014, 2019), but only very recently, a comprehensive four-year study performed in the Caucasus region confirmed the role of this genus in causing external brown spots on nuts and also those observed after kernel half-cut (Battilani et al., 2018). In the present study, fungi associated with defective hazelnuts from Turkey, the leading hazelnut producer worldwide, were investigated to eventually confirm these results.

Several fungal genera were isolated in this survey; they may have been influenced by the hazelnut varieties, as previously stated for D. rudis (Pscheidt et al., 2019), but this factor cannot be discussed in this study because a mix of different hazelnut varieties were grown in the sampled orchards. Among the isolated fungi, the key role of Diaporthe spp. in hazelnut defects was confirmed by the observed significant differences of its incidence in kernels produced in the considered Turkish provinces. Furthermore, Diaporthe spp. is the only fungal genus positively correlated with hazelnut defects, both those on the surface and those visible after kernel half-cut. The latter are of particular interest from a commercial point of view, as internal defects cannot be found using optical sorters. Therefore, it is not easy to discharge kernels with internal defects from the commercial product. Moreover, Aspergillus spp. was positively related to hazelnut defects, even if not significantly. This should be studied deeper in order to find out eventual interaction between Diaporthe and related defects with Aspergillus; this genus includes well-known fungi that can lead to severe economical and health impacts due to mycotoxin production (Ozay et al., 2008; Kabak, 2016; Houshyarfard and Javadi, 2018). The most isolated genus was Penicillium, in agreement with Pscheidt et al. (2019), but relations between this fungus and defects were not found. Nevertheless, Penicillium also includes mycotoxin producing fungi and merit to be studied deeper for possible health issue implications.

The highest incidence of Diaporthe spp. was recorded in the provinces located in Eastern Turkey, where the highest incidence of defects was also registered. In particular, the incidence at full ripening was the highest in Samsun (51.5%), the province where the highest incidence of total defects in nuts (4.1%) was observed. The lowest incidence of Diaporthe was recorded in Western Turkey provinces (mean 11.4%), with the lowest total defect incidence (mean 0.4%). Diaporthe spp. incidence increased from early to full ripening, in agreement with a previous study (Battilani et al., 2018), and that closely corresponds to the increase in observed defects that occurs during the hazelnut ripening stage. However, defect incidence was comparable with the data from years of low defect incidence reported for Caucasian hazelnuts (incidence of 1.1–3.3%), while up to 14.3% incidence was reported in 2016 (Battilani et al., 2018). Further, the correlation with rainfall was not confirmed. The lower incidence of defective nuts compared to the Caucasian hazelnuts and the limited variation between orchards (0.25–4.13%) was insufficient to highlight the role of this or other meteorological parameters.

Although this study aimed to realize identification at the species level for the in-depth characterization of Diaporthe, this was not possible for a majority of species. As discussed by Fan et al. (2018), increased numbers of species in the alignment led to reduced accuracy in species separation, an effect that is partially dependent on the number of analyzed loci. Here, only 4 strains could be confidently grouped with two known species (D. unshiuensis and D. pseudooculi). The remaining strains were either grouped with more than one reference strain or formed clusters (with different degrees of branching support) with no known species included. Based on the phylogenetic analysis results (Figure 3), the 125 hazelnut strains were grouped into 7 clades, and some included members of known species complexes. Clade I included type strains of the D. eres species complex (D. alnea, D. eres, D. helicis, D neilliae, and D. pulla), and clades VI and VII included species from the D. sojae species complex (D. longicolla and D. sojae).

It is interesting to note that several Caucasian strains in clade III were related to D. oculi and D. pseudooculi, which are species that were initially described as human pathogens and are phylogenetically related to the D. arecae species complex (Ozawa et al., 2019). Clade III includes D. arecae and D. hongkongensis, which are also members of the D. arecae species complex (Long et al., 2019). Despite the limited power of our dataset, it is interesting to see that the sample grouping and relation to known species is mostly maintained in both the extended (Supplementary Figure 1) and reduced (Figure 3) analysis. This is of particular importance in clades I and III, as they include a large number of strains that cannot be classified at the species level, and some of them are possible taxonomic novelty candidates.

When comparing the hazelnut taxonomic composition with that of other nuts (mainly walnuts and almonds), it is interesting to see that each study reports slightly different Diaporthe species present in the considered matrix, with D. rostrata, D. amygdali, and D. eres being more recurrent. D. foeniculina has been reported in sweet chestnuts from Italy and hazelnut kernels from Chile (Annesi et al., 2016; Guerrero et al., 2019), D. rudis in hazelnut kernels from Oregon, United States (Pscheidt et al., 2019), and D. australafricana from Chilean hazelnuts (Guerrero and Pérez, 2013); among these species, only D. eres was found to be related to the hazelnut strains studied here.

The observation of poorly supported or non-monophyletic clades is a common situation within Diaporthe, probably due to ITS heterogeneity within species complexes (Udayanga et al., 2014b; Huang et al., 2015; Guarnaccia et al., 2018). This situation can be improved if a multi-locus sequences analysis approach is considered, particularly with the inclusion of EF1-α or tub gene regions (Udayanga et al., 2012a), as applied in this study. Therefore, species and species complex limits need to be carefully defined, and for that reason, no species-level classifications were performed at this point. Recent studies have successfully identified new species based on the same three loci used here (ITS, EF1-α, and tub) (Lesuthu et al., 2019; Zapata et al., 2020). Nevertheless, some studies used four or more loci (Udayanga et al., 2014a, b, 2015; Zhou and Hou, 2019), and a study from Santos et al. (2017a) showed that the most optimal Diaporthe species separation occurred when five loci were simultaneously used.

In conclusion, the present study shows that despite the heterogeneous nature of the hazelnut cultivable mycobiota, Diaporthe spp. are the only fungal species strongly associated with both internal and external defects in hazelnut kernels. A comparison of strains from different geographic origins showed that different species were responsible for similar symptoms (clade I versus clade III). Finally, a majority of Turkish Diaporthe strains are related to D. eres, a well-known plant pathogen that has been previously reported in C. avellana. Future studies focusing on improved molecular-based species classification, particularly of those strains belonging to clades I and III, will prove to be valuable to clarify their role as causative agents of hazelnut defects, assist with developing control strategies, and increase the quality and quantity of available product that meets market requirements.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/search/all/?term=, MT613733–MT613857; https://www.ncbi.nlm.nih.gov/search/all/?term=, MT849830–MT849954; https://www.ncbi.nlm.nih.gov/search/all/?term=, MT840703–MT840825.



AUTHOR CONTRIBUTIONS

PB: conceptualization and supervision. PB, RA, GCh, NL, and CSa: experiment design. RA, CSa, and CSo: experiment management. PB, RA, NL, and CSa: data analysis. CSa and RA: phylogenetic analysis. RA and CSa: original manuscript preparation. PB, GCh, NL, GCa, NS, and CSo: review and editing. PB, GCh, NL, GCa, and NS: funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This research was partially funded by the Portuguese Foundation for Science and Technology (FCT) under the scope of the strategic funding of the UIDB/04469/2020 unit and BioTecNorte operation (NORTE-01-0145-FEDER-000004) funded by the European Regional Development Fund under the scope of Norte2020-Programa Operacional Regional do Norte.



ACKNOWLEDGMENTS

RA carried out this work within the Ph.D. school Agrisystem of Università Cattolica del Sacro Cuore (Italy), and she was partially supported by Fondazione Romeo ed Enrica Invernizzi.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.611655/full#supplementary-material

Supplementary Figure 1 | Tree branch topology representation of the combined phylogeny for ITS, EF1-α, and tub sequence data of the 125 strains isolated from hazelnuts with other Diaporthe strains selected from the literature and detailed in Supplementary Table 1. Diaporthella corylina CBS 121124T was used as the outgroup. Selected model: TN93 + G + I. The percentage of trees in which the associated taxa cluster together in the bootstrap test (1,000 replicates) is shown above the branches. All positions with less than 90% site coverage were eliminated. The final dataset included 406 nucleotide sequences and a total of 684 positions.

Supplementary Figure 2 | Tree branch topology representation of the tree presented in Figure 3. Combined phylogeny for ITS, EF1-α, and tub sequence data of the 125 strains isolated from hazelnuts with other Diaporthe strains selected from the results presented in Supplementary Figure 1 and detailed in Supplementary Table 1. Diaporthella corylina CBS 121124T was used as the outgroup. Selected model: TN93 + G + I. The percentage of trees in which the associated taxa cluster together in the bootstrap test (1,000 replicates) is shown above the branches. Bold branches are supported with ≥0.95 Bayesian posterior probability. All positions with less than 95% site coverage were eliminated. The final dataset included 162 nucleotide sequences and a total of 981 positions.

Supplementary Table 1 | List of strains used for the phylogenetic analyses with the corresponding ITS, EF1-α, and tub GenBank sequence accession numbers. The list includes a set of Diaporthe species selected from the literature and the 125 hazelnut strains amplified in this study.
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Living cover is an important management measure for orchards in China, and has certain influences on soil properties, microorganisms, and the micro-ecological environment. However, there are few studies on the effects of living cover on the soil changes in hazelnut orchards. In this study, we compared the soils of living cover treatments with Vulpia myuros and the soils of no cover treatments, and analyzed the observed changes in soil properties, microorganisms, and microbial functions by using high-throughput ITS rDNA and 16S rRNA gene Illumina sequencing. The results demonstrated that the total organic carbon content in the 20–40 cm deep soils under the living cover treatments increased by 32.87 and 14.82% in May and July, respectively, compared with those under the no cover treatments. The living cover treatment with V. myuros also significantly increased the contents of total phosphorus (TP), total nitrogen (TN), available phosphorus (AP), and available potassium (AK) in the soil samples. Moreover, the influence of seasons was not as significant as that of soil depth. The living cover treatment also significantly improved the soil enzyme activity levels. The results demonstrated that Ascomycota, Mortierellomycota and Basidiomycota were the dominant fungal phyla in all samples, while Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes, and Chloroflexi were the dominant bacterial phyla, but the different treatments impacted the compositions of fungal and bacterial communities. Principal component analysis (PCA) showed that living cover with V. myuros significantly changed the soil fungal community structures whereas the bacterial community structures may be more sensitive to seasonal changes. At the microbial functional level, the living cover treatment increased the fungal operational taxonomic units (OTUs) of symbiotrophs and decreased that of pathotrophs. According to this study, we believe that the application of a living cover with V. myuros has a favorable regulating influence on soil properties, microbial communities and microbial function. This treatment can also reduce the use of herbicides, reduce the cost of orchard management, and store more carbon underground to achieve sustainable intensification of production in hazelnut orchards, so it can be considered as a management measure for hazelnut orchards.

Keywords: living cover, Vulpia myuros, microbial communities, ecosystem functions, hazelnut orchard


INTRODUCTION

Hazelnut, a shrub or small tree belonging to Corylus L. in Betulaceae, is one of the four largest nuts in the world, together with the walnut, almond and cashew. Hazelnut trees have high ecological and economic value and are often used as a tree species for landscaping and soil and water conservation measures. Corylus heterophylla Fisch. × Corylus avellane L. is the main cultivated variety in China and has excellent characteristics, such as large fruit, high yield, strong adaptability, and high nutritional value; this variety, combines the advantages of C. heterophylla and C. avellane (Wang, 2018), and has been recognized by most producers in China (Luo et al., 2013; Zhu et al., 2014). In the process of planting hazelnut trees, clean tillage is usually carried out in orchards. Although this management practice can reduce nutrient competition between weeds and fruit trees, it also directly exposes the soil in orchards, which easily leads to surface runoff in the rainy season and reduces the soil nutrient supply capacity and causes soil hardening, soil erosion, organic matter loss, ecological environment damage, and other problems (Tebrügge et al., 1994; Lal, 1995; Shen, 2019).

The interplanting of grass in orchards is a kind of agroforestry system that has developed rapidly in recent years (Ishii et al., 2007; Triplett Jr and Dick, 2008). Previous studies tried to use Trifolium repens and Lolium perenne as interplanting grasses in orchards; these species can effectively inhibit soil and water loss. However, due to their growing periods being close to those of deciduous fruit trees, the interplanting of these species will inevitably lead to water and fertilizer competition (Qi et al., 2005; Liu et al., 2014; Rong et al., 2014; Wang et al., 2014). V. myuros, a perennial grass with a plant height of ~50 cm and dense growth, functions as conservation grass in deciduous orchards. This species germinates in September every year, falls naturally when it grows to ~50 cm and dies in June. During decomposition, the decomposing materials are mostly water-soluble substances that, can inhibit the growth of other weeds; thus, there is no need to cut the grass in summer, saving labor (Meyer et al., 1992; Cleland et al., 2006; Brown and Rice, 2010). After decomposition, the decomposed materials can also provide nutrients for fruit trees and improve the physical and chemical properties of the soil (Cleland et al., 2006; Krahulec and Nesvadbova, 2007). In addition, rattan grasses, which have fibrous root systems, can maintain soil moisture, prevent soil erosion, and stabilize the soil structure (Heeraman et al., 2001; Ishii et al., 2007; Wang et al., 2011). V. myuros and hazelnuts have different fertilization periods needed for their growth, which can meet the requirements for green fertilization in winter. Yang et al. found that July to October is the main period of V. myuros decomposition; this decomposition, can provide nutrients for the growth of fruit trees, instead of the grasses competing with fruit trees for nutrients (Yang et al., 2015). At present, V. myuros is mostly used in the planting of fruit trees and green fertilizers, and the application of V. myuros intercropping in hazelnut orchards has not been reported. Therefore, in this study, we used V. myuros as the living cover material.

In this study, we researched the soil properties (soil pH, soil bulk density, soil porosity, soil water content, nutrient contents, and enzyme activities), microbial diversity, community structure, and functional prediction at different depths (0–20 cm, 20–40 cm) under two different treatments (no cover, living cover) in spring and autumn. Soil microbial communities that displayed obvious differences between the two treatments were recognized by the linear discriminant analysis effect size tool (LEfSe, http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload). The relationships between soil microbial community compositions and soil properties were discussed by Spearman correlation analysis. The objectives of this study were to (1) compare the differences in soil properties and microbial community compositions and functions between living cover treatment and no cover treatment and (2) study whether living cover treatment is beneficial to the development of soil micro-ecology. The results of this study can not only reveal the influence of living cover management with V. myuros on hazelnut orchards, but also provide theoretical support for the scientific management of hazelnut orchards.



MATERIALS AND METHODS


Study Site and Soil Sampling

Our study was conducted in Yingkou (40°11′24″ N, 122°9′30″ E), Liaoning Province, China. This location has a continental temperate monsoon climate. The average annual rainfall is 700 mm, and the average annual temperature is 9.8°C. According to the (WRB, 2014), the orchard soil type was mainly clay loam (WRB, 2014). The main properties of the hazelnut orchard soil before the experiment were as follows: pH (5.90), total organic carbon (TOC, 11.37 g/kg), total nitrogen (TN, 0.62 g/kg), and total phosphorus (TP, 0.79 g/kg). The variety of hazelnut trees planted in this experiment was “Dawei” (Corylus heterophylla Fisch. × Corylus avellane L.), and the age of the trees was 3 years, and the row spacing × plant spacing was 4 × 3 m. There were two treatment methods used in this experiment: no cover (N) and living cover with V. myuros (L). Each treatment consisted of three randomly arranged plots, each of which was ~288 m2 (18.0 × 16.0 m). Samples were taken in May and July, and soil from the upper (A: 0–20 cm) and deeper (B: 20–40 cm) layers was collected each time. For the living cover treatments, 1.6-m-wide living covers were planted between rows. Clean cultivation was carried out under the trees. The covered crops were seeded in October 2016, with a sowing rate of 20 kg per ha of V. myuros. All treatments used the same fertilization method, which included 750 kg urea fertilizer and 1000 kg manure compost ha−1 · year−1. Soil samples were collected from the orchard on May 10th and July 25th in 2019 after the orchard was covered for 3 years. Six random soil samples were collected and mixed at depths of A and B between the rows in each plot. Finally, a total of 24 samples were obtained [two treatments (N: no cover treatment, L: living treatment) × two seasons (summer, autumn) × two depths (A: 0–20 cm, B: 20–40 cm) × three replicates]. The subsequent treatment of samples was consistent with the methods of previous studies (Qian et al., 2015; Zhang et al., 2020).



Soil Physical and Chemical Properties

The soil pH was determined by the pH meter, and the ratio of water to soil was 2.5:1 (Qian et al., 2015). The soil water content, soil bulk density, and soil porosity were measured according to Soil Physical and Chemical Analysis (Institute of Soil Science, 1978). The K2CrO4 oxidation method was used to determine the TOC, and the Kjeldahl method was used to measure the TN. For the determination of the TP in the soil, the NaOH alkali fusion-atomic absorption method was adopted. The Olsen method was used to measure the soil AP. A flame photometer was used to determine the soil AK after NH4OAc extraction. The URE, CAT, ALP, and INV activities of the soil were determined according to the methods outlined in Qian et al. (2014). The DHA activity of the soil was determined by the soil enzyme kit from Solarbio Science and Technology Co. (Beijing, China) according to the methods of Kumar and Chaudhuri (2013).



DNA Extraction and Polymerase Chain Reaction Amplification

The methods for extraction of microbial DNA from 24 soil samples, concentration and purification of the total DNA, and inspection of the DNA quality were described in Zhang's previous research (Zhang et al., 2020). The DNA samples were amplified in V5–V7 hypervariable regions in bacteria and 16S rRNA was amplified with primers 799 F (5′-AACMGGATTAGATACCCKG-3′) and 1193 R (5′-ACGTCATCCCCACCTTCC-3′), while the DNA samples amplified in the ITS-1 region in fungi were amplified with the primers IT1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and IT2R (5′-GCTGCGTTCTTCATCGATGC-3′) by PCR (GeneAmp 9700, ABI, USA). The steps used in PCR have been described in detail in previous studies. The resulting PCR products were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using QuantiFluor™-ST (Promega, USA) according to the manufacturer's protocol (Li et al., 2018).



Illumina MiSeq Sequencing and Data Processing

The sequencing of purified amplicons was described in the previous study (Zhang et al., 2020). Purified amplicons were pooled in equimolar amounts and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio BioPharm Technology Co. Ltd. (Shanghai, China). The original readings were uploaded to the NCBI Sequence Read Archive (SRA) database (Study accession number: SRP278043; BioProject ID: PRJNA657994). Trimmomatic was used to demultiplex and quality-filtere the raw fastq files, and FLASH was used to merge the files. The operational taxonomic units (OTUs) were clustered by UPARSE (version 7.1 http://drive5.com/uparse/), and the similarity cut-off value was 97%. The chimaeric sequences were identified and removed by UCHIME. According to the RDP Classifier algorithm, the classification of each ITS gene sequence was analyzed against the Unite database (version 7.2; http://unite.ut.ee/index.php) by using a confidence threshold of 70%. Then the taxonomy of each 16S rRNA gene sequence was analyzed by the RDP Classifier algorithm (http://rdp.cme.msu.edu/) cross referenced with the Silva (SSU123) 16S rRNA database (Li et al., 2018; Zhang et al., 2020).



Statistical Analysis

One-way ANOVA of soil properties was carried out by SPSS (version 26.0; SPSS, Chicago, IL, USA). In all analyses, the significance was evaluated by Tukey's test (p < 0.05). The largest axis length was 3.38 at the OTUs level and 1.62 at the class level in the detrended correspondence analysis (DCA). Therefore, redundancy analysis (RDA) was carried out by using Monte Carlo permutations (permu = 999) to test the significance of the soil properties. According to the functions of envfit (permu = 999) and vif.cca, soil properties were selected, and the soil properties with p > 0.05 or vif > 10 were eliminated from the following analysis. The vif values of SWC, SP, TOC, URE, CAT, and ALP were higher than 10 and thus were eliminated. ANOSIM and RDA were carried out in R for statistical calculations (Core Team, 2015). The Canoco program for Windows 4.5 (Biometris, Wageningen, The Netherlands) was used for principal component analysis (PCA). Using FUNGuild (http://www.stbates.org/guilds/app.php) which is used as a tool to classify and analyse fungal communities through microecological guides based on the published literature or authoritative website data, the fungi were divided into pathotrophs, symbiotrophs and saprotrophs (Nguyen et al., 2016). The PICRUSt (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=PICRUSt_normalize) pipeline was used on the Galaxy server to predict the functional potential of bacteria (Langille et al., 2013).




RESULTS


Soil Properties and Nutrient Contents

As shown in Supplementary Tables 1 and 2, the water content and pH of the soil in the living cover treatments were considerably (p < 0.05) higher than those of in the no cover treatment. The water contents of the upper layer of the soil in the living cover treatment soil were 11.59 and 19.43% higher than those in the no cover treatment soil in May and July, respectively. In the deeper soil, the water contents were 28.94 and 48.05% higher in the living cover treatment soil than in the soil with no cover treatment in May and July, respectively. In May, there was no difference in bulk density between the two treatments. The living cover treatment soil had a significantly lower bulk density than the no cover treatment soil in July. The soil porosity values had similar performances. In May, the pH values of the upper and deeper soil layers under the living cover treatment were 14.53 and 9.88% higher than those under the no cover treatment, respectively. In addition, in July, the pH values were 6.37 and 10.70% higher in the upper and deeper soil levels, respectively, under the living cover treatment than under the no cover treatment. The soil TOC content under the living cover treatment was higher than before (11.37 g/kg), but no significant (p > 0.05) effect was observed under the no cover treatment. Compared with that under the no cover treatment, the TOC content of the upper soil under the living cover treatment in the upper soil increased by 18.02 and 17.21% in May and July, respectively, while that of the deeper soil increased by 32.87 and 14.82%, respectively. In May, the levels of TP, TN, AP, and AK increased by 13.20, 8.89, 13.84, and 13.79%, respectively, under the living cover treatment compared to those under the no cover treatment, while in July, the values were 12.17, 12.12, 16.82, and 23.10% higher under the living cover treatment than under the no cover treatment. With the change in season, the TN content decreased in the two soil layers, but the TP, AP, and AK contents increased. In May, the C/N ratio of the deeper soil in the living cover treatment was significantly higher than that in the no cover treatment. Although the other factors displayed no significant differences between the no cover treatment and the living cover treatment, the values in the living cover treatment were slightly higher than those in the no cover treatment.



Soil Enzymes

The living cover treatment significantly (p < 0.05) improved the soil urease (URE), catalase (CAT), alkaline phosphatase (ALP), invertase (INV), and dehydrogenase activity contents (Supplementary Table 3). In the upper soil, the soil urease activity under the living cover treatment (11.60 ± 0.13 IU/g) was 22.88% greater than that under the no cover treatment (9.44 ± 0.07 IU/g) in May and 49.15% greater in July. The soil catalase activity under the living cover treatment was 12.28% higher than that under the no cover treatment in May and 33.38% higher in July. The soil alkaline phosphatase activity under the living cover treatment was 5.33% higher than that under the no cover treatment in May and 11.76% higher in July. The soil invertase activity under the living cover treatment was 50.94% higher than that under the no cover treatment in May and 21.43% higher in July. In the deeper soil, the soil urease activity under the living cover treatment was 1.05 times that under the no cover treatment in May and 1.10 times that in July. The soil catalase activity under the living cover treatment was 1.30 times that under the no cover treatment in May and 1.11 times that in July. The soil alkaline phosphatase activity under the living cover treatment was 1.22 times that under the no cover treatment in May and 1.17 times that in July. The soil invertase activity of the living cover treatment was 1.52 times that of the no cover treatment in May and 1.13 times in July. The enzyme activities of each treatment were higher in the upper soil than in the deeper soil. The levels of soil dehydrogenase activity under the living cover treatment were 2.63 times those under the no cover treatment in the 0–20 cm soil layer and 2.92 times in the 20–40 cm soil layer in July.



Fungal Community Diversity

The Shannon index (H'), richness index (S), and evenness index (E') of the fungal communities were evaluated with Illumina MiSeq high-throughput sequencing data (Supplementary Table 4). Most living cover treatments remarkably increased the levels of H', S, and E' in the soils. The living cover treatment significantly (p < 0.05) increased the richness index (S). The richness index of the orchards in the living cover treatment was 38.91% higher than that in the no cover treatment in spring and 38.80% higher in summer. Among the no cover treatments and living cover treatments, there was no remarkable (p > 0.05) difference in the three diversity indexes between the upper and deeper soil layers. The season had no obvious influence on the three indexes. The S level of the living cover treatment was the highest in the upper soil in May (189.7 ± 6.4); this value was considerably (p < 0.05) higher than those obtained under the no cover treatments.



Bacterial Community Diversity

The Shannon index (H'), richness index (S), and evenness index (E') of the bacterial community were evaluated by the Illumina MiSeq high-throughput sequencing data (Supplementary Table 5). All living cover treatments improved the H', S, and E' in the soils, but there was no obvious (p > 0.05) difference in these three diversity indexes between the no cover treatments and living cover treatments except NB_May (392.7 ± 24.8) and LB_May (440.7 ± 33.8). The season and the soil depth had no significant (p > 0.05) influences on the three indexes. The S level under the living cover treatment (440.7 ± 33.8) was the highest in the deeper soil in May.



Fungal Community Structure

To standardize the different sequencing depths, each sample was randomly selected from 44,412 reads to analysis (Supplementary Table 6). Ascomycota (60.16%) and Basidiomycota (25.36%) were the main fungal communities (Figure 1). Unclassifled_k_Fungi was represented 3.14% of all sequences. The relative abundances of Ascomycota and Mortierellomycota under the living cover treatments decreased compared with those under the no cover treatments, but the relative abundances of Basidiomycota increased. PCA also showed the difference between the no cover and living cover treatments, and the soil samples in the different treatments were obviously separated. Two principal components were determined, which clarified 99.29% of the total variance in the dataset (Figure 2). Sequences from Ascomycota dominated in the upper soil samples (63.31%) and deeper soil samples (57.01%) collected under both treatments (no cover and living cover) (Figure 1A). With the change in season, the relative abundance of Ascomycota decreased, whereas that of Basidiomycota increased under the two treatments (no cover and living cover) at the phylum level, but there was no obvious change in Mortierellomycota (Figure 1A). The relative abundance of Ascomycota in spring was higher than that in summer, but the relative abundance of Basidiomycota was the opposite.


[image: Figure 1]
FIGURE 1. Relative abundances of fungal phyla and classes in the no cover treatments and living cover treatments. (A) The structure of the fungal community at the phylum level. (B) The structure of the fungal community at the class level.
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FIGURE 2. PCA of fungal communities. The values on axes 1 and 2 are the interpretable percentages of the corresponding principal components.


The overall fungal community was dominated by Sordariomycetes (40.92%) and Agaricomycetes (14.43%) (Figure 1B) at the class level. In both treatments (no cover and living cover), the classes Agaricomycetes and Tremellomycetes represented 18.89 and 18.95% of the sequences in the samples collected from the living cover treatments, respectively, whereas these classes represented only 9.98 and 2.70% of the sequences in the samples collected from the no cover treatments (Figure 1B). The classes Mortierellomycetes and Eurotiomycetes were represented by 15.93 and 10.07% of the sequences in the no cover treatment, whereas these classes represented only 4.96 and 4.02% of the sequences in the living cover treatment (Figure 1B). With seasonal changes, the relative abundances of Sordariomycetes in the living cover treatments decreased, while those in deeper soil increased. The relative abundances of Agaricomycetes, Tremellomycetes and Leotiomycetes under the living cover treatments increased compared with those under the no cover treatments in both the upper soil and deeper soil, while the situations for Mortierellomycetes, Eurotiomycetes and Pezizomycetes were the opposite (Figure 1B).



Bacterial Community Structure

To standardize the different sequencing depths, each sample was randomly selected from 14,275 reads to analysis (Supplementary Table 7). The dominant bacteria were Proteobacteria (44.78%), Actinobacteria (16.48%), and Acidobacteria (15.22%) among all samples (Figure 3). Living cover did not show a considerable effect on the relative abundances of the phyla except Elusimicrobia (Supplementary Figure 1). The relative abundances of Acidobacteria under the living cover treatments decreased compared with those under the no cover treatments, while the relative abundances of Actinobacteria increased, but neither of these two phyla demonstrated a significant correlation. There was no significant (p > 0.05) difference between the deeper soil and upper soil layers, but there were significant differences between seasons at the phylum and class levels (Supplementary Figures 2, 3).


[image: Figure 3]
FIGURE 3. Relative abundances of bacterial phyla in the no cover treatments and living cover treatments.


The PCA results showed obvious differences between the soil samples collected in spring and summer. Two principal components were determined that explained 88.38% of the total variance in the dataset (Figure 4). Sequences from Proteobacteria dominated in spring soil samples (37.79%) and summer soil samples (51.77%) (Figure 3). The relative abundances of Proteobacteria and Acidobacteria were highest in summer and lowest in spring, while Actinobacteria and Firmicutes reached their highest abundance in spring.


[image: Figure 4]
FIGURE 4. PCA of bacterial communities. The values on axes 1 and 2 are the interpretable percentages of the corresponding principal components.




Relationship Between Microbial Community Structures and Soil Properties

The presence of a cover treatment changed the observed microbial community structures and soil properties. After removal of the redundant variables, nine soil properties were chosen for RDA. As shown in Figures 5A,B, pH, TP, C/N, AK, INV, and DHA significantly affected the fungal community structures in the upper soil layers, and all soil properties except AK and DHA obviously (p < 0.05) impacted the fungal community compositions in the deeper soil layers. All soil properties except DHA remarkably (p < 0.05) impacted the bacterial community compositions in the upper soil layers, while pH and AP dramatically (p < 0.05) impacted the bacterial community compositions in the deeper soil layers (the relevant p-value can be seen in Supplementary Table 8). Regarding the angles between the arrows connecting the lines representing different soil properties, those of TP, pH, INV, AK, and AP were always small, which showed that they had good correlations and were positively correlated in each treatment.


[image: Figure 5]
FIGURE 5. Redundancy analysis (RDA) of MiSeq data and soil properties. (A) RDA of fungal communities in the 0–20 cm layer. (B) RDA of fungal communities in the 20–40 cm layer. (C) RDA of bacterial communities in 0–20 cm layer. (D) RDA of bacterial communities in 20–40 cm layer. The red lines with arrows indicate soil properties, and the blue lines with arrows indicate the top five fungi or bacteria classes. The values on axes 1 and 2 are the interpretable percentages of the corresponding principal components.




Prediction of the Community Functions of Soil Fungi and Bacteria

The micro-ecological functions of fungi and bacteria in the soil of hazelnut orchards under the no cover and living cover treatments were studied by analyzing the fungal and bacterial communities with FUNGuild and PICRUSt1. The guilds identified in the present study are listed in Figure 6, and the results demonstrated that the functional prediction results for fungi were related to different treatments. Three nutritional patterns (pathotrophs, saprotrophs, and symbiotrophs) accounted for ~36.69, 49.80, and 2.59% of the no cover treatment fungal OTUs, respectively, whereas under the living cover treatments, these patterns accounted for 19.76, 41.51, and 6.89%, respectively (Figure 7). There was no obvious divergence between the no cover treatments and living cover treatments according to the analysis of the bacterial communities in the Cluster of Orthologous Groups (COG) database by PICRUSt1 (Supplementary Figure 4).


[image: Figure 6]
FIGURE 6. Functional features of fungal communities, as inferred by FUNGuild.
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FIGURE 7. Average OTUs values of three kinds of fungal nutritional modes.





DISCUSSION

One of the main considerations in the technology of living cover treatments involves the water distribution between the living cover and fruit trees. Some living covers compete with fruit trees for water, which adversely affects the growth of fruit trees (Unger, 1998; Zhao and Li, 2006; Wang et al., 2009). In the present study, because of the relatively abundant rainfall that occurred before the two sampling periods, the competition for water between the living cover with V. myuros and the hazelnut trees was very weak. Additionally, as shown in Supplementary Tables 1 and 2, living cover with V. myuros may also be beneficial to water collection and storage. The soil bulk density index is a quantitative criterion used to measure whether a given soil tightness is suitable for crop root growth. A low soil bulk density indicates that the soil is loose with good permeability and high fertility. This characteristic can also be reflected by the SP index and the content of organic matter. The fibrous roots of V. myuros may be one of the reasons for the observed decrease in soil bulk density, and the decomposition of litter in soil may also cause the decrease in soil bulk density.

Studies on apples and teas showed that pH decreased with increasing planting years in orchards (Ding and Zeng, 2014; Su et al., 2014). Under acidic conditions, the ability of plant roots to absorb water and nutrients is limited, and the growth and development of plants are inhibited. The accumulation of H+ in soil accelerates soil acidification, which destroys the plasma membrane of root cells and leads to nutrient loss (Yi et al., 2006). It can be clearly seen from Figure 1 that the observed pH values in the upper layer of the uncovered soil were lower after 3 years of planting than before planting, but the pH values were significantly increased after V. myuros was planted; the living environment of this type of living cover is able to meet the pH requirements (5.5–8.0) in the technical regulations for cultivation of Ping'ou hybrid hazelnuts (Research Institute of Forestry Chinese Academy of Forestry, 2013). In the no cover treatments, the leaching of cations may lead to a decrease in base saturations and increased exchange acidities; in contrast, decreases in soil pH and increased base saturations may be observed in the cover treatments. The use of nutrient ions by plentiful microbial communities in the rhizosphere of the root of living covers may also contribute to this trend (Haynes and Goh, 1980).

Plant litter covers the bases of trees or turns into soil, thus providing nutrient resources for soil through microbial decomposition (Marsh et al., 1996; Sanchez et al., 2003; Stork and Jerie, 2003). Annual fertilization is also an important way to improve soil nutrient concentrations. Studies have proven that living cover can improve soil nutrient levels by improving microbial activities in soils (Kamh et al., 1999; Stork and Jerie, 2003; Yao et al., 2005). The total nutrient level of a soil reflects the storage of soil nutrients, while the available nutrient level of a soil reflects the dynamic balance between plant absorption and soil mineralization (Wang et al., 2016). The reason the C/N under living cover treatments was higher than that under no cover treatments may be that the living cover treatments provided more litter and increased the organic matter contents of the soil. The increase in C/N also slows down the mineralization and decomposition of organic matter, which is beneficial to the accumulation of organic matter and improves the carbon sequestration capacity of soil. In this study, all the living cover treatments remarkably enhanced the TOC, TP and TN contents of the soil samples. All the living cover treatments obviously enhanced the AP and AK contents in the soils, revealing the positive effect of living cover plants on soil P and K. The reason for this result may be related to the composition of the microbial community, and Proteobacteria could be capable of exploiting labile carbon sources (Fierer et al., 2007; Kuramae et al., 2015). Actinobacteria contribute to the decomposition of organic matter and have the ability to break down complex substrates (Kamau et al., 2008; Nemergut et al., 2011). Mortierellomycota have the ability to solubilize phosphorus (Fröhlich-Nowoisky et al., 2015; Grzdziel and Gazka, 2019). Basidiomycota play an important role in degrading lignin under anaerobic conditions (Ivancevic and Karadelev, 2013). However, most of the above fungal or bacterial contents were higher under the cover treatments than under the no cover treatments. In summary, V. myuros had no competitive effects on hazelnut trees.

The soil urease activity, soil alkaline phosphatase activity and soil invertase activity exhibited a very good correlations with the TOC and TN soil contents. Enzyme activity in soil can be regarded as an important indicator of soil fertility, and plays a crucial role in maintaining and improving soil fertility (Zantua et al., 1977; Dick et al., 1988; Li, 1989; Yang and Wang, 2004; Lin et al., 2010; Burns et al., 2013). The results contrast with Xi et al.'s results (Xi et al., 2011; Qian et al., 2015), in which living covers with Leguminosae (Coronilla varia and Medicago sativa) in vineyards and apple orchards obviously increased the soil INV, URE, and ALP activities, whereas living covers with Gramineae had no substantial effects on the activities of these three enzymes. In this study, the results showed that the positive effects of living cover treatments on soil enzyme activities were better than those observed in the no cover treatments. The different soil enzyme activity expression levels may be related to the influences of living cover treatments on the soil microbial community compositions (Yao et al., 2005; Breulmann et al., 2012). The results obtained in this study were similar to those of Xu et al., who found that living covers with Gramineae had obvious influences on soil enzyme activities compared with no cover treatment (Xu et al., 2018). The possible reason for the improvement in the soil enzyme activity level was that litter and root exudates provided abundant nutrients for orchard soil microorganisms under the living cover treatments and changed the physical and chemical properties of the soil, thus improving the activities of microorganisms (Wardle et al., 2001; Hoagland et al., 2008; Smith, 2010).

As shown in Supplementary Table 3, the enzyme activities observed in the samples from the upper soil layers were remarkably higher than those in the samples from the lower soil layers under all treatments. Many research results have shown that soil enzyme activity decreases with increasing soil layer thickness. There may be two reasons for this result: on the one hand, the contents of soil organic matter and other nutrients that have great influences on enzyme activity decrease with increasing of soil profile depth; on the other hand, fine roots are mainly distributed in the surface soil, while V. myuros has fibrous root characteristics, and its roots are mainly concentrated in the upper soil. Therefore, the root concentration gradually decreased from top to bottom in the soil, so soil enzyme activity also showed a decreasing trend (Zhang and Yu, 1989; Zhang and Chen, 1997; Wang, 2006). In the process of this study, the growth of other grasses was not found in the living cover treatment with V. myuros. Therefore, V. myuros has positive effects on soil moisture retention, weed inhibition, soil nutrient accumulation, and soil enzyme activity promotion.

In this study, ITS and 16S rRNA Illumina MiSeq high-throughput sequencing data were used to measure the changes in fungal and bacterial communities in soil. Illumina MiSeq high-throughput sequencing data can reflect the genetic diversity of fungal and bacterial communities, and the Illumina MiSeq high-throughput sequencing analysis included the whole microbial community. As shown in Supplementary Table 4, living cover treatments obviously increased the diversity of fungal communities and functional structures in the soil samples. The PCA results also showed a clear separation between the soil samples collected under the different treatments (no cover and living cover). Living cover treatments can significantly improve the abundance and diversity of soil microorganisms. This result was consistent with previous research results (Mitchell et al., 2017; Zhang et al., 2020). However, there was no significant correlation between soil depth and seasonal changes. This result may be because the abundance and diversity of fungi were insensitive to the short changes in environmental factors caused by soil depth and seasonal changes, which may be the reason why many studies analyzed the changes in only the abundance and diversity of bacteria or nematodes caused by environmental changes (McCaig et al., 1999; Hoagland et al., 2008; Qian et al., 2015). As shown in Supplementary Table 5, the bacterial community diversity did not significantly differ between the two treatments, but it can be clearly known that the bacterial diversity of each soil layer in the living cover treatments was higher than that in the no cover treatments, and the bacterial diversity in the upper soil was higher than that in the deeper soil in both treatments. However, the rate of increase in the living cover treatments was slightly higher than that in the no cover treatments, which may be related to the fact that V. myuros has fibrous root characteristics mainly distributed in 0–20 cm soil layer.

Fungi are the main microbial group that decompose forest soil organic matter by producing enzymes (Baldrian, 2008). Our results demonstrated that Sordariomycetes and Mortierellomycetes may have important contributions to soil organic matter decomposition in the no cover treatments, while Agaricomycetes, Tremellomycetes, and Leotiomycetes might have been more important under the living cover treatments (Figure 1) (Schneider et al., 2012; Zhang et al., 2017). According to reported studies, some members of Agaricomycetes are related to most ectomycorrhizae, and it has been widely concluded that ectomycorrhizae can promote the growth of trees and the carbon cycle and are very important to temperate forests. Other class members are critical decomposers that can effectively decompose wood polymers (Chen et al., 2006; Ren and Mallik, 2006; Song et al., 2007; Aislabie et al., 2013; Kersten and Cullen, 2013). The most abundant genera of Agaricomycetes in the soils under the living cover treatments were Tomentella, Paxillus, Inocybe, and Hymenogaster, which are known as ectomycorrhizal fungi in the present study (Matheny, 2009; Tedersoo et al., 2010a). Lilleskov et al. suggested that Tomentella was related to nitrogen deposition and was an important part of the community structure under conditions of high overall nutrient availabilities (Lilleskov et al., 2002). Studies have shown that Paxillus involutus can degrade organic matter such as plant litter by overexpressing a number of oxidase transcripts (Rineau et al., 2012). Polyphenol oxidase and protease activities in plant litter inoculated with P. involutus were significantly improved and were 2–3 times higher than those in litter without a P. involutus treatment (Bending and Read, 1995). Inocybe and Hymenogaster also play very important roles in the growth and ecology of trees by forming ectomycorrhizal associations (Burgess et al., 1993; Tam, 1995; Akiyoshi and Keizo, 2001; Smit et al., 2001; Obase et al., 2006; Fierer et al., 2007; Tedersoo et al., 2010b; Kennedy et al., 2011; Ma, 2012). According to the functions of ectomycorrhizal fungi clarified in the above research, it was speculated that increases in fungal contents in living covers may lead to changes in soil nutrient enzyme activity levels. In the upper soil layers, the extracellular enzyme activities reached their peaks in summer when fresh grass litter accumulated. The RDA results (Figure 5) also showed that there was a favorable correlation between extracellular enzyme activity and the relative abundance of Tremellomycetes. The measured change in fungal community composition under living cover treatments may be an important factor leading to increases in the amount of organic matter available for recycling. Oligotrophia is a characteristic of members of Acidobacteria (Fierer et al., 2007), which explains why members of Acidobacteria can live in low-carbon and low-pH environments. This may demonstrate why the proportions of Acidobacteria were enhanced in the no cover treatments because no cover treatments had lower soil carbon and pH levels than the living cover treatments. This may also may demonstrate the influence of sampling depth, as deeper soil had lower soil carbon and pH levels than upper soil. Moreover, the ratio of Proteobacteria to Acidobacteria can be used to represent the nutritional status of the ecosystem, and if this ratio is low, a critical soil nutritional status is indicated (Smit et al., 2001). In the current study, this ratio was low in the no cover treatments, which showed that the no cover treatments could be regarded as having malnutrition statuses compared with the living cover treatments. This finding was consistent with the results of the RDA of environmental factors shown in Figures 5C,D. Seasonal changes had a significant impact on the community structures of bacteria, possibly because the sampling site belongs to a typical monsoon climate at medium latitudes, and the bacterial structures were highly sensitive to alternating seasonal periods (Lan et al., 2018).

Previous studies have shown that reducing farming can protect some fungal plant pathogens from high temperatures, limited water resources and interference (Bockus and Shroyer, 1998; Schroeder and Paulitz, 2006). Some studies have also shown that reducing cultivation can limit the movements of plant pathogen spores, maintain more microbial communities, and inhibit the invasion and establishment of plant pathogens (Bockus and Shroyer, 1998; Larkin, 2015; van Bruggen and Finckh, 2016). Interestingly, the results of FUNGuild showed the presence of living cover treatments decreased the number of pathotrophs and increased the number of symbiotrophs in this study, which was consistent with the previous research results.

Proteobacteria and Actinobacteria are copiotrophs that are characterized by preferential consumption of soil organic carbon pools and high nutritional demands (Fierer et al., 2007; Aislabie et al., 2013; Zhang et al., 2017). It is possible that there was little difference in the total amount of these two bacteria under each treatment, which led to similar prediction functions in each treatment. Studies in soil microcosms have shown that ectomycorrhizal fungal mycelia can reduce the activity of saprophytic bacteria (Olsson et al., 2010). However, the function of bacteria did not change significantly in this study, which may be related to the low OTUs contents of ectomycorrhizal fungi.



CONCLUSION

In our study, we researched the influences of living cover, soil depth and seasonal changes on microbial diversity, community composition, and ecological functions in hazelnut orchard soil. The microbial compositions and ecological functions were affected by living cover treatments with V. myuros in hazelnut orchard management practices. The results showed that living cover treatments with V. myuros improved the physical and chemical conditions of soils in hazelnut orchards and caused great changes to the soil microbial diversity, community composition and ecological functions, especially in the fungal community, which reduced the OTUs of pathotrophs and increased that of symbiotrophs. The living cover treatments with V. myuros in hazelnut orchards could have more beneficial and diverse microecological environments than the no cover treatments. Therefore, the application of living covers with V. myuros could be a good management practice for the hazelnut orchards compared with no cover management, which can realize sustainable intensification of production in hazelnut orchards and provide certain theoretical support for the scientific management of hazelnut orchards. Furthermore, because the hazelnut tree did not reach a stable fruiting period during the study period, it is necessary to study the influence of living cover on the seed setting and other characteristics of the hazelnut tree in the future. Moreover, studying the reasons why the living cover treatments had no obvious effects on the differences in bacterial function will be indispensable. It is also necessary to study the effects of soil microorganisms under different cover treatments to identify the most suitable cover plants for hazelnut orchards in the future.
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Combined Spraying of Boron and Zinc During Fruit Set and Premature Stage Improves Yield and Fruit Quality of European Hazelnut cv. Tonda di Giffoni
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Boron (B) and zinc (Zn) are essential micronutrients of plant nutrition programs in orchards for securing the crop quality and yield. Although orchard supplementation with B and Zn is a common practice to overcome deficiencies or maintain their optimal levels, the efficiency of combined B and Zn spraying in relation to European hazelnut (Corylus avellana L.) phenological stage has not been investigated so far. Leaf and kernel mineral and functional traits were studied in cultivar Tonda di Giffoni after B and Zn spraying in four phenological stages. During the 2016/2017 season, 9-year-old trees were sprayed with B (0, 800, and 1,600 mg L−1) and Zn (0, 400, and 800 mg L−1) under three treatments: B0+Zn0, B800+Zn400, and B1600+Zn800 implemented in three spring application programs scheduled from October to December (P1: four times, P2: early two times, and P3: late two times). B and Zn treatments in P1 and P3 led to higher Zn concentration both in leaves and in kernels compared with non-sprayed trees. Stabilized nut production increased 2.5-fold under B800+Zn400 in all three programs. Kernel/nut ratio improved in both B+Zn treatments in P1 and P3, while the percentage of blank nuts was reduced compared with B0+Zn0. Increased radical scavenging activity in B+Zn-treated kernels and leaves was not attributed to the accumulation of phenolics in P3 compared with B0+Zn0, whereas B and Zn spraying reduced the level of lipid peroxidation in both studied organs. According to the results, combined B and Zn should be sprayed at the end of spring (P3) on hazelnut plantations in temperate areas such as Southern Chile, whereas early applications (P2) showed an irregularity in nut production and functional traits in nuts. Moderate and partialized rates of B and Zn and the time of implementation contribute to improving the quantitative and qualitative features crucial for future sustainable hazelnut production.

Keywords: nut traits, Corylus avellana (L.), foliar nutrition, kernel growth, radical scavenging activity


INTRODUCTION

During the last years, European hazelnut (Corylus avellana L.) plantations have developed significantly in Chile, reaching 24,000 ha of planted surface in the 2018/2019 season (ODEPA-CIREN, 2019). World hazelnut production for 2019/2020 was 528,068 metric tons kernel basis, and after Turkey, Italy, Azerbaijan, Georgia, and the United States, Chile has taken an important place, as the first producer of hazelnut (35,000 t with shell) in the Southern Hemisphere (3% of world production), and it is the key off-season supplier of the Northern Hemisphere markets of both fresh and processed fruits (FAOSTAT, 2019; Nuts Dried Fruits Statistical Yearbook, 2020, Frutícola Agrichile S.A.). European hazelnut is an important source of antioxidants, such as phenolics, minerals, unsaturated fatty acids, vitamins, and other essential compounds, all beneficial for human health and diet (Blomhoff et al., 2006; Jakopic et al., 2011; Solar and Stampar, 2011; Bacchetta et al., 2013).

La Araucanía region in Southern Chile has over 7,000 ha of hazelnut plantations, and the commercial production covers both in-shell nuts and kernels (ODEPA-CIREN, 2019). However, in this region, hazelnut orchards are grown mainly on acidic soils (Andisols) derived from volcanic ashes in which chemical and biological properties such as low pH (≤5.5) and high organic matter impose difficulties for the adaptation of this crop. Moreover, acidifying fertilizers management and excessive liming can cause a reduced bioavailability of some micronutrients (Shorrocks, 1997; Marschner, 2012). Indeed, low B (0.5–1.0 mg kg−1) and Zn (<1.0 mg kg−1) concentrations in Andisols have been widely reported by Rodríguez and Tomic (1984), Rodríguez et al. (2001), and Bonomelli et al. (2003). Boron and Zn deficiencies are undoubtedly becoming important limiting factors for normal growth and development of fruit crops (Davarpanah et al., 2016; Meriño-Gergichevich et al., 2016) affecting metabolic pathways and resulting in reduced shoot growth, fruit set, and quality, as well as mineral and nutritional status of fruits (Özenç and Bender Özenç, 2015; Davarpanah et al., 2016; Marschner 2012). In this context, for hazelnuts planted in Southern Chile, leaf chemical analyses of the Laboratory of Soil and Plants and Scientific and Technological Bioresource Nucleus BIOREN-UFRO (www.bioren.ufro) at the Universidad de La Frontera have reported among 16–63 and 26–41 mg kg−1 DW (dry weight) of hazelnut cultivar Tonda di Giffoni (TDG) for B and Zn concentrations, respectively. According to technical extension reports, one approach for improving hazelnut nutrition, fruit set viability, and fruit filling, and for ensuring the production performance, is to maintain optimal B and Zn concentrations in plant tissues (Silva et al., 2003; Guerrero et al., 2015; Silvestri et al., 2021). In addition, Baron and Stebbins (1981), Ferrán et al. (1997), and Silva et al. (2003) recommended that spring B applications should be performed if hazelnut foliar analysis shows a B concentration below 100 mg kg−1 DW. Silvestri et al. (2021) reviewed a wide range of Zn concentrations (20–90 mg kg−1 DW) in adult leaves of different hazelnut cultivars such as Tonda Gentile, Barcelona, Tonda Romana, and Nocchione, indicating a cultivar-specific Zn accumulation; however, it is highlighted that the information about optimal Zn in tissues is scarcely studied for this species, particularly in Southern Chile. The beneficial effects of combined B and Zn spraying on vegetative and reproductive growth, yield, fruit traits, and nutrient mobility have been reported for apple (Malus x domestica) (Neilsen et al., 2004), olive (Olea europaea) (Saadati et al., 2013), walnut (Juglans regia) (Keshavarz et al., 2011), almond (Prunus amygdalus) (Nyomora et al., 1997), and in a lesser extent by studies conducted on hazelnut (Shrestha et al., 1987; Solar and Stampar, 2000; Alidust et al., 2020). In addition, foliar spraying is a convenient supplementation to traditional fertilization, demonstrating good effectiveness at low rates, uniformity of application, and very quick plant response, avoiding groundwater contamination, among other benefits (Fernández and Brown, 2013).

Both B and Zn contribute to the content of antioxidant compounds, phenolic acids, total oil, and protein content, as well as their amounts in kernels (Ozdemir and Akinci, 2004; Jakopic et al., 2011; Özenç and Bender Özenç, 2015). However, the effects of B and Zn spraying during fruit set or premature stage on the fruit antioxidants and redox homeostasis in hazelnut are scarcely studied. Reports on different fruit species are still controversial; e.g., Davarpanah et al. (2016) reported minor changes in total phenolic compounds and unaffected antioxidant activity in pomegranate (Punica granatum cv. Ardestani) sprayed in preharvest with B and Zn, while Saadati et al. (2013) reported an increased phenolic content after foliar application of B and Zn on olive during two productive seasons. Moreover, the effect of B and Zn concentrations or the frequency of application on oxidative stress determined as the level of lipid peroxidation (LP) in hazelnut tissues is not well-documented. Indeed, lipid oxidation negatively affects the quality and nutritional traits of nuts during storage, limiting the commercialization of hazelnut for processed food (Alasalvar et al., 2003).

Foliar applications of B and Zn have become routine in the annual nutrition program of commercial orchards in modern hazelnut production, with several administrations during the growing season, often combined with other compatible agrochemicals with the purpose to increase yields by improving fruit set and retention, reducing cluster and fruit drops, blanking or empty nuts, and enhancing kernel yield (Ferrán et al., 1997; Milošević and Milošević, 2012; Özenç and Bender Özenç, 2015). However, there is little knowledge concerning B and Zn interactions with hazelnut potential production as functional food in the coming years, to improve commercial opportunities for growers in Southern Chile and other productive areas worldwide with similar temperate weather and soil conditions. Thus, in this study, we investigated the effects of two combined B and Zn concentrations, applied in three spraying programs from early fruit set to initial premature stages on hazelnut leaves and fruit with the aim to obtain optimal nutritional and biochemical nut traits in hazelnut as a major commercial fruit in Chile.



MATERIALS AND METHODS


Plant Material and Field Conditions

Experiments were conducted during the 2016/2017 (August 2016–April 2017) season in a commercial European hazelnut orchard in Caracas Farm (Frutícola Agrichile S.A.) located in Cunco (39° 00′S, 72° 31′W), La Araucanía region, Chile. Nine-year-old tree cultivar TDG were planted in regular rows with 5 ×4 m frame (500 trees ha−1) in a multistem system. This cultivar is one of the most planted in Southern Chile, covering 45% of the total hazelnut orchards surface and 55% of Chilean total production (Agrichile, 2020; Ascari et al., 2020). Soil orchard was an Andisol belonging to Freire Series (Typic Placudands), with flat topography and good drainage (CIREN, 2002) (Table 1). From August 2016 to March 2017, the mean temperature was 12.4°C, whereas the minimal and maximal average temperatures in the studied area were 6 and 20°C, respectively, with 946 mm of annual mean precipitation (data collected from the weather station in the experimental orchard <1 km) (Figure 1). Commercial agronomic management consisted of standard fertilization ranging from 90 to 110 N, 30 to 40 P, and 50 to 80 K (kg ha−1). The hazelnut orchard was weekly irrigated from November to March based on ETc, and water was supplied by drip irrigation system with a drip line irrigating each tree with emitters supplying water at a rate of 2.0 L h−1 spaced at 1.0 m. The water application was 4,000 m3 ha−1 during the studied period. Weed and basal shoots control was done with mechanical and chemical methods 3–4 times a year. Pest and disease management was done with 2–3 and 3–4 applications per year, respectively.


Table 1. Chemical properties of soil (Typic Placudands, Freire Series) and European hazelnut leaves from the tested commercial hazelnut orchard (Fundo Caracas, Frutícola Agrichile S.A.) in Cunco, La Araucanía region, Chile.
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FIGURE 1. Weather parameters during the hazelnut vegetative season at the experimental site, Caracas Farm, Cunco (39° 00′ S, 72° 31′W), La Araucanía region, Chile. Minimum and maximum temperatures were −4.5°C (9/1/2016) and 34.6°C (1/26/17) during the studied period.




B and Zn Spraying Arrangement

Experiments consisted of three combinations of B and Zn, with final concentrations of B (0, 800, and 1,600 mg L−1) and Zn (0, 400, and 800 mg L−1) that were sprayed on 12 trees per treatment and labeled as B0+Zn0 (control: only water), B800+Zn400, and B1600+Zn800, respectively (Table 2). These concentrations of B+Zn were applied in three programs (P1, P2, and P3) at four phenological stages during hazelnut vegetative growth in the Austral Hemisphere: P1, four spray applications: at the beginning of ovary development (October 15), fertilization stage (October 31), ovary growth (November 15), and nut growth/premature stage (November 30); P2, two spray applications: during ovary development (October 15) and in the fertilization stage (October 31); and P3, two spray applications: during ovary growth (November 15) and in the nut growth/premature stage (November 30). Boron and Zn were applied in the widely used form of Bortrac™ 150 (a.i 15% sodium perborate, Na3BO3 × H2O p/v, Yara United Kingdom Ltd., England) and Nutrizinc Plus (a.i 16% ZnCl2 p/v, Cytosine Laboratories Inc., United States), and sprayed in an output of 1,500 L ha−1 of water, determined by canopy volume (4πab2, a: ½ height; b: ½ width). Spraying was carried out using a back sprayer of 17 L (Cifarelli 1200, Cifarelli S.p.A-Voghera, Italia) with an output of 5 L min−1. The B and Zn concentrations in the water used for spraying (and for control B0+Zn0) were 0.012 and 0.081 mg L−1, respectively (standard methods for the examination of water and wastewater, APHA.AWWA.WEF. 22nd edition 2012).


Table 2. Experimental arrangement of spraying program, B and Zn concentrations (mg L−1) and time during season 2016/17 (austral hemisphere) in European hazelnut cultivar TDG (Fundo Caracas, Frutícola Agrichile S.A.), Cunco, La Araucanía region, Chile.
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Leaves and Nut Harvest

Thirty fully developed and healthy leaves were collected from each tree (four trees per replicate) 15 days after the last application within each spraying program and transported to the laboratory in polyethylene bags at 4°C in a portable cooler. One half was used for chemical analyses, and the other half was stored at −80°C for biochemical analyses. In the middle of March 2017 (average temperature of 14.7 ± 0.31°C and relative humidity of 84.2 ± 1.04%), nuts were harvested from the four trees in each replicate and immediately placed in a forced air oven (40°C) for 72 h to stabilize the fruit at 6% humidity for the quantification of the nut yield components. Thirty in-shell nuts randomly sampled from each tree (120 nuts per replicate) were measured for their length, width, and thickness using a caliper (digital caliper CALDI-6MP, Truper, Mexico). Nut and kernel widths were measured in two dimensions meaning width 1 (W1) and width 2 (W2) similarly as reported by Solar and Stampar (2011). The nuts were manually cracked, and the shell thickness was measured on the convex side of each half using calipers. Stabilized nuts and kernels were weighed on a precision balance (Model BA2204B, Biobase Meihua Trading, China) and packed in porous bags and stored in-shell at room temperature (18°C) until chemical analyses.



Chemical Analysis

Soil samples were collected from 0 to 30 cm depth and analyzed prior to the start of the experiment (September 30, 2016) (Table 1). The soil pH, Ca, Mg, K, Na, and B were analyzed according to the protocol by Sadzawka et al. (2004). Total Zn was determined by the extraction method of Lindsay and Norvell (1978).

Prior to the start of the experiment (October 2016), the nutrient concentrations in fully expanded mature leaves and collected stabilized nuts were determined according to Sadzawka et al. (2004) (Table 1). Leaves were dried in a forced air oven (Memmert model 410, Schwabach, Germany) for 48 h at 70°C until a constant DW was reached. Samples were weighed and ashed for 8 h at 500°C (JSMF-30 T, electric muffle furnace of JSR Research Inc., Korea). Later, the ashes were digested with 2 M hydrochloric acid and filtered. All samples were measured by a simultaneous multielement atomic absorption spectrophotometer (model UNICAM 969 Atomic absorption Spectrometer, England, United Kingdom). All analyses were conducted in triplicate.



Lipid Peroxidation, Total Phenolics Content, and Radical Scavenging Activity

As an oxidative stress indicator, LP was determined in fresh leaves and kernels using thiobarbituric acid reacting substance (TBARS) assay, according to the modified protocol of Du and Bramlage (1992). Absorbance was measured at 532, 600, and 440 nm to correct the interference generated by TBARS–sugar complexes. The results were expressed as nanomole of equivalents of malondialdehyde (MDA) contents per fresh weight (nmol MDA g−1 FW), a secondary product of the polyunsaturated fatty acid oxidation. Total phenolics content (TPC) was determined in the leaves and kernels following the method of Slinkard and Singleton (1997) using the Folin-Ciocalteu reagent. Hundred and fifty microliters of ethanolic extracts (80% v/v) was mixed with 450 μL of H2O and 100 μL of the Folin-Ciocalteu reagent. After 5 min, 300 μL of Na2CO3 (7% w/v) was added. The absorbance of the mixture was measured by a UV-VIS spectrophotometer at 765 nm (UV–Vis spectrophotometer SP 8001, Metertech Inc. Taipei, Taiwan), and TPC was expressed as μg of chlorogenic acid equivalents (CAE) per g−1 FW. For radical scavenging activity (RSA), 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was used; leaf and kernel samples (0.10 g) were homogenized using 1 ml of methanol (80% v/v) and centrifuged for 5 min at 10,000 rpm (4°C). The supernatant was collected and stored at −80°C until analysis. The free RSA of the methanol extracts was measured as the decrease in absorbance at 517 nm using Trolox as a standard and expressed as milligram of Trolox equivalent per gram of fresh weight (mg TE g−1 FW) (Yu et al., 2002).



Statistical Analysis

The experiments were performed as a factorial completely randomized block design with three spraying programs, three treatments, and three replicates (3 ×3 ×3). The data were statistically evaluated by a two-way ANOVA to assess the significance of the main factors (spraying program and B+Zn treatment) and the significance of their interactions. A Tukey post-hoc test was used to determine the significance of differences among the means with a significance level at P ≤ 0.05. The relationships among variables were examined using Pearson's correlation analysis at a significance level of P < 0.05. The resulting P-values were corrected using the false discovery rate (FDR) script displayed by the Rbio software (www.biometria.ufv.br). To reduce the dimensionality of data set, a principal component analysis (PCA) was performed to identify the variables that explained a higher proportion of the total variance. For this analysis, all data were averaged and normalized [log (10)] to minimize the effect of different units of measurement in the variance of each component. The software XLSTAT-2021.1.1 was used for PCA (Addinsoft, 2021).




RESULTS


Weather Conditions and Nutrient Concentration

Weather conditions of hazelnut orchard at the time of the experiments are given in Figure 1. The highest mean temperature during the spraying time was 21°C (November 21) concomitantly with 55% relative humidity, appropriate for foliar spraying, whereas in the preharvest time, 22°C was the highest temperature registered (January 26).

Prior to the experiment, the concentrations of bioavailable B and Zn in the orchard soil were 0.36 and 1.08 mg kg−1, respectively, and soil pHH2O was around 6.0 (Table 1). As expected, at the end of the experiments, leaf B and Zn concentrations in control trees (B0+Zn0) were similar as in the beginning, averaging 27 and 29 mg kg−1 DW for B and Zn, respectively. A significant interaction was found between spraying programs and B+Zn treatments (PxT, P < 0.001) for both leaf B and Zn concentrations; in P1- and P3-treated trees, B concentration was 90 and 87%, respectively, higher compared to B0+Zn0 (Figures 2A,B). However, the leaves of P2-treated trees had lower B and Zn concentrations than those of P1- and P3-treated trees for the same B and Zn treatments (B800+Zn400 and B1600+Zn800), yet still significantly higher than B0+Zn0 trees (P < 0.001). In the kernels, the overall B concentration ranged from 8.92 ± 0.14 to 10.05 ± 0.31 mg kg−1 DW, showing that neither B+Zn treatment nor spraying program had a significant effect on its accumulation (Figure 2C). Nevertheless, a significant interaction (PxT, P < 0.001) was found when Zn concentration was increased in stabilized kernels from 15.3 ± 0.49 (B0+Zn0) to 19.5 ± 0.29 mg kg−1 DW for B800+Zn400 and B1600+Zn800, respectively (Figure 2D), and a significantly higher amount of Zn in the kernels harvested from P1 trees was observed in B1600+Zn800 treatment compared to that from P2 and P3 trees.
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FIGURE 2. B and Zn concentration (mg kg−1 DW) in leaves (A,B) and kernels (C,D) of hazelnut trees depending on the applied spraying program. Values represent the mean (n = 3) ± SE. Different lowercase letters indicate statistically significant differences (P ≤ 0.05) among treatments within each spray program. Two-way ANOVA results are shown (NS, not significant, P > 0.05; ***P < 0.001).


In relation to other elements in the leaves, Ca and Na concentrations were influenced by the spraying program and B+Zn treatments (significant PxT interaction), showing a significant increase in Ca concentration of 14 and 18% in P3 B800+Zn400 and B1600+Zn800 treatments, respectively, in comparison with B0+Zn0 (P < 0.01; Figure 3A). Sodium concentration increased up to 44% in P1 and P3 B800+Zn400 and B1600+Zn800, but not in P2, in comparison with B0+Zn0 trees (P ≤ 0.01; Figure 3G). In addition, Mg concentration was higher in P3 B1600+Zn800 treatment compared with P1 and P2 (P < 0.05; Figure 3C) and compared with B0+Zn0-treated trees.


[image: Figure 3]
FIGURE 3. Calcium, Mg, K, and Na concentrations (mg kg−1 DW) in leaves (A,C,E,G) and kernels (B,D,F,H) of hazelnut trees depending on the applied spraying program. Values represent the mean (n = 3) ± SE. Different lowercase letters indicate statistically significant differences (P ≤ 0.05) among treatments within each spray program. Two-way ANOVA results are shown (NS, not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).


In the kernels, significantly increased Ca concentration in P3 B1600+Zn800 treatment compared with B0+Zn0 (Figure 3B) was found. Concomitantly, Mg concentration in the kernels was the lowest at B1600+Zn800 in P3 (P ≤ 0.05; Figure 3D), while no differences were observed for other programs/treatments. Despite the increase of Na in the leaves, in the kernels of P3 B1600+Zn800-treated trees, Na concentration decreased, while in P2, similarly as in the leaves, it decreased in the B800+Zn400 treatment compared with B0+Zn0 (significant PxT interaction, P ≤ 0.001) (Figure 3H). Boron and Zn treatments or programs did not affect K level in the leaves (Figure 3E), whereas K concentration decreased in the P2 and P3 B1600+Zn800-treated kernels by 24 and 28%, respectively, in comparison with P1 (P ≤ 0.05; Figure 3F).



Nut Yield and Quality Features

In all three spraying programs, B and Zn supplementation increased the in-shell nut yield, both per plant and per ha of orchard area in comparison with B0+Zn0 [significant PxT interaction for in-shell nut yield (g pl−1, P ≤ 0.01)] (Figure 4A). Conversely to what was expected by the farm technical staff, the trees subjected to B800+Zn400 showed higher productivity in all three spraying programs than those subjected to B1600+Zn800 treatment, especially in P1 and P2 (P ≤ 0.001). The orchard production of stabilized in-shell nuts was strongly augmented after B and Zn spraying, increasing from 550 ± 70 kg ha−1 in B0+Zn0 trees to ~1,273 kg ha−1 for B800+Zn400-treated trees in all three spraying programs (P ≤ 0.05), while no differences were observed between B800+Zn400 and B1600+Zn800 treatments in P1 and P3 (Figure 4B).


[image: Figure 4]
FIGURE 4. Effects of applied spraying programs on stabilized fruit yield per plant (g pl−1) (A) and per hectare (kg ha−1) (B). Values represent the mean (n = 3) ± SE. Different lowercase letters indicate statistically significant differences (P ≤ 0.05) among treatments within each spray program. Two-way ANOVA results are shown (NS, not significant, P > 0.05; **P < 0.01; ***P < 0.001).


In stabilized nuts, industrial yield components such as weight (g), height (cm), and diameter (mm) were not significantly affected by B and Zn treatments and application program in comparison with untreated trees (Table 3). However, in the P1 B1600+Zn800 treatment, kernels diameter increased by 18% compared with B0+Zn0 (significant T × diameter interaction, P ≤ 0.05). Moreover, kernel yielding (%), one of the most important attributes of marketable nuts production, was improved in P1 and P3 B1600+Zn800 treatments, by 14 and 10% in comparison with B0+Zn0 (P ≤ 0.05). Moreover, the number of blank nuts was greatly reduced by B and Zn treatments in P1 and P3 (significant PxT interaction, P ≤ 0.05) (Table 4). The shell thickness and weight were not affected by B and Zn nor by the spraying program.


Table 3. Some nut and kernel industrial yield components in European hazelnut cultivar TDG planted in Cunco, La Araucanía region, Chile.
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Table 4. Some nut shell properties after application of B and Zn spraying programs in hazelnut cultivar TDG planted in La Araucanía region.
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Variation in Antioxidant Properties Under Different B and Zn Spraying Programs

Boron and Zn treatments reduced the level of LP in both leaves and kernels in all three spraying programs (Figures 5A,B). In all programs, B1600+Zn800 drastically decreased LP levels in hazelnut leaves in comparison with B0+Zn0 (P ≤ 0.05). Kernel LP levels were lower than those observed on the leaves, and both B+Zn treatments reduced this oxidative stress marker by 43% in both tissues (significant PxT interaction, P ≤ 0.001). Leaf and kernel TPC and RSA are presented in Figures 5C–F, showing significant PxT interactions in both tissues. In the leaves, the highest RSA, determined by DPPH activity, was in B800+Zn400 treatments in all three programs. Particularly in the P3 kernels, RSA increased about 3-fold with both B800+Zn400 and B1600+Zn800 treatments compared with B0+Zn0 (significant PxT interaction, P ≤ 0.001).


[image: Figure 5]
FIGURE 5. Effects of applied spraying programs on level of malondialdehyde (MDA), phenols content (TPC), and radical scavenging activity (RSA) in leaves (A,C,E) and kernels (B,D,F) of hazelnut cultivar TDG. Values represent the mean (n = 3) ± SE. Different lowercase letters indicate statistically significant differences (P ≤ 0.05) among treatments within each spray program. Two-way ANOVA results are shown (NS, not significant, P > 0.05; *P < 0.05; ***P < 0.001).




Pearson's Correlation Analysis

To determine the level of association among the measured variables for each program, Pearson's correlation matrices were performed for all pairs of the measured parameters related to nutrient concentration, yield, and nut quality features (Figure 6). At the 5% level of significance, a total of 131 correlations were found, out of which 108 were positive and 23 were negative. The P1 showed higher positive correlations than P2 and P3 (43), highlighting that leaf B concentration had a high correlation with kernels D1 and D2 and with Zn concentration in the kernel. Also, leaf B and Zn concentrations were strongly correlated with leaf Na concentration. Interestingly, the nut yield was not correlated with the levels of B and Zn in the leaf or kernel in this program, but only with the levels of Na in the kernels. A different trend was observed in P2, where 32 positive and only one negative correlation were found. The positive correlation of the B+Zn levels in the leaves with the nut yield is highlighted; however, the levels of B and Zn in the kernels were not related to other parameters except the negative B correlation with leaf Ca concentration. On the other hand, P3 had 33 positive and 16 negative correlations. Here, only leaf B and kernel Ca were positively correlated with nut yield, whereas leaf B and Zn were highly correlated with leaf Ca.
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FIGURE 6. Pearson's correlation coefficient matrix between nutrient concentration and yield performance of hazelnut cultivar TDG. Correlation was calculated at three spraying programs (1, 2, and 3), and three B (0, 800, and 1,600 mg L−1) and Zn (0, 400, and 800 mg L−1) concentrations. Pearson's coefficient that is significant at P < 0.05 is indicated by boldface. Positive and negative correlations are distinguished by blue and red colors, respectively.


Pearson's correlation coefficients between nutrient concentrations and oxidative and antioxidative parameters in the different programs were also analyzed. A total of 43 significant correlations were found, of which 22 were positive and 21 were negative. In P1, seven positive and eight negative significant correlations were found. Leaf B concentration was strongly correlated with the RSA capacity in the leaves, but not in the kernel. Leaf B concentration was highly correlated with kernel Zn concentration. Also, leaf RSA was negatively correlated with the level of LP in the leaf and kernel. In addition, LP was found to be negatively correlated with the levels of B and Zn in the leaves, while in the kernels, only Zn leaf and kernel levels were significantly and negatively correlated with kernel LP. In P2, three positive and five negative significant correlations were found. Leaf B had a strong positive correlation with TPC in the leaves, but not in the kernels, and a strong negative correlation with leaf and kernel LP, similar to the leaf Zn correlation with the same parameters (Figure 7). Levels of Zn in the kernels were strongly correlated with the levels of TPC in the kernels, while leaf TPC had negative correlation with leaf LP. In P3, a different trend was observed, and 12 positive and eight negative significant correlations were found. Leaf B was not correlated with RSA in the leaves. However, leaf B was negatively correlated with leaf and kernel LP. Leaf Zn was also negatively correlated with LP in the leaves and kernels, and highly correlated with kernel B, Zn, and antioxidant activity. However, the leaf antioxidant activity was highly correlated with TPC in leaves.


[image: Figure 7]
FIGURE 7. Pearson's correlation coefficient matrix among nutrient concentration and antioxidant features of cultivar TDG. Correlation was calculated at three spraying programs (1, 2, and 3), and three B (0, 800, and 1,600 mg L−1) and Zn (0, 400, and 800 mg L−1) concentrations. Pearson's coefficients that are significant at P < 0.05 are indicated by boldface. Positive and negative correlations are distinguished by blue and red colors, respectively.




Principal Component Analysis

The first component (PC1) explained 32.99% of the total variance, and the most important variables were the concentration of B and Zn on leaves, leaf and kernel LP, kernel DPPH, Ca, Mg, B, and Zn, nut height, and width (D1 and D2). On the other hand, the PC2 explained 20.02% of the total variance; PC2 comprised the variables kernel weight, shell weight, kernel D1, D2, and nut weight as the most important (Figure 8A). In the PCA score plots, we observed a separation between programs and B and Zn treatments. Controls (B0+Zn0) of P1, P2, and P3 were clustered together with P1 and P3 for B800+Zn400 (Figure 8B, blue ellipse); meanwhile, the second cluster was composed of P2 B800+Zn400 and P1, P2, and P3 B1600+Zn800 (red ellipse). An agglomerative hierarchical clustering (AHC) was performed to find the clusters among treatments evaluated in this research (Figure 8C).


[image: Figure 8]
FIGURE 8. Principal component analysis (PCA) based on Pearson's correlation. Numbers in parentheses give the percent of the total variation explained by the PC1 and PC2, both representing 51.01% of the total variance. (A) Biplot of correlation, showing the treatments and variables together. (B) Principal component score plot. Treatments are clustered in two groups represented as blue and red ellipses. (C) Agglomerative hierarchical clustering (AHC) based on dissimilarity. The dotted line represents the automatic truncation, leading to two groups, which are represented in (A) by blue and red ellipses.





DISCUSSION

Agronomic practices in Chile have introduced both B and Zn nutritional programs in different orchards and emphasized that foliar sprays can compensate for nutrient deficiencies or maintain their plant levels following chemical soil and leaf analyses and orchard monitoring. Traditionally, companies have recommended guidelines for the application of micronutrients, particularly in fruit crops such as apple, blueberry, walnut, and hazelnut, as important commercial plantations in Chile. Indeed, nutritional strategies of B and Zn in hazelnut planted in Chile have been performed by growers to ensure their levels in leaves (31–75 mg B kg−1 DW and 16–60 mg Zn kg−1 DW) by soil and spray applications according to extension works from international experiences. Spraying of B and Zn has demonstrated an increased nut set even in non-deficient trees, when two or four sprayings are carried out, using concentrations to be sprayed from 500 to 2,000 mg L−1 or applied as fertilizer to the soil at 2–8 kg ha−1 rates. However, hazelnut grown in specific conditions of Southern Chile demands a comprehensive approach to nutritional management particularly of micronutrients.


Effects of Different B and Zn Spraying Programs on Hazelnut Leaves

In our experiments with hazelnut TDG grown in acidic soil, the leaves of untreated, control trees had 25–28 mg kg−1 DW of B and Zn. According to technical reports, the optimal B leaf contents for reaching good fruit set and hazelnut yields are between 25 and 30 mg kg−1 DW (Silvestri et al., 2021). Similarly, other authors have discussed that optimum B concentration in hazelnut leaves should be 22–30 mg kg−1 DW for productive trees (Simşek et al., 2003), while data on the beneficial effect of Zn spraying on hazelnut leaves have been studied to a lesser extent (Alidust et al., 2020). Ferrán et al. (1997) reported even lower leaf B concentrations (14–21 mg kg−1 DW) to be optimal for hazelnut cultivars Pauetet and Negret planted in B-deficient soils (0.20–0.30 mg kg−1). We showed that the application of spraying programs (P1, P2, and P3) increased the B and Zn concentrations in the hazelnut leaves by several folds in both B+Zn treatments compared with untreated trees and the previous reports. It should be noted that the B and Zn requirements and optimum thresholds are cultivar-specific (Alidust et al., 2020; Silvestri et al., 2021), and they should be integrated into crop management to obtain the maximal yield. Our results showed that combined spraying application of B and Zn resulted in both Zn and B accumulation in totally expanded leaves in P1 and P3 programs, while the B and Zn accumulation efficiency was lower in P2 (P ≤ 0.05). The Zn concentration in sprayed TDG leaves was higher in comparison with the study conducted by Milošević and Milošević (2012) on hazelnut cultivars Tonda Gentile Romana, Nochione, and Istarski Duguljasti (12–14 years old) planted on the acidic Vertisol (pH 5.2) in Western Serbia. Indeed, Shear and Faust (1980) and Swietlik (2002) reported a wide range 10–200 mg kg−1 DW of normal Zn in the leaf of deciduous tree fruits and nuts.

Although B and Zn accumulation significantly increased in the leaves, in both treatments, lower LP levels and increased RSA compared with untreated trees were observed, thus excluding potential B and Zn toxic effects. Both B and Zn may modulate the profile of leaf metabolites and mitigate oxidative stress (Meriño-Gergichevich et al., 2016; García-López et al., 2019; Alidust et al., 2020). Landi et al. (2013) reported that B accumulation in the leaves of sweet basil (Ocimum basilicum) resulted in an increased RSA by increasing ascorbic acid, glutathione, and anthocyanin contents.

Boron and Zn supplementation may modulate the uptake and accumulation of other nutrients. For instance, Hosseini et al. (2007) reported synergistic B and Zn interactions on corn (Zea mays) growth and accumulation of other nutrients such as N, P, K, and Ca. In our experiments, the program type had an influence principally on Ca concentration in the leaves, while K levels were not affected by B and Zn supplied. However, PC1 showed that these variables are highly correlated, so the relation of these nutrients is evident principally in the leaves (Figure 8A). Exceptionally, Na accumulated in the leaves exposed to B and Zn treatments in P1 and P3 programs (PxT) was higher than expected, but it was not excessively high for the hazelnut leaves (246 ± 16.64–556.0 ± 18.4 mg kg DW) visible also from a decreased level of LP compared with untreated trees (Figure 5A). One possibility of increased Na level in B800+Zn400 and B1600+Zn800 under P1 was commercial fertilizer used as B source during the experiment (Na3BO3 × H2O). In our experiment, the collected kernel from all treatments showed lower Na (from 118 ± 13.8 to 139 ± 3.10 mg kg−1 DW) than reported by Ozdemir and Akinci (2004) for cultivars Palaz (379.5 ± 13.5 mg kg−1 DW), Tombul (508.5 ± 27.5 mg kg−1 DW), Cakildak (382.0 ± 7.0 mg kg−1 DW), and Karas (410.0 ± 3.0 mg kg−1 DW). However, Özenç and Bender Özenç (2015) reported no significant effect in cultivar Tombul after Zn fertilization (0, 0.2, 0.4, 0.8, and 1.6 kg ha−1) on Na in kernels ranging from 27.2 ± 0.55 to 30.6 ± 0.71 mg kg−1 DW. In fact, this variable was among the less influenced in PCA, in leaves and kernels (Figure 8A).

Interestingly, the leaves of trees in the P1 (four sprayings from ovary development until nut growth/premature stage) and P3 (two sprayings from ovary to growth; nut growth/premature stage) programs had similar B concentrations. These results suggest that delayed spraying (ovary and nut growth stages) and reduced B dosage (two sprayings) are sufficient for B enrichment of hazelnut leaves in comparison with current agronomic orchard management. Thereby, rational foliar fertilization has proved to be an important tool considering nutrient-deficient soils caused by natural or anthropogenic factors, and phenological stage of crops, with advantages such as quick plant responses, lower concentrations of added nutrients, uniformity, and less groundwater contamination (Keshavarz et al., 2011; Fernández and Brown, 2013; Zhang et al., 2016). Previous studies have emphasized the synergistic effect of combined B and Zn applications in several cropped species (Keshavarz et al., 2011; Mukhopadhyay and Mondal, 2015; Davarpanah et al., 2016; Alidust et al., 2020), particularly as supplementation program frequently recommended during springtime in fruit orchards (Solar and Stampar, 2000; Keshavarz et al., 2011; Meriño-Gergichevich et al., 2016).



Effects of Different B and Zn Spraying Programs on Hazelnut Fruits

Beneficial effects of conventional B fertilization or spraying/foliar application on fruit set have been widely reported (Hanson and Breen, 1985; Erdogan and Aygun, 2009; Keshavarz et al., 2011; Alidust et al., 2020). However, the reports are often contradictory about B application methods for hazelnut production. For example, Kelley (1980) and Ferrán et al. (1997) reported no positive effects of B foliar application on hazelnut fruit set and yields. On the other hand, Erdogan and Aygun (2009) reported positive effects of B application on cultivar Tombul fruit set and concluded an annual dependency, although trees in ocak (training system commonly used in Turkey) were sprayed just one time with 300 and 600 ppm of B (H3BO3). Silva et al. (2003) concluded that weather conditions influenced the yields in hazelnut (cultivar Butler), more than B spraying, although nut mass and kernel mass were increased with B supplementation.

Zinc concentration in stabilized control kernels was lower (15.3 ± 0.49 mg Zn kg−1 DW) than reported by Özenç and Bender Özenç (2015) for cultivar Tombul without a Zn fertilization program (26.2 mg Zn kg−1 DW), possibly due to different soil properties and cultivar-specific Zn accumulation. While B readily accumulated in the leaves, its concentrations in the kernels were unchanged. Contrarily, Zn accumulated in the kernels in all three programs compared with untreated trees indicated differential mobility of the two nutrients from the leaf to the kernels. Zn mobilization from the leaves to grains has been reported previously (reviewed by White and Broadley, 2009). Nevertheless, the concentrations of B and Zn in treated kernels in our experiments showed referential dietary values of recommended daily amount (RDAs) being an adequate source of daily B and Zn intake similarly as shown by Özenç and Bender Özenç (2015). These authors have reported a mean kernel B concentration of 27.8 mg kg−1 DW in untreated trees (25 years old) of cultivar Tombul.

Hazelnut is not a high-yielding crop, and its maximum expected potential yield is only 4.5 t ha−1 (Mehlenbacher, 1991; Silvestri et al., 2021). In La Araucanía, the production of cultivar TDG is less than half of the maximal, as between 2014 and 2019 the mean production was 1.89 t ha−1, 32% less than in the orchards planted in Chilean Mediterranean ecosystems such as El Maule, with average productions of 2.8 t ha−1. Our previous studies within research projects Fondecyt 11160762 (2016/2019) and Corfo 16PTECFS-66647 (2017–to date) have determined the production ranges of 2.0 t ha−1 for cultivars TDG and Barcelona planted in La Araucanía when orchards (7–11 years old) were subjected to sustainable nutrition strategies that included macro- and micro-nutrient application management to get an attainable yield.

The beneficial effects of B and Zn spraying and their interactions on plant growth, fruit size, and higher uptake of macro- and micronutrients and oil content have been reported for nut species, such as walnut (Juglans regia L.) and hazelnut (Serdar et al., 2005; Alidust et al., 2020). On the other hand, in northern Portugal, Silva et al. (2003) did not find any significant differences in fruit set and yield in hazelnut B-sprayed (0, 300, 600, and 900 mg L−1) four times after blooming. Often contradictory results have been reported about the effectiveness of B supplementation alone and application time on yield, which seems more related to weather conditions, as cold and wet weather is more favorable for nut production or influencing variable such as training system (multistem, oak, among others) and trees density. Furthermore, the reports on Zn effects on hazelnut yield are scarce. Keshavarz et al. (2011) sprayed Persian walnut trees three times with 0, 1,050, and 1,750 mg L−1 Zn from September to May, obtaining higher nut yield at 1,050 mg L−1 Zn, whereas its effectiveness was enhanced when Zn was accompanied with B (174 mg L−1), as in our experiment. The variable Program in our experiment had an influence principally on Ca in leaves and more discreetly but still significantly in the kernel. However, as shown in PCA, kernel Ca has a great relation with kernel yield (%) (Figure 8A). Zinc foliar application (0.2% zinc sulfate) on mandarin increased several leaf nutrients, including Ca, similar to our results (Razzaq et al., 2013). However, B and Zn fertilizers did not affect the mineral composition of pomegranate fruits (Davarpanah et al., 2016).

According to our results, B and Zn application at the end of springtime in hazelnut planted in temperate areas such as Southern Chile can stimulate plant productivity (P3 and P1), whereas early spraying, such as P2, showed irregularity in stabilized nut production (Figure 4). The latter indicates that for this plantation area, October is a period in which the reproductive structures of the tree do not begin their development. Because in June/July (winter) is pollination time with hazelnuts showing an extended dichogamy by three or four months (Mehlenbacher, 1991; Beyhan and Marangoz, 2007). The B and Zn interaction was found as a strong correlation in the leaves for P1 (r = 0.89), P2 (r = 0.97), and P3 (r = 0.95) (Figure 6), which revealed that these micronutrients are interestingly related to each other in a combined application. This was also shown on PCA, where foliar B and Zn are highly correlated and influence mostly the treatments with high application rates of these elements (Figure 8A). A direct positive correlation was found between leaf Zn concentration and B (r = 0.77) and Zn concentrations (r = 0.60) in the kernels (Figure 6), demonstrating the importance of combined application of these micronutrients on nut species as reported by Brown and Shelp (1997) for walnut. Khan et al. (2011) reported not only significant increases of B and Zn in the leaves of Feutrell's early (Citrus reticulata) but also in the quality fruit parameters when the trees were sprayed with both micronutrients at a premature stage. Application of both B and Zn should be carried out under partialized program either during the whole productive season (P1) or to the end of springtime (P3) when most fruit sets occur. In general, a clear difference was observed between the three programs, and this seemed to depend on the distribution and prioritization of nutrients depending on the phenological phase.

Marketable nuts are highly appreciated by hazelnut agroindustry, and prices paid to growers depend on nut and kernel characteristics as industrial yield requirements. Some authors such as Solar and Stampar (2011) highlighted TDG as one of the cultivars with the highest kernel yield (%), after a phenological characterization of 16 hazelnut cultivars planted in Slovenia. Even though there was no significant interaction between PxT, B and Zn had a positive effect on kernel yield (%), particularly at a high rate (B1600+Zn800), where trees responded to sprayed treatments. Contrarily, Silva et al. (2003) found significant interaction among B rate, date of application, and harvest year of nuts, which could involve several factors that affect nut mass. Those authors reported that blank nuts amount was unaffected by B spraying, attributing this phenomenon to an annual variation (climatic or agronomic management). An interesting aspect is to study the effect of B and Zn on the shell morphology. However, in this sense, a thicker pericarp could be responsible for a reduced kernel yield (%). In fact, this could be the case because, as shown in PCA, lower rates of B and Zn are more related to the shell weight in P2 and P3 spaying programs (Figure 8A).

Both B and Zn have important roles in ameliorating reactive oxygen species (ROS) accumulation in plant tissues (Broadley et al., 2007; Marschner, 2012; Landi et al., 2013). As an essential micronutrient, zinc has broad functions in trees, from structural and catalytic to transcriptional regulation (Broadley et al., 2007; Marschner 2012). Reduced LP levels and hydrogen peroxide concentration were observed in soybean following Zn application, confirming its important role in mitigating oxidative stress under unfavorable conditions (Weisany et al., 2012). Boron is required for the stabilization of biomembranes, and it may protect them from ROS-induced damage (Cakmak and Römheld, 1997). Saadati et al. (2013) reported an increased phenolic content after the foliar application of B and Zn on olive trees during fruit ripening for two productive seasons. In both leaf and kernel, leaf B and Zn were negatively correlated with LP in all programs, which highlights the importance of both elements in decreasing damage of biomembranes in the plant tissues. However, the impact of B and Zn concentrations and timing on TPC seems to be not so clear. Increased DPPH activity especially in P3, in both B+Zn treatments, was not accompanied by TPE accumulation, indicating that other compounds with antioxidative properties (e.g., ascorbate) could be stimulated by B and Zn application. Further research will help to elucidate which B- ad Zn-inducible compounds contribute to improving the quality of nuts. In general, all programs induced changes in relation to antioxidative metabolism of leaves and kernels; however, these effects were more evident in P3 followed by P1 and the least in P2 spraying scenario.




CONCLUSIONS

There is little knowledge concerning B and Zn interactions on hazelnut traits planted in temperate areas such as Southern Chile. Therefore, we performed comparative analyses of B and Zn dosage and four phenological stages of their foliar application (August–March in the Austral Hemisphere). We showed that these micronutrients could be partially sprayed at the end of spring in hazelnut, enhancing the management efficiency by reducing the application frequency, water volume, and applied rates. The results confirmed that in leaves, B and Zn were greatly increased, showing higher levels than those reported by the literature in other worldwide plantation areas, although no toxicity symptoms were detected. However, only Zn was significantly increased in kernels, increasing its nutritional value as recommended by the daily amount for human consumption. The treatments differentially affected the mineral status in leaves and kernels, with increased Ca and Na concentrations in the leaves. Increased RSA and reduced level of LP was observed in B+Zn-treated leaves and kernels in P2 and P3, respectively, but were not positively associated with B or Zn in tissues. The foliar supplementation with B and Zn had better efficiency at 800 and 400 mg L−1, respectively, under programs of four (P1) or two (P3) spraying applications, on the nut yield per plant or per hectare. From the agro-environmental point of view, two applications will result in a better productive strategy impacting agro-economical management during the growing season. Hazelnut has shown a great potential to produce nutritionally well-balanced and safe food in the coming years to improve commercial opportunities for growers in Southern Chile. In both leaves and kernels, the antioxidative capacity increased after B and Zn spraying (especially, at B800+Zn400), which may not be related to phenolic compounds.

Overall, this study contributes to understanding the effects of B and Zn spraying application in relation to phenological hazelnut phase. Knowing the correct timing and nutrient dosage is a prerequisite for obtaining the best plant performance and fruit qualitative features for future sustainable hazelnut production.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

CM-G, DA, AL-E, and KO designed the research. CM-G, AL-E, and DA supervised the study. CM-G, AL-E, and FM analyzed the data. CM-G, AL-E, MR-D, FM, GO, and KO wrote the manuscript. All authors critically revised the manuscript and approved the final version.



FUNDING

This study was supported by FONDECYT No. 11160762 from the Agencia Nacional de Investigación y Desarrollo (ANID) of the Chilean Government. FM was funded by the MEYS with co-financing from the EU (Grant KOROLID, CZ.02.1.01/0.0/0.0/15_003/0000336).



ACKNOWLEDGMENTS

We thank CORFO 16PTECFS-66647 and the technical support from the Scientific and Technological Bioresource Nucleus (BIOREN-UFRO) at the Universidad de La Frontera. Special thanks to Fundo Caracas, Frutícola Agrichile S.A.



REFERENCES

 Addinsoft (2021). XLSTAT Statistical and Data Analysis Solution. New York, NY. Available online at: https://www.xlstat.com

 Agrichile (2020). “Encuentro anual de avellano Europeo en Chile,” in Meeting Annual Agrichile 2020 (Temuco: Universidad de La Frontera), 27.

 Alasalvar, C., Shahidi, F., Ohshima, T., Wanasundara, U., Yurttas, H. C., Liyanapathirana, C. M., et al. (2003). Turkish Tombul hazelnut (Corylus avellana L.). 2. Lipid characteristics and oxidative stability. J. Agric. Food Chem. 51, 3797–3805. doi: 10.1021/jf021239x

 Alidust, M., Sedaghathoor, S., and Gheshlaghi, E. A. (2020). The effect of foliar application of boron and zinc on qualitative traits of hazelnut cultivars. Plant Physiol. Rep. 25, 131–139. doi: 10.1007/s40502-019-00470-y

 Ascari, L., Siniscalco, M. C., Palestini, G., Lisperguer, M. J., Huerta, E. S., De Gregorio, T., et al. (2020). Relationships between yield and pollen concentrations in Chilean hazelnut orchards. Eur. J. Agron. 115:126036. doi: 10.1016/j.eja.2020.126036

 Bacchetta, L., Aramini, M., Zini, A., Di Giammatteo, V., Spera, D., Drogoudi, P., et al. (2013). Fatty acids and alpha-tocopherol composition in hazelnut (Corylus avellana L.): a chemometric approach to emphasize the quality of European germplasm. Euphytica 191, 57–73. doi: 10.1007/s10681-013-0861-y

 Baron, L. C., and Stebbins, R. (1981). Growing Filberts in Oregon [Varieties, nuts, Development, Pollination, Orchard Management, Disease Control, Anisogramma anomala]. Sofia: Extension Circular-Oregon State University.

 Beyhan, N., and Marangoz, D. (2007). An investigation of the relationship between reproductive growth and yield loss in hazelnut. Sci. Hortic. 113, 208–215. doi: 10.1016/j.scienta.2007.02.007

 Blomhoff, R., Carlsen, M. H., Andersen, L. F., and Jacobs, D. R. Jr. (2006). Health benefits of nuts: potential role of antioxidants for the quantification of microgram quantities of protein utilizing the principle of protein-dye binding. Br. J. Nutr. 96, 52–60. doi: 10.1017/BJN20061864

 Bonomelli, C., Bonilla, C., and Valenzuela, A. (2003). Efecto de la fertilización fosforada sobre el contenido de cadmio en cuatro suelos de Chile. Pesq. Agropecu. Bras. 38, 1179–1186. doi: 10.1590/S0100-204X2003001000007

 Broadley, M. R., White, P. J., Hammond, J. P., Zelko, I., and Lux, A. (2007). Zinc in plants. New Phytol. 173, 677–702. doi: 10.1111/j.1469-8137.2007.01996.x

 Brown, P. H., and Shelp, B. J. (1997). Boron mobility in plants. Plant Soil 193, 85–101. doi: 10.1023/A:1004211925160

 Cakmak, I., and Römheld, V. (1997). Boron deficiency-induced impairments of cellular functions in plants. Plant Soil 193, 71–83. doi: 10.1023/A:1004259808322

 CIREN (2002). Estudio Agroecológico. Descripciones de suelos, materiales y símbolos. IX Región. Centro de Información de Recursos Naturales. Publicación 122:343.

 Davarpanah, S., Tehranifar, A., Davarynejad, G., Abadía, J., and Khorasani, R. (2016). Effects of foliar applications of zinc and boron nano-fertilizers on pomegranate (Punica granatum cv. Ardestani) fruit yield and quality. Sci. Hortic. 210, 57–64. doi: 10.1016/j.scienta.2016.07.003

 Du, Z., and Bramlage, W. J. (1992). Modified thiobarbituric acid assay for measuring lipid oxidation in sugar-rich plant tissue extracts. J. Agric. Food Chem. 40, 1566–1570. doi: 10.1021/jf00021a018

 Erdogan, V., and Aygun, A. (2009). Effect of foliar boron application on fruit set in 'Tombul' hazelnut. Acta Hortic. 845, 331–336. doi: 10.17660/ActaHortic.2009.845.50

 FAOSTAT (2019). Agriculture Data. Available online at: http://www.fao.org/faostat/en/#data/QC//faostat3 (accessed May 6, 2019).

 Fernández, V., and Brown, P. H. (2013). From plant surface to plant metabolism: the uncertain fate of foliar-applied nutrients. Front. Plant Sci. 4:289. doi: 10.3389/fpls.2013.00289

 Ferrán, X., Tous, J., Romero, A., Lloveras, J., and Pericón, J. R. (1997). Boron does not increase hazelnut fruit set and production. Hortscience 32, 1053–1055. doi: 10.21273/HORTSCI.32.6.1053

 García-López, J. I., Niño-Medina, G., Olivares-Sáenz, E., Lira-Saldivar, R. H., Barriga-Castro, E. D., Vázquez-Alvarado, R., et al. (2019). Foliar application of zinc oxide nanoparticles and zinc sulfate boosts the content of bioactive compounds in habanero peppers. Plants 8:254. doi: 10.3390/plants8080254

 Guerrero, J., Meriño-Gergichevich, C., Ogass, K., Sobarzo, V., and Alvarado, C. (2015). Quality and condition features of hazelnut (Coryllus avellana L.) cv. Barcelona grown in south central of Chile. Rev. Fac. Cienc. Agrar. 47, 1–14.

 Hanson, E. J., and Breen, P. J. (1985). Xylem differentiation and boron accumulation in “Italian” prune flower buds. J. Am. Soc. Hort. Sci. 110, 566–570.

 Hosseini, S. M., Maftoun, M., Karimian, N., Ronaghi, A., and Emam, Y. (2007). Effect of zinc × boron interaction on plant growth and tissue nutrient concentration of corn. J. Plant Nutr. 30, 773–781. doi: 10.1080/01904160701289974

 Jakopic, J., Petkovsek, M. M., Likozar, A., Solar, A., Stampar, F., and Veberic, R. (2011). HPLC–MS identification of phenols in hazelnut (Corylus avellana L.) kernels. Food Chem. 124, 1100–1106. doi: 10.1016/j.foodchem.2010.06.011

 Kelley, J. R. (1980). An analysis of the effects of boron and plant growth regulators on flower development in filbert, Corylus avellana L. (M. S. Thesis). Oregon State University, Corvallis, OR, United States.

 Keshavarz, K., Vahdati, K., Samar, M., Azadegan, B., and Brown, P. H. (2011). Foliar application of zinc and boron improves walnut vegetative and reproductive growth. HortTechnology 21, 181–186. doi: 10.21273/HORTTECH.21.2.181

 Khan, A. S., Ullah, W., Malik, A. U., Ahmad, R., Saleem, B. A., and Rajwana, I. A. (2011). Leaf nutrient status, tree growth, productivity, and fruit quality of 'Feutrell's Early'Mandarin in relation to preharvest application of boron and zinc. Hortscience 46, S138–S139.

 Landi, M., Pardossi, A., Remorini, D., and Guidi, L. (2013). Antioxidant and photosynthetic response of a purple-leaved and a green-leave cultivar of sweet basil (Ocimum basilicum) to boron excess. Environ. Exp. Bot. 85, 64–75. doi: 10.1016/j.envexpbot.2012.08.008

 Lindsay, W. L., and Norvell, W. A. (1978). Development of a DTPA soil test for zinc, iron, manganese, and copper. Soil Sci. Soc. Am. J. 42, 421–428. doi: 10.2136/sssaj1978.03615995004200030009x

 Marschner, H. (2012). Mineral Nutrition of Higher Plants, 3rd Edn., Vol. 89. London: Academic Press.

 Mehlenbacher, S. A. (1991). Chilling requirements of hazelnut cultivars. Sci. Hort. 47, 271–282. doi: 10.1016/0304-4238(91)90010-V

 Meriño-Gergichevich, C., Pacheco, E., and Reyes-Díaz, M. (2016). The effect of foliar boron spraying on the fruit features of Brigitta and Legacy highbush blueberry (Vaccinium corymbosum) cultivars. Cienc. Investig. Agrar. 43, 452–463. doi: 10.4067/S0718-16202016000300011

 Milošević, T., and Milošević, N. (2012). Cluster drop phenomenon in hazelnut (Corylus avellana L.). Impact on productivity, nut traits and leaf nutrients content. Sci. Hortic. 148, 131–137. doi: 10.1016/j.scienta.2012.10.003

 Mukhopadhyay, M., and Mondal, T. K. (2015). Effect of zinc and boron on growth and water relations of Camellia sinensis (L.) O. Kuntze cv T-78. Natl. Acad. Sci. Lett. 38, 283–286. doi: 10.1007/s40009-015-0381-5

 Neilsen, G. H., Neilsen, D., Hogue, E. J., and Herbert, L. C. (2004). Zinc and boron nutrition management in fertigated high density apple orchards. Can. J. Plant Sci. 84, 823–828. doi: 10.4141/P03-153

 Nuts Dried Fruits Statistical Yearbook (2020). International Nut and Dried Fruit Council. Available online at: https://www.nutfruit.org/industry/statistics

 Nyomora, A. M., Brown, P. H., and Freeman, M. (1997). Fall foliar-applied boron increases tissue boron concentration and nut set of almonds. J. Amer. Soc. Hortic. Sci. 122, 405–410. doi: 10.21273/JASHS.122.3.405

 ODEPA-CIREN (2019). Catastro Frutícola. Available online at: https://www.odepa.gob.cl/estadisticas-del-sector/catastros-fruticolas/catastro-fruticolaciren-odepa

 Ozdemir, F., and Akinci, I. (2004). Physical and nutritional properties of four major commercial Turkish hazelnut varieties. J. Food Eng. 63, 341–347. doi: 10.1016/j.jfoodeng.2003.08.006

 Özenç, N., and Bender Özenç, D. (2015). Nut traits and nutritional composition of hazelnut (Corylus avellana L.) as influenced by zinc fertilization. J. Sci. Food Agric. 95, 1956–1962. doi: 10.1002/jsfa.6911

 Razzaq, K., Khan, A. S., Malik, A. U., Shahid, M., and Ullah, S. (2013). Foliar application of zinc influences the leaf mineral status, vegetative and reproductive growth, yield and fruit quality of ‘Kinnow'mandarin. J. Plant Nutr. 36, 1479–1495. doi: 10.1080/01904167.2013.785567

 Rodríguez, J., Pinochet, D., and Matus, F. (2001). Fertilización de los cultivos. Santiago: LOM Ediciones, 117.

 Rodríguez, J., and Tomic, M. T. (1984). Disponibilidad de micronutrientes en andisoles y ultisoles de la Región de Los Lagos. Cienc. Investig. Agrar. 11, 169–178. doi: 10.7764/rcia.v11i3.1076

 Saadati, S., Moallemi, N., Mortazavi, S. M. H., and Seyyednejad, S. M. (2013). Effects of zinc and boron foliar application on soluble carbohydrate and oil contents of three olive cultivars during fruit ripening. Sci. Hortic. 164, 30–34. doi: 10.1016/j.scienta.2013.08.033

 Sadzawka, A., Grez, R., Carrasco, M., and Mora, M. (2004). Métodos de Análisis de Tejidos Vegetales. Santiago: Comisión de Normalización y Acreditación Sociedad Chilena de la Ciencia del Suelo, 53.

 Serdar, Ü., Horuz, A., and Demir, T. (2005). The effects of B-Zn fertilization on yield, cluster drop, and nuts traits in hazelnut. J. Biol Sci. 5, 786–789. doi: 10.3923/jbs.2005.786.789

 Shear, C. B., and Faust, M. (1980). Nutritional ranges in deciduous tree fruits and nuts. Hortic. Rev. 2, 142–163. doi: 10.1002/9781118060759.ch3

 Shorrocks, V. M. (1997). The occurrence and correction of boron deficiency. Plant Soil 193, 121–148. doi: 10.1023/A:1004216126069

 Shrestha, G. K., Thompson, M. M., and Righetti, T. L. (1987). Foliar-applied boron increases fruit set in 'Barcelona'hazelnut. J. Am. Soc. Hortic. Sci. 112, 412–416.

 Silva, P. A., Rosa, E., and Haneklaus, S. H. (2003). Influence of foliar boron application on fruit set and yield of hazelnut. J. Plant Nutr. 26, 561–569. doi: 10.1081/PLN-120017665

 Silvestri, C., Bacchetta, L., Bellincontro, A., and Cristofori, V. (2021). Advances in cultivar choice, hazelnut orchard management and nuts storage for enhancing product quality and safety: an overview. J. Sci. Food Agr. 101, 27–43. doi: 10.1002/jsfa.10557

 Simşek, A., Korkmazb, D., Sedat-Velioglu, Y., and Yavuz Ataman, O. (2003). Determination of boron in hazelnut (Corylus avellana L.) varieties by inductively coupled plasma optical emission spectrometry and spectrophotometry. Food Chem. 83, 293–296. doi: 10.1016/S0308-8146(03)00122-5

 Slinkard, K., and Singleton, V. L. (1997). Phenol analyses: automation and comparison with manual methods. Am. J. Enol. Viticulture 28, 49–55.

 Solar, A., and Stampar, F. (2000). Influence of boron and zinc application on flowering and nut set in 'Tonda di Giffoni' hazelnut. V Int. Congress Hazelnut 556, 307–312. doi: 10.17660/ActaHortic.2001.556.46

 Solar, A., and Stampar, F. (2011). Characterisation of selected hazelnut cultivars: phenology, growing and yielding capacity, market quality and nutraceutical value. J. Sci. Food Agr. 91, 1205–1212. doi: 10.1002/jsfa.4300

 Swietlik, D. (2002). Zinc nutrition of fruit crops. HortTechnology 12, 45–50. doi: 10.21273/HORTTECH.12.1.45

 Weisany, W., Sohrabi, Y., Heidari, G., Siosemardeh, A., and Ghassemi-Golezani, K. (2012). Changes in antioxidant enzymes activity and plant performance by salinity stress and zinc application in soybean ('Glycine max'L.). Plant Omics J. 5, 60–67.

 White, P. J., and Broadley, M. R. (2009). Biofortification of crops with seven mineral elements often lacking in human diets–iron, zinc, copper, calcium, magnesium, selenium and iodine. New Phytol. 182, 49–84. doi: 10.1111/j.1469-8137.2008.02738.x

 Yu, L., Haley, S., Perret, J., and Harris, M. (2002). Antioxidant properties of hard winter wheat extracts. Food Chem. 78, 457–461. doi: 10.1016/S0308-8146(02)00156-5

 Zhang, Y., Yan, Y., Fu, C., Li, M., and Wang, Y. A. (2016). Zinc sulfate spray increases activity of carbohydrate metabolic enzymes and regulates endogenous hormone levels in apple fruit. Sci. Hortic. 211, 363–368. doi: 10.1016/j.scienta.2016.09.024

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Meriño-Gergichevich, Luengo-Escobar, Alarcón, Reyes-Díaz, Ondrasek, Morina and Ogass. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 07 June 2021
doi: 10.3389/fpls.2021.665471





[image: image]

The HADES Yield Prediction System – A Case Study on the Turkish Hazelnut Sector

Simone Bregaglio1, Kim Fischer2*, Fabrizio Ginaldi1, Taynara Valeriano1 and Laura Giustarini2

1CREA - Council for Agricultural Research and Economics, Research Centre for Agriculture and Environment, Bologna, Italy

2Ferrero Hazelnut Company, Ferrero Trading Lux, Senningerberg, Luxembourg

Edited by:
Shawn A. Mehlenbacher, Oregon State University, United States

Reviewed by:
Cristian Silvestri, University of Tuscia, Italy
Daniel Alexandre Neuwald, Competence Centre for Fruit Growing–Lake Constance, Germany

*Correspondence: Kim Fischer, Kim.Fischer@ferrero.com

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 08 February 2021
Accepted: 07 May 2021
Published: 07 June 2021

Citation: Bregaglio S, Fischer K, Ginaldi F, Valeriano T and Giustarini L (2021) The HADES Yield Prediction System – A Case Study on the Turkish Hazelnut Sector. Front. Plant Sci. 12:665471. doi: 10.3389/fpls.2021.665471

Crop yield forecasting activities are essential to support decision making of farmers, private companies and public entities. While standard systems use georeferenced agro-climatic data as input to process-based simulation models, new trends entail the application of machine learning for yield prediction. In this paper we present HADES (HAzelnut yielD forEcaSt), a hazelnut yield prediction system, in which process-based modeling and machine learning techniques are hybridized and applied in Turkey. Official yields in the top hazelnut producing municipalities in 2004–2019 are used as reference data, whereas ground observations of phenology and weather data represent the main HADES inputs. A statistical analysis allows inferring the occurrence and magnitude of biennial bearing in official yields and is used to aid the calibration of a process-based hazelnut simulation model. Then, a Random Forest algorithm is deployed in regression mode using the outputs of the process-based model as predictors, together with information on hazelnut varieties, the presence of alternate bearing in the yield series, and agro-meteorological indicators. HADES predictive ability in calibration and validation was balanced, with relative root mean square error below 20%, and R2 and Nash-Sutcliffe modeling efficiency above 0.7 considering all municipalities together. HADES paves the way for a next-generation yield prediction system, to deliver timely and robust information and enhance the sustainability of the hazelnut sector across the globe.
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INTRODUCTION

Turkey is the cradle of hazelnut cultivation and the largest hazelnut producer and exporter in the world (Erdogan, 2018). The history of hazelnut in Turkey originates in the North of Anatolia, along the Black Sea coast, which is a natural habitat of cultivated hazelnuts (Corylus avellana L.). About 700,000 ha of land in Turkey are nowadays devoted to hazelnut cultivation (Turkish Statistical Institute, 2020). Due to interannual yield variations, the average annual hazelnut production varies widely (Frary et al., 2019), fluctuating between 400,000 and 800,000 tons (Turkish Statistical Institute, 2020). Nut yield per hectare tends to be lower than in other countries, mainly due to old orchards where agricultural practices are not fully sustainable (Bozoğlu et al., 2019). Nowadays, Turkey supplies more than 65% of the world hazelnut production (Islam, 2018).

Two main distinct production regions are traditionally identified in Turkey, with contrasting characteristics: the Eastern region, which covers the area from the Georgian border to the Central Black Sea coast, including the municipalities of Samsun, Ordu, Giresun, Trabzon, Rize, and Artvin; and the Western region, which comprises the area of Central and Western Black Sea coasts, including the municipalities of Kocaeli, Sakarya, Duzce, Zonguldak, Bartin, Kastamonu, and Sinop. The Eastern region is considered the best suited for hazelnut cultivation for a climatic standpoint, with generally superior quality (Erdogan, 2018). The orchards are usually small (<2 ha), mostly old (>50 years) and agricultural practices generally do not include mechanization. This region is characterized by narrow coastal plains, abruptly rising hills and mountains parallel to the sea, with hazelnut planting extending up to 30 km inland. The flat area is limited, and most orchards are placed on steep hills with shallow soil. In the Western region, the land is relatively flat or with a gentle slope, allowing mechanization. Hazelnut trees are grown in deep and fertile soils and the orchards are well organized, with larger average size and younger trees, leading to a higher average yield than in the East.

According to the Turkish Statistical Institute (TÜİK), the average yield in the Eastern and Western region in 2004–2019 were 0.72 t ha–1 and 1.16 t ha–1, respectively. Late frosts represent one of the most dangerous abiotic stress factors contributing to yield reduction in Turkey. For example, 2004 and 2014 registered heavy late frost events, which, despite their relatively short duration, severely impacted the national production. Additionally, hazelnut trees are very susceptible to high temperatures with high vapor pressure deficit during ripening causing a reduction in the photosynthetic activity and in turn on hazelnut yield (Girona et al., 1994). A main peculiarity of hazelnut cultivation is biennial bearing. While the mechanism causing a tree to respond with alternate years of relatively high and then low production is still debated, such yearly variation in production challenges the industry in terms of stock capability, logistics and industrial production. Several attempts are currently being tested to dampen this effect and obtain a more constant production (Rossello et al., 2018).

Despite the relevance of this crop for the confectionary industry, no hazelnut yield prediction systems are currently available to meet the different stakeholders’ needs (Kadiyala et al., 2015). These needs range from the identification of appropriate cropping plans and management decisions (Dury et al., 2011), to the evaluation of the cropping systems’ performances across alternative agronomical, socioeconomic and environmental scenarios (Kasampalis et al., 2018). The common background of standard yield prediction systems is the integration of georeferenced informative layers, referred to pedo-climatic conditions and agricultural management practices, into process-based crop simulation models, to simulate the yield variability in a target area at a given spatial resolution (Hartkamp et al., 1999). The flourishing of machine learning techniques in all anthropic activities, including agriculture, is opening new perspectives for crop yield prediction, given the availability of historical datasets to train the models and to validate their performance (van Klompenburg et al., 2020).

Recent years have seen the publication of the first attempts to develop a robust method for hazelnut yield prediction. The HAZEL model presented in Bregaglio et al. (2016) is a process-based yield simulator that reproduces the tree growth and development, simulating the interactions among the main physiological processes and environmental conditions. Building on this paper, Bregaglio et al. (2020) extended the application of HAZEL to four orchards in each of the three countries (Italy, Chile, and Georgia), using three-year experimental datasets. Through statistical techniques, it was proven that model sensitivity slightly varies across environments, without changes to the ranking of the model parameters. This suggested a good reliability of the obtained results for further applications.

This paper presents an operational prototype of a hybrid model for hazelnut yield prediction, named HADES (HAzelnut yielD forEcaSt), in which process-based modeling and machine learning techniques are integrated. In Materials and Methods, we introduce the datasets required as input, with a statistical analysis of hazelnut yields, and then describe the different HADES modules and the machine learning layer. The Results section reports a quantitative assessment of HADES performance in calibration and validation. In Discussion we examine the advantages and drawbacks of the proposed hybrid system, with an outlook to further research that needs to be conducted, while the Conclusions section deals with the transferability of HADES to an operational setting.



MATERIALS AND METHODS


HADES Workflow

The workflow of HADES is shown in Figure 1. Four sources of input data were used: (i) official statistical hazelnut yield data in the period 2004–2019, as provided by the Turkish Statistical Institute (TÜİK) (Turkish Statistical Institute, 2020), (ii) phenological observations collected in field surveys in 2018--2019 in the main Turkish hazelnut growing municipalities (Sakarya, Duzce, and Zonguldak in the Western Black Sea region; Samsun, Giresun, Ordu, and Trabzon in the Eastern Black Sea region), (iii) information on the three main hazelnut varieties in each municipality collected in a field survey carried out in 2019, and (iv) daily weather data derived from the NASA POWER database1. These inputs were used to perform a three-step analysis. In the first step, the statistical analysis of official yields allowed identifying time trends and evaluating the presence and strength of the alternate bearing. This analysis was meant to characterize specific properties of the yield series, which were then used as input to the second step, i.e., the calibration and evaluation of the HAZEL simulation model (Bregaglio et al., 2016). Here, the NASA POWER weather data were used as inputs, while the phenological observations were employed as reference data to derive a single parameter set for all the Turkish hazelnut growing regions. This was needed to calibrate HAZEL, aiming at maximizing its accuracy in predicting TÜİK official yields. The third and last step of the HADES workflow is a Random Forest (RF, Breiman, 2001) regression-based machine learning layer, which uses as input the three main hazelnut varieties grown in each municipality, the yields predicted by HAZEL (step 2), several agro-meteorological indicators, and the outputs of the yield analysis (step 1). The final accuracy of HADES in predicting official yield was assessed as the median performance in model validation, over all 100 bootstrap samples drawn with replacement from the original input datasets.
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FIGURE 1. The HADES yield prediction system. Input data sources (official yields, phenological observations, weather data, and main varieties per municipality) are used in a three-step workflow: a statistical analysis of the yield series, the application of the process-based HAZEL model, and the use of a machine learning layer to optimize the system accuracy.




Statistical Analysis of Official Yield Data

Data on hazelnut production (t) and cultivated area (dekare) in the period 2004–2019 were downloaded from the data portal of the Central Dissemination System of TÜİK at NUTS3 (municipality) level. Yield, expressed in t ha–1, was derived as the ratio between production and cultivated area for the seven municipalities of Duzce, Sakarya and Zonguldak in the Western part of Turkey, and Giresun, Ordu, Samsun and Trabzon in the Eastern part of the country. The choice of the municipalities was driven by their relevance in term of cultivated area, given that they account for 95% of the total average hazelnut area in the considered period.

Basic statistics (mean and standard deviation) were calculated at the municipality level, and a trend analysis (Siegel, 1982) followed by a Mann-Kendall test (Mann, 1945; Kendall, 1975) were performed to identify any linear trends in the series and to assess the significance of the resulting slopes. Similarities in yield trends between municipalities were evaluated using Pearson’s correlation and allowed to cluster municipalities, using complete linkage as clustering criterion and Euclidean distance as the distance metric.

Two indices were used to characterize the occurrence and magnitude of alternate bearing in the yield time series, as proposed by Hoblyn et al. (1937). Occurrence was evaluated using the bienniality index (B), which firstly identifies the sign of variation in annual yields, and then quantifies the percentage of occurrence of the typical on-off pattern (min: 0%—no biennial bearing, max: 100%—perfect alternance). The intensity of fluctuation was computed as:
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where I is the sum of the absolute difference between two consecutive yields (yi–1 and yi) divided by their sum and averaged by the number of data points (n). I = 1 corresponds to maximum alternate bearing with no hazelnut yield in the off year, whereas I = 0 indicates constant yield (no alternate bearing) in the series. The significance of the I value was tested after recalculating I on synthetic yield series, derived by bootstrap resampling with replacement (5,000 samples) of the original data series, and considering the frequency of exceedance of the original I value (Huff, 2001). The higher the frequency, the lower the likelihood of alternate bearing.

A new method has been developed to label annual yields as on/off years. The procedure is based on the computation of a yearly index I∗, derived from I, which considers both the sign and the intensity of the variation in annual yield, and is used to classify each year with respect to the previous one.

[image: image]

A positive value of I∗ indicates an on year and a negative value indicates an off year, provided that the intensity of variation is significant (Eq. 3). Yield variation was considered negligible when its absolute value (| I∗|) was lower than 99.9% of the I values obtained from the permutations of the whole series; under this threshold, indicated as I0.001, biennial bearing does not occur in yield data series, which can in turn be considered flat and constant. Yearly yield data were then labeled as unexpected when they have the same label as the previous year.
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HAZEL Model Calibration and Evaluation

HAzelnut yielD forEcaSt is a process-based simulation model that reproduces the effect of seasonal environmental conditions on the phenological development and growth dynamics of a hazelnut tree (Bregaglio et al., 2016). The simulation run starts at the end of the previous cropping season, set to September 1 in Turkey, when a sequential phenological model starts to be executed with separate chilling (Črepinšek et al., 2012) and degree day accumulation. Chilling hours accumulate when air temperatures are between 0 and 7°C. Female flowers are receptive to pollen in mid-winter and leaf budbreak occurs in the spring. The phenological model of hazelnut vegetative and reproductive phases presented in Bregaglio et al. (2016, 2020) was updated according to the new assessment scale in use by the agronomists, who performed the field observations (Supplementary Table 1.1). Ten phenological phases are modeled for vegetative development, from dormant buds to leaves dropping, whereas reproductive stages are separated for catkins (male flowers) and female inflorescences, from flowering to nuts dropping. Initial leaf area index (LAI) is then assigned according to plant dimensions: plant height and crown size. The light interception model considers the inter- and intra-row distance (Pronk et al., 2003) and uses as input the direct and diffuse light components, which are derived from global solar radiation (Spitters et al., 1986). Plant gross photosynthesis is simulated with a decoupled stomatal conductance (Jarvis, 1976) and carbon assimilation model (Chen et al., 1999). Net assimilation is derived considering the losses due to maintenance and growth respiration of leaves, fruits, stem, branches and fruits (de Vries et al., 1989). The partitioning to tree organs is simulated as dependent on phenological phases, with hazelnut growth starting from the development of the ovary (R10 in Supplementary Table 1.1). At the end of each day, the growth rate of green LAI is computed from specific leaf area and the rate of biomass partitioned to the leaves. Full algorithmic description is provided in Bregaglio et al. (2016). The impact of late frost was simulated according to the algorithm presented in Supplementary Material 2, considering the increasing susceptibility of hazelnut trees from female flowering to ovary enlarging, based on experimental work from Chozinski (1995). The alternate bearing pattern was reproduced by reducing the maximum daily portion of assimilates partitioned to fruits in off years according to a municipality-specific coefficient, corresponding to the average percentage reduction between on and off years, derived from the statistical analysis of official yields (section 2.2).

Model calibration focused first on phenology, using field observations collected in 2018 and 2019 on 22 sites located in the main hazelnut producing municipalities, as reference data (total 289 observations). The thermal thresholds to reach the hazelnut vegetative and reproductive phases were adjusted using a multi-start simplex automatic optimization algorithm, according to Bregaglio et al. (2020), to give a single parameter set representative for the entire Turkish hazelnut region. Then, the most relevant parameters, selected according to the sensitivity analysis of Bregaglio et al. (2020), were calibrated using the same optimization algorithm, separately for Western and Eastern municipalities. Model evaluation was performed using the hold-out method stratified by municipality (7 classes) and alternate bearing (on-off, 2 classes). The original yield dataset was split in two equal parts, one for calibration activities and the other for evaluation of model performance on independent data (Klemes, 1986), making sure that each subset maintains the same proportions of classes as the total dataset (Kohavi, 1995). Parameter values after calibration are presented in Supplementary Material 1.

The daily minimum and maximum air temperature (°C) used as input for the simulations was downloaded from the NASA POWER database, which provides gridded data at 0.5° resolution for the entire globe. We selected 17 grid cells covering the hazelnut growing regions in the seven selected municipalities. Daily global solar radiation (MJ m–2 d–1) as input to HAZEL was estimated from air temperature according to Hargreaves and Samani (1982).



Machine Learning Layer

Besides process-based simulation models, machine learning techniques have opened new perspectives in crop yield prediction. The machine learning layer in HADES relies on RF regression, where many regression trees are grown without pruning, using random bootstrap samples of the input data, and all trees are averaged to come up with the conclusive response. The ranking of the importance of individual predictor variables is computed as the increase of mean squared error (MSE) in the prediction of internally held-out samples, resulting from the permutation of the respective predictor in the model (Breiman, 2001; Liaw and Wiener, 2002). The higher this increase in MSE after permuting the predictor, i.e., after breaking its original relationship with the response variable, the greater its importance. To create the response variable for RF regression, the original TÜİK yield time series data were split into a calibration (75% of the overall data; n = 84) and a validation dataset (25% of the overall data; n = 28) stratified by municipality, so that each municipality appeared exactly four times in the validation set, regardless of the growing season. Each split represents one bootstrap sample. In order to come up with robust metrics of HADES accuracy in predicting official yield, 100 bootstrap samples with replacement were created from the original yield series. Furthermore, to avoid model overfitting and to retrieve more reliable accuracy metrics, leave-one-out cross validation was performed during model training. The final model accuracy, evaluated in terms of relative root-mean-square error (RRMSE), mean absolute error (MAE), coefficient of determination (R2), Nash–Sutcliffe model efficiency (EF) and coefficient of residual mass (CRM), was determined as the median values of the respective metric in model validation over all 100 bootstrap samples. Following the same logic, the final variable importance ranking was assessed as the median value of percentage increase in MSE over all bootstrap samples. In order to evaluate spatial patterns in yield prediction, maps for each growing season showing the percentage error in prediction per municipality were created.

Four different sources of input variables were used as predictors: (i) the three main hazelnut varieties grown in each of the major hazelnut growing municipalities, (ii) the alternate bearing pattern in terms of labels (on/off) for each growing season as derived from the statistical analysis of official yield series (section 2.2), (iii) the yields per municipality in each growing season as predicted by HAZEL (section 2.3) and (iv) agro-meteorological indicators computed according to the phenological development in each municipality and growing season. In order to compute the agro-meteorological indicators at the municipality level, daily weather data from the same 17 NASA POWER grid cells used as input to HAZEL were aggregated. For a subset of 14 phenological phases (R7—R13; V1—V7, Supplementary Material 1) per municipality and growing season, the following predictors were calculated: minimum, average and maximum temperature (°C), total precipitation (mm), relative humidity (%) and maximum wind speed (km h–1). This sums up to a total of 89 predictors (3 main varieties, on/off label, yield predicted by HAZEL, 14 phenological phases × 6 indicators). The yield predictions were simulated at the end of each growing season (August 31), and only weather data before this date were incorporated into the RF model, i.e., no weather forecast was used in the set of predictors. The RF machine learning layer of HADES was developed in the R free statistical software (R Core Team, 2020) using the “caret” package (Kuhn, 2008), which internally relies on the widely used “randomForest” package (Liaw and Wiener, 2002).



RESULTS


Analysis of Official Yields in Turkey by Region and Municipality

The statistical yield analysis performed in the seven main hazelnut growing municipalities is presented in Figure 2.
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FIGURE 2. The plots show yield data in seven Turkish municipalities (red continuous line for Eastern municipalities, blue for Western municipalities) in the period 2004–2019. Unexpected on and off years are marked with a circle. The yield trend is reported as a dashed line. The table shows the statistics of the series: mean yield ([image: image]) and variance (σ2), trend slope, bienniality index (B), alternate bearing intensity (I) and significance.


No significant time trend (p = 0.05) was detected in the official yield time series. The average yield in the period 2004–2019 in the Western municipalities was higher than in the Eastern region, with Sakarya ([image: image] = 1.3 t ha–1) ranked as the municipality with the highest yield, followed by similar values in Duzce ([image: image] = 1.11 t ha–1) and Zonguldak ([image: image] = 1.09 t ha–1). In the Eastern region, Giresun was the municipality with the lowest yield ([image: image] = 0.64 t ha–1), whereas Ordu and Trabzon were characterized by the same average yield ([image: image] = 0.7 t ha–1), and eventually Samsun emerged as the highest yielding municipality ([image: image] = 0.83 t ha–1). Standard deviations were very similar across municipalities, with values ranging from 0.05 t ha–1 in Duzce and Ordu to 0.09 t ha–1 in Samsun.

The characterization of the occurrence of alternate bearing in the series, quantified via the bienniality index (B), highlighted that the majority of annual yield data in all municipalities followed the expected on-off pattern. The percentage of years in which alternate bearing was detected ranged between 71% in Zonguldak and Giresun, to 93% in Duzce and Sakarya. After bootstrap resampling with replacement to quantify the intensity of alternate bearing, the calculation of the I index led to higher values in the Eastern region, ranging from 0.20 in Trabzon to 0.31 in Giresun, where yield variations were the highest. A slightly lower value (0.16), but with higher significance was computed in all the Western municipalities (Supplementary Material 3). According to the procedure developed to highlight anomalies in the yield series (section 2.2), the following years were labeled as unexpected on year: 2006 in Zonguldak in all Eastern municipalities, 2007 in Zonguldak, Sakarya and Ordu, 2008 in Sakarya and Ordu, 2013 in Ordu and 2015 in Duzce. Few cases of unexpected off years were detected in the Western region (2009 in Zonguldak and 2016 in Sakarya), whereas in the Eastern region the years 2010 and 2011 in Giresun and Trabzon, and the year 2014 in Giresun, Trabzon and Samsun were labeled as anomalies.

The correlation and the cluster analyses performed on the official yield series in the seven main hazelnut producing municipalities are graphically presented in Figure 3. The highest positive correlation between yield data series was found between Sakarya and Duzce (Pearson r = 0.82, p < 0.05), followed by Giresun and Trabzon (r = 0.81, p < 0.05). The correlations between Zonguldak yield data and the other municipalities were positive but not significant. High positive correlations (p < 0.05) were also found between the yield data corresponding to the Eastern municipalities, with a decreasing strength from the pair Samsun-Giresun (r = 0.78) to the following ones: Giresun-Ordu (r = 0.77), Samsun-Trabzon (r = 0.75), Samsun-Ordu and Ordu-Trabzon (r = 0.67). The application of the clustering algorithm led to a clear distinction between the Eastern and Western region and was used as the criterion to develop two distinct parameter sets of the HAZEL model. The Euclidean distances computed between the yield data series were 1.06 and 1.59 for the Eastern and Western municipalities, respectively. The Euclidean distance between the entire yield data series was 3.04.
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FIGURE 3. Pearson correlation matrix (on the left) and cluster analysis (on the right) on the yield data in the seven main hazelnut growing municipalities. Non-significant correlation values are reported in gray.




Process-Based Model Calibration and Evaluation

A synthetic overview of HAZEL performance in reproducing phenological development and yield in calibration and evaluation datasets is provided in Table 1.


TABLE 1. HAZEL model performance in reproducing hazelnut phenology, considering catkin development, female flowers/fruits ripening and vegetative phase and yield.

[image: Table 1]The phenological observations collected in 2018 and 2019 growing seasons were reproduced by HAZEL with variable accuracy. The reproductive phases related to female flowers and fruits (112 observations) were simulated with a MAE of 11.1 days (11.9 days in Western and 10.5 days in Eastern regions), with a slight overestimation in the East (CRM = −0.04) and the opposite in the Western region (CRM = 0.09) (Table 1). The MAE committed by the model in simulating catkin development (70 observations) and vegetative phase (87 observations) was larger (15.5 and 15.6 days, respectively), the latter being better reproduced in the Western (8.6 days) than in the Eastern region (21.5 days). Regarding yield simulations, overall model performances in calibration and evaluation were very similar (Table 1), with less than 0.2 t ha–1 of MAE, with overestimation (CRM = −0.11). On average, model accuracy according to the RRMSE was higher in the Western region (less than 24.0% RRMSE in calibration and evaluation) than in the East, where RRMSE in calibration reached 34.5%. EF values ranged between 0.49 and 0.59 in Eastern and Western region, respectively. The correlation between simulated and official yields was always statistically significant at p = 0.01, with overall R2 value higher than 0.65, and ranging between 0.48 and 0.62 in calibration and evaluation when considering the two regions (Table 1).

The simulated dynamics of hazelnut development and yield in the calibration and evaluation datasets are presented in Figure 4, where key phenological phases are reported as compared with field observations in 2018–2019. Simulated and official yield data are presented divided into on and off years, and reporting the associated variability as ± one standard deviation.
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FIGURE 4. Simulated (lines) and observed (points) dynamics of hazelnut phenology, distinctly presented for catkins (cyan), female (blue) and vegetative (dark green) phases. Simulated data refers to the average model outputs in 2004–2019, observed data to the field samplings collected in 2018 and 2019. Simulated dynamics of hazelnut yield are reported for on (red) and off (orange) years, along with official yield data (squares). Shades and horizontal and vertical error bars correspond to ± one standard deviation.


Simulations of key hazelnut phenological phases in 2004–2019 were in line with observations. Average dates of beginning of female flowering in field observations spanned between day of year (DOY) 17 (January 17, East) and 28 (January 28, West), with maximum anticipation of 15 days in the West (Figure 4). The start of the ovary development occurred on average on DOY 96 (April 6) in all municipalities in 2018 and 2019, and model results were close to this date in the West, whereas in the East this phase was simulated on DOY 119 (April 29). Nuts clusters were visible around DOY 144 (May 24) in field samplings and were simulated on average on DOY 137 (May 17). The dates when immature fruits were observed and simulated ranged between DOY 198 and 203 (July 17–22), respectively (Figure 4).

Hazelnut yield dynamics started from ovary enlarging and followed a logistic shape, with inflection point close to immature fruits stage, and then with a smoothed increase until harvest. Average official yields in on years ranged between 0.83 t ha–1 in Giresun and Ordu to 1.06 t ha–1 in Samsun in the Eastern regions, with larger variability in Giresun and Trabzon (sd 0.20 t ha–1). Corresponding average simulated yields were slightly lower than the official ones and ranged between 0.74 t ha–1 in Giresun and 0.85 t ha–1 in Samsun (Figure 4). The associated variability was comparable to official data and followed an increasing gradient from Ordu (0.19 t ha–1) to Giresun (0.22 t ha–1) and Trabzon (0.31 t ha–1). In the Western municipalities, average official yields in on years were higher than in the East and ranged between 1.24 t ha–1 in Zonguldak (sd 0.26 t ha–1) and 1.49 t ha–1 in Sakarya (sd 0.20 t ha–1). The model reproduced the high yield in on years in Sakarya, although with a slight underestimation (1.36 t ha–1, sd 0.16 t ha–1). It also replicated the lowest productivity of Zonguldak (1.12 t ha–1, sd 0.19 t ha–1). Official yields in off years were lower in the Eastern municipalities, comprised between 0.40 t ha–1 in Giresun (sd 0.19 t ha–1), 0.48 t ha–1 in Ordu (sd = 0.13 t ha–1), 0.55 t ha–1 in Trabzon (0.14 t ha–1) and 0.60 t ha–1 Samsun (sd 0.21 t ha–1). Simulations reproduced the same trend, once more with underestimation ranging from the lowest value in Giresun (0.32 t ha–1, sd 0.10 t ha–1) to the highest in Samsun (0.43 t ha–1, sd 0.15 t ha–1). The official and simulated yields were higher in the West, in off years, with Sakarya as the municipality with the highest yield both in the official (average 1.05 t ha–1, sd 0.10 t ha–1) and simulated data (average 0.86 t ha–1, sd = 0.10 t ha–1).



Integration of the Machine Learning Layer

HAzelnut yielD forEcaSt model performance is reported in Table 2, both at the level of the seven main hazelnut growing municipalities and separately for the Western and Eastern regions.


TABLE 2. HADES performance in predicting official yields.

[image: Table 2]While the official TÜİK yields were predicted with a MAE of 0.15 t ha–1 on the level of the main hazelnut growing municipalities, as well as separately for the Western region, the MAE in the Eastern region was slightly lower (0.14 t ha–1). Model performance has proven to be robust with similar MAE values both in leave-one-out cross-validated calibration and in validation. In terms of this metric, model performance improved from HAZEL (Table 1) to HADES (Table 2) for all spatial aggregation levels, both in calibration and validation, with the only exception of the Eastern region in validation, where the MAE value slightly increased (from 0.13 t ha–1 to 0.14 t ha–1). Model accuracy according to the RRMSE was better in the West (16.76%) than in the East (23.4%). When comparing the RRMSE values before (Table 1) and after (Table 2) the incorporation of the machine learning layer, a significant improvement can be observed at all spatial levels and both in calibration and validation. EF was always positive, with the best result on the level of all municipalities (0.73), followed by the Eastern (0.60) and the Western region (0.49). In terms of CRM, HADES was slightly biased toward overestimating official yields in the East (CRM = −0.05 in calibration and −0.04 in validation), whereas the opposite held true in the West (CRM = 0.04 and 0.03, respectively). Consequently, on the level of all municipalities, the HADES yield estimate was unbiased (CRM = 0.00). R2 values for all main hazelnut growing municipalities were 0.72 in calibration and 0.75 in validation, respectively. Considering the two regions separately, values ranged between 0.50 (validation West) and 0.62 (calibration and validation East). Just as EF and CRM, also the R2 values improved from HAZEL to HADES, with the only exception of the Eastern region in validation, where R2 slightly decreased. A detailed graphical comparison of the model performance on the level of the main hazelnut growing municipalities by means of R2 and MAE sampling distributions that resulted from predicting official yields over all 100 bootstrap samples is presented in Supplementary Material 4.

Figure 5 presents the importance of the predictors used in RF regression, determined using the percentage increase of MSE when a respective predictor was randomly permuted.
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FIGURE 5. Median variable importance calculated over all 100 model iterations in terms of mean percentage increase in Mean Square Error (MSE, %).


The yields simulated by HAZEL (section 3.2) emerged as the most important feature, which confirms both that HAZEL’s accuracy in predicting yield is sufficiently high and also that the coupling of a process-based model with a machine learning layer is beneficial to predict official yields. Information obtained in the field, i.e., the three most important hazelnut varieties per municipality, ranked second, underlining the value of ground-based observations in a machine learning-based yield prediction framework. Alternance, which constitutes the outcome of step 1 followed on rank three. Several agro-meteorological variables computed according to the phenological development in each municipality were then ranked from position 4 downward. These remaining features all presented very similar increases in MSE.

Figure 6 depicts a detailed spatial overview of the performance of HADES in predicting official yield in the main hazelnut growing municipalities, considering all growing seasons from 2004–2019. Considering all municipality × growing season combinations, HADES obtained absolute percentage errors in the range of ± 10% in 33% of the cases and in the range of ± 20% in 65% of cases. In the Western region, there were only two cases with prediction errors larger than 40%: in Sakarya in 2004 (Yobs = 1.85 t ha–1, Ypred = 1.27 t ha–1) and in Zonguldak in 2019 (Yobs = 1.75 t ha–1, Ypred = 1.21 t ha–1). Overall, the percentage errors were higher in the Eastern region, especially in seasons with low yields (e.g., 2004, 2014). In 2004, HADES largely overestimated yields in all Eastern municipalities, even though predicted yield was the lowest of all growing seasons (mean Yobs in the East = 0.21 t ha–1, mean Ypred = 0.45 t ha–1). The same holds partially true for 2014, where HADES overestimated yields in Ordu and Giresun, while it underestimated it in Samsun (mean Yobs in the East = 0.48 t ha–1, mean Ypred = 0.52 t ha–1).


[image: image]

FIGURE 6. Median model results in terms of percentage error in predicting official yield per municipality and year. The maps report the comparison between absolute values of official (Yobs) and predicted yield (Ypred).




DISCUSSION


Alternate Bearing Emerged in Hazelnut Yield Series

The subdivision of the Turkish Black Sea coast into an old and a new hazelnut production region is well established in the literature (Islam, 2018). The former covers about 70% of the total hazelnut area and is located in the Eastern Black Sea area, while the latter extends in the Western Black Sea area, comprising the municipalities of Duzce, Sakarya and Zonguldak. However, less information is available on the inter-annual variability of Turkish hazelnut yields, even though it is well known that this tree crop has a marked alternate bearing in most growing environments (e.g., Italy, Roversi and Ughini, 2006; Chile, Ascari et al., 2020; United States, Mehlenbacher et al., 2011). This phenomenon has multiple causes, encompassing biochemical, physiological, genetic and environmental factors (Sharma et al., 2019), and consists of two major multiannual reproductive strategies, leading to heavy fruit load in 1 year, and low fruit load in the following season (Goldschmidt, 2013). Other than providing a quantitative assessment of the yield trends in the main hazelnut producing municipalities through correlation and cluster analyses on official yield data, our study provides the first statistically-based assessment of the frequency and strength of the alternate bearing in Turkish hazelnut yields. This study confirmed that the year-to-year yield fluctuations can be mostly explained by a biennial pattern in the examined period (2004–2019), and that their magnitude strongly differs among hazelnut growing municipalities. The elaboration of a new index to understand the outliers of the expected on-off sequence allowed identifying anomalies in the yield data series: the cause of such outliers requires a dedicated investigation in the future. As a preliminary explanation, it needs to be highlighted that the exceptionally low yield in 2004 and the occurrence of the unexpected off year in 2014 in the Eastern municipalities were probably associated with late frost events which caused serious damage to the yield (Erdogan and Aygun, 2017; An et al., 2020). The cold stress function implemented in the HAZEL model (Supplementary Material 2) allowed capturing these events, as well as the occurrence of cold stress in 2012, which lays the basis for an extended evaluation of the sensitivity of hazelnut trees to cold stresses, based on site-specific weather, phenological and yield data. This would potentially allow the definition of a methodology to be used in operational forecasting activities to identify the frost events triggering exceptional yield decreases.



The Application of a Process-Based Simulation Model at Municipality Level

An underlying assumption of standard crop yield forecasting systems is that a point-based simulation model, originally developed to reproduce crop phenology and growth in a homogenous field (Jones et al., 2017), maintains its validity when executed in a gridded geographical domain, with a distinct set of input data per simulation unit. Here we apply the same rationale using the HAZEL model to simulate hazelnut yield across the main Turkish production regions. Further, we derive information from the statistical analysis of official yields to modulate the simulated growth processes, in order to increase model accuracy. Statistical techniques, such as simple or multiple linear regression, are commonly used in yield prediction systems (Sharif et al., 2017), both as a single method and as complementary tools to post-process the outputs of crop models (Lecerf et al., 2019). We used a long official series of yield data as the basis to infer the average reduction of the partitioning of assimilate to nuts, to allow reproducing the alternate bearing of hazelnut. Such an operation, which could be replaced by an explicit consideration of the carry-over effect on hazelnut growth in consecutive seasons (if such data will become available), demonstrated to be effective in increasing the model’s ability to reproduce the interannual variability of official yields.

The model calibration and evaluation proposed here would surely benefit from the availability of multi-year and multi-site field experimental datasets, in which crop phenological development and yield dynamics are monitored throughout the growing season (Bregaglio et al., 2020). An example of an ideal dataset needed to strengthen the calibration and evaluation of the HAZEL model is provided by Solar and Stampar (2011), who characterized the phenology, growing and yield capacity of 16 hazelnut varieties over 15 years of experiment in Slovenia. The availability of a similar dataset in Turkey would allow increasing the adherence of the model to reality, and in turn the performance of the whole prediction system. For instance, the differences in phenological development and yield potential of the Turkish hazelnut varieties have been not taken into account in the model parameterization. It is well known that the current genotypes have specific phenological traits, but sufficient information on the spatial distribution of the different varieties was not available. Nowadays, about 18 hazelnut cultivars are grown in Turkey (Erdogan, 2018), even though only four round shaped cultivars (Tombul, Palaz, Foşa, and Çakıldak) are the most relevant (Ayfer et al., 1986). Tombul is the most cultivated variety, which is, despite its identification, considered as a cultivar for marketing purposes, since many different clones are sould under the name “Tombul.”

Bostan (2009) investigated the appearance of male and female flowers, ovary growth and fruit formation and bud break in four main Turkish varieties and concluded that the main factors explaining the differences in cluster formation and leaf fall period are related to climatic variability and altitude. Despite the lack of information to develop variety-specific parameter sets, our results indicate that hazelnut phenological observations were reproduced with sufficient accuracy, in line with other modeling studies performed on tree species (Basler, 2016).



Machine Learning Techniques in Crop Yield Forecasting

Crop yield prediction systems relying on process-based simulation models have flourished in the last decades, and were implemented as software frameworks (e.g., Thorp and Bronson, 2013; Shelia et al., 2019) or integrated modeling systems at various degrees of complexity (e.g., GEPIC, Liu et al., 2007; SMILE, Enders et al., 2010). Operational yield prediction systems are currently in use by international organizations, such as the Food and Agriculture Organization of the United Nations (AgroMetShell, Mukhala and Hoefsloot, 2004), and by governmental institutions, such as the European Commission (EU, MARS/BioMA, Donatelli et al., 2012; van der Velde and Nisini, 2019). The implementation of machine learning techniques in traditional crop yield forecasting systems has not yet become a standard, although recent realizations have already been the subject of review papers (Elavarasan et al., 2018; van Klompenburg et al., 2020). HADES embraces this trend and adopts an ensemble-based supervised learning algorithm, RF, in regression mode on top of a process-based modeling layer. RF is one of the most used machine learning techniques in agriculture thanks to its non-parametric nature, high predictive ability, internal evaluation of attributes, robustness to noise, and lack of proneness to overfitting (Rupnik et al., 2019). To date, applications of RF for yield prediction targeted, among others, mango (Fukuda et al., 2013) and switchgrass (Tulbure et al., 2012), whereby Jeong et al. (2016) proved that RF outperformed multiple linear regression for yield prediction of staple food crops at the regional and global level. In our study, other than being essential in improving system performances, RF provided a robust ranking of the predictors, confirming the added value of the process-based model application, whose simulated yields were top-ranked, as well as the relevant contribution of ground information on the targeted hazelnut systems.



Outlook

HAzelnut yielD forEcaSt, as presented here, was executed considering the entire agro-meteorological time series from the start of each growing season until harvest. Such a system cannot be applied in an operational context, where yield predictions need to be available weeks to months before harvest. Future developments of HADES will focus on its accuracy in predicting official yields at defined timesteps prior to harvest, using seasonal or sub-seasonal weather forecast to complement the agro-meteorological time series until the end of the growing season (e.g., Hansen and Indeje, 2004). Furthermore, the cold stress function implemented in HAZEL (Supplementary Material 2), which allows capturing late frost events contributing to yield reduction in Turkey, should also be used as additional predictor in HADES. Also, the HADES implementation would encompass the consideration of other factors reducing the quantity and quality of hazelnut yield in the area, such as fungal diseases (Arciuolo et al., 2020) and viruses (Apple Mosaic Virus, Akbaş and Deǧirmenci, 2009).

Further developments will also employ the use of an ensemble of machine learning algorithms, whose development and applications are booming across disciplines, e.g., medicine (Peng, 2006) and economics (Zhu et al., 2016). This will allow inferring synthetic metrics from the distributions of the ensemble predictions, as recently done with crop models (Wallach et al., 2016), as well as evaluating differences in algorithms performance in specific conditions. The availability of free statistical packages implementing several machine learning algorithms to be run in ensemble mode (e.g., caret, Kuhn, 2008) will facilitate this operation and will be considered in the near future. In parallel to this, Everingham et al. (2016) demonstrated that subsetting the entire set of predictor variables used as input to a machine learning model to consider only the most important predictors as selected through RF variable importance can lead to more accurate yield predictions. This procedure can be extended from a single machine learning model to the entire ensemble of models.

Eventually, the performance of HADES will be tested in other regions of the world, which offers the possibility to assess the flexibility of the proposed system to predict yield in different environments that offer a diverse range of available predictors at different scales.



CONCLUSION

In recent years yield prediction systems for tree crops have started to emerge in the landscape of agricultural modeling. Process-based crop simulation models and machine learning techniques have both been applied to different tree crops. However, so far, these two approaches have been mostly used independently from one another. HADES represents a new frontier in crop yield prediction, where process-based modeling and machine learning techniques are hybridized to enhance system performance. Each component of the system keeps the possibility to be either integrated in a single workflow or used stand-alone, thus fostering its implementation without affecting the whole system, e.g., when new data or models are available. The case study presented here is located in Turkey, the main hazelnut producing country, but HADES is scalable to any region of the world, where sufficient data are available. We deliberately considered a case study that covers a rather vast area, where data availability is relatively limited with several types of information being difficult to obtain due to the large spatial scale. The possibility to transfer the HADES system to any location of interest is promising for multiple stakeholders in the hazelnut sector that urgently needs predictive models applicable to different scales and in different regions.
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Commercial production of hazelnut (Corylus avellana) in Oregon’s Willamette Valley is threatened by eastern filbert blight (EFB), a serious canker disease caused by the pyrenomycete Anisogramma anomala (Peck) E. Müller. The fungus also prevents the establishment of hazelnut orchards in eastern North America. Genetic resistance is considered the most effective way to control the disease. A high level of EFB resistance was first discovered in ’Gasaway’. This resistance is conferred by a dominant allele at a single locus on linkage group 6 (LG6). Resistance from several additional sources has been assigned to the same chromosomal region. In this study, new simple sequence repeat (SSR) markers were developed for the resistance region on LG6 and new sources of resistance were investigated. Forty-two new SSR markers were developed from four contigs in the genome sequence of ‘Jefferson’ hazelnut, characterized, and nine of them were placed on LG6 of the genetic map. Accessions representing 12 new sources of EFB resistance were crossed with susceptible selections resulting in 18 seedling populations. Segregation ratios in the seedling populations fit the expected 1:1 ratio for 10 sources, while one source showed an excess of resistant seedlings and another showed an excess of susceptible seedlings. Based on correlation of disease response and scores of SSR markers in the ‘Gasaway’ resistance region in the seedlings, eight resistance sources were assigned to LG6. Linkage maps were constructed for each progeny using SSR markers. The LG6 resistance sources include two selections (#23 and #26) from the Russian Research Institute of Forestry and Mechanization near Moscow, four selections from southern Russia, one selection (OSU 1185.126) from Crimea, one selection (OSU 533.129) from Michigan, Corylus heterophylla ‘Ogyoo’ from the South Korea, and the interspecific hybrid ’Estrella #1’. These new LG6 resistance sources and SSR markers should be useful in breeding new cultivars, including the pyramiding of resistance genes. For the other four resistance sources (Moscow #37, hybrid selection OSU 401.014, C. americana ‘Winkler’ and C. americana OSU 366.060), SSR marker scores on linkage groups 6, 7 and 2 were not correlated with disease response and merit further investigation.
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INTRODUCTION

Hazelnut is an important tree nut. Cultivars of European hazelnut (Corylus avellana), also known as filbert, are clonally propagated, highly heterozygous, monoecious, dichogamous, wind-pollinated and diploid with 11 pairs of chromosomes (2n = 2x = 22). Traditional propagation is by the rooted suckers that grow around the crown of the plant. Nearly all of the world’s hazelnuts are of the European species, Corylus avellana, which is a member of the family Betulaceae. The European hazelnut is widely distributed in Europe, Turkey and the Caucasus republics, but commercial production is limited to areas near large bodies of water at middle latitudes with moderate temperatures in winter and summer, and high humidity during mid-winter bloom (Mehlenbacher, 1991). These areas include the Black Sea coasts of Turkey and Georgia, areas in Italy and Spain near the Mediterranean Sea, southwestern France near the Bay of Biscay, and the Willamette Valley of Oregon, United States near the Pacific Ocean. Turkey produces 67% of the world crop, followed by Italy, Azerbaijan, and the United States1.

Simple sequence repeat (SSR) markers, also known as microsatellites, are short tandem repeats widely distributed throughout plant genomes. They are the marker type of choice for many studies due to their ease of amplification by the polymerase chain reaction (PCR), high level of polymorphism, experimental reproducibility, ease of sharing among labs, usefulness in many progenies, and transferability among related species (Vieira et al., 2016). The steps in developing SSR markers are identifying the desired type of repeat in nucleotide sequences, designing primers complementary to the regions flanking the SSR, amplification by PCR, separating the PCR products by electrophoresis, and detecting polymorphism among individuals (Mason, 2015). Next Generation Sequencing technology allows rapid and inexpensive SSR marker development from genome and transcriptome sequences (Tang et al., 2008; Hoffman and Nichols, 2011; Vukosavljev et al., 2015; Bhattarai and Mehlenbacher, 2017, 2018; Colburn et al., 2017; Khodaeiaminjan et al., 2018; Taheri et al., 2018). Post-PCR multiplexing of products reduces the cost of allele sizing by capillary electrophoresis. Akın et al. (2016) identified a set of 14 primer pairs for pre-PCR multiplexing, further simplifying and reducing the cost of the procedure. More than 900 polymorphic SSR markers have been developed in C. avellana (Bassil et al., 2005a,b, 2013; Boccacci et al., 2005, 2015; Gürcan and Mehlenbacher, 2010a,b; Gürcan et al., 2010; Bhattarai and Mehlenbacher, 2017, 2018; Colburn et al., 2017; Öztürk et al., 2017; Zhao et al., 2019; Kavas et al., 2020; Hill et al., 2021; Şekerli et al., 2021) of which ∼450 have been placed on the reference linkage map (Mehlenbacher et al., 2006; Mehlenbacher and Bhattarai, 2018).

Eastern filbert blight (EFB), caused by the pyrenomycete Anisogramma anomala, has prevented the establishment of commercial orchards in eastern North America (Thompson et al., 1996; Capik and Molnar, 2012) and is now present throughout the Willamette Valley where 99% of the United States hazelnut crop is produced2. The pathogen is native to eastern North America where it is found on the wild American hazelnut, C. americana, on which it causes only limited damage (Capik and Molnar, 2012). On most C. avellana cultivars, however, it causes large, perennial stem cankers, branch die-back, and eventual tree death after several years. The disease life cycle is now well-understood (Pinkerton et al., 1992, 1995, 1998, 2001; Stone et al., 1992; Johnson et al., 1994, 1996). The fungus is an obligate biotroph with a 2-year life cycle3. Ascospores are released in winter during periods of branch wetness and dispersed by rain and air currents. Hyphae from germinating spores penetrate young growing shoots in the spring, and then spread in the cambium and phloem. Cankers become visible about 15 months after infection. Controlling the disease with scouting, pruning infected branches 30 to 90 cm below the cankers, and fungicide applications is costly and labor-intensive. Alternative disease management strategies are desirable and host genetic resistance is considered the most cost-effective method (Mehlenbacher, 1995). The high level of EFB resistance first discovered in ‘Gasaway’ (Cameron, 1976) was shown to be controlled by a dominant allele at a single locus (Mehlenbacher et al., 1991). Random amplified polymorphic DNA (RAPD) markers linked to resistance were identified (Mehlenbacher et al., 2004) and the resistance locus was placed on the reference linkage map (Mehlenbacher et al., 2006). ‘Gasaway’ resistance has been extensively used in the hazelnut breeding program at Oregon State University (OSU), and several resistant cultivars and pollinizers have been released. Fungal isolates able to overcome ‘Gasaway’ resistance were recently reported in New Jersey (Molnar et al., 2010; Muehlbauer et al., 2018; Dunlevy et al., 2019). There is an urgent need to find new sources of resistance and use them in breeding. Previously studied resistance sources include OSU 408.040 from Minnesota, ‘Culpla’ from Spain, OSU 495.072 from southern Russia, and ‘Crvenje’ and ‘Uebov’ from Serbia. Resistance from all five of these sources was placed on linkage group 6 (LG6) in the ‘Gasaway’ resistance region (Sathuvalli et al., 2012; Colburn et al., 2015; Bhattarai et al., 2017b). On the other hand, resistance in ‘Ratoli’ from Spain, C. americana ‘Rush’ from Pennsylvania and interspecific hybrid ‘Yoder #5’ from Ohio was assigned to a region on LG7 (Sathuvalli et al., 2011a; Bhattarai et al., 2017a). Resistance in selection OSU 759.010 from the Republic of Georgia and Rutgers University selection H3R07P25 from southern Russia was assigned to a region on LG2 (Sathuvalli et al., 2011b; Honig et al., 2019). Additional sources of EFB resistance have been identified, including Moscow #26 (Sathuvalli et al., 2010), C. heterophylla ‘Ogyoo’ (Coyne et al., 1998), and interspecific hybrid ‘Estrella #1’ (Chen et al., 2007), as well as germplasm collected in Russia, Crimea and Poland (Molnar et al., 2007; Capik et al., 2013; Leadbetter et al., 2016). Muehlbauer et al. (2014) characterized a large collection of EFB-resistant selections at Rutgers University.

The goals of this study were to develop and characterize new SSR markers in the resistance region on LG6 and study EFB resistance from 12 new sources.



MATERIALS AND METHODS


Plant Material

For characterization of the new SSR markers, a diversity panel of 50 hazelnut accessions (Table 1) including the parents of the reference mapping population (OSU 252.146 and OSU 414.062) was used. For the investigation of EFB resistance, 18 seedling populations segregating for resistance from 14 resistant parents representing 12 sources were created by crossing susceptible selections with them or an advanced selection carrying the same resistance (Table 2). The pedigrees are shown in Supplementary Material 1. The resistance sources include three selections (#23, #26, and #37) from the Russian Research Institute of Forestry and Mechanization near Moscow, Russia, four selections (H3R04P23, H3R04P28, H3R04P30, and H3R13P40) from Rutgers University that arose from seeds purchased in an outdoor market in the village of Holmskij, near Krasnodar, Russia, and one selection (OSU 1185.126) from seeds purchased near Simferopol, Crimea. The four Rutgers University selections from Holmskij and one OSU selection from Simferopol originated from seeds purchased on a collection trip in 2002 by Thomas Molnar, David Zaurov and Shawn Mehlenbacher. The seed lots were shared by the two institutions (Rutgers University and OSU) and the seed source ID numbers were listed by Molnar et al. (2007). The four Rutgers University selections had been inoculated with the EFB pathogen in greenhouse or field in New Jersey in 2005 and found to be resistant (Molnar et al., 2007; Capik et al., 2013). Additional sources of resistance include OSU 533.129, selected from a lot of open-pollinated seeds received from Cecil Farris in Lansing, Michigan, one cultivar (‘Ogyoo’) of Corylus heterophylla from the South Korea, and interspecific hybrid ’Estrella #1’. OSU 1181.002 carries resistance from ’Ogyoo’. ‘Estrella #1’ from private breeder Cecil Farris is a hybrid of a single accession of C. sutchuenensis (syn. C. heterophylla var. sutchuenensis) obtained from western China as the female parent and C. avellana ‘Holder’ as the pollen parent (Farris, 1974). The three remaining resistance sources investigated are two clones of C. americana (‘Winkler’ and OSU 366.060) and the interspecific hybrid OSU 401.010 that originated from open-pollinated seeds sent from New Carlisle, Ohio by Ken Bauman, a long-time member of the Northern Nut Growers Association. The phenotype of OSU 401.040 indicates that it is a C. americana × C. avellana hybrid. C. americana OSU 366.060, preserved as PI 433984 at the USDA National Clonal Germplasm Repository in Corvallis, OR, was selected from a seed lot received from Mississippi. Four resistant parents (Rutgers University selections H3R04P23 and H3R13P40, OSU 533.129 and ‘Estrella #1’) were each represented by two segregating progenies, and the remaining ten parents were each represented by a single progeny.


TABLE 1. Hazelnut accessions used for characterization of 42 new polymorphic simple sequence repeat (SSR) markers.
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TABLE 2. Segregation for eastern filbert blight response in 18 hazelnut progenies from 14 resistant parents and 12 sources following structure or field inoculation.
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In silico Development of New SSR Markers in the Resistance Region

The genome sequence of ‘Jefferson’ hazelnut (V2), assembled from Pacific Biosciences (PacBio, Menlo Park, CA, United States) sequences and error-corrected using Illumina (San Diego, CA, United States) reads, was used as the reference genome for marker development. Sequences of four types predicted to be near the ‘Gasaway’ EFB resistance locus on LG6 were aligned to the reference genome using the Basic Local Alignment Search Tool (BLAST)4. The sequences were of RAPD markers, SSR markers, Illumina sequences of bacterial artificial chromosomes (BACs), and BAC end sequences. The identified PacBio contigs (Table 3) were investigated for presence of SSRs using the Genome-wide Microsatellite Analyzing Tool (GMATo) (Wang et al., 2013) with minimum numbers of repeats for the di-, tri-, tetra-, penta- and hexa- repeats set at 8, 6, 4, 4 and 3, respectively. Repeat motifs containing only As and Ts were not pursued as experience has shown them to be difficult to score. Samtools (Li et al., 2009) were used to trim the SSR-containing fragments, retaining the repeat motif and 250 bp on either side. One at a time, the SSR-containing fragments from ‘Jefferson’ were used as the reference and aligned in silico with Illumina genome sequences of seven other cultivars (’Barcelona’, ’Ratoli’, ’Tonda Gentile delle Langhe’, ’Tonda di Giffoni’, ’Daviana’, ’Hall’s Giant’, and ’Tombul’) (Rowley et al., 2018). The aligned reads were visualized using Tablet software (Milne et al., 2010), inspected, and classified as “not polymorphic”, “slightly polymorphic”, or “clearly polymorphic”. Only those in the latter category were pursued. Forward and reverse primers (Supplementary Material 3) were designed from the conserved sequences that flanked each selected SSR using Websat (Martins et al., 2009) and Primer3 software (Untergasser et al., 2012) with parameters set at annealing temperature 60°C, a minimum GC content of 50%, and an amplicon size of 90-350 bp to facilitate post-PCR multiplexing of primer products for genotyping. A BLAST search against the NCBI database was used to verify that the sequences had not previously been used for SSR development. DNA of 24 accessions (Table 1) was amplified with each pair of primers in GeneAmp PCR system 9700 thermal cyclers (Applied Biosystems, Foster City, CA, United States) in 96-well plates as follows: denaturation at 95°C for 5 min followed by 40 cycles of 94°C for 40 s, 60°C for 40 s, 72°C for 40 s, extension at 72°C for 7 min, and a final infinite hold at 4°C. Polymorphic SSRs were identified by separating the PCR products for 2.5 h at 90V on 3% w/v agarose gels in TBE buffer. The gels were stained with ethidium bromide and images were recorded under ultraviolet light using a BioDoc-It® Imaging System (UVP, Upland, CA, United States).


TABLE 3. New simple sequence repeat markers developed from three contigs in the ‘Jefferson’ hazelnut genome sequence (V2) and the random amplified polymorphic DNA (RAPD) marker and bacterial artificial chromosome (BAC) sequences used to identify the contigs.
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Characterizing New Polymorphic SSR Marker Loci

Fluorescent forward primers with a label of FAM or HEX (Integrated DNA Technologies, Coralville, IA, United States) were ordered for the SSRs considered “clearly polymorphic” on agarose gels. DNA from 48 hazelnut accessions and the two parents of the reference mapping population (Table 1) was amplified with the fluorescent forward and non-fluorescent reverse primers. An aliquot of 2 μL of the PCR product of each primer pair was diluted with water to make a final volume of 150 μL. An average of six primer pairs was post-PCR multiplexed in a single well. An aliquot of 1.6 μL of the multiplex was submitted to the Core Labs of OSU’s Center for Genome Research and Biocomputing (CGRB) for fragment sizing by capillary electrophoresis on an ABI 3730 (Life Technologies, Carlsbad, CA, United States) with ROX-500 as the size standard. GeneMapper software (Life Technologies) was used for allele size determination followed by manual verification. Characterization of marker loci was carried out using PowerMarker (Liu and Muse, 2005) and Cervus software (Kalinowski et al., 2007). PowerMarker software was used to calculate the number of alleles (n), observed heterozygosity (Ho), expected heterozygosity (He), and polymorphism information content (PIC) for each locus. The frequency of null alleles was calculated with Cervus software (Table 4).


TABLE 4. Characteristics of 42 new simple sequence repeat markers developed from four contigs in the V2 genome sequence of ‘Jefferson’ hazelnut (Corylus avellana).
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Mapping New SSR Markers

To place the new SSR markers on the reference linkage map, the two-way pseudotestcross approach (Grattapaglia and Sederoff, 1994) and all 138 seedlings in the reference mapping population (OSU 252.146 × OSU 414.062) were used. Each allele size was scored as present or absent in each seedling. For analysis with Join Map 4.0 (Van Ooijen, 2006) and the BC1 function, marker present was scored as “h”, marker absent was scored as “a”, and unknown status was scored as “u”. Scores for previously mapped markers and the new markers were combined and grouped at a LOD score of 12. Linkage maps were constructed using the maximum likelihood algorithm and distances shown in Haldane units (cM). “Dummy variables” were created to allow the merger of markers linked in coupling and repulsion.



Disease Inoculation

Two approaches were used for disease inoculation: exposure of potted trees under an inoculation structure and planting seedlings in a field near a heavily diseased orchard. Potted seedlings grown in 5 L pots were inoculated with EFB by placing them under a structure topped with diseased branches in the spring, based on Pinkerton et al. (1993). The structure was located at the OSU Smith Horticulture Research Farm in Corvallis, OR, United States. Sprinklers on top of the structure kept the inoculum branches wet, allowing spores to drip down on the seedling trees shortly after leaf budbreak. The trees were lined out in a nursery row after exposure and scored for disease response 18 months after inoculation and again 12 months later. Rooted layers of check cultivars ‘Ennis’ (highly susceptible), ‘Lewis’ (moderately resistant), and ‘Tonda di Giffoni’ (high quantitative resistance) were grown in pots and included as controls in the inoculation. Structure-inoculated seedlings were observed for the presence of cankers and stromata, and disease severity was rated on a scale of 0 to 5, with a rating of 0 for absence of disease symptoms, 1 for presence of small sunken cankers without any stromata, 2 for presence of small cankers with few stromata, 3 for presence of cankers with mature stromata, 4 for cankers all over the tree but the tree was still alive, and 5 for cankers all over the tree and the top of the tree was dead. For the initial analysis of segregation for disease response following structure exposure, seedlings with an EFB score of 0, 1, and 2 were considered resistant and seedlings with a score of 3, 4, or 5 were considered susceptible. In the second method, seedlings were planted in the field adjacent to a highly diseased orchard. Each seedling was inspected annually in the winter for 4 years (2014-2017) and presence of EFB cankers was noted. EFB-susceptible seedlings in the plot adjacent to the infected orchard, susceptible seedlings in nearby plots and susceptible selections in a replicated trial 200 m to the northwest of the infected orchard were also inspected for EFB. The presence of dwarf seedlings was also noted in the field plot. Field-exposed seedlings were scored as resistant (no cankers with stromata) or susceptible (cankers with stromata). Chi-square tests were used to assess goodness-of-fit to the 1:1 segregation ratio expected for segregation at a single locus and a heterozygous resistant parent. Heterogeneity Chi-square tests were performed when the disease response of seedlings from the same progeny were investigated by structure and field exposure to determine if the data from the two methods could be pooled. Heterogeneity Chi-square tests were also performed when two progenies segregated for resistance from the same parent to determine if the data could be pooled.



DNA Extraction

Leaves were collected from trees growing in the field in two locations in Corvallis, OR [National Clonal Germplasm Repository of the United States Dept. of Agriculture-Agricultural Research Service and OSU’s Smith Horticultural Research Farm]. Young leaves were collected from the 50 accessions in the diversity panel (Table 1). For the progenies segregating for disease response following structure exposure, leaves were collected from seedlings in a nursery row 2 years after exposure and 4 years after the controlled cross had been made. For the progenies exposed in the field, leaves were collected in spring 2016 from progenies 10021, 11025, 11027, 11029, 11032, 11520, 11521, 12028, 12029, and 12032. Genomic DNA was extracted based on Lunde et al. (2000) with no RNAase treatment. A Synergy2 microplate reader and Gen5 software (Biotek Instruments, Winooski, VT, United States) were used to quantify the extracted DNA. The DNA was diluted with TE buffer to a concentration of 20 ng μL–1.



Amplification and Scoring of SSR Markers

Polymerase chain reactions were performed in 10 μl final volumes with a mixture of 20 ng DNA, 1 × Biolase NH4 reaction buffer, 2.5 mM mix dNTP, 2 mM MgCl2, 0.3 μL of each forward and reverse primer (10 μM), and 0.25 units of Biolase DNA polymerase (Bioline USA Inc., Taunton, MA, United States). PCRs were in 96-well plates on GeneAmp PCR System 9700 thermal cyclers (Applied Biosystems, Foster City, CA, United States). The amplification program consisted of an initial denaturation for 5 min at 94°C followed by 40 cycles of 40 s at 94°C, 40 s at the annealing temperature (60 or 62°C), 40 s for elongation at 72°C, and a final extension step of 7 min at 72°C, then an infinite hold at 4°C. After PCR, products were multiplexed by mixing 2 μL from each product and diluted with water to make a final volume of 200 μL. A 1.8 μL aliquot was submitted to the Core Labs of OSU’s Center for Genome Research and Biocomputing (CGRB) for fragment sizing by capillary electrophoresis on an ABI 3730 instrument using ROX-500 as the size standard. Allele sizes were visualized and scored with ABI GeneMapper software (Life Technologies, Carlsbad, CA, United States). If amplification failed or the result was unclear, the PCR amplification and fragment sizing were repeated. Allele sizes at each SSR marker and disease scores for each seedling in each progeny were entered in a spreadsheet.



Correlation of Disease Response and SSR Marker Scores

Three sets of SSR markers, one on LG6, a second set on LG2 and a third set on LG7 near previously mapped resistance loci were used to score the seedlings and their parents. When two progenies were available for the same resistance source, only one progeny was used for the correlation analysis. For 8 progenies (10021, 11025, 11027, 11029, 11032, 11520, 12028, and 12029), the markers were scored in 32 seedlings in the initial correlation analysis, and for the remaining five progenies (14023, 14028, 14029, 14030, and 14036), 46 seedlings were scored for the correlation analysis. In this analysis, the presence of an SSR allele or resistance was scored as 1 and absence or susceptibility was scored as 0. Pearson product-moment correlation coefficients were calculated. Coefficients ≥0.5 were interpreted as indicating linkage of disease response and the marker, while those <0.5 were interpreted as showing independence of disease response and marker scores.



Mapping SSR Marker and Resistance Loci

Join Map 4.0 (Van Ooijen, 2006) and the BC1 function were used to construct maps for each source of resistance using the procedures described earlier for placing the new SSR markers on the reference linkage map. Resistance and presence of a marker allele were scored as “h”, susceptible and marker allele absent were scored as “a”, and unknown status was scored as “u”. Markers were grouped at a LOD score of 12 and linkage maps constructed using the maximum likelihood algorithm. Two progenies were available for each of three resistance sources (H3R04P23, H3R13P40, and OSU 533.129). Separate maps were made for each progeny in these pairs, and then the data merged and a new map constructed for that resistant parent.



Conflicts of Disease Response and Marker Scores

Data were recorded in a spreadsheet, with presence of an SSR allele or disease resistance scored as “1” and absence or susceptibility scored as “0”. Scores for each marker and disease resistance were in separate columns, and the scores for a seedling were in a single row. The columns were then placed in order according to their positions on the reference linkage map. The SSR and disease resistance scores were inspected and individuals showing a conflict between disease score and adjacent SSR marker scores were identified. Disease scores for these seedlings were reentered as “u” for unknown, and new maps were created.



RESULTS


Identification, Characterization, and Mapping of New SSRs

Alignment of the sequences of mapped SSR and RAPD markers, BAC end sequences, and Illumina sequences of BACs with the V2 reference ‘Jefferson’ genome identified four contigs (95F, 56F, 42F, and 77F) as being in the ‘Gasaway’ resistance region on LG6 (Table 3). A search of these four contigs for SSRs identified 896 di-, 187 tri-, 206 tetra-, 70 penta-, and 282 hexa-nucleotide repeats, with di-nucleotide repeats more abundant that the longer motifs. Removal of the repeats that contained only As and Ts reduced the number of unique fragments to 451. When the Illumina genome sequence reads of the 7 other cultivars were aligned with the trimmed ‘Jefferson’ fragments using Tablet software, 116 were identified as clearly polymorphic with variation in number of repeats but conserved flanking sequences. The alignments showed that the di-nucleotide repeats were more polymorphic than the tri-, tetra-, penta- and hexa-nucleotide repeats. After PCR amplification of 24 accessions and electrophoresis on 3% agarose gels, 60 of the 116 were scored as clearly polymorphic. A BLAST search against the NCBI database confirmed that all of the markers were different from previously developed SSR markers. Following amplification using fluorescent forward primers, allele sizes were scored in the 50 hazelnut accessions. Of the 60 markers scored as clearly polymorphic on agarose gels, 42 were easy to score while 18 were difficult to score and not pursued further. These 42 markers were characterized using 50 hazelnut accessions (Table 4). The number of alleles per locus ranged from 5 to 19 with an average of 10.7. The mean values for Ho, He and PIC were 0.74, 0.78, and 0.76, respectively. The frequency of null alleles at the 42 SSR markers averaged 0.049 and showed a range from −0.121 to 0.473. A null allele is defined as any allele that consistently fails to amplify due to primer template mismatch. The frequency of null alleles exceeded 0.20 at 8 markers (GK1.09, GK1.10, GK1.45, GK1.46, GK6.76, GK6.83, GK6.84, and GK6.97). Of the 42 markers, 20 segregated in the mapping population and were placed on the reference linkage map (Figures 1, 2). The map locations of the remaining markers were deduced based on the V2 contig from which they were developed and their coordinates in the V3 ‘Jefferson’ genome (Supplementary Material 3). Of the 20 mapped markers, nine were placed on LG1 and 11 were placed on LG6. Of the nine markers on LG1, six (GK1.05, GK1.30, GK1.40, GK1.41, GK1.44, and GK1.45) were placed on the maps of both the female and male parents and three markers (GK1.12, GK1.10, GK1.20) were placed only on the map of the female parent (Figure 1). Of the 11 markers on LG6, seven (GK6.61, GK6.63, GK6.81, GK6.89, GK6.90, GK6.92, and GK6.94) were placed on the maps of both the female and male parents, while one (LG6.84) was placed only on the map of the female parent and three (GK6.77, GK6.80, and GK6.91) were placed only on the map of the male parent (Figure 2). All of the markers assigned to LG1 were developed from contigs 56F and 42F, which had been identified using sequences of BACs 53B4 and 78A4 in the physical map of the eastern filbert blight resistance region (Sathuvalli et al., 2017). None of the markers developed from contigs 56F and 42F were placed on LG 6.
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FIGURE 1. Maps of linkage group 1 (LG1) of female parent OSU 252.146 (left) and resistant parent OSU 414.062 (right) in the reference mapping population for hazelnut (Corylus avellana) with new simple sequence repeat markers indicated by *. Units are centimorgans (cM).
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FIGURE 2. Maps of linkage group 6 (LG6) of female parent OSU 252.146 (left) and resistant parent OSU 414.062 (right) in the reference mapping population for hazelnut (Corylus avellana) with new simple sequence repeat markers indicated by *. Units are centimorgans (cM).




Segregation for EFB Resistance and Linkage Group Assignment

Segregation for disease response was studied in 18 progenies representing 14 resistant parents and 12 resistance sources (Table 2). Of the 14 parents, 12 fit the 1:1 ratio expected when resistance is dominant and under the control of a single locus. The two progenies segregating for resistance from Farris OSU 533.029 had an excess of resistant seedlings, and the heterogeneity Chi-square values indicated it was appropriate to pool the data. A single progeny segregating for resistance from ‘Moscow #37’ had an excess of susceptible seedlings. The field-grown progenies segregating for resistance from ‘Estrella #1’ included several very weak seedlings with no disease, 9 in progeny 11520 and 17 in progeny 11521, of which 7 and 4, respectively, died before DNA could be extracted. After the very week seedlings were removed, the Estrella #1 progenies in the EFB nursery and field fit the expected 1:1 ratio. In six progenies, some seedlings were structure-inoculated and others were field-inoculated; in all cases the heterogeneity chi-square indicated it was appropriate to pool the results of the two inoculation methods. For the RUS-13 (Holmskij) source, heterogeneity Chi-square values indicated that it was appropriate to pool the data of the two progenies of H3R04P23, and also to pool all four progenies with RUS-13 resistance.

Correlation coefficients for disease reaction and marker scores are presented with markers grouped by LG (Tables 5, 6). In 10 progenies, disease response was highly correlated (r > 0.70) with allele scores for markers on LG6, and thus EFB resistance was assigned to LG6 (Table 5). In progeny 12032, which segregated for resistance from Moscow #37, there was a surplus of susceptible seedlings. In progeny 11027 segregating for resistance from C. americana ’Winkler’, progeny 11032 segregating for resistance from C. americana OSU 366.060, and progeny 11029 segregating for resistance from Bauman hybrid OSU 401.014, the data fit the expected 1:1 ratio. In these four progenies, several markers on LG6, LG2, and LG7 were tested but disease response was not correlated with any marker allele scores, and EFB resistance could not be assigned to LG6, LG2, or LG7 (Table 6).


TABLE 5. Correlation coefficients for disease and simple sequence repeat marker scores in ten hazelnut progenies segregating for resistance to eastern filbert blight.
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TABLE 6. Correlation coefficients for disease and simple sequence repeat marker scores in four hazelnut progenies segregating for resistance to eastern filbert blight.
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Mapping EFB Resistance From Eight Sources

Previously mapped and new SSR markers were used for construction of linkage maps for the eight EFB resistance sources on LG6. The initial maps were based on the marker and disease response scores recorded in a spreadsheet. Inspection identified very few conflicts between the score for disease response and for presence of adjacent SSR markers. A second version of the map was created after rescoring questionable disease scores as “unknown.”

The map for progeny 12028 (Figure 3A, n = 78), which segregates for resistance from Moscow #23, was drawn with six markers, and shows resistance co-segregating with LG648 and flanked by markers GK6.63 and LG682 at distances of 1.3 cM and 2.0 cM, respectively. The map for progeny 12029 (Figure 3B, n = 65), which segregates for resistance from Moscow #26, has 6 markers and spans 13.9 cM with the resistance locus at the end and markers LG687 and GB310 placed 1.9 and 3.6 cM away. Three selections (H3R04P23, H3R04P28 and H3R04P30) were selected from seed lot RUS-13 from Holmskij, Russia. H3R04P23 is a parent of progenies 14027 and 14028. Initially a separate map was drawn for each progeny, and then a single map (Figure 3C, n = 111) was drawn for the merged data. Resistant selections H3R04P28 and H3R04P30 are the parents of progenies 14029 and 14030, respectively, and the maps are presented (Figure 3D, n = 61; Figure 3E, n = 53). In the two progenies segregating for resistance from H3R13P40, selected from seed lot RUS-9, also from Holmskij, Russia, resistance co-segregated with seven markers and was flanked by markers A614 and KG821 at distances of 4.4 and 2.9 cM, respectively (Figure 3F, n = 78). The map for progeny 11025, which segregates for resistance from OSU 1185.126 (selected from a seed lot from Crimea), was drawn with nine markers. The map (Figure 3G, n = 95) spans 10.1 cM with LG648 co-segregating with resistance and flanking markers on both sides.
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FIGURE 3. Maps of linkage group 6 (LG6) in hazelnut populations segregating for eastern filbert blight resistance from ten parents. (A) progeny 12028 for resistance from Moscow #23, (B) progeny 12029 for resistance from Moscow #26, (C) two progenies for resistance from H3R04P23 (RUS-13, Holmskij, Russia), (D) progeny 14029 for resistance from H3R04P28 (RUS-13), (E) progeny 14030 for resistance from H3R04P30 (RUS-13), (F) progeny 14036 for resistance from H3R04P30 (RUS-9, Holmskij, Russia), (G) progeny 11025 for resistance from OSU 1185.126 (RUS-26, Simferopol, Crimea), (H) two progenies for resistance from Farris OSU 533.029, (I) progeny 10021 for resistance from C. heterophylla ’Ogyoo’, and (J) progeny 11520 for resistance from ’Estrella #1’.


The two progenies (14023 and 14024) segregating for resistance from Farris OSU 533.029 showed a surplus of seedlings scored as resistant (Table 2), although in progeny 14023 the correlation coefficients with markers on LG6 were > 0.62. Alignment of disease and LG6 marker scores in progeny 14023 indicated that 10 of the 54 seedlings were likely “escapes”. In progeny 14024, 9 of the 56 seedlings appear to be “escapes” and two seedlings with intermediate disease ratings of 3 had marker alleles indicating resistance. The disease scores in these seedlings were recoded as “u” and the maps redrawn. After recoding the disease response in these 22 seedlings, a map was drawn from the merged data of the two progenies. This map (Figure 3H, n = 110) shows resistance from Farris OSU 533.029 in the middle, with four markers on one side and eight on the other side. After the disease responses of the seedlings were reassessed based on marker scores, a total of 19 escapes were reclassified as susceptible and three seedlings with small cankers but markers for resistance were reclassified as resistant. In contrast to the original segregation ratios (Table 2), the revised ratio of resistant to susceptible seedlings is 28:26 in progeny 14023, 33:23 in progeny 14024, and 61:49 overall, with all of these ratios fitting the expected 1:1 ratio. We conclude that resistance from Farris OSU 533.029 is conferred by a dominant allele at a single locus on LG6 but that several seedlings escaped infection in this structure inoculation.

The map for progeny 10021 (Figure 3I, n = 88), which segregates for resistance from C. heterophylla ’Ogyoo’, includes 15 SSR markers and spans 5.8 cM. Five markers co-segregate with resistance, and additional markers flank the resistance locus on both sides. Progenies 11520 and 11521 segregated for resistance from ‘Estrella #1’ and segregation ratios from structure exposure showed good fit to the 1:1 expected ratio. In the field, dwarf seedlings were noted in both progenies. In progeny 11520, seven weak seedlings died when they were very young, two others were severely stunted, and 53 were of normal size. In progeny 11521, four weak seedlings died when they were very young, 13 others were dwarfs, and 45 were of normal size. After removal of these weak seedlings, the segregation ratios in both progenies fit the1:1 expected ratio. Furthermore, the homogeneity chi-square values indicated that it was appropriate to pool the data for progenies 11520 and 11521 in both structure and field exposure, and all fit the 1:1 expected ratio. The map for progeny 11520 (Figure 3J, n = 88) includes 14 SSR markers and spans 20.6 cM, with marker GK6.81 co-segregating with resistance, LG688 and LG682 on one side and LG610 and GB917 on the other side. Inspection of marker scores revealed the same segregation seen for resistance, with a slight deficiency of SSR alleles linked to resistance in the seedlings.

In the progenies investigated by field exposure, a total of nine individuals were recorded as a resistant while the SSR data indicated susceptibility, and it is likely that these seedlings escaped infection from A. anomala by chance. An additional four seedlings were scored as susceptible but their SSR data indicated resistance. As noted earlier, disease scores for these seedlings were recoded as “unknown” before the final maps were drawn.



DISCUSSION

The ‘Jefferson’ genome sequence (V2) allowed efficient development of new SSR markers. The V2 sequence (Snelling et al., 2018) was from Pacific Biosciences reads, for which the V1 Illumina sequences (Rowley et al., 2018) were used for error correction. SSRs continue to be widely used in plant genetics. Polymorphic SSRs often segregate in many different progenies, map to a single point in the genome, and serve as anchor loci for the alignment of multiple linkage maps. In this study, 42 new polymorphic SSR markers were developed from four contigs in the ‘Jefferson’ genome sequence (V2), and 19 were placed on the reference linkage map. Markers developed from contigs 95F and 77F mapped to LG6 as expected, but markers developed from contigs 56F and 42F mapped to LG1. This was unexpected, as the physical map of the EFB resistance region in ‘Jefferson’ (Sathuvalli et al., 2017) include the BACs 53B4 and 78A4, which in this study identified contigs 42F and 56F, respectively. It is likely that these two BACs were false positives in the BAC library screening. Unexpected LG assignments were also reported by Sathuvalli and Mehlenbacher (2013), including SSR markers LG612 and LG613 developed from BAC 38N24, which mapped to LG1. Additional false positives in their study were LG605 developed from BAC 62A9, which mapped to LG4, and LG655 and LG657 from BAC 65G23, which mapped to LG5. SSR markers developed for hazelnut are transferable across Corylus species (Bassil et al., 2005a, 2013, Boccacci et al., 2005) and even the related genera Betula and Alnus in the family Betulaceae (Gürcan and Mehlenbacher, 2010b). Future research, including saturation of the LG6 map with single nucleotide polymorphism markers, and alignment of these markers and BAC end sequences with the V3 ‘Jefferson’ genome sequence will allow rapid identification of genes of interest. The V3 ‘Jefferson’ genome sequence is from PacBio sequencing plus Hi-C proximity ligation (Dovetail Genomics, Scotts Valley, CA, United States) and consists of 11 scaffolds that represent the haploid number of hazelnut.

Segregation for response to EFB inoculation was studied in 18 progenies from 14 resistant parents representing 12 resistance sources (Table 2) of diverse origins. Seven sources are of Russian origin (Moscow #23, Moscow #26, Moscow #37, and four selections from seeds purchased in Holmskij), one (OSU 1185.126) originated from seeds purchased near Simferopol, Crimea, one (OSU 533.029) is from a seed lot received from Michigan, United States, and two are hybrids with other Corylus species. ‘Ogyoo’ (HF13) was selected from wild C. heterophylla in the South Korea. ’Estrella #1’, an interspecific hybrid from C. sutchuenensis × C. avellana ‘Holder’ (Farris, 1974), showed complete resistance to EFB after greenhouse inoculation (Chen et al., 2007) and 6 years of exposure in a field planting with high disease pressure (Capik and Molnar, 2012). Farris (1974) grew out several dozen seedlings from the cross and they appeared to be true hybrids based on morphology, but some were dwarf and stunted while others were vigorous and healthy. He selected the five best plants and named them Estrella hybrids #1 to #5. The observation of weak seedlings in the offspring of ‘Estrella #1’ in this study is consistent with the breeder’s notes for the original cross. ‘Estrella #1’ yields well and produces medium-size nuts with a slightly long shape but is male-sterile. The phenotype of Bauman selection OSU 401.014 indicates that it is a hybrid of C. americana × C. avellana, which would not be surprising as the hazelnut collections of many members of the Northern Nut Growers Association include both parent species and interspecific hybrids. In progenies segregating for resistance from 12 of these 14 sources, the segregation ratio for disease response fit the 1:1 ratio expected for control by single loci at which the dominant alleles confer resistance, and the resistant parent is heterozygous. The two progenies segregating for resistance from Farris OSU 533.029 had an excess of seedlings lacking disease and SSR markers indicated that a high number of seedlings had escaped infection. When these escapes were reclassified, the segregation ratios fit the expected 1:1 ratio. The one progeny segregating for resistance from ‘Moscow #37’ had an excess of susceptible seedlings. An excess of susceptible seedlings was reported in previous EFB resistance studies in hazelnut (Colburn et al., 2015; Bhattarai et al., 2017b). Lunde et al. (2006) noted an excess of resistant seedlings in the offspring of ’Zimmerman’, and that even when SSR markers indicate that the resistance gene is present, small cankers occasionally develop. Correlation with scores for alleles at mapped SSR markers allowed resistance from ten sources to be assigned to LG6 in the same region as ‘Gasaway’ resistance, and linkage maps were constructed and compared using common SSR markers. Disease response in progenies segregating for the remaining four resistance sources (Moscow #37, C. americana ‘Winkler’ and OSU 366.060, and Bauman hybrid OSU 401.014) was not correlated with scores for markers on LG6 or LG7 or LG2. The resistance from these sources might be due to a major gene on one of the other 8 LGs, and will be investigated further. Resistance on different linkage groups will be especially useful for R-gene pyramiding.

Most resistance genes follow the gene-for-gene hypothesis (Flor, 1956), which states that for every resistance gene in the plant, there is a corresponding Avr gene in the pathogen that confers avirulence. The host’s resistance gene allows it to detect and defend against the invader. Of the categories of resistance genes, those with a nucleotide binding site and leucine rich repeat (NBS-LRR) are most common, are associated with resistance to several plant pathogens, and are the targets of many investigations (Hulbert et al., 2001; Morata and Puigdomènech, 2017). Most NBS-LRR genes are physically clustered in plant genomes (Meyers et al., 2003; Zhou et al., 2004), possibly the result of duplication or amplification of the gene families. ‘Jefferson’ carries resistance inherited from ‘Gasaway’ and is heterozygous at a resistance locus on LG6. Sathuvalli et al. (2017) performed fine mapping of the region and suggested candidates for the EFB resistance gene. Further research is needed to determine if the ten new sources of resistance on LG6 investigated in this study are the same gene as ‘Gasaway’ or different genes.

Several studies have described the pyramiding of major genes for disease resistance as an approach for more durable resistance (Joshi and Nayak, 2010; Zhu et al., 2012), a strategy that would be facilitated by molecular markers tightly linked to the different resistance alleles (Mundt, 2018). The new SSR markers developed in this study and placed on LG6 near the ‘Gasaway’ resistance locus will be useful in marker-assisted selection and cultivar fingerprinting. Of these, the most promising from contig 77F are KG6.63 and GK6.61 and from contig 95F are GK6.81 and GK6.92 as they have high PIC values, few null alleles, and are easy to score. As breeder-friendly markers, they are alternatives to the RAPD markers 152-800 and 268-580 currently used for MAS. All of the new sources of resistance to A. anomala investigated in this study are promising for use in breeding. Eight sources were assigned to LG6, for which the newly developed SSR markers will aid the pyramiding of resistance genes. Four additional sources are also useful for breeding but their resistance has not yet been mapped.
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Hazelnut is a traditional crop in northern Spain, where it grows wild as well as being cultivated. A field collection of 41 local and 17 non-local accessions, including 15 well-known cultivars, was established at SERIDA in Villaviciosa, Spain. Here, phenotypic variation was documented for phenological and morphological traits and chemical composition. A large degree of variation for most morphological and phenological traits, except nut maturity date, was revealed. Estimates of broad-sense heritability were high (>0.75) for most of the assessed characters, except for the first male bloom date (0.65), male and female flowering periods (0.40, 0.31), kernel weight (0.69), and kernel percentage (0.33). Local accessions produced smaller nuts and kernels than well-known cultivars but with higher kernel percentage. Limited overlapping between the male and female flowering periods (dychogamy) was observed, except for ‘Forcinas 1’, ‘Forcinas 2’, and ‘Morell’. The local accessions generally exhibited significantly later male and female flowering compared with the reference cultivars. The local materials showed similar nutritional values to those reported previously for hazelnut. Moreover, the local accessions presented average values similar to the non-local accessions for total fat, ash and carbohydrate contents, as well as energy value, but their protein contents were lower. Their oils were rich in functional compounds, such as unsaturated fatty acids (average: 90.1%), tocopherols (514 mg/kg) and squalene (294.3 mg/kg). A hierarchical clustering on principal components analysis grouped the accessions and differentiated eight local accessions from the rest, including the landrace ‘Casina’. This finding provides potential new cultivars, as well as sources of desirable traits, for European hazelnut breeding programs.

Keywords: field collection, local diversity, phenotyping, oil composition, Corylus avellana L.


INTRODUCTION

European hazelnut (Corylus avellana L.) is an important crop worldwide among the cultivated tree nut species. The crop has increased and spread in recent years (FAOSTAT, 2020). Hazelnut kernels are directly consumed fresh or roasted, although most of the product is used by industries, such as the confectionary industry. Hazelnut kernels are mainly known for their high oil content (∼60%), which includes high concentrations of oleic, linoleic and palmitic acids (Serra and Ventura, 1993; Köksal et al., 2006; Müller et al., 2020). Additionally, hazelnut kernels contain appreciable amounts of other macronutrients, such as proteins (∼17%), and micronutrients, such as vitamins B and E, with tocophenol as the most abundant form (Savage and McNeil, 1998; Köksal et al., 2006; Müller et al., 2020). Proteins from hazelnut are rich in essential amino acids, such as arginine and leucine, and non-essential amino acids, such as glutamic and aspartic acids (Köksal et al., 2006). Significant amounts of K, Mn, Ca, and Mg are also found in kernels. Thus, hazelnut is considered a functional food because its consumption is associated with several human health benefits owing to the high concentrations of bioactive compounds, including sterols, tocopherols, phenolic acids and flavonols (Pelvan et al., 2017). In fact, hazelnut consumption has been linked to the prevention of cardiovascular diseases (Orem et al., 2013).

Hazelnut cultivars, whether from breeding programs or local selection, are clonally propagated by layering the suckers. Plant and nut characteristics are criteria in the selection of cultivars when designing orchards. Among these characteristics, phenological traits are of great importance. Hazelnut is a wind-pollinated and monoecious species that has a sporophytic incompatibility system controlled by a single locus with multiple alleles (Mehlenbacher, 1997). Owing to this pollination system, flowering period and genetic compatibility must be taken into consideration when planning orchards (Germain and Sarraquigne, 2004). Nut phenotypes vary among cultivars, and these traits are highly dependent on the genotypes (Bioversity FAO and CIHEAM, 2008; Yao and Mehlenbacher, 2008). Nut phenotypes are also correlated with the fresh or processed uses, because specific characteristics such as kernel shape and size, kernel percentage, flavor, ease of pellicle removal after kernel roasting, hardness, storage life and nut shell color, are valued (Botta et al., 2019).

Hazelnut is a traditional crop in northern Spain where it also grows in wild forms. Cultivated forms are found in small orchards, gardens and hedgerows, while wild forms are found along stream banks or forming small woods in isolated areas. In the past, the hazelnut was an important crop in Asturias, as reported by Fray Toribio de Santo Tomas (1711–1714) (López et al., 2012). In the mid-twentieth century, Álvarez-Requejo (1965) described the landraces ‘Casina’, ‘Quiros’, ‘Espinaredo’ and ‘Amandi’. However, by the end of the twentieth century, hazelnut cultivation had decreased and the local harvest was only consumed by the owners or sold in local markets. To study and preserve the local genetic diversity, local germplasms was investigated in Asturias (northern Spain) over three consecutive years (2003–2005). The local materials formed a specific germplasm group within C. avellana, in which germplasm groups from northeast Spain, southern Italy and the Black Sea region had been previously reported (Boccacci et al., 2013). A genetic diversity analysis using ISSR and SSR markers revealed that the collected local materials were strongly related, constituting a group different from the genotypes grown in northeast Spain and Italy. The local materials also included intermediate forms that were probably derived from crosses between cultivated and wild materials (Ferreira et al., 2010; Campa et al., 2011).

The in situ characterization showed that the local materials had phenotypically diverse tree and fruit characteristics (Ferreira et al., 2010). However, morphological and phenological descriptors can be modified by environment; therefore, an accurate morphological characterization requires the evaluation of materials in the same environment over several years. This detailed evaluation of local germplasms can reveal new genotypes specifically adapted to local growing conditions. A field collection with 41 local and 17 non-local accessions was established in SERIDA to preserve and study the local genetic diversity of hazelnut. This work describes the observed phenotypic variations in phenological and fruit morphological characteristics, as well as the chemical composition, among hazelnuts maintained in this collection.



MATERIALS AND METHODS


Plant Material

In all, 58 accessions maintained in the SERIDA collection (Villaviciosa, Asturias, Spain; 43°28′31″N–5°25′7″W) were characterized in this work. The field collection had two trees (clones) per accession (8–10 years old). The material included 37 accessions derived from the local germplasm studies carried out during 2003–2005 and, four accessions derived from the work of Álvarez Requejo (1965), ‘Amandi’, ‘Casina’, ‘Espinaredo’ and ‘Quiros’ (all them considered as local accessions). Fifteen well-known cultivars, representing a wide phenotypic diversity, were also studied: ‘Butler’, ‘Camponica’, ‘Daviana’, ‘Ennis’, ‘Gironell’, ‘Grande’, ‘Kalinkara’, ‘Morell’, ‘Mortarella’, ‘Negret’, ‘Riancho’, ‘Royal’, ‘Segorbe’, ‘Tombul’, and ‘Tonda di Giffoni’. In addition, the accessions ‘Araujo’ and ‘Avellanosa’ collected in Spain were included too. These 17 accessions were considered as non-local accessions. All accessions were obtained by vegetative propagation (rooted sucker) from the original tree.



Phenotyping

The morpho-agronomic characterization included eight phenological descriptors and nine kernel and nut descriptors (Table 1). The descriptions of these characteristics were based on a list of standardized hazelnut descriptors (Bioversity FAO and CIHEAM, 2008). To record the phenological characteristics, the field collection was visited between December 1 and August 30 over three consecutive years (2017, 2018 and 2019). Phenological data were taken from two trees of each accession (clones). Supplementary Figure 1 shows the climatic condition recorded during the 3 years. To record the morphological traits of kernel and nuts, 70–100 hazelnuts per tree were manually harvested and placed in the shade until characterized.


TABLE 1. List and description of the 17 characters considered in the morpho-agronomic characterization of the 58 hazelnut accessions and cultivars.
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The broad-sense heritability (H2) for each trait was estimated using the repeatability function of the ‘heritability’ package in R software (Kruijer et al., 2015). H2 was estimated at the genotypic level in accordance with the equation Vg/(Vg + Ve/r), where Vg = [MS(G)–MS(E)]/r, Ve = MS(E), r represents the number of replicates per genotype, MS(G) represents the mean sum of squares for genotype and MS(E) represents the mean sum of squares for residual error obtained from the analysis of variance.



Chemical Analyses

The nut samples were manually cracked and 50 g of kernels were finely milled in a Pulverisette 14 mill (Fritsch, Idar-Oberstein, Germany) with a 1.0-mm sieve. Analyses were performed on 47 hazelnuts cultivars and selections harvested in 2019.


Proximate Composition

Moisture was determined by drying at 105°C, ash by incineration at 550°C, crude protein by Kjeldahl method and total fat by Shoxlet method according to AOAC methods (Horwitz, 2005). Total carbohydrate and energy were indirectly calculated in accordance with FAO (2003). Total carbohydrate (%) was estimated using the difference method as follows:

Total carbohydrate (%) = 100 − (% protein + % fat + % water + % ash), and the energy content was calculated as follows:

Energy (kcal/100 g) = 4 × (crude protein g) + 4 × (carbohydrate g) + 9 × (crude fat g).



Oil Analysis

Oils were obtained from milled hazelnuts (10 g) by extraction with petroleum ether (b.p. 40–60°C) in a Soxhlet apparatus. The oils were stored at 4°C under nitrogen for further analyses.

Fatty acids were analyzed by gas chromatography (GC) after conversion into their corresponding methyl esters using a cold methanolic solution of potassium hydroxide in accordance with the International Olive Oil Council, (2001). Hundred microgram of sample was dissolved in 3 mL hexane and mixed vigorously for 45 s with a 0.5 mL methanolic solution. After 30 min, the hexane phase was recovered and analyzed by GC in an Agilent 7,980 chromatograph equipped with an MSD 5975C (Palo Alto, CA, United States) and a J&W CP 7420 FAME column (100 m × 250 μm and 0.25-μm i.d). Oven conditions were as follows: 180°C (10 min) rising to 200°C (25 min) at a rate of 1°C/min and rising to 240°C (10 min) at a rate of 15°C/min. Analysis were carried out in split mode (1/100) and the carrier gas flow (He) was set at 1 mL/min. All analyses were carried out in duplicate.

Squalene was analyzed by GC following the method described by Lanzón et al. (1995). Briefly, 200 mg of oil were dissolved in 5 mL hexane, mixed with 1 mL of a squalene solution (1 mg/mL, internal standard) and 1 mL of methanolic solution of potassium hydroxide (2 N) and then shaken vigorously for 1 min. After 10 min, the organic phase was washed twice with ethanol:water (50:50), and 1 μL was analyzed by GC in the same equipment described above with a HP-5MS column (30 m × 250 μm and 0.25-μm i.d.). Oven conditions were as follows: 250°C (15 min) rising to 300°C (10 min) at a rate of 20°C/min. The analyses were carried out in split mode (1/10), and the carrier gas flow was set at 1 mL/min. All the analyses were carried out in duplicate.

Tocopherol isomers were determined by high performance liquid chromatography (HPLC) with fluorescence detection at an excitation wavelength of 298 nm and an emission wavelength of 345 nm following Rodríguez Madrera and Suárez Valles (2018). Aliquots of oil samples (100 mg) were dissolved in 2 mL of isopropanol and filtered through 0.22 μm PVDF membranes (Teknokroma, Barcelona, Spain) prior to injection into the HPLC system. The HPLC analyses were performed on a Waters system (Waters Corporation, Mildford, MA, United States), equipped with a 717 automatic and programmable temperature injector at 12°C, a M510 pump, a column oven (23°C) and a 2,475 fluorescence detector. The separation of tocopherols was carried out on a Fluophase PFP column (250 × 4 mm, 5 μm) from Thermo-Fisher Scientific (Waltham, MA, United States), in isocratic mode using methanol:water (90:10) as the mobile phase at a flow rate of 1 mL/min and an injection volume of 10 μL. Quantitation was performed using the external standard method. All the analyses were carried out in duplicate.



Statistical Analyses

Statistical analyses were carried out using R software (R Core Team, 2020). Mean values were adjusted by identifying outliers using the coefficient of variation [CV = (standard deviation/mean)∗100]. A coefficient of variation higher than 25% was not accepted, and the outliers were removed prior to the statistical analysis. Pearson’s correlation coefficients among the traits were determined using the package corrplot (Wei and Simko, 2017). Student’s t-tests were used for the identification of significant differences between the local and non-local accessions. A hierarchical clustering on principal components (HPCP) analysis was conducted to identify the main clusters and to visualize the data structure. The HPCP was conducted in R software using the packages ggplot2 (Wickham, 2016), FactoMineR and FactoExtra (Lê et al., 2008). Significant differences between the identified clusters were investigated by Tukey tests for each character evaluated.



RESULTS


Variation for Phenological Traits

The results showed wide ranges for the eight phenological traits evaluated in 58 accessions (Figure 1 and Supplementary Table 1). For instance, FF_Male, FF_Female and Vbudbreak ranged from 16 (observed in ‘Camponica’) to 70 days (‘Morell’), from 40 (‘Camponica’) to 85 days (‘Daviana’, ‘Espinaredo’, and ‘San Pedro 1’) and from 78 (‘Camponica’) to 120 days (‘Robriguedo’), respectively. Significant correlations were detected between most phenological characteristics, except for those involved Harvest date, and PF_Female with PF_Male, LF_Female and LF_Female (Supplementary Figure 2A). Estimations of H2 (Table 2) were high for most traits (>0.75) but moderate for FF_Male (0.65), PF_Male (0.40), PF_Female (0.31), and KernelP (0.33).
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FIGURE 1. Period of male (green) and female flowering (orange) of 58 hazelnut accessions at SERIDA in Villaviciosa, Spain. December 1 was taken as day one in the evaluation in each year.



TABLE 2. Means and standard errors (SE) for phenological and morphological traits evaluated in local and non-local hazelnut accessions at SERIDA in Villaviciosa, Spain.
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The HPCP analysis using the averages of the eight phenological traits revealed three main clusters and two main dimensions explaining 72.1% of the variance (Figure 2A and Supplementary Table 1). Cluster A included 13 accessions, ten of which were reference cultivars, that had significantly lower values for FF_Male, LF_Male, FF_Female, and Vbudbreak. Cluster B contained six accessions with intermediate values for FF_Male and FF_Female. Cluster C included 37 accessions, of which most (33) were local selections, that had significantly higher values for FF_Male, LF_Male, PF_Male, FF_Female, and Vbudbreak.
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FIGURE 2. Biplots showing the results of the Hierarchical Clustering on Principal Components analysis for the three sets of evaluated traits. (A) Biplot showing the distribution of the 56 hazelnut accessions considering the eight phenological traits and obtained from two main estimated dimensions. (B) Biplot showing the distribution of the 56 hazelnut accessions considering the nine morphological characters of hazelnut and obtained from two main estimated dimensions. (C) Biplot showing the distribution of the 47 hazelnut accessions considering the chemical composition of their oil and obtained from two main estimated dimensions. Ellipses representing the clusters were drawn considering, p > 0.8.




Variation for Morphological Characters of Hazelnut

There were wide variations in the nine evaluated morphological characteristics in 56 accessions (data non-available in 2 accessions; Supplementary Table 2). For instance, NutWe, KernelWe, and KernelP ranged from 14.2 (observed in ‘Daviana’) to 37.9 g (‘Ennis’), from 4.1 (‘Daviana’) to 14.9 g (‘Ennis’) and from 38.7 (‘Royal’) to 54.9 g (‘Llananzares’), respectively. Significant correlations were found among most of the evaluated traits, except for KernelT with three traits (KernelP, NutL, and KernelL) and, KernelW with NutL and KernelL (see Supplementary Figure 2B). Significant differences were observed between local and non-local materials for the nine morphological traits (Table 2). Estimations of H2 were high (>0.65) for most traits except for KernelP (0.33).

The HPCP analysis revealed three main clusters (without considering the cultivar ‘Kalinkara’ in Cluster IV) as well as two main dimensions that explained 81.4% of the variance (Figure 2B and Supplementary Table 2). Cluster I included 39 accessions, most being local accessions (37), having significantly lower values for NutL, NutW, KernelL, and NutWe but with a significantly higher value for KernelP. These accessions all produce small hazelnuts. Cluster II contained 10 accessions, most being reference accessions (9), having intermediate values and being significantly different from the other two groups for NutL, NutW, KernelL, and NutWe. Cluster III included six reference accessions having significantly higher values for most traits, except for KernelP.



Variation in Chemical Traits

The proximate composition (fat, protein, carbohydrate, moisture and ash) of 39 local accessions and eight reference cultivars were analyzed (Supplementary Table 3). Fat was the main constituent of the kernels (mean 64%), followed by carbohydrate (17%) and protein (12%). Total fat in local varieties ranged between 57.7% (‘Allande 3’) and 68.8% (‘Priero 2’), with a mean value of 64.5%. In total, 10 fatty acids (Supplementary Table 4)—myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1n-7), stearic acid (C18:0), oleic acid (C18:1n-9), vaccenic acid (C18:1n-7), linoleic acid (C18:2n-6), linolenic acid (C18:3n-3), arachidic acid (C20:0), and gondoic acid (C20:1n-9)—were detected in all the oils studied. Oleic acid was the major unsaturated fatty acid in all the samples (mean 76.97%), followed by linoleic acid (mean 11.34%) and vaccenic acid (mean 1.50%), and the major saturated fatty acids were palmitic acid (mean 7.23%) and stearic acid (mean 2.64%). Other fatty acids were present at less than 1%. The greatest variability in the fatty acid content was observed for the major compounds, highlighting the range of variability between local varieties for oleic acid, between 73.5% (‘Espinaredo’) and 79.3% (‘Robriguedo 2’), and for linoleic acid, between 8.2% (‘Tuñon 2’) and 15.6% (‘Espinaredo’).

The highest total tocopherol content was detected in ‘Espinaredo’ (629.5 mg/kg) and the lowest in ‘Priero 2’ (332.8 mg/kg) (Supplementary Table 5). α-Tocopherol was the most abundant isomer (>89.5% total tocopherols), with concentrations ranging between 319.4 mg/kg (‘Priero 2’) and 586.2 mg/kg (‘Barreiros 2’). Finally, the content of squalene, another component of hazelnut with antioxidative activities, was also analyzed. The local varieties showed an average content of 243 mg/kg, and a wide range from 612.3 mg/kg (‘Casina’) to 199.0 mg/kg (‘Santana 2’).

No statistical differences in the analyzed chemical compounds were detected between the local and non-local accessions, with the exception of the ash, crude protein, carbohydrate and stearic acid content (Table 3). An HPCP of the chemical composition of oils revealed three main clusters and two main dimensions that explained 45.2% of the variance (Figure 2C and Supplementary Table 3): Cluster X included 19 accessions having significantly lower values for linolenic acid, arachidic acid and γ-tocopherol but with significantly higher vaccenic acid values. Cluster Y contained 18 accessions, which did not differ significantly from the other two clusters in the composition of any parameter analyzed. Cluster Z included 10 accessions having significantly higher values for myristic acid, palmitoleic acid, gondoic acid and δ-tocopherol.


TABLE 3. Means and standard errors (SE) for chemical characterization of local and non-local accessions at SERIDA in Villaviciosa, Spain.
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DISCUSSION

Morpho-agronomic evaluations under field conditions are necessary steps for the identification and differentiation of genotypes with superior features in germplasm collections or breeding progenies owing to environmental effects on expression of traits. In this work, the phenology, nut morphological traits and kernel chemical composition of 39 accessions collected in Asturias and 17 non-local accessions were evaluated. Estimates of H2 were high for the phenological and nut morphological traits evaluated, indicating the high genetic bases of their variability. These high H2 estimates agreed with those previously reported (Yao and Mehlenbacher, 2008).

Observed phenological traits revealed that male and female flowering occurred at different times (dichogamy) with a limited overlap, except for the local accessions ‘Forcinas 1’ and ‘Forcinas 2’ and the reference cultivar ‘Morell’ (Figure 1). The phenological behaviors of the reference cultivars ‘Butler’, ‘Negret’, ‘Ennis’, ‘Tombul’, and ‘Morell’ agreed with those previously reported (Bioversity FAO and CIHEAM, 2008). Most accessions exhibited a male flowering period before the female flowering period (protandry). In addition, the local accessions had very similar phenological traits and exhibited late flowering (Figure 1) compared with the well-known cultivars ‘Camponica’, ‘Negret’ and ‘Tonda di Giffoni’. Reference cultivars did not show a large overlap with the local accessions between the male and female flowering periods, except in the case of ‘Morell’. This finding must be considered when designing new plantations of local accessions, particularly in northern Spain, owing to hazelnut’s particular pollination system.

The evaluation of nut traits grouped most of the local accessions together (Figure 2B). They had smaller nuts and kernels than the reference cultivars but with higher kernel percentages. Local accessions also produced round-shaped nuts having similar values for NutL, NutW and NutT (see Supplementary Table 2). Round-shaped nuts and high kernel percentage are main objectives of hazelnut breeding (Botta et al., 2019); therefore, these local materials are an interesting source of these traits.

The analysis of the kernel chemical composition revealed values for ash, proteins, fat and carbohydrates that were within previously reported ranges. The observed protein values agree with those described for distinct varieties of hazelnut cultivated in Portugal (Amaral et al., 2006; mean 10.9%) and Poland (Krol et al., 2019; 12.4%) and lower than reported for varieties cultivated in Turkey (Köksal et al., 2006; 17.4%) and Iran (Hosseinpour et al., 2013; 19.5%). Likewise, a significant difference (Table 3) was detected between the local accessions and the reference varieties, which indicated that, regardless of the growing conditions, the local varieties produced fruits with lower protein contents.

The reported lipid content values revealed a large degree of variability among cultivars that was attributed to genotypic and geographical factors (Savage and McNeil, 1998; Bacchetta et al., 2013). In general, local accessions were satisfactory oil producers, whether compared with the reference cultivars (mean value: 64.9% ± 1.7%) or with the results for other cultivars (Amaral et al., 2006; Oliveira et al., 2008). We investigated possible differences in the fat content owing to geography. The local cultivar ‘Casina’ and the reference cultivars ‘Butler’, ‘Segorbe’, ‘Morell’, and ‘Negret’ showed similar or higher oil content than reported in Argentina (Cittadini et al., 2020), New Zealand (Savage and McNeil, 1998), Iran (Hosseinpour et al., 2013), Italy (Bacchetta et al., 2013), and Portugal (Amaral et al., 2006).

Tocopherols are constituents of vitamin E, a potent antioxidant that plays an important role in preventing age-related diseases, cardiovascular diseases, cancer, diabetes and obesity (Shahidi and de Camargo, 2016). The observed tocopherol values were in accordance with data reported for other cultivars distributed worldwide (Savage and McNeil, 1998; Parcerisa et al., 1998; Köksal et al., 2006; Bacchetta et al., 2013; Fernandes et al., 2017; Cittadini et al., 2020). No statistical differences were detected between the local accessions (total tocopherol mean: 514.0 ± 81.2 mg/kg) and the references (mean total tocopherols: 508.6 ± 93.1 mg/kg).

Squalene is another component of hazelnut with antioxidative activities and other bioactive properties (Lozano-Grande et al., 2018). Although there is limited available information on squalene in hazelnut oil, the levels detected here were in accordance with data reported by various authors (Benitez-Sánchez et al., 2003; Fernandes et al., 2017; Cittadini et al., 2020), and higher than that reported by Maguire et al. (2004), although the influences of many factors, such as the place of origin, crop management and storage conditions, must be taken into account.

Finally, considering the groups established in the HPCA analysis from nut and phenological traits, eight local accessions can be highlighted (Supplementary Figure 3); ‘Pesoz-2’, ‘Priero-1’, ‘Priero-2’, ‘Andines-2’, ‘Forcinas-1’, and ‘Forcinas-2’ which significantly differ from the rest of local accessions for phenological data and significant precocity for flowering female (FF_Female); ‘Allande-3’ and ‘Pumares-2’ which significantly differ from the remining local accessions for morphological nut data due to intermediate values for NutL, KernelL, and NutWe. The accessions ‘Forcinas-1’, and ‘Forcinas-2’ showed a high overlap between the male and female flowering periods (see Figure 1). Thus, these eight genotypes are a high priority for preservation and further evaluation for planting on a larger scale. The remaining local accessions did not exhibit significant differences in nut and phenological traits and were, therefore, placed in a group, tentatively named the ‘Casina group’. This ‘Casina group’ is characterized by the production of small round hazelnuts, with high proportions of kernel, and late male and female flowering.



SUMMARY

Morphological and phenological evaluations of 41 local accessions collected in Asturias (northern Spain) and 17 non-local accessions maintained in the SERIDA collection revealed that the local accessions produced smaller nuts and kernels than the reference cultivars, but with higher kernel percentage. The local accessions generally exhibited significantly later male and female flowering compared with the reference cultivars. However, non-significant differences were detected between the two groups for most chemical components of nuts. Within the local materials it was possible to differentiate eight accessions from the remaining local accessions, including the ‘Casina’ landrace. These local cultivars and selections will be useful for breeding new cultivars.
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Hazelnut (Corylus) is an important woody oil tree species in economic forests. China, as one of the original countries of native Corylus species, had 8 species and 2 varieties. However, little information is available on the hazelnut nutritional quality of these Chinese Corylus species. In this study, four main wild Corylus species (C. heterophylla Fisch., C. mandshurica Maxim., C. kweichowensis Hu., and C. yunnanensis Franch.) originating in China and one main cultivar of hybrid hazelnut (Corylus heterophylla Fisch. × C. avellana L.) cv. ‘Dawei’ from China were used to analyze the basic nutritional composition (content of oil, fatty acid, protein, saccharide, aminao acid, vitamin C, tocopherol, total phenols, and total flavonoids) and antioxidant ability. The results showed that oil content ranged from 52.97 to 60.88 g/100 g DW and highly unsaturated fatty acid (UFA) content was over 91%. Oleic was the most dominant UFA in these hazelnut kernels, and the relative content was ranging from 71.32 to 85.19%. Compared with other four hazelnut kernels, C. heterophylla Fisch. was the lowest oil content of hazelnut with lower oleic acid content and higher linoleic acid content, obviously. The total protein content ranged from 13.15 to 18.35 g/100 g DW, and all amino acids were detected as hydrate amino acids, but Tryptophan, an essential amino acid, was not detected as free amino acid in these hazelnut kernels. Kernel of C. heterophylla Fisch. was with the highest content of protein and amino acid. Saccharose was the most essential and abundant disaccharide in the hazelnut kernels. C. mandshurica Maxim. was the highest saccharide content among these hazelnut kernels. α-tocopherol was the main type of tocopherol found in the hazelnut kernels. Wild hazelnut kernels generally had higher bioactivity substance content (vitamin C, total tocopherol, total phenol and total flavonoid) and antioxidant capacity. Compared to the four wild hazelnut kernels, the hybrid hazelnut cv. ‘Dawei’ had higher content of oil, oleic acid, α-tocopherol and sugar. Overall, there were great differences in the nutritional composition of different hazelnut species. Wild species are a good source of breeding materials because of their own characteristics in nutrition composition, and the hybrid hazelnut cv. ‘Dawei’ with good quality has the value of commercial promotion.

Keywords: antioxidant, hazelnut in China, fat acid, amino acids, sugar, tocopherol, total phenol, total flavonoid


INTRODUCTION

Hazelnut (Corylus), an important economic forest and nut tree, generally grows in temperate climate zones with a relatively high humidity and a high rainfall rate (Kole, 2011). China, as one of the original countries of native Corylus species, had 8 species and 2 varieties, including Corylus heterophylla Fisch., Corylus mandshurica Maxim., Corylus kweichowensis Hu., Corylus chinensis Franch., Corylus fargesii C. K. Schneid., Corylus yunnanensis (Franch.) A. Camus, Corylus ferox Wall., Corylus wangii Hu., Corylus kweichowensisvar. brevipes W. J. Liang, and the Corylus ferox Wall. var. thibetica (Batalin) Franch. The distribution of these resources ranges from 24°31’N to 51°42’N covering 24 provinces in China (Zhang et al., 2005). Among these wild Corylus species in China, C. heterophylla has been the most valuable and widely utilized until recently and is distributed mainly over the north and northeast of China. In recent years, more and more local people have started to cultivate and manage C. heterophylla, with the yield and production continuing to grow sustainably. C. mandshurica, which is distributed at higher altitudes and has a very fragrant flavor, C. kweichowensis, which grows in the middle and southern regions of China, and C. yunnanensis, a high shrub or a small arbor tree, which is distributed at higher altitudes from 2,000 to 3,700 m in the southwest of China, are the other three wild species that can be focused on due to the ease of collection relative to the rest of the wild Corylus species.

The hybrid hazelnut (C. heterophylla Fisch. × C. avellana L.) is a new hazelnut species obtained by crossbreeding using selected C. heterophylla Fisch. from northeast China as the female parent and mixed pollen of several European hazelnut (C. avellana L.) seedlings introduced from Italy as the male parent since 1980’s (Liang et al., 2012). Approximately 15 varieties of hybrid hazelnut were selected at the end of the twentieth century and were released gradually from the year 2000 to 2010. Cv. ‘Dawei’, as the main cultivar of the hybrid hazelnut (C. heterophylla Fisch. × C. avellana L.), has the properties of large size, high yield and good climate adaptability and is planted widely in the north, northeast, northwest and even central regions in China. To date, the total cultivated area of hybrid hazelnut (C. heterophylla Fisch. × C. avellana L.) in China is approximately 50,000 ha, It accounts for more than half of the current cultivated area.

Among nut species, hazelnut plays a major role in human nutrition and health because of its special composition of fats (approximately 60%), most of which are monounsaturated fatty acids (MUFA) (mainly oleic acid), protein, carbohydrate, dietary fiber, vitamins (vitamin E), minerals, phytosterols (mainly β-sitosterol), squalene and antioxidant phenols (Amaral et al., 2006; Alasalvar et al., 2003, 2006, 2010; Rio et al., 2011; Bacchetta et al., 2013; Cosmulescu et al., 2013; Ciarmiello et al., 2014). More and more studies have shown that nuts may play a role in the prevention of chronic age-related diseases, such as Alzheimer’s disease (Gorji et al., 2017). Frequent nut consumption has been associated with better metabolic status and a significant decreased risk of cardiovascular disease and mortality (especially that due to cardiovascular-related causes); it is also associated with reduced risks of certain types of cancers, such as colorectal, endometrial, and pancreatic neoplasms (Grosso and Estruch, 2015); it also effects on human innate response, such as antiinflammatory (Giulia et al., 2018). Corylus avellana oil was found to be effective in the treatment of polycystic ovary syndrome, via the regulation of gonadotropins, steroids and serum lipid parameters, and it possesses antioxidant activity (Demirel et al., 2016). Hazelnut-enriched diets may exert antiatherogenic effects by improving endothelial function, preventing LDL oxidation, and activating inflammatory markers, in addition to their lipid and lipoprotein-lowering effects (Orem et al., 2013; Santi et al., 2017; Benassi et al., 2019, 2021).

Previous research has shown that the nutrient composition and content of hazelnut in different varieties or cultivars are very different (Köksal et al., 2006; Matthäus and Özcan, 2012; Tian et al., 2012). For example, the fat content ranges from 50.6 to 66.4%, the saturated fatty acid (SFA) content from 3.7 to 15.6%, the MUFA content from 40.1 to 84.7%, the polyunsaturated fatty acid (PUFA) content from 1.5 to 16.4%, and the total unsaturated fatty acid (UFA) content from 70.0 to 93.93%, but most hazelnut kernels are similar in their main fatty acid composition. The protein content ranges from 12.6 to 25.9 g/100 g, the carbohydrate content approximately 6.5–24.0 g/100 g and the vitamin E content approximately 15–20 mg/100 g (Oliveira et al., 2008; Alasalvar et al., 2010; Ma and Liu, 2011; Chai et al., 2012).

China, as an important distribution area of Corylus in the world, has abundant resources of Corylus. A better understanding of its genetic diversity and its distribution and its biochemical characteristics, is a prerequisite to improving breeding programs, enhancing the competiveness of the hazelnut production, but Corylus genetic wild resources are highly underutilized (Bacchetta et al., 2015). Investigation of the nutrient composition and antioxidant capacity of Corylus cultivars and species originating from China is a very important part of Corylus plant research worldwide. To our knowledge, few reports of basic information of Chinese wild hazelnut kernels and hybrid hazelnut (C. heterophylla Fisch. × C. avellana L.) kernels can be found. However, research on hazelnut breeding in China is just beginning, and many problems, especially nut quality characteristics, are hampering advancement. Thus, analysis and comparison of the characteristics of the nutrient composition and antioxidant abilities of wild hazelnut kernels originating from China as well as Chinese hybrid hazelnut kernels are important to provide information for breeding and resource assessments of Corylus.



MATERIALS AND METHODS


Materials Collections

Four Chinese wild species of hazelnut kernels, Corylus heterophylla Fisch. (the Chinese name is the Ping hazelnut), Corylus mandshurica Maxim. (the Chinese name is the Mao hazelnut), Corylus kweichowensis Hu. (the Chinese name is the Chuan hazelnut) and Corylus yunnanensis (Franch.) A. Camus (the Chinese name is Dian hazelnut), were obtained from their main distribution areas in Northeast China, North China, the Dabie Mountain area and Northwest China, respectively. One seven-year-old Chinese main cultivar of the hybrid hazelnut (C. heterophylla Fisch. × C. avellana L.) cv. ‘Dawei’ was collected from the plantation of the Research Institute of Forestry, Chinese Academy of Forestry in Beijing. The period of collecting nuts, site and main soil characteristics are shown in Table 1. A total of 2.5 kg of each sample of hazelnut was collected for analysis.


TABLE 1. Nuts collecting period, sites and main soil characteristics of the parcel.
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Sample Preparation

Before the shells were removed, the water content of the fresh hazelnut kernels was decreased to 6.20% after 10 days of air-drying (average of wind velocity, ambient air temperature, relative humidity and sunshine duration; 3.1 m/s, 16°C, 70%, 6.5 h, respectively). The dry matter content in the kernel was determined after drying at 80 ± 2°C until a constant weight was achieved and then the kernels were smashed to obtain a kernel sample from each hazelnut. A Soxhlet extractor (extracted with ether for 8 h at 50°C) was used to extract the oil of the kernel to simultaneously obtain the oil sample and the defatted flour sample. Each defatted flour sample was collected by milling and sifting at 150 μm.



Oil Content and Fatty Acid Composition

Oil content was determined by extracting a known weight of the sample (5 g) with ether (50°C) for 8 h using the Soxhlet extractor. Fatty acid composition was determined by gas chromatography (GC) with a flame ionization detection (FID) capillary column, based on the following procedure: 100 μL of oil was used for fatty acid methylation, with 1 mL of methyl esterification reagent (0.5 mol/L KOH-CH3OH solution) and 2 mL of ether, for at least 3 h at room temperature. Then, 5 mL of deionized water was added to obtain phase separation, and the fatty acid methyl ester (FAME) was recovered with 5 mL of diethyl ester by shaking in a vortex. The upper phase was passed through a micro-column of anhydrous sodium sulfate to eliminate the water, and the sample was recovered in a vial with Teflon; before injection, the sample was filtered with a 0.2 μm nylon filter from Millipore. The fatty acid profile was analyzed with an Agilent GC 7890A instrument equipped with a split/splitless injector, an FID and a AB-FFAP column (30 m × 0.25 mm × 0.25 μm). The oven temperature program was as follows: the initial temperature of the column was 50°C and was held for 1 min; then, a 15°C/min ramp to 200°C was held for 45 min. The carrier gas (nitrogen) pressure was 20 PSI, and the FID detector temperature 270°C. Split injection (20:1) was carried out at 250°C. For each analysis, 1 mL of the sample was injected in GC. The results were recorded and processed using the Agilent ChemStation GC system and were expressed as the relative percentages of each fatty acid, calculated by internal normalization of the chromatographic peak area. Fatty acids were identified by comparing the relative retention times of the FAME peaks from the samples with those of the standards (Seyhan et al., 2007; Oliveira et al., 2008). Oil content is presented as g/100 g DW, and fatty acid relative content is expressed as %.



Protein Content

The total protein content (TPrC) was determined by the micro Kjeldahl method using 0.5 g of the defatted flour sample. TPrC was calculated as total N × 5.3 (Cunniff et al., 2000). Soluble protein content (SPrC) was determined by the Coomassie brilliant blue G250 staining method. Approximately 1 g of each kernel sample was dissolved in 50 mL of deionized water and was then ultrasonic extracted at 40°C for 30 min. The extraction solution was filtered with filter paper, and then the filtrate was collected. Next, 5 μL of filtrate was the added to a 96-well microplate, followed by the addition of 195 μL of Coomassie brilliant blue G250 reagent; the plate was then kept at room temperature for 5 min. The absorbance of the mixture was measured at 595 nm using an ELISA plate reader, and the concentrations were compared to a standard curve based on a prepared bovine serum albumin (BSA) standard solution (0, 200, 400, 600, 800 and 1,000 μg/mL). SPrC is expressed as g/100g DW.



Amino Acid Content

Amino acid content was determined using reversed-phase high-performance liquid chromatography fluorescence detection (RP-HPLC) (Waters 2695). RP-HPLC was performed with an AccQ Taq aa column (3.9 mm × 150 mm) and a 2475 detector. The excitation wavelength (Ex) and the emission wavelength (Em) of the fluorescence detector were 250 and 395 nm, respectively. Two different solvents, namely, solvent (A), a buffer solution of 140 mmol/L sodium acetate (17 mmol/L triethylamine, pH 4.95) and solvent (B), a buffer solution of 60% acetonitrile water solution, were gradually used at 1.0 mL/min flow rate. The free aminoacid content is presented as mg/100 g DW and the hydrolyzed aminoacid content is presented as g/100 g DW.



Composition and Content of Sugar

Sugar composition was determined using high performance liquid chromatography (HPLC). A total of 0.5 g of each kernel sample was dissolved in 20 mL of deionized water and incubated in a boiling water bath for 30 min. The samples were then filtered to collect the supernatant as the sample solution. Next, 20 μL of the sample solution was used to determine the sugar composition. The content of polysaccharide, tetrasaccharide, trisaccharide, disaccharide, fructose, glucose and mannitol were analyzed with a Waters 2695 instrument equipped with a 2414 Refractive Index Detector (Yuan et al., 2018) and sugar-pak-1 column (6.5 mm × 30 m); deionized water was the moving phase, with a 0.6 mL/min flow rate and a column temperature of 70°C. Glucan (relative molecular weight 10,000), stachyose tetrahydrate, raffinose and maltose were used as standards for polysaccharide, tetrasaccharide, trisaccharide and disaccharide, respectively. The content of xylose, galactose and saccharose were analyzed with a Waters 2695 instrument equipped with a 2414 Refractive Index Detector (Yuan et al., 2018) and NH2 column (4.6 mm × 250 mm); 78% acetonitrile was used as a moving phase, with a 1.0 mL/min flow rate. All the values are presented as g/100 g DW.



Vitamin C Content

Vitamin C content was determined using the Molybdenum blue colorimetry method. A total of 2.0 g of each kernel sample was dissolved in 10 mL of an oxalic acid—EDTA solution and then was ultrasonically extracted at room temperature for 30 min. The extracting solution was then centrifuged at 3,000 × g for 10 min to obtain the supernatant. Then, 5 mL of supernatant was added to a glass tube, followed by the addition of 0.5 mL of a metaphosphoric acid-acetic acid solution, 1.0 mL of 5% sulfuric acid and 2.0 mL of ammonium molybdate; the sample was then kept at 30°C for 15 min after mixing. The absorbance of the mixture was measured at 760 nm using an ultraviolet—visible spectrophotometer, and absorbance was then compared to a standard curve based on a prepared ascorbic acid standard solution (0, 8, 16, 24, 32, and 40 μg/mL). Vitamin C content is expressed as mg/100 g DW.



Tocopherol Composition

α-, β-, γ-, and δ- tocopherols were measured by RP-HPLC and a UV detector at 284 nm based on the method by Kornsteiner et al. (2006). For the determination of tocopherols, 250 mg of oil was dissolved in 0.2 mL of diethyl ether, and then 20 μL of the oil solution was used for HPLC. The tocopherol composition was then analyzed with a Waters 2695 instrument equipped with an ultraviolet detector (wavelength of measurement was 284 nm) and a Sunfire C18 column (4.6 × 250 mm × 5 μm). Methyl alcohol was the moving phase, with a 1.2 mL/min flow rate. All the values are presented as mg/100 g oil.



Content of Total Phenolic (TPC) and Total Flavonoid (TFC)


Sample Extraction

A total of 1.0 g of each kernel sample was dissolved in 40 mL of 60% ethyl alcohol solution (containing 0.024% HCL) and then placed at 75°C in a water bath for 50 min after mixing. The mixture was then centrifuged at 3,000 r/min for 20 min, and the supernatant was collected.



TPC Measurement

TPC was measured by the Folin–Ciocalteu method with slight modifications (Bolling et al., 2010). A total of 25 μL of supernatant was added to 50 μL of Folin–Ciocalteu reagent and 100 μL of a 12% sodium carbonate solution, and then the sample was placed in the dark at room temperature for 2 h. The absorbance of the mixture was measured at 765 nm in an ultraviolet—visible spectrophotometer and was compared to a standard curve based on a prepared gallic acid (GAE) standard (25, 50, 75, 100, 125, and 150 μg/mL). TPC is expressed as mg GAE/100 g DW.



TFC Measurement

TFC was determined using a colorimetric method with slight modifications (Balta et al., 2006). A total of 40 μL of supernatant was added to 60 μL of a 60% ethyl alcohol solution and 6 μL of a sodium nitrite solution, was vortexed and was then placed at room temperature for 6 min. Next, 6 μL of 10% Al (NO3)3 was added; after 6 min, 80 μL of NaOH was added, and the sample was placed at room temperature for 12 min. The absorbance of the mixture was measured at 510 nm by an ultraviolet and visible spectrophotometer and was compared to a standard curve based on a prepared rutin standard (40, 80, 160, 240, 320, and 400 μg/mL). TFC is expressed as mg/100 g DW.




ABTS and DPPH Free Radical Scavenging Rate


Sample Extraction

A total of 0.25 g of each kernel sample and defatted flour sample was dissolved in 10 mL of a 60% ethyl alcohol solution (containing 0.024% HCL) and then ultrasonically extracted at 50°C for 30 min. The mixtures were filtered to collect the supernatant as the sample solutions.



ABTS Free Radical Scavenging Rate

The ABTS free radical scavenging rate was measured by the Oliveira method with slight modifications (Oliveira et al., 2008). A total of 50 μL of the supernatant from each kernel sample, defatted flour sample and pure oil sample was added to a 96-well microplate, followed by the addition of 150 μL of the ABTS reagent (mixed 7 mmol/L ABTS solution and 2.5 mmol/L potassium persulfate solution together in a 1:1 proportion then diluted 5 times), and the plate was then placed in the dark at room temperature for 30 min. Then, 50 μL of the two supernatants and oil were added to 150 μL of a 60% ethyl alcohol solution as the sample blanks, and the 60% ethyl alcohol solution was added to 150 μL of the ABTS reagent as the reagent blank. The absorbance of the mixtures was measured at 734 nm by an ELISA plate reader, and the ABTS free radical scavenging rate was calculated according to the following equation:
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where A1 is the absorbance of the sample solution, A2 is the absorbance of the sample blank and A0 is the absorbance of the reagent blank.



DPPH Free Radical Scavenging Rate

The DPPH free radical scavenging rate was measured by the Oliveira method with slight modifications (Oliveira et al., 2008). A total of 50 μL of the supernatant of each kernel sample, defatted flour sample and pure oil sample was added to a 96-well microplate, followed by the addition of 150 μL of a 200 μmol/L DPPH solution; then, the plate was placed in the dark at room temperature for 30 min. Next, 50 μL of two supernatants and oil were added to 150 μL of a 60% ethyl alcohol solution as the sample blanks, and 60% ethyl alcohol solution was added to 150 μL of a 200 μmol/L DPPH solution as the reagent blank. The absorbance of the mixtures was measured at 517 nm using an ELISA plate reader, and the DPPH free radical scavenging rate was calculated according to the following equation:
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where A1 is the absorbance of the sample solution, A2 is the absorbance of the sample blank and A0 is the absorbance of the reagent blank.




Statistical Analysis

The data are presented as the mean ± SE (standard error) of three independent experiments, with three replicates for each. The statistical analysis was performed using SPSS 13.0 software (SPSS Company, Chicago, IL, United States). Differences between the different species and cultivars were analyzed by one-way ANOVA, taking P < 0.05 as the level of significance according to Duncan’s multiple range test. The correlation between the free radical scavenging rate and nutrients was analyzed by Pearson correlation coefficient (test of significance, using two-tailed distribution).




RESULTS AND DISCUSSION


Oil and Fatty Acid Contents

Oil is the predominant component with high value in nuts. Nut oil is mostly unsaturated, and UFAs have been associated with beneficial effects. In general, oil content is largely different among different hazelnut species and varieties and even in the same cultivar produced in different areas. Matthäus reported (Matthäus and Özcan, 2012) that the total oil content of five hazelnut samples collected from Turkey and Germany ranged widely from 8.1 to 64.1%, however, the total oil content of the seventeen hazelnut varieties from Turkey was 56.07–68.52%, and in three cultivars and in two agricultural practices of Oregon hazelnut kernels were 57–65 g/100 g in other reports (Köksal et al., 2006; Wang et al., 2018). The oil content of different varieties of hybrid hazelnut kernels (C. heterophylla Fisch. × C. avellana L.) from China was 53.80–63.33%, and C. heterophylla has an average content of 57.95% (Tian et al., 2012). In this research, the oil content of the five different hazelnut kernels ranged from 50.23 to 60.88 g/100 g DW, as shown in Table 2. C. heterophylla had the lowest oil content among the four wild species, with the same levels as C. kweichowensis. C. mandshurica, and C. yunnanensis were the wild species with the highest oil content. The hybrid hazelnut cv. ‘Dawei’ had the highest oil content among these five hazelnut kernel samples, which was obviously higher than that of the female parent C. heterophylla, and was similar in level to the oil content of the two wild species C. mandshurica and C. yunnanensis.


TABLE 2. Oil content and Fatty acid composition of hazelnut kernels from different Chinese hazelnut species and cultivars.
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Further analysis indicated that hazelnut kernels were the nuts with the highest UFA content (over 91%) and the lowest SFA content (below 9%, Table 2). In particular, C. kweichowensis and C. heterophylla had higher contents of total UFA at more than 95% and had a lower total SFA at less than 4.5% among the four hazelnut species. The contents of SFA and UFA in the hybrid hazelnut cv. ‘Dawei’ were all at average levels. Over 70% MUFA and less than 25% PUFA made up the UFA content in each variety of hazelnut. The ratios of MUFA / PUFA and UFA / SFA among the four wild species of hazelnut kernels were 2.91–8.29 and 10.57–31.29, respectively, while the hybrid hazelnut cv. ‘Dawei’ had the highest MUFA/PUFA ratio of 9.87 and an average UFA / SFA ratio of 17.12 (Table 2), which was higher than that of any varieties of Turkish hazelnut reported by Köksal et al. (2006). Overall, these wild species of hazelnut kernels as well as the hybrid hazelnut cv. ‘Dawei’ had profile characteristics of higher UFA content and lower SFA content.



Protein Content

Proteins perform various functions in food systems and are an important component in nuts. Recent research has indicated that the effects of roasting on the functional properties of defatted hazelnut flours, such as oil absorption, water absorption capacity, emulsion and foaming properties, were related to proteins of the hazelnut to a large extent (Turan et al., 2015). The protein content of the hazelnut kernel varied slightly in different areas in several different reports, at approximately 12.6–25.9 and 14.5–18.2 g/100 g (Peh et al., 2016; Wang et al., 2018). In this research, all of the hazelnut varieties had a total protein content (TPrC) of 13.15 to 18.39 g/100 g DW, and C. heterophylla had the highest level among these five hazelnut kernel samples. The TPrC of the hybrid hazelnut cv. ‘Dawei’ was remarkably lower than that of its female parent, C. heterophylla (p < 0.05) (Figure 1). The TPrC results of Chinese hazelnut kernels were in accordance with those of previously published hazelnut data (Köksal et al., 2006; Turan et al., 2015; Wang et al., 2018). Previous research about the nutrients of 33 hybrid hazelnut (Corylus heterophylla Fisch. × C. avellana L.) kernels varieties and C. heterophylla reported that the soluble protein content (SPrC) of these varieties were 29.22 to 68.57 mg/g and an average of 56.91%, respectively (Tian et al., 2012). The SPrC in these five hazelnut kernel samples was approximately 4.70–5.58 g/100 g DW, comprising approximately 25.6–37.5% of the total protein content (Figure 1). This result was consistent with that of Tian’s report. Compared to the female parent C. heterophylla, the TPrC decreased, but the SPrC increased significantly in kernel of hybrid hazelnut cv. ‘Dawei’ (p < 0.05).
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FIGURE 1. Total protein and soluble protein content of hazelnut kernels from different Chinese hazelnut species and cultivars. SPrC, soluble protein content; TPrC, total protein content. Data are presented as means ± SE (standard error) of three independent experiments with three replicates for each. Values followed by a different letter were significantly different according to Duncan’s multiple range test at P < 0.05.




Amino Acid Content

In the present study, the free amino acid (FAA) composition and the content of the hazelnut kernel is given in Table 3. Fourteen to fifteen amino acids were detected in each hazelnut sample, including six to seven essential amino acids (EAA) and eight to nine non-essential amino acids (NEAA), and the differences were obvious for each of them. The total EAA content ranged from 4.71 to 15.26 mg/100 g DW, and C. kweichowensis and C. yunnanensis had significantly higher total EAA content than those of the other three hazelnut kernels (p < 0.05). Threonine (Thr) was the EAA with the highest content in C. kweichowensis and C. yunnanensis kernels, at 11.27 and 9.00 mg/100 g DW, respectively, which was obviously higher than those of the other three hazelnut kernel samples. Methionine (Met) was only detected in the FAA of C. yunnanensis, and the content was very low, at 0.26 mg/100 g DW. Tryptophan (Trp) was not detected in the FAA of all the hazelnut kernel samples. The total NEAA content was 14.07–26.15 mg/100 g DW and that of C. heterophylla was the highest. All the varieties of hazelnut were relatively high in Glutamic acid (Glu) (Taş and Gökmen, 2015) content 4.34–8.15 mg/100 g DW. The hybrid hazelnut cv. ‘Dawei’ had the highest Glu content, which was obviously higher than four wild hazelnut species. The results of the total FAA content showed that C. kweichowensis, C. heterophylla, and C. yunnanensis were at similarly high levels, ranging from 30.86 to 33.29 mg/100 g DW. The lowest level of FAA content among the four wild hazelnut species was C. mandshurica, which was almost forty percent lower than that of the highest, C. kweichowensis. The amino acid profiles of all the varieties were similar to the composition of the Turkish hazelnut (Köksal et al., 2006).


TABLE 3. Free aminoacid content and hydrolyzed aminoacid content of hazelnut kernels from different Chinese hazelnut species and cultivars.
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Sugar Composition

Generally, the sugar content of the hazelnut kernel is not considered and has been seldom reported. In previous research, the total sugar content ranged from 12.66 to 19.09 g/100 g FW among 33 hybrid hazelnut (Corylus heterophylla Fisch. × C. avellana L.) cultivars, and the average total sugar content was 12.49 g/100 g FW in C. heterophylla (Tian et al., 2012). Wang reported that the carbohydrates of five cultivars of hazelnut from United States were approximately 16–20 g/100 g (Wang et al., 2018). 24 cultivars from Italian were reported that the content of sugar ranged from 3.98 to 5.95 g/100 g (Cristofori et al., 2008). The present study showed that the total sugar content was between 5.69 g/100 g DW (C. heterophylla) and 9.65 g/100 g DW (C. mandshurica) in the five samples of hazelnut considered (Figure 2). As a new hazelnut species, the hybrid hazelnut cv. ‘Dawei’ had a remarkably increased sugar content compared to the female parent C. heterophylla. The highest levels of polysaccharides (3.58 g/100 g DW), tetrasaccharides (1.12 g/100 g DW), trisaccharides (0.20 g/100 g DW), and disaccharides (5.53 g/100 g DW), as the predominant sugars, were determined in the kernels of C. mandshurica, the hybrid hazelnut cv. ‘Dawei’, C. yunnanensis, and C. mandshurica, respectively. One of the most important results was that the contents of polysaccharide, tetrasaccharide, disaccharide sharply increased, and trisaccharide dramatically decreased in the hybrid hazelnut cv. ‘Dawei’ compared to C. heterophylla, but the saccharose contents of the two hazelnut kernels were the same. Saccharose was the most important and abundant disaccharide in these hazelnut kernel samples, ranging from 2.20 to 4.99 g/100 g DW. Xylose, galactose, mannitose, glucose, and fructose were not detected in these hazelnut kernel samples.
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FIGURE 2. Sugar content of hazelnut kernels from different Chinese hazelnut species and cultivars. Poly-S, polysaccharide; Tetra-S, tetrasaccharide; Tri-S, trisaccharide; Dis-S, disaccharide; Total-S, total sugar. Data are presented as means ± SE (standard error) of three independent experiments with three replicates for each. Values followed by a different letter were significantly different according to Duncan’s multiple range test at P < 0.05.




Content of Vitamin C and Tocopherol

As is well known, vitamin C is an important antioxidant (Halliwell, 1996). Generally, vitamin C, as a water-soluble vitamin, has a level less than 10 mg/100 g in nuts compared to the high vitamin C content of most fruits, such as kiwifruit, jujube and orange at over 100 mg/100 g and strawberry, tomato and longan at over 50 mg/100 g (Ma and Liu, 2011). Vitamin C content was determined to be between 10.24 and 16.68 mg/100 g DW in the five hazelnut kernel samples (Table 4). C. yunnanensis was the most significant species based on vitamin C content, while the other four hazelnut kernel samples had the same levels.


TABLE 4. Vitamin C, tocopherol, total phenol and total flavonoid of hazelnut kernels from different Chinese hazelnut species and cultivars.

[image: Table 4]Vitamin E, another name tocopherol, as a vital component required for reproduction, was discovered in 1922, and eight naturally occurring vitamin E isoforms, namely, α-, β-, γ-, and δ-tocopherol and α-, β-, γ-, and δ-tocotrienol, have been confirmed. Vitamin E is a potent antioxidant, as a particularly important functional component in foods, widely exists in nuts, such as walnuts, pecans, almonds, and cashews (Peh et al., 2016). In a former report, three types of tocopherols α-, β-, γ-, and α-tocotrienol were detected in hazelnut kernel oil collected from Turky and Germany, the total tocopherol content was 25.8–69.8 mg/100 g oil and α-tocopherol was the main component from 19.9 to 63.9 mg/100 g (Matthäus and Özcan, 2012). Other two reports showed that 14 Turkish varieties hazelnut kernels and four American varieties hazelnut kernels were the similar type (α-, β-, and γ-) but different content of tocopherols (Taş and Gökmen, 2015; Wang et al., 2018). Interestingly, a similar result that α-tocopherol was the most abundant tocopherol, accounting for 90–92% of the total tocopherol content, was reported in a study of Polish hazelnut kernel samples (Ciemniewska-Zytkiewicz et al., 2015). In this study (Table 4), the main α-tocopherol content level of all five hazelnut kernel samples widely ranged from 19.72 to 27.03 mg/100 g oil. (β+γ)-tocopherol contents were remarkably different among the five hazelnut kernel samples, ranging from 1.14 to 15.12 mg/100 g oil. δ-tocopherol was detected only in C. kweichowensis, at a very low level of 0.74 mg/100 g oil. The total tocopherol content ranged between 21.60 and 39.43 mg/100 g oil in this research, which was similar to that of former reports (Kornsteiner et al., 2006; Wang et al., 2018). C. mandshurica and C. yunnanensis had similar tocopherol profiles, with obviously higher total tocopherol content than that of the other hazelnut kernels. Compared to the female parent C. heterophylla, the hybrid hazelnut cv. ‘Dawei’ kernel had higher α- tocopherol content, lower (β+γ)- tocopherol content and higher total tocopherol content.



Total Phenol Content (TPC) and Total Flavonoid Content (TFC)

Phenolic compounds range structurally from a simple phenolic molecule to complex high-molecular-weight polymers and are the primary bioactive components of plants. Phenolic components are an essential part of the human diet and are of considerable interest due to their antioxidant properties and potential beneficial health effects. More and more evidence indicates that the consumption of a variety of phenolic compounds present in foods may lower the risk of health disorders because of their antioxidant activity (Locatelli et al., 2010; Altun et al., 2013; Shahidi and Ambigaipalan, 2015; Taş and Gökmen, 2015). So far, 23 compounds from different phenolic groups were detected, and 15 of them were identified from raw hazelnut kernels (Jakopic et al., 2011), and 22 phenolic compounds were identified, 16 of which were identified for the first time in roasted hazelnut kernels, including flavonoids, phenolic acids and related compounds, hydrolysable tannins and related compounds, and other phenolics (Pelvan et al., 2018). Some study reported that the total phenolic content of natural Turkish ‘Tombul’ hazelnut kernels was 171 mg GAE/100 g DW (Pelvan et al., 2018) and that the varieties from Slovenia ranged from 49.10 to 170.04 mg GAE/100 g (Slatnar et al., 2014). The present study shows that the total phenol and flavonoid contents ranged widely, from 66.53 to 205.82 mg GAE/100 g DW and from 80.46 to 356.90 mg/100 g DW, respectively (Table 4). C. yunnanensis had the highest total phenol and flavonoid contents, while C. mandshurica had the lowest content among the four wild hazelnut kernel samples. It should be noted that the total phenol and flavonoid contents all decreased sharply compared to the female parent C. heterophylla, dropping from 141.23 to 66.53 mg GAE/100 g DW and from 252.82 to 80.46 mg/100 g DW, respectively. This result was in accordance with reports from Ghirardello (Kornsteiner et al., 2006).



Antioxidant Abilities of Kernel and Oil

The antioxidant abilities of hazelnut kernels were measured as the free radical scavenging rate (FRSR) of DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid)). As indicated in Figure 3, the tendency of the two FRSRs was very similar among the kernel, the defatted flour and the oil in each hazelnut. High FRSR was the common and obvious characteristic for wild hazelnut kernels compared to the hybrid hazelnut cv. ‘Dawei’. In terms of the four wild hazelnut kernels, the FRSR of C. mandshurica kernel was lower than that of the other three hazelnut kernels, and the defatted flour of C. yunnanensis kernel had the highest FRSR. C. mandshurica and C. yunnanensis oils had the highest FRSR of ABTS and DPPH, respectively. Thus, it can be seen that the antioxidant ability of wild hazelnut kernels was remarkably higher than that of the hybrid hazelnut cv. ‘Dawei’.


[image: image]

FIGURE 3. Scavenging rate of ABTS and DPPH free radical of hazelnut kernels, defatted powder and oil from different Chinese hazelnut species and cultivars. Data are presented as means ± SE (standard error) of three independent experiments with three replicates for each. Values followed by a different letter were significantly different according to Duncan’s multiple range test at P < 0.05.


Previous studies indicated that changes in the trolox equivalent antioxidant capacity (TEAC) and the radical scavenging activity (RSA) values followed a pattern similar to that of TPC during hazelnut storage (Ghirardello et al., 2016). Further analysis showed that there was the same trend between FRSR of ABTS and DPPH for all the samples of kernel and defatted flour. Two ABTS of FRSR between defatted flours and oils also followed a similar trend. The correlation analysis indicated (Table 5) that the FRSR of ABTS and DPPH of defatted flour, the ABTS of oil and DPPH of kernel all had a positive correlation with TPC (the correlation coefficients were 0.969, 0.926, 0.913, and 0.906, respectively). The FRSR of ABTS and DPPH of defatted flour, the DPPH of kernel were positively correlated with TFC (with correlation coefficients of 0.967, 0.970, and 0.803, respectively). The FRSR of ABTS of defatted powder and oil were positively correlated with vitamin C (with correlation coefficients of 0.924 and 0.844, respectively). Previous studies have verified that the high antioxidant activity of hazelnut was related to higher phenolic content (Ghirardello et al., 2016; Pelvan et al., 2018; Wang et al., 2018), thus, it can be seen that higher antioxidant capacity could be due to the presence of condensed phenolics. The same result was indicated in hazelnut by Yuan’s report (Yuan et al., 2018) and Shahidi report (Shahidi et al., 2007). But, vitamin C is a water-soluble substance, so there is a significant correlation between vitamin C content in the free radical scavenging ability of defatted powder. Although hazelnut is rich in oil, the function of water-soluble antioxidant components (such as vitamin C) in hazelnut cannot be ignored.


TABLE 5. Correlation between the nutrient substance and free radical scavenging ability from different hazelnut kernel product.
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CONCLUSION

The oil content and fatty acid composition of hazelnut kernels are different among species. Compared to the wild species and the hybrid hazelnut (Corylus. Heterophylla Fisch. × Corylus. avellana L.) cv. ‘Dawei’ kernels, C. heterophylla has obvious characteristics of low oil content and high linoleic acid content. The hybrid hazelnut cv. ‘Dawei’, has higher oil content than the four wild species, and maintains the characteristics of high UFA content similar to its female parent Corylus heterophylla; However, the ratio of MUFA/PUFA is completely different from that of its female parent. The hybrid hazelnut cv. ‘Dawei’ has the characteristics of high oleic acid and low linoleic acid. Whether this characteristic comes from its male Italian parent needs further study. In these five hazelnuts, Tryptophan content in free amino acids of hazelnut kernels is very low and hardly be detected, the composition and content of hydrolyzed amino acids are quite different among species. Sugar in hazelnut kernels is mainly sucrose. Compared with other species, C. mandshurica has obvious characteristics of high sucrose content. The wild species hazelnut kernels contain more bioactive components such as vitamin C, tocopherols, polyphenols and flavonoids, which may help it overcome the harsh growth environment.

Overall, there were great differences in the nutritional composition of different hazelnut species. Wild species are a good source of breeding materials because of their own characteristics in nutrition composition, and hybrid hazelnut cv. ‘Dawei’ with good quality has the value of commercial promotion.
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European hazelnut (Corylus avellana) is a diploid (2n = 22), monecious and wind-pollinated species, extensively cultivated for its nuts. Turkey is the world-leading producer of hazelnut, supplying 70–80% of the world’s export capacity. Hazelnut is mostly grown in the Black Sea Region, and maintained largely through clonal propagation. Understanding the genetic variation between hazelnut varieties, and defining variety-specific and disease resistance-associated alleles, would facilitate hazelnut breeding in Turkey. Widely grown varieties ‘Karafındık’ (2), ‘Sarıfındık’ (5), and ‘Yomra’ (2) were collected from Akçakoca in the west, while ‘Tombul’ (8), ‘Çakıldak’ (3), ‘Mincane’ (2), ‘Allahverdi’ (2), ‘Sivri’ (4), and ‘Palaz’ (5) were collected from Ordu and Giresun provinces in the east (numbers in parentheses indicate sample sizes for each variety). Powdery mildew resistant and susceptible hazelnut genotypes were collected from the field gene bank and heavily infected orchards in Giresun. Every individual was subjected to double digest restriction enzyme-associated DNA sequencing (ddRAD-seq) and a RADtag library was created. RADtags were aligned to the ‘Tombul’ reference genome, and Stacks software used to identify polymorphisms. 101 private and six common alleles from nine hazelnut varieties, four private from resistants and only one from susceptible were identified for diagnosis of either a certain hazelnut variety or powdery mildew resistance. Phylogenetic analysis and population structure calculations indicated that ‘Mincane’, ‘Sarıfındık’, ‘Tombul’, ‘Çakıldak’, and ‘Palaz’ were genetically close to each other; however, individuals within every varietal group were found in different sub-populations. Our findings indicated that years of clonal propagation of some preferred varieties across the Black Sea Region has resulted in admixed sub-populations and great genetic diversity within each variety. This impedes the development of a true breeding variety. For example, ‘Tombul’ is the most favored Turkish variety because of its high quality nuts, but an elite ‘Tombul’ line does not yet exist. This situation continues due to the lack of a breed protection program for commercially valuable hazelnut varieties. This study provides molecular markers suitable for establishing such a program.

Keywords: hazelnut (Corylus avellana L.), private alleles, genetic diversity, RAD-seq, SNP identification


INTRODUCTION

European hazelnut (Corylus avellana L.) is a diploid (2n = 22), monecious, dichogamous, self-incompatible, perennial, wind-pollinated species belonging to the Betulaceae family, and can be grown in bush form or from a single trunk (Brown et al., 2016; Öztürk et al., 2017b). European hazelnut is commercially important for its nuts. It is cultivated in northern Europe from southern Norway and Finland in the west, to the Ural Mountains to the east, and further south from western Iberia and Morocco to the Black Sea region of Turkey (Brown et al., 2016). Turkey is the world-leading producer of hazelnuts with 80% of cultivated area in the world (Sezer et al., 2017). Hazelnut is grown throughout the Black Sea and the Eastern Marmara regions of Turkey, where 90% of hazelnut cultivation is maintained in the provinces of Ordu, Trabzon, Giresun, Samsun, Duzce, and Sakarya (Sezer et al., 2017).

Despite its significant economic return, the official reports note that Turkey lags behind its competitors (Italy, Azerbaijan, Iran, and Georgia) in terms of hazelnut production per unit area (Okay et al., 1985; Erdoğan, 2018; TMO, 2019). Traditional propagation practices, changing climate conditions and prevalent diseases are reported as reasons for decreasing hazelnut production. The traditional hazelnut propagation practice in Turkey for centuries has been clonal multiplication of healthy and productive trees through suckers (Erdoğan, 2018; İslam, 2018). In Turkish orchards, hazelnut is usually found as multi-stemmed bushes. A circular sucker planting system, which is called an “Ocak”, is the traditional hazelnut planting method in Turkey. Spacing between Ocaks and between stems within the Ocak strongly affects the yield capacity of orchards (Beyhan et al., 2020). Dense planting of stems in an Ocak restricts necessary practices such as pruning, harvesting, and applying disease treatments, and reduces yield. A sparse planting in Ocaks including up to five or six stems and 4 m spacing between every Ocak is recommended by the Ministry of Agriculture and Forestry Hazelnut Research Institute (Okay et al., 1985). As an alternative, “hedge planting” with lines of single trunks at 1.5–2 m intervals has been proposed by the institute; this promotes higher yield, easier pruning, harvesting, fertilizing and application of disease treatments. Another advantage of the hedge planting system on steep terrain is that it requires a narrower terrace spacing than the Ocak system, reducing labor costs (Okay et al., 1985). Orchard renewal and remodeling has high potential to improve hazelnut yields in Turkey, creating a need for well-characterized and locally adapted varieties.

Climate factors and soil types greatly affect the growth of hazelnut trees. Mild summer and winter temperatures (below 36°C and above −8°C, respectively), adequate rainfall or irrigation are preferred climate conditions for productive hazelnut growth, along with deep, well-drained soil containing high organic matter (pH 6) (İslam, 2018). The average annual rainfall in the Black Sea Region is around 800–1000 mm and temperature changes in average between 8 and 21°C. Many orchards in the eastern Black Sea region have shallow soils, therefore yield/hectare is actually very low. On the other hand, climate conditions provide a suitable habitat for hazelnut trees, even though late spring frost and fungus infection might negatively affect the hazelnut production in this area (Sezer et al., 2017; Lucas et al., 2018, 2020).

Powdery mildew is a widespread disease of hazelnut in the Black Sea region. Two different powdery mildew causing agents have been identified (Sezer et al., 2017). Phyllactinia guttata, a member of Erysiphaceae family, is a widespread infectious fungus worldwide with mild symptoms, which does not affect hazelnut production. On the other hand, another fungus, Erysiphe corylacearum, was first reported in the eastern Black Sea region in 2013 and has now spread throughout the hazelnut cultivation areas, showing severe symptoms and reduction in hazelnut yields (Lucas et al., 2018). As another member of the Erysiphaceae family, E. corylacearum shows distinct effects from P. guttata and has previously been identified on various Corylus species in the Asia and the North America. Natural variation among hazelnut cultivars and wild individuals can provide hazelnut trees resistant to powdery mildew disease. Identification of alleles responsible for the resistant phenotype would help to prevent infection of the disease through a breeding program.

Rowley et al. (2012) published the first assembled and characterized European hazelnut draft genome for the cultivar ‘Jefferson’ (Mehlenbacher et al., 2011; Sathuvalli and Mehlenbacher, 2011; Rowley et al., 2012). C. avellana cv. ‘Jefferson’ was developed and released in 2009 by Oregon State University, and was selected for resistance to Eastern Filbert Blight (EFB) disease (Sathuvalli et al., 2017). Rowley et al. (2012) conducted de novo genome and transcriptome assemblies and achieved a 91% genome coverage for Jefferson (Rowley et al., 2012), which is currently being improved by incorporation of long-read sequencing technologies (Snelling et al., 2018). Recently, Revord et al. (2020) identified a core set of Corylus americana, a genetically and phenotypically diverse, cold hardy and EFB resistant hazelnut species using single nucleotide polymorphism (SNP) markers. This research provided diverse genetic resources for improving hazelnut production, as C. americana is cross-compatible with C. avellana (Revord et al., 2020). Meanwhile, Lucas et al. (2020) have recently published a chromosome-scale genome assembly for Turkish C. avellana variety ‘Tombul’ giving 97.8% coverage of the estimated genome size with 370 Mb length and 11 pseudomolecules (Lucas et al., 2020). ‘Tombul’ is the most important hazelnut variety in Turkey due to its high nut quality in terms of taste and oil content, and high productivity. The ‘Tombul’ genome assembly was provided as a reference genome particularly relevant for molecular breeding projects to improve hazelnut production in Turkey.

Understanding the molecular genetic diversity of hazelnut in Turkey is essential to reaching this goal. Genetic diversity between cultivars grown in Black Sea countries (Turkey, Georgia, and Azerbaijan) was investigated previously using simple sequence repeat (SSR) markers (Gürcan et al., 2010). Results showed both that some varieties were similarly named although they were phenotypically and/or genotypically different, or differently named although they were clonally propagated. Randomly amplified polymorphic DNA (RAPD), intersimple sequence repeat (ISSR), and amplified fragment length polymorphism (AFLP) markers have also been used to characterize the relatedness between Turkish hazelnut varieties (Kafkas et al., 2009; Erdoğan et al., 2010). Öztürk et al. (2017b) also studied the Turkish national hazelnut collection to identify genetic diversity and population structure, as well as selecting a core set which includes the most diverse accessions. This collection consists of 402 different accessions collected from the Black Sea Region including cultivars, landraces and wild accessions, which were classified using SSR markers (Öztürk et al., 2017b). European and American hazelnut cultivars and/or wild accessions have also been assessed using a variety of molecular markers such as SSRs and AFLPs (Boccacci and Botta, 2009; Leinemann et al., 2013; Martins et al., 2013; Brown et al., 2016; Bhattarai and Mehlenbacher, 2018). However, these molecular markers are based on oligonucleotide probes hybridizing to specific loci on the DNA, and they might produce conflicting results in some varieties due to unexpected polymorphisms within the oligo binding sites (Wang et al., 2013).

As a cheaper and higher resolution technique, the combination of restriction sites with next generation sequencing (NGS) has eased the way to discover genome-wide polymorphisms for any species (Davey et al., 2011). Restriction-site-associated DNA sequencing (RAD-seq) is a very effective method to identify SNPs in a population lacking a well-assembled reference genome, which has been applied successfully in hazelnut (Torello Marinoni et al., 2018).

In our previous study, we used double digest restriction enzyme-associated DNA sequencing (ddRAD-seq) to investigate the genetic diversity and domestication of cultivated and wild hazelnuts in Turkey (Helmstetter et al., 2020). This included 200 individuals from cultivated and wild hazelnut trees collected in the Black Sea region in Turkey, along with related Corylus species and specimens from the United Kingdom, Georgia, and Italy. Population genetic analyses revealed that cultivated hazelnuts showed elevated heterozygosity compared to wild individuals, and that genetic similarity did not correlate well with cultivar names. This might be due to somatic mutations, propagation of natural hybrid hazelnuts germinated from fallen seeds, and/or propagation of a group of clones that physiologically look alike but are actually genotypically different. This suggested that clonal propagation has promoted outbreeding and genetic admixture of Turkish hazelnut varieties across the growing region. Therefore, in this study we refer to these as “varieties”, meaning assemblies of individuals with different genetic backgrounds but convergent phenotypes, propagated vegetatively; as distinct from “cultivars” that are produced from a deliberate breeding effort through multiple seed generations, which are therefore more genetically homogeneous.

Here, we have re-analyzed the cultivated hazelnut varieties (32 individuals) and also powdery mildew resistant (8) and susceptible (13) wild accessions (21 individuals) from the previous study; firstly, by aligning the RAD-tags to the recently completed C. avellana var. ‘Tombul’ reference genome (Lucas et al., 2020), allowing the chromosomal distribution of loci to be assessed. Secondly, we focused on identifying polymorphic alleles that are specific and shared between each of nine Turkish varieties, along with two mixed populations containing individuals that were resistant and susceptible to powdery mildew disease, respectively. By identifying private alleles (i.e., an allelic variant only observed in one variety) that are diagnostic for each variety and also for powdery mildew resistant hazels, we aim to provide a basis for developing molecular markers that will be useful in orchard renewal and future breeding programs.



MATERIALS AND METHODS


Plant Sample Collection

Cultivated hazelnut individuals were collected to analyze their genetic diversity. Fresh leaf buds were collected from both Eastern (Ordu, Giresun) and Western (Akçakoca) Black Sea provinces. ‘Karafındık’, ‘Sarıfındık’, and ‘Yomra’ (also named as Foşa in the Eastern Black Sea region) were collected from Akçakoca orchards, while ‘Allahverdi’, ‘Çakıldak’, ‘Mincane’, ‘Palaz’, ‘Sivri’, and ‘Tombul’ were collected from a wider geographic area in the Eastern Black Sea region (Figure 1). ‘Mincane’ and ‘Sarıfındık’ are reportedly closely related but named differently in the Eastern and the Western Black Sea regions (H. Irfan Balık, personal communication).
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FIGURE 1. Locations from which samples of nine hazelnut varieties were collected in 2016–2017.


All of the commercial hazelnut varieties in Turkey are susceptible to powdery mildew infection (Lucas et al., 2018). Therefore, resistant accessions were selected from the non-cultivated landraces/wild individuals conserved in the field gene bank of the Giresun Hazelnut Research Institute. These accessions were largely collected between 1969 and 1972 from locations around the eastern Black Sea region (Figure 2), based on morphological diversity, and have been maintained by clonal propagation until the present day (Öztürk et al., 2017b). Mildew resistance phenotype was determined by scoring the prevalence of mildew on leaves as described previously (Lucas et al., 2018) over two growing seasons during which the majority of the gene bank was heavily infected; only eight accessions were found to have no signs of mildew and were selected as the “resistant” group. Accessions with similar geographic origins to the resistant individuals, but scored with the highest prevalence of mildew, were selected to form a “susceptible” group.


[image: image]

FIGURE 2. Locations from which resistant and susceptible hazelnut accessions originated, prior to transplantation to the field gene bank at Giresun Hazelnut Research Institute. Records of the original location for one resistant and several susceptible individuals were not available, so these are not shown on the map.




DNA Extraction

DNA of each individual was extracted for RAD-seq analysis. A modified version of the DNA extraction protocol from Wang et al. (2013) was conducted using fresh leaf buds. 200–250 mg of tissue was added with one 5 mm bead into a 2 ml TissueLyser tube. Tubes were frozen at −80°C for at least 20 min and then beaten for 1 min at 30 s–1 until the buds were fully pulverized, and then DNA extraction carried out as described previously (Lucas et al., 2020). The isolated DNA was purified further by cleaning on spin columns from the Qiagen DNeasy Plant Miniprep kit.



RAD-Seq Library Preparation

Barcoded ddRAD-seq libraries were constructed using EcoRI and MspI in the Jodrell Laboratory (Royal Botanical Gardens, Kew, United Kingdom) as described previously. Ten PCR reactions were run for every library and then combined to minimize PCR bias, and batches of samples were normalized and then pooled in equivalent quantities before sequencing. Sequencing of 150 bp paired-end reads was realized on an Illumina HiSeq 4000 at the Edinburgh Genomics sequencing facility (Helmstetter et al., 2020). In order to demultiplex and clean the ddRAD-seq data, the process_radtags command was used using the cut sites of MspI and EcoRI (Peterson et al., 2012). All demultiplexed ddRAD-seq data were uploaded to the European Nucleotide Archive (Project Accession no: PRJEB32239. Run accessions used in this study: ERR3293948; ERR3299084-3299095; ERR3299102-3299130; ERR3362869-3362889).



RAD-Tag Alignment to a Draft Reference Genome

The chromosome-scale genome assembly of the ‘Tombul’ variety (GCA_901000735.1) reported by Lucas et al. (2020) was indexed using bwa index (Burrows-Wheeler Aligner). Next, the demultiplexed and cleaned reads were aligned to the indexed reference genome using bwa mem. and Sequence Alignment/Map (SAM) files created (Li et al., 2009).



Stacks Reference Genome Pipeline

The Stacks reference genome pipeline was followed to analyze population genetics independently in the Turkish hazelnut varieties (n = 32) and resistant and susceptible accessions to powdery mildew disease (n = 21) (Catchen et al., 2013; Paris et al., 2017). The pipeline is summarized below and in Supplementary Figure 1.

(1) pstacks: Aligned data were grouped into loci and polymorphic nucleotide sites were identified for each individual.

(2) cstacks: Loci were grouped together across each individual. A consensus catalog was created.

(3) sstacks: Loci of each individual were tested if they matched against the consensus catalog.

(4) rxstacks: Genotype and haplotype corrections were made based on the population-wide accumulated data.

(5) populations: The population genetic statistics were calculated based on the population map showing which individuals belong to which population. Individuals that belong to a variety were grouped within the same population.



Population Structure

The population structure was inferred by calculating the similarity between each individual’s haplotype using the fineRADStructure package in order to estimate co-ancestry across the individuals (Malinsky et al., 2018). Parameters were specified as follows: −n 10 (maximum number of SNPs allowed in a haplotype locus); −m 75 (cut-off value% of missing data in individuals). The RADpainter command was used to calculate the closest relatives for each allele from each RAD locus, these were then clustered by fineRADStructure using a Markov Chain Monte Carlo (MCMC) algorithm.



Phylogenetic Analysis and Tree

The phylogenetic analysis was conducted using 32 individuals and 10645 variant sites that were present in every variety via Randomized Accelerated Maximum Likelihood (RAxML) (Stamatakis, 2014). The program was run through the command raxmlHPC using GTRGAMMA as model (−m) with 100 cycles (−#). The phylogenetic tree was built via FigTree software using best tree output with bootstrapping results.



Polymorphic Gene Annotation

Gene modeling was performed using Augustus (Stanke et al., 2008) for de novo gene prediction using the ‘Tombul’ genome assembly, with conditions optimized for Arabidopsis thaliana. The sequences of Stacks loci containing private or shared alleles were mapped against the ‘Tombul’ gene models using BLASTN. The predicted coding sequences of matches were uploaded in the online Mercator tool, which assigned Gene Ontology terms to each sequence on the basis of sequence similarity searches (Lohse et al., 2014).




RESULTS


Genotyping and Population Genetics Statistics

The genetic diversity of Turkish hazelnut varieties, along with resistant and susceptible accessions, were investigated through a series of statistical analyses. RAD-seq results were interpreted using Stacks reference genome pipeline. cstacks generated a set of consensus loci by merging alleles sequenced in multiple samples together. In total, 472,140 loci were generated, and every locus was 150 bp in length, with an average read depth of 75 at each locus. 1,048,575 SNPs were identified in the consensus catalog (Table 1). These loci were evenly distributed among all 11 assembled pseudochromosomes, with a mean average density of 1253 loci/Mb.


TABLE 1. Distribution of consensus ddRAD-tags and single nucleotide polymorphisms (SNPs) on chromosomes in the ‘Tombul’ genome assembly.
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The population genetics statistics were analyzed separately for Turkish hazelnut cultivars and resistant and susceptible accessions using the populations program in Stacks; total/mean values across all polymorphic loci are given in Table 2. Among the cultivated varieties, ‘Karafındık’ had the highest number of private alleles. Chi-squared tests showed that overall deviations from the expected homozygosity and heterozygosity values were not statistically significant (Table 2). The average P values (major allele frequency) ranged from 0.778 to 0.890. The lowest nucleotide diversity estimate (π) belonged to ‘Allahverdi’ variety and the highest to ‘Sarıfındık’. All of the sub-populations had observed heterozygosity higher than expected heterozygosity and in-breeding coefficients (FIS) close to 0, consistent with out-breeding dominating their recent genetic history.


TABLE 2. Summary of population genetic statistics summarized across all loci for each subpopulation: Number of private (Pr) alleles, number of individuals (N), the mean frequency of the most frequent allele at each locus (P), the observed (Obs) and the expected (Exp) homozygosity (Hom) and heterozygosity (Het), the mean value of estimated nucleotide diversity (π), and the mean inbreeding coefficient (FIS) across all loci, χ2 test statistic and corresponding p-values of hazelnut varieties (a) and resistant-susceptible accessions (b).
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The summary of population genetics statistics for resistant vs. susceptible accessions showed that the number of private alleles was similar in both, and higher than in varietal sub-populations of similar size (Table 2). Most of the population-wide statistics were similar for both groups, although the FIS value of resistant accessions was higher than for susceptible accessions. Unlike the cultivated sub-populations, the resistant and susceptible groups had lower observed heterozygosity than expected heterozygosity, and correspondingly higher FIS. This is consistent with this group comprising largely wild accessions, that are generally more inbred than cultivated varieties (Helmstetter et al., 2020).



Population Structure

The population structure among 32 individuals of named Turkish hazelnut varieties was inferred using fineRADStructure software package, which aims to discover conserved haplotypes in order to understand the co-ancestry between individuals. Nearest neighbor calculations using the RAD-seq haplotypes were then calculated to cluster the hazelnut individuals. Eight sub-clusters were identified along with two outliers, Çakıldak-3 and Karafındık-1 (Figure 3). Some contamination of the latter of these two is very likely, considering the unusually high number of private alleles and π value of the ‘Karafındık’ sub-population (Table 2). Some individuals from the same variety clustered together, such as ‘Allahverdi’−1 and −2, and ‘Sivri’−1, −2, and −4; ‘Palaz’−1, −3, and −4 clustered with ‘Çakıldak’−1 and −2. The 8 ‘Tombul’ accessions included 4 that fell into the same broad cluster (‘Tombul’−2, −3, −4, and −8) but the other four were spread among three different clusters. Similarly the ‘Mincane’, ‘Sarıfındık’, and ‘Yomra’ accessions were dispersed among multiple clusters. ‘Sarıfındık’, ‘Yomra’, and ‘Karafındık’ were collected from the western Black Sea region; however they were originally propagated from eastern Black Sea hazelnut varieties through migrating growers (Erdoğan, 2018). Therefore, it is unsurprising that they were not clustered according to their recent geographical origin. This is particularly striking in the case of ‘Sarıfındık’ for which five representatives were dispersed among four genetic clusters, despite all being collected from a small group of orchards in the same local area (Figure 1).
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FIGURE 3. Co-ancestry heatmap and cladogram of hazelnut individuals composing of nine different varieties: ‘Allahverdi’, ‘Çakıldak’, ‘Karafındık’, ‘Mincane’, ‘Palaz’, ‘Sarıfındık’, ‘Sivri’, ‘Tombul’, and ‘Yomra’. The color scale on the right shows the degree of shared co-ancestry. Bootstrap values for the cladogram are indicated on the branches.




Phylogenetic Analysis and FST Values Between Hazelnut Varieties

Phylogenetic analysis was performed to infer evolutionary relationships between Turkish hazelnut varieties using the SNP loci that were common to every variety with a Maximum Likelihood method. The results showed two different clades: Clade 1 included ‘Sivri’, ‘Allahverdi’, and ‘Yomra’; Clade 2 included ‘Tombul’, ‘Sarıfındık’, ‘Mincane’, ‘Karafındık’, ‘Çakıldak’, and ‘Palaz’, although ‘Sarıfındık’ diverged from the rest of the clade with 99% bootstrap support (Figure 4).
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FIGURE 4. Phylogenetic tree of hazelnut varieties. Bootstrapping values are indicated on the nodes, while scale bar indicates genetic distance. No. of individuals for ‘Allahverdi’, 2; ‘Çakıldak’, 3; ‘Karafındık’, 2; ‘Mincane’, 2; ‘Palaz’, 5; ‘Sarıfındık’, 5; ‘Sivri’, 4; ‘Tombul’, 8; and ‘Yomra’, 2.


The fixation index (FST) values reflect the degree of genetic differentiation between sub-populations, and similarly indicated closer genetic relationships between ‘Tombul’, ‘Sarıfındık’, ‘Mincane’, ‘Çakıldak’, and ‘Palaz’ (Table 3). ‘Sarıfındık’ and ‘Mincane’ are thought to be closely related as they were both originated from the same variety, propagated under different names in the western and eastern Black Sea regions respectively; however, the measures used here suggested that both are now genetically closer to ‘Tombul’ than each other. Hazelnut propagation in Turkey often uses not a single clone, but a group of clones with similar morphological and physiological characteristics (İslam, 2003). Therefore during the selection and propagation of ‘Mincane’ and ‘Sarıfındık’, ‘Tombul’ suckers might have been included among those individuals. On the other hand, different environmental conditions between the two regions could have driven the genetic differentiation of ‘Sarıfındık’ from the rest of the group. Additionally, hazelnut selection and propagation in Turkey were always conducted around the eastern Black Sea region so it is likely that ‘Tombul’, ‘Mincane’, ‘Çakıldak’, and ‘Palaz’ have been grown together (H. Irfan Balık, personal communication). The divergences between these varieties were not well supported in the phylogenetic analysis (Figure 4), indicating that they share recent common ancestry.


TABLE 3. Inter-varietal FST values matrix.
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Private and Common Alleles and Gene Annotation

An ideal variety-specific marker should be a locus that is present in all hazelnut varieties, but that has alleles that are unique to one or more varieties. Therefore, an investigation was conducted to identify “private” and “common” alleles belonging to each hazelnut varietal sub-population, and private alleles found specifically in resistant accessions. Private alleles were defined as those which differed from the reference (‘Tombul’) genome and were only found in one sub-population; therefore, for the varietal sub-populations these contain variety-specific SNPs, while private alleles in the mildew-resistant sub-population might be linked to genes involved in pathogen defense mechanisms. “Common” alleles were also different from the reference genome, but found in more than one varietal sub-population.

All private and common alleles found in each variety were also mapped to the reference genome (Figure 5). Stacks loci were approximately evenly distributed throughout the genome, but polymorphic sites were distributed differently in each variety; for example, the ‘Tombul’ sub-population had a higher density of polymorphisms on chromosomes 8, 9, and 10, but very few on the short arms of chromosomes 1, 2, and 3 (Figures 5A,B). These observations suggest that genetic diversity may be localized in specific chromosome regions, which could be diagnostic for each variety.
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FIGURE 5. Circular plot showing histograms of the number of assembled Stacks loci mapped to the genome assembly of C. avellana var. ‘Tombul’. Outermost ring shows the relative density of all loci (A) by genome position. Polymorphic loci were selected, and alleles that differed from the reference genome and were present in specific populations were mapped for each variety. Working from outside to the center of the figure, alternative alleles for the (B) ‘Tombul’, (C) ‘Sivri’, (D) ‘Sarıfındık’, (E) ‘Palaz’, and (F) ‘Çakıldak’ varieties are shown. These include both alleles that are unique to a certain variety (private alleles), and those which are shared between some varieties but absent in others.


For example, ‘Sivri’ differed most clearly from the other varieties in a block near the distal end of chromosome 7, while ‘Sarıfındık’ contained blocks of variety-specific alleles that mapped to chromosomes 1 and 2. Many of the alternative alleles were shared between ‘Çakıldak’ and ‘Palaz’, reflecting their recent common ancestry (Figures 3, 4), but there were also blocks that could distinguish between them on chromosomes 4 and 10, respectively. These variety-specific blocks could contain genes that confer distinctive phenotypic characteristics, even when other parts of the genome vary throughout breeding.

In order to test whether the polymorphisms found in private alleles reported here could have direct functional effects, their sequences were also mapped to the ‘Tombul’ reference genome (see section ‘Materials and Methods’). Private alleles that fell within predicted gene models were identified, and the Gene Ontology annotations of these genes noted for further evaluation.



Private Alleles

The private alleles noted in Table 2 were identified to detect variety-specific SNPs. These were further reduced to those that could be most useful as diagnostic SNPs by selecting private alleles that were homozygous for the non-reference allele or heterozygous across all members of a sub-population (described in Supplementary Table 1). In total, 101 different alleles were found with at least 1 from each variety; 57 private alleles were 100% homozygous, showing no diversity within their sub-population, suggesting that they might be fixed in the relevant variety. The other 44 alleles were 100% heterozygous within their variety, which indicates that the alternative SNP allele could be diagnostic for that variety, but is not yet fixed in the population. Comparison of these private allele SNPs with the ‘Tombul’ genome found that 59 of them fell within predicted gene coding sequences and therefore may have a direct functional effect (Supplementary Table 2).

Three private alleles from the variety ‘Allahverdi’ (Locus IDs 6636, 6639, and 7133) were found in Stacks loci that were present in all the hazelnut varieties tested, making these loci ideal as diagnostic markers for ‘Allahverdi’. However, the rest of the loci harboring private alleles were only sequenced in a subset of the population. This might be due to differences in efficiency of the ddRAD-seq library preparation between samples, or point mutations in restriction sites causing some of these loci not to be detected during ddRAD-seq analysis (allele dropout). Some of these may also be useful as variety-specific markers, but would need to be validated on a larger population first.



Common Alleles

The “common” alleles listed in Table 4 were contained by Stacks loci that were successfully sequenced from all individuals. For this analysis, the ‘Tombul’ group was split into two sub-populations to reflect the observed co-ancestry (Figure 3); ‘Tombul_1’ included individuals Tombul-1, −5, −6, and −7, while ‘Tombul_2’ included Tombul-2, −3, −4, and −8. It was observed that very few alternative alleles were shared between these sub-populations.


TABLE 4. List of common alleles showing polymorphisms in specific varieties.
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Six common loci harboring polymorphic alleles were found on chromosomes 1, 2, 3, 4, 7, and 9, in which the majority of varieties had the reference nucleotide SNP position, but some varieties showed an alternative allele (Table 4). Hence these alternative nucleotides could be used as SNP markers to partially identify specific varieties. For example, a “T” allele in the polymorphic site of Locus 46 was observed in both ‘Allahverdi’ and some of the ‘Sarıfındık’ individuals; while a “C” in Locus 14093 was found both in ‘Sarıfındık’ and ‘Yomra’. Therefore, the presence of both of these polymorphisms together could be diagnostic for ‘Sarıfındık’. These SNPs, along with the private alleles noted above, could form the basis of a genetic screening program to confirm the identity of Turkish hazelnut varieties, although they should be validated on larger populations first. Genes associated with these common loci (Table 5) may also be of particular interest, as these loci have been conserved in all the varieties tested during the decades of deliberate selection for hazelnut cultivation in Turkey.


TABLE 5. Annotations of genes coinciding with the Common Loci listed in Table 4.
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Private Alleles of Resistant and Susceptible Accessions

Private alleles were identified between eight powdery-mildew resistant and thirteen susceptible accessions. None of these alleles were in all members of either group; this is expected owing to the greater genetic diversity between wild accessions compared with cultivated varieties. However, five private alleles were selected for which the alternative allele frequency was >50% in one group, but absent in the other (Table 6). Locus IDs 781, 22018, 9218, and 18249 contained private alleles from the resistant group. Locus 781 contained a C:T polymorphism that was present in four resistant accessions, three of which were homozygous. Locus 22018 was homozygous in five resistant accessions for a T:A polymorphism. Most frequently, 7/8 resistant accessions showed a C:T polymorphism in locus 9218; all but one of these were homozygous, making this the most promising candidate disease resistance locus. Furthermore, it overlaps with a gene that is predicted to be involved in stress response signaling (Table 7), although this may be coincidental; further research is needed to determine whether specific alleles of this gene, or others near this locus, could contribute to disease resistance. Locus 18249 was also found in four resistant accessions, exhibiting a T:C polymorphism with 50% homozygosity. The repeated occurrence of these polymorphisms in resistant accessions offers a possibility that they are linked to genes involved in powdery mildew resistance; in contrast, the single private allele found in the majority of susceptible accessions, in Locus 21961, could possibly be associated with powdery mildew susceptibility. Comparing with gene models from the reference genome found that most of these polymorphisms fell in inter-genic regions; however, the closest predicted gene models to each private allele were identified and are given in Table 7.


TABLE 6. List of private alleles that were specifically polymorphic in either Resistant or Susceptible group.
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TABLE 7. Annotations of genes coinciding with the private alleles listed in Table 6.
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DISCUSSION

Marker screening has previously been performed for Turkish hazelnut varieties, using microsatellite markers were to investigate their genetic diversity (Kafkas et al., 2009; Erdoğan et al., 2010; Gürcan et al., 2010; Öztürk et al., 2017a, b). SNP markers were used in this research to provide a higher resolution for DNA fingerprinting of diverse varieties, and to understand the population structure of cultivated hazelnut trees in Turkey. Representatives of nine commercial hazelnut varieties collected from multiple locations both from the Giresun Hazelnut Research Institute collection and private orchards were sequenced, and their SNP profiles analyzed using population genetics methods. In total 1,048,575 SNPs were discovered across all individuals, greatly increasing the number of known nucleotide polymorphisms in hazelnut. Previously, Torello Marinoni et al. (2018) identified 9,999 SNPs using a Genotyping-by-Sequencing approach, and generated saturated linkage maps for a segregating population of two parents, Tonda Gentile delle Langhe and Merveille de Bollwiller. The SNPs reported here are also potentially valuable for genetic and QTL mapping, although only a minority of loci (10,645) were consistently retrieved from all individuals. This indicates a high level of genetic diversity between individuals, and high levels of heterozygosity found in cultivated accessions (Table 2) also necessitate careful selection of potential molecular markers.

Our previous study found that cultivated Turkish hazelnuts could be grouped into three broad genetic clusters, but that these clusters did not correspond to cultivated variety names; it was also observed that there was no evidence for a strong domestication bottleneck in hazelnut, but that domestication is a gradual process that is still ongoing (Helmstetter et al., 2020). The data presented here explores the implications of this genetic history on individuals at the orchard level, which can help define strategies for breeding and genetic improvement.


Heterozygosity Is Higher in Hazelnut Cultivars Than Resistant and Susceptible Hazelnut Accessions

Domestication differs between annual and perennial plants. While sexual reproduction is the usual propagation strategy for annual plants, vegetative propagation is often a common practice for perennial plants (Miller and Gross, 2011). The reasons for preferring clonal propagation are the long juvenile stage, and self-incompatibility (Migicovsky et al., 2021). It is therefore favorable for breeders to clonally propagate plants with desirable traits in order to maintain them. Hazelnut cultivation in Turkey is performed largely through vegetative propagation. Growers usually exchange and migrate suckers of hazelnut varieties based on their pomological and morphological appearance across the Black Sea region, which has led to propagation of trees with similar phenotypes, health and nut quality for centuries (Erdoğan et al., 2010).

The genome of cultivated Turkish hazelnuts consisted of approximately 21–32% heterozygous and 67–78% homozygous alleles, depending on the variety; whereas that of resistant and susceptible wild accessions consisted of 22–23% heterozygous and 76–77% homozygous alleles (Table 2). The observed heterozygosity among Turkish cultivated varieties could result from vegetative propagation of heterozygous individuals that were initially produced by outcrossing. These plants might have improved phenotypes through heterosis, so that growers favor heterozygous varieties in the course of selective propagation practices.

On the other hand, heterozygosity was not as high in the mildew-resistant and susceptible accessions, which were largely taken from un-cultivated trees. Lower observed than expected heterozygosity in these accessions suggests that wild hazels may show inbreeding over time; the population-wide genetic diversity means that self-incompatibility is less frequent than within a domesticated variety, although many Turkish varieties do still produce some nuts on selfing, showing that self-incompatibility is not complete (Balık and Beyhan, 2019). This finding is supported by the population genetics study conducted on wild hazelnut accessions collected from Ireland (Brown et al., 2016). Uncultivated hazelnut trees might naturally mate within a limited area leading to inbreeding, which could limit gene flow and increase homozygosity. On the other hand, biparental inbreeding may increase genetic drift (Duminil et al., 2009), giving a greater probability for novel mutations such as those conferring powdery mildew resistance to develop.



Use of Private and Common Alleles as Molecular Markers

Marker identification for desirable traits will be challenging for phenotypically similar but genetically diverse hazelnut varieties with many heterozygous loci, since there may be multiple alleles within a single variety that confer a trait of interest. Determining firm trait-marker associations is beyond the scope of this study; however, the SNPs reported here for Turkish hazelnut cultivars and resistant wild accessions provide an important basis for future association mapping studies, and the private alleles also might be useful as diagnostic markers for specific varieties and mildew resistance, respectively. The fact that no single polymorphism was common to all the mildew-resistant individuals shows that this resistance is not conferred by a single dominant resistance (R) gene; however there may be multiple R genes in different individuals. Also, varying levels of partial/quantitative resistance have been observed across the Turkish hazelnut population (Lucas et al., 2018), suggesting that a genome-wide association study could be an effective approach to mapping this trait.



Hazelnut Propagation Practices in Turkey Contribute to Polymorphisms Arising Within the Varieties

Hazelnut classification in Turkey is primarily based on the shape of nut and quality of kernel (Kafkas et al., 2009; Erdoğan et al., 2010; Balık et al., 2018). A good quality hazelnut has a round shape, a high oil content, a high blanching rate, and a rich and aromatic taste. Therefore, the ‘Tombul’ variety, known for its nut quality, has been selected for these complex phenotypes and vegetatively propagated across the Black Sea region. The ‘Tombul’ individuals sequenced in this study had high nucleotide diversity (Table 2), did not cluster in the co-ancestry matrix (Figure 3) and contained many polymorphisms compared to the reference ‘Tombul’ genome (Figure 5). This revealed that individuals within the ‘Tombul’ population were diversified and admixed, which has already mentioned by previous studies (İslam, 2003; Kafkas et al., 2009; Gürcan et al., 2010; Balık et al., 2018; Helmstetter et al., 2020). These observations suggest that hazelnuts currently propagated as ‘Tombul’ are a complex of different genetic varieties with convergent phenotypes. This is consistent with current ‘Tombul’ orchards having been selected by growers who collected and propagated suckers of representative ‘Tombul’-like individuals, but not from a single clone. Over time these practices might lead to propagation of a mixture of different clones for which the physical appearance seems very much alike (Balık et al., 2018). Therefore, the genetic diversity within the cultivated varieties might originate from these traditional propagation practices.

Another hypothesis is that somatic mutations in meristem tissues might be a reason for genetic diversification in hazelnut cultivars (McKey et al., 2010). This is realized when a cell lineage mutates and out-competes other cell lineages in the same tissue through an advantage in cell proliferation. This is a very common occurrence for other clonally propagated crops such as grape and apple. As a grape variety, Pinot has been extensively cloned from the mother plant, but during the course of vegetative propagation somatic mutations have led to diversify the variety and produced Pinot Blanc, Pinot Gris or Pinot Teinturier (Myles et al., 2011). A similar genetic mutation could be also observed in the most cultivated commercial apple variety sports such as Wijcik McIntosh, a sport of McIntosh, which has been selected for high-density planting (Migicovsky et al., 2021). Therefore, somatic mutations might have happened over the decades of clonal cultivation of domesticated hazelnut, which could cause increased genetic diversity within the varieties (Helmstetter et al., 2020).

The nucleotide diversity (π) in most of the cultivated varieties was similar to the wild accessions (Table 2), suggesting that hazelnut has avoided the domestication bottleneck observed in many annual species (Cornille et al., 2012; Helmstetter et al., 2020). Consequently, these varieties may have preserved enough genetic diversity within the variety to adapt to changing environmental stress conditions. Although a highly productive elite line might provide great benefit for growers, preserving the genetic diversity in the varieties is also vital for long-term sustainability.

On the other hand, the variety ‘Allahverdi’ showed characteristics much more typical of a true cultivar, showing the lowest nucleotide diversity and highest co-ancestry between individuals (Figure 1). ‘Allahverdi’ was released in 2013 as a selection from the genotype collection at the Giresun Hazelnut Research Institute characterized by high, stable yield and late leaf opening. Therefore, it is much closer to a clonal cultivar than the other varieties considered here; as a result, it was also easiest to find private alleles that are unique to ‘Allahverdi’, which could facilitate molecular identification and breed protection of this valuable variety.

Regarding the phylogenetic tree, ‘Allahverdi’, ‘Yomra’, and ‘Sivri’ diverged from ‘Sarıfındık’, ‘Tombul’, ‘Karafındık’, ‘Mincane’, ‘Palaz’, and ‘Çakıldak’ (Figure 4). The difference between ‘Tombul’ and ‘Allahverdi’ illustrates how different propagation approaches affect the development of elite varieties in such plant species. These results indicate that ‘Tombul’ should not be considered as a cultivar due to high genetic diversity within the variety; however, as ‘Tombul’ is one of the most economically important varieties in Turkey, there would be considerable value in initiating an elite cultivar breeding program using selections from this variety as primary parents.



Pollinators Affect Quality Traits in Clonally Propagated Hazelnut Varieties

The propagation system of a plant influences its genetic population structure. Growers use either seed propagation or vegetative (clonal) propagation in order to produce breeding lines (Zohary, 2004). Seed propagation is sexual reproduction, so plants that are propagated through seeds undergo a series of recombination and selection events throughout their breeding history; therefore, inbreeding is required to ensure trait stability (Zohary, 2004). Clonally propagated plants are usually perennials, outcrossers, and increasingly heterozygous individuals may be selected as a strategy to avoid the effects of deleterious alleles that might have accumulated through the years (McKey et al., 2010; Miller and Gross, 2011). Hazelnut trees fit very well with the definition of clonally propagated fruit trees. They have a very long generation time which is up to 8 years to achieve full maturity, and clonal propagation is the only way rapidly to multiply a hazelnut tree with desired traits (Lucas et al., 2020). Selection against inbreeding depression might have been performed over the years of hazelnut cultivation in Turkey, as a lower inbreeding coefficient was observed in hazelnut varieties than in the wild accessions (Table 2).

The outcrossing nature of hazelnut necessitates the planting of fertile and correct pollinators in the vicinity of the primary production trees, in order to set the nuts. Turkish hazelnut varieties show partial self-incompatibility and could still set seeds when they are selfed, however this greatly affects the nut quality and thus reduces the hazelnut productivity (Balık and Beyhan, 2019). For this reason, cross-pollination with suitable pollinators is very important for a good quality hazelnut.




CONCLUSION

The investigation of genetic diversity of Turkish hazelnut varieties showed many of them have high intra-varietal diversity, and that several varieties are genetically admixed. We also identified high genetic diversity within the variety itself. This reflects the lack of a long term breeding program for producing elite lines of the best quality nuts, such as ‘Tombul’. Although protecting genetic diversity is crucial for adaptation to changing environmental conditions, generating elite lines has the potential to increase the commercial value of hazelnut production. We were able to define diagnostic SNPs for most varieties that can provide reliable identification in the field, and facilitate marker-assisted selection in breeding programs.

The comparative genetic analysis of resistant and susceptible accessions provided us promising loci that could be used as powdery mildew resistance associated markers. However, no single polymorphism was found in all resistant (or susceptible) accessions. To explore this possibility further, exploration of natural genetic variation among diverse hazelnut accessions through a genome-wide association mapping approach would allow the discovery of mildew disease resistance traits, along with other genes important improve hazelnut cultivation in Turkey.
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Hazel (Corylus spp.) is an economically important nut species with a unique biological characteristic of ovary differentiation and development initiating from the ovary primordium after pollination. Auxin participates in ovary initiation and has an essential impact on hazel fruit yield and quality. The regulation of auxin in ovary development is thought to be related to auxin response factors (ARFs); however, its detailed regulatory mechanism remains unclear. The spatiotemporal expression pattern of C. heterophylla ARF3 (ChARF3) was accessed via ARF gene family member identification and expression abundance analysis as well as immunohistochemistry. ChARF3 target genes were identified via chromatin immunoprecipitation followed by next-generation sequencing (ChIP-Seq). In total, 14 ChARF members containing at least B3 and Auxin_resp domains were found to be distributed on 9 of 11 chromosomes, and the protein molecular weights were predicted to range from 70.93–139.22 kD. Among eight differentially expressed ChARFs, ChARF3 showed the most significant differences over four ovary developmental stages. Immunohistochemical analysis revealed that ChARF3 was expressed in the ovary primordium and funiculus, integument, endosperm, radicle, and cotyledon indicating its potential regulatory roles in ovary differentiation and development. In total, 3,167 ChARF3 target genes were identified through ChIP-Seq in four ovary developmental stages and were significantly enriched in the biosynthesis of secondary metabolites (ko01110), phenylpropanoid biosynthesis (ko00940), and phytohormone signal transduction (ko04075). ChARF3 was hypothesized to be involved in the regulation of auxin-induced genes and the transcription factors MADS, AP2/ERF, TCP, FT, and LFY. These results suggest that ChARF3 may regulate ovary initiation and ovule development by mediating genes related to auxin biosynthesis and transport, cell division and proliferation, and flower and fruit development. This study provides new insights into the molecular mechanism of hazel yield formation.

Keywords: hazel, auxin response factor, ovary initiation, ovule development, ChIP-Seq


INTRODUCTION

Hazel (Corylus spp.) is an economically important nut species belonging to the family Betulaceae. Hazel kernel is a traditional dry food and an essential raw material used for oil, powder, jam, and kernel crumb in food processing industries (Amaral et al., 2006). The final fruit size and kernel plumpness, the most desirable traits determining the hazelnut market price, are determined by ovary initiation and ovule filling, which comprise a complex series of developmental events (Cheng et al., 2018b; Liu et al., 2020). Fruit initiation (namely fruit set), an important reproductive process, is defined as the development of an ovary into a fast-growing young fruit via successful pollination and fertilization (Tang et al., 2015). In most flowering plants, the ovule containing the egg cells is present at the time of pollination, resulting in a short fertilization window (Liu et al., 2014a). However, in hazel, the entire ovary and ovules are absent at the time of pollination (Liu et al., 2014a); the ovary and ovule primordium begin to differentiate only after pollination and extension of the pollen tube to the stigma and are gradually formed within ~50 days, resulting in a much longer window for fertilization of the ovule and embryo sac maturation (Liu et al., 2014a,b). There are only several layers of ovary primordium cells in the female inflorescence at the time of blooming, and the ovary comprises pericarp, parenchyma, and ovule when fertilization is completed (Liu et al., 2014a,b). During this period, the ovary undergoes a series of complex biological events, and a better understanding of the initiation of ovary development is beneficial to clarify the mechanism of hazel yield formation.

Auxin concentration in the female inflorescence is promoted by pollination, and auxin tends to accumulate at the growth center of pistillate inflorescences and young ovaries, suggesting its important role in regulating ovary differentiation and development (Cheng et al., 2018b). Auxin response factors (ARFs) play central roles in conferring auxin-mediated responses by selecting target genes in plants (Liscum and Reed, 2002). At present, knowledge of the biological function of individual ARFs related to flower and fruit development has been mainly obtained from the studies of model plants, such as Arabidopsis thaliana (Li et al., 2016b). In A. thaliana, ARF1 and ARF2 regulate senescence and floral organ abscission (Ellis et al., 2005). Functional analysis of ARF2 indicates that it regulates auxin signaling, cell division, and the size of seeds and other organs (Ellis et al., 2005). ARF3/ETTIN (ETT) interacts with AGAMOUS (AG) and APETALA2 (AP2) in floral meristem determinacy (Liu et al., 2014). ARF5/MONOPTEROS (MP) is critically required for embryonic root and ovule development (Weijers et al., 2006; Cucinotta et al., 2021). ARF8 regulates fertilization and fruit development (Goetz et al., 2006), whereas ARF6 and ARF8 act redundantly in flower maturation (Nagpal et al., 2005). Previous studies have confirmed the important role of ARFs in the regulation of flower and fruit development. In this study, all members of the ARF gene family in the hazel genome were identified, followed by the identification of C. heterophylla ARF (ChARF) at the transcriptional level. Furthermore, immunohistochemical (IHC) analysis using ChARF3-specific antibodies was performed to provide molecular evidence of the involvement of ChARF3 in ovary development. Finally, ChARF3 target genes were identified via chromatin immunoprecipitation followed by next-generation sequencing (ChIP-Seq). This study provides new insights into the molecular mechanism of hazel yield formation.



MATERIALS AND METHODS


Plant Materials

In 2019, plant samples were collected from a hazel orchard in Siping, Jilin Province, China. The primary hazelnut cultivar was C. heterophylla × C. avellana “Dawei” using C. heterophylla × C. avellana “Bokehong” as a pollination cultivar. These cultivars were identified using a simple sequence repeat-based technique with seven primer pairs (Cheng et al., 2018a) at the College of Life Sciences, Jilin Normal University. Sampling and sample pretreatment for the IHC and ChIP experiments were performed as described in previous studies (Cheng et al., 2018b; Liu et al., 2020), with minor modifications. In total, 40 15-year-old “Dawei” trees were randomly selected and used as the study material. On April 7, ~2,000 quality “Dawei” pistillate inflorescences were randomly bagged and tagged; each of the selected trees had approximately 50 tagged inflorescences. On April 17, more than 18 0.5-m-long twigs were cut from six study trees for exogenous auxin and auxin inhibitor treatment. On April 20 (blooming date), artificial pollination was performed to exclude the possibility of self-pollination on the same day. For further IHC and ChIP experiments, samples were collected on May 30, June 30, and July 30, 10 days later than that described before and between the sampling time points of ovule formation (Ov1 stage), early ovule growth (Ov2 stage), rapid ovule growth (Ov3 stage), and ovule maturity (Ov4 stage), respectively. Thus, the samples used in this study were named Ov1.1, Ov2.1, and Ov3.1 to distinguish them from previous samples for RNA sequencing (RNA-Seq) (Liu et al., 2020). For the IHC experiment, pistillate inflorescences or young fruit were immediately placed in liquid nitrogen. For the ChIP experiment, ovules [>0.1 g (g fresh weight)] were isolated manually from the pistillate inflorescences or fruit clusters; thereafter, only medium-sized ovules, among all isolated ovules from the same development stage, were immediately treated with 1% formaldehyde before placing in liquid nitrogen. The voucher specimens of these materials have been publicly deposited in Shenyang Agriculture University, Shenyang, China. All field experiments were conducted in compliance with the Convention on the Trade in Endangered Species of Wild Fauna and Flora.



Identification and Phylogenetic Analysis of ChARF Family Genes

A local database of hazel protein sequences was constructed using the genomic data of C. heterophylla. ARF protein sequences of the model plants A. thaliana (AtARF) and Oryza sativa (OsARF) were downloaded from the Arabidopsis Information Resource (https://www.arabidopsis.org/) and the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/), respectively (Wang et al., 2007). The collected sequences were used as queries to search for hazel ARF homologs using BioEdit v7.0.9.0 (Hall, 1999) based on the Basic Local Alignment Search Tool (BLAST)P program (E < 1e-20) in the local hazel database. Meanwhile, the keywords “ARF” and “auxin response factor” were used for direct retrieval on the HazelOmics Database (HOD; http://122.9.151.76/). After eliminating redundant sequences, the Pfam database (https://pfam.xfam.org/search#tabview=tab1) and the Conserved Domain Database (Lu et al., 2020) (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) were used to verify sequences, and the sequences without B3-like DNA-binding (PF02362) and Auxin_resp (PF06507) domains were deleted. ProtParam (Gasteiger et al., 2005) (http://web.expasy.org/protparam/) was used to predict the fundamental physicochemical properties of hazel ARF proteins. WoLF PSORT (https://wolfpsort.hgc.jp) and the Plant-mPLoc Server (Chou and Shen, 2010) (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/#) were used to predict subcellular localization of hazel ARF proteins.

The grape (Wan et al., 2014) and peach (Li et al., 2016a; Diao et al., 2020) ARF protein sequences (VvARF and PpARF) were collected from the Phytozome v12.0 database (https://phytozome.jgi.doe.gov/pz/portal.html). The Muscle program in the Molecular Evolutionary Genetics Analysis (MEGA, v7.0) software was used to align hazel ARF protein sequences to those from A. thaliana, rice, grape, and peach. A neighbor-joining (NJ) tree was constructed based on alignment results using MEGA v7.0 (Kumar et al., 2016), and parameters were set as follows: number of differences model, partial deletion with 95% site coverage cutoff, and bootstrap = 1000. TBtools v1.046 (Chen et al., 2020) was used to display gene structures of hazel ARF with the annotation GFF3 file from the HOD. Multiple alignment of hazel ARF proteins was performed using the ClustalW program in the MEGA v7.0 and DNAMAN v9.0.1.116 software. Another phylogenetic tree with only hazel ARF protein sequences was constructed using the maximum-likelihood method with the following parameters: Poisson correction model, partial deletion, and bootstrap = 500. Multiple Em for Motif Elicitation (MEME, v5.2.0) (http://meme-suite.org/tools/meme) (Bailey et al., 2009) was used to predict the conserved domain structure of hazel ARF proteins. The number and the length of motifs were set to 15 and 10–300 amino acids (aa), respectively.



ChARF Expression Profile Analysis

The expression profiles of hazel ARF family genes were visualized with a heatmap using EvolView v3 (Subramanian et al., 2019) (https://www.evolgenius.info/evolview/) by compiling the RNA-Seq data with three biological replicates of hazel at four successive ovule developmental stages from the previous study (Liu et al., 2020). The gene expression level was determined according to Fragments Per Kilobase of exon model per Million mapped fragments (FPKM).



ChARF3 IHC Localization Analysis

More than 18 twigs with only pistillate inflorescences, based on the emasculation and bagging results when the female flower was ready to bloom, were used for IHC. Soon afterward, twigs were transferred to the laboratory, soaked in beakers filled with tap water, and cultured in GXZ-160 incubators with the temperature set to 25°C and light intensity at 900 μmol m−2 s−1. The flower twigs were divided into three groups with similar inflorescence size, number, and developmental stage. Twenty-four h after artificial pollination using pollen from C. heterophylla × C. avellana “Bokehong,” female flowers from three groups were infused with 0.1 mg/L indole-3-acetic acid (IAA), 0.5 mg/L 2,3,5-triiodobenzoic acid (TIBA), or distilled water every 24 h, three times, respectively. The three abovementioned solutions contained 0.01% Dow Corning Q2-5211 surfactant. One week after the last treatment, pistillate inflorescences of the pollinated female flowers were sampled, fixed in 4% paraformaldehyde for 16 h at 4°C, and then stored in 70% alcohol at 4°C for subsequent IHC experiments.

Paraffin embedding and slicing of pistillate inflorescences or young fruit followed the method of Liu et al. (2012). Sections were washed in phosphate-buffered saline (PBS) three times for 5 min, microwaved for antigen retrieval, when needed, in 10 mM citric acid buffer (pH 6.0) for 5 min after the liquid started to boil, and then cooled at 25°C. Following pretreatment, sections were blocked with QuickBlock Blocking Buffer (Beyotime, Shanghai, China) for 10 min at 37°C and then incubated overnight at 4°C with the primary polyclonal antibody against ChARF3, diluted in antibody diluent (Beyotime, Jiangsu, China). The specific antibody against a 380 aa long peptide sequence (1–380 aa) containing unique regions in ChARF3 (Supplementary Figure 1) was synthesized by ABclonal Biotechnology Co., Ltd. (Wuhan, China). After three washes in PBS, sections were treated for 30 min at 4°C in PBS containing 0.3% Triton X-100 and 3% NGS and incubated with goat anti-rabbit IgG-horseradish peroxidase (Solarbio, Beijing, China) at a 1:500 dilution. To visualize ChARF3, sections were incubated with diaminobenzidine (0.05 ng/mL, Sigma), 0.01% H2O2, and 0.15% nickel ammonium sulfate. This reaction was quenched with distilled water when the staining intensity was optimum (5 min). Controls were incubated without the secondary antibody. Finally, the sections were observed and photos were acquired using a light microscope (COIC, Chongqing, China).



ChARF3 ChIP-Seq Analysis

Fresh ovules from stages Ov1.1, Ov2.1, and Ov3.1 were collected for the ChIP-Seq experiment, which was performed according to previously described methods (Kaufmann et al., 2010; Ricardi et al., 2010). Briefly, the chromatin complexes were isolated and sonicated to shear DNA into 200–600 bp fragments. Thereafter, the specific anti-ChARF3 antibody (ABclonal, Wuhan, China) was used for immunoprecipitation of samples, excluding input controls. After reverse cross-linking, protein digestion, and DNA precipitation, immunoprecipitated DNA was recovered and quantified using a Qubit 4.0 Fluorimeter (Invitrogen, Carlsbad, USA). After dilution to 1.5 ng/μL, the DNA quality and insert size were evaluated using agarose gel electrophoresis. Three pairs of input control and antibody-treated ChIP-Seq libraries were constructed and high-throughput sequencing was performed at the Origin-gene Biomedical Technology Co., Ltd. (Shanghai, China), using the Illumina Novaseq 6000 platform. After sequencing six control or antibody-treated libraries, raw reads were subjected to quality filtering using the NGS QC Toolkit (Patel and Jain, 2012) with default parameters. Clean reads were aligned to the reference C. heterophylla genome from HOD using Bowtie2 (Langmead et al., 2009) to obtain genome-matched reads. For peak calling, the Bowtie2 alignment output for the six libraries was used together as input for Model-based Analysis of ChIP-Seq (MACS2) (Wu et al., 2013), with a q-value threshold of 0.05 to detect peaks (the potential binding sites) of the ChARF3 transcription factor (TF). Subsequently, each peak's signal value in the genome was obtained using the Reads Per Kilobase calculation method per Million mapped reads (RPKM). For each sample, the average signal values of all genes in its library were calculated and the curve and heatmap were created using deepTools (Ramírez et al., 2014).

For cis-regulatory element searching, the DNA sequences of the flanking regions from 200 bp upstream and 200 bp downstream of all binding peaks were extracted and analyzed using the Hypergeometric Optimization of Motif EnRichment (HOMER) findMotifsGenome.pl program. The output was then compared to the major databases (HOMER, JASPAR, and other species databases, such as A. thaliana) to search for similarities to existing TF-binding motifs. To identify potential ChARF3 target genes, the binding peak sites were associated with the closest protein-coding genes and annotation information of these genes was obtained using the ChIPseeker package (Yu et al., 2015) in R language. Functional enrichment analysis of potential target genes was performed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). To gain insight into the target genes regulated by ChARF3, ChIP-Seq and RNA-Seq analyses (Liu et al., 2020) were integrated. DESeq2 was used to identify differentially expressed genes (DEGs) among the three pairwise comparisons of Ov1-vs-Ov2, Ov2-vs-Ov3, and Ov3-vs-Ov4 using a threshold of |log2 (fold change)| > 1 and false discovery rate <0.05. Signal plots showing representative peak regions and Venn diagrams were generated using Integrated Genome Viewer v2.8.10 and Calculate and draw custom Venn diagrams (http://bioinformatics.psb.ugent.be/webtools/Venn/), respectively.




RESULTS


Identification of the ChARF Gene Family

A total of 21 ARF candidate genes were selected based on BLASTP search results in the hazel local database and direct retrieval on HOD. Subsequently, 14 non-redundant sequences containing at least B3 and Auxin_resp domains were identified as hazel ARF family members (Table 1). The nomenclature system of identified members was set according to their chromosomal location, and they were renamed from ChARF1 to ChARF14. Interestingly, the ChARF family members were unevenly distributed on 9 of 11 chromosomes. Three genes were located on chromosome 2; two on chromosomes 3, 4, and 5; and only one on the remaining five chromosomes. The corresponding proteins' length ranged from 639–1,262 aa, and their molecular weight (MW) was predicted to vary from 70.93–139.22 kD. The instability index (II) was larger than 40, suggesting that all the ChARFs were unstable. The average theoretical isoelectric point (pI) and aliphatic index were predicted to be 6.41 and 72.78, respectively. The grand averages of hydropathicity (GRAVY) values were all negative, indicating their hydrophilic character. All 14 proteins were predicted to be located in the nucleus, in accordance with their predicted function as TFs.


Table 1. Detailed information of the ARF family genes in hazel.
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Phylogenetic and Structural Analyses of ChARFs

To further investigate the phylogenetic relationships between the ChARF family members, an NJ tree was constructed by aligning the 14 ChARF sequences with 23 AtARF, 25 OsARF, 17 PpARF, and 19 VvARF sequences from A. thaliana, rice, peach, and grape, respectively. Ninety-eight ARFs were divided into four groups comprising Class I to IV (Figure 1). Among all ChARFs, five members (ChARF3/4/5/6/7) belonged to Class I and had a relatively close genetic relationship with repressors AtARF1/2/9/11/18. Notably, ChARF3 was in an isolated branch with PpARF2B and VvARF6 without any AtARFs or OsARFs, suggesting obvious differences between A. thaliana and hazel ARF genes. Class II members included all five activators, ChARF2/8/9/11/13, homologous to AtARF5/6/7/8/19. Only one member (ChARF1) in Class III shared high sequence similarity with AtARF3, PpARF3, and VvARF8. The remaining three members (ChARF10/12/14) were included in Class IV. Generally, the phylogenetic distribution results indicated higher homology between hazel and peach.
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FIGURE 1. Phylogenetic analysis of Arabidopsis, grape, peach, rice, and hazel ARF proteins. Amino acid sequences of full-length predicted ARF proteins were aligned using MUSCLE program. Phylogenetic tree was generated using MEGA v7.0 program via neighbor-joining method with 1,000 Bootstrap values.


The structure of each ChARF was displayed using Tbtools software (Chen et al., 2020), according to the annotation GFF3 file from the HOD (Figure 2A). The number of introns in ChARF genes ranged from 1–19. The ChARF genes in Classes I, II, and III harbored 9–19 introns, whereas the ChARF genes in Class IV only contained 1–3 introns. The length of the former eight introns within ChARF8 was more than 30 kb, which was similar to VvARF3. ClustalW, DNAMAN, and MEME were used to perform a multiple alignment to identify the conserved motifs of the ChARF protein sequences (Figure 2B; Supplementary Figure 2). The B3 domain, harboring motif 1, was highly conserved in the ChARF gene family and contained the nuclear location signal at the C-terminal. Aux/IAA domain (PF02309) containing motifs III and IV and Auxin_resp domain were less conserved. Motifs 6/7/3 and motifs 13/8/5 belonged to the Auxin_resp and Aux/IAA domain, respectively. All ChARFs, except ChARF1/10, contained a C-terminal Aux/IAA domain, whereas ChARF12/14 harbored a partial Aux/IAA domain. Taken together, the ChARF members harboring similar conserved motifs tended to be distributed in the same classes.
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FIGURE 2. Gene structures, multiple sequence alignment and expression pattern analysis. (A) Gene structures of ChARF family genes. The untranslated region (UTR), exon and intron are represented by yellow box, blue box and black line, respectively. (B) Multiple sequence alignment of ChARF family proteins. The B3 domain, Auxin_resp (ARF) domain, motif III and motif IV domain are marked by lines. The ends of the B3 domains include classical nuclear localization signals (NLSs). (C) Expression pattern heatmap of ChARF family genes during ovule developmental stages. Expression is normalized based on the value of fragments per kilo base of exon per million fragments mapped (FPKM) and the heatmap was constructed by Evolview online software.




ChARF Expression Levels in the Ovule

To explore the potential functions of ChARFs in the ovule, FPKM values were used to determine the expression profiles of 14 ChARF genes at stages Ov1 to Ov4 (Figure 2C). During four ovule developmental stages, the expression abundance of seven ChARFs (ChARF1/7/8/10/12/14) remained at a low level (average expression level <10), and no significant differences in expression were detected between adjacent stages, suggesting that these ChARFs might not have major roles in ovule development. The remaining ChARFs (ChARF2/3/4/5/6/9/11/13) showed relatively higher expression at one or several developmental stages, indicating that they were associated with ovule development. These seven ChARFs, transcriptional repressors (ChARF3/4/5/6) and activators (ChARF2/9/13), were distributed in Class I and Class II, respectively. Among them, ChARF4 was constitutively expressed in all four stages, and ChARF2/9 were expressed in the first two stages, while ChARF3/5/6/13 displayed significant expression differences between adjacent stages and continuous expression changes from stages Ov1 to Ov4, inferring that they might mediate ovule development. ChARF3, a repressor, was downregulated 3.67-fold from stage Ov1 to stage Ov2 and upregulated 6.44-fold from stage Ov2 to stage Ov4, showing the lowest expression level at stage Ov2 of early ovule growth (containing ovule fertilization process) and the most significant differences among the four stages. This finding suggested that ChARF3 might coordinate ovule development, especially ovule fertilization within stage Ov2, by reducing the inhibition of its downstream genes.



ChARF3 Spatiotemporal Expression by IHC Localization

To further verify whether ChARF3 is induced by auxin and involved in ovary initiation regulation, the anti-ChARF3 polyclonal antibody was prepared, followed by IHC localization (Figure 3). Female flowers after artificial pollination were treated with 0.1 mg/L IAA, 0.5 mg/L TIBA, or distilled water. In female flowers treated with IAA (Figures 3A1,A2,B1,B2) and distilled water (Figures 3E1,E2,F1,F2), the early ovary primordium cell number was much more than that in the TIBA treatment (Figures 3C1,C2,D1,D2), and more ChARF3 accumulated in ovary primordium cells than in those of the TIBA treatment. Though the exogenous application of IAA did not promote the expression of ChARF3 in ovary primordium cells (Figures 3A1,B1,E1,F1), TIBA, which works as an IAA transport inhibitor, inhibited cell proliferation in the ovary primordium and ChARF3 expression. Collectively, these results suggested that the development of ovary primordium and ChARF3 expression were both regulated by IAA in hazel.
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FIGURE 3. Effects of IAA and TIBA on ChARF3 localization after pollination. (A1, C1, and E1) Female flowers treated with IAA, TIBA, or distilled water, respectively. (B1, D1, and F1) The enlarged views of black squares in A1, C1, and E1, respectively. (A2–F2) The control of A1 to F1 without secondary antibody treatment, respectively. Key: Bp, bract primordium; O, ovary; St, style. Scale bars: A, C, E = 200 μm; B, D, F = 50 μm. Positive staining is shown in brown. Red arrows indicate the localized areas.


Subsequently, ChARF3 IHC localization in ovary or ovule samples was examined by microscopy (Figure 4). At the ovule formation stage Ov1.1 (before fertilization), ChARF3 was especially expressed in the funiculus, integument, and parenchyma (Figures 4A1,A2,B1,B2). At stage Ov2.1 (early ovule growth), hazel fertilization was complete, evidenced by the obvious cotyledon embryo in the ovule (Figures 4C1,C2,D1,D2). ChARF3 was widely expressed in the funiculus, integument, radicle, and cotyledon (Figures 4C1,C2,D1,D2). During stage Ov3.1 (rapid ovule growth), ChARF3 was enriched in the cotyledon, endosperm, and radicle, and its expression in the radicle was most abundant (Figures 4E1,E2,F1,F2). Subsequently, ChARF3 expression in the cotyledon remained higher than that in the control (Figures 4G1,G2). In the radicle transverse section, ring-shaped staining was observed around the central cylinder (Figures 4H1,H2). These results demonstrated that ChARF3 was expressed in the ovule, consistent with the high expression at the transcriptional level observed in the ovule (Figure 2C), suggesting its potential role in regulating ovule development.
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FIGURE 4. Immunohistochemical analysis of ChARF3 localization during ovule development. (A1, A2, B1, and B2) Before fertilization at stage Ov1.1, the ChARF3 staining of funiculus, integument, and parenchyma is deeper, 40 days after blooming. B1 and B2 are enlarged views of black squares in A1 and A2, respectively. (C1, C2, D1, and D2) After fertilization at stage Ov2.1, the ChARF3 staining of funiculus, integument, radicle, and cotyledon is obvious, 70 days after blooming. D1 and D2 are enlarged views of black squares in C1 and C2, respectively. (E1, E2, F1, and F2) During growth of the ovule at stage Ov3.1, the ChARF3 staining is enriched in the cotyledon, endosperm, and radicle, 100 days after blooming. F1 and F2 are enlarged views of black squares in E1 and E2, respectively. (G1, G2, H1, and H2) The ChARF3 staining keep higher in the cotyledon and radicle, 100 days after blooming. (A2–H2) The control of A1 to H1 without secondary antibody treatment, respectively. Key: Cc: central cylinder; C: cotyledon; En: endosperm; F, funiculus; Int, integument; N, nucellus; P, parenchyma; Ra: radicle; St, style. Scale bars: A, C, E = 400 μm; B, D, F, G, H = 200 μm. Positive staining is shown in brown. Red arrows indicate the localized areas.




Genome-Wide Detection of ChARF3-Binding Sites via ChIP

To identify ChARF3-binding sites, a ChIP experiment was performed using the specific polyclonal antibody against ChARF3. Three pairs of the input control and antibody-treated ChIP-Seq libraries were constructed using ovules from three developmental stages, Ov1.1, Ov2.1, and Ov3.1 (Table 2), and high throughput sequencing was performed. For the six libraries from the three stages, a total of ~32–62 million high-quality clean reads were obtained, of which ~51.00%−83.96% were mapped to the hazel genome using Bowtie 2 (Table 2). On average, the percentages of unique and multi-mapping reads were 36.24 and 35.21, respectively. The proportion of reads mapping to positive chains was equivalent to the proportion of reads mapping to negative chains in the hazel genome. These results suggested that the genome-wide mapping of binding sites was reliable.


Table 2. Summary of ChIP-Seq reads from six libraries matched to the hazel (Corylus heterophylla Fisch.) genome.
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To call peaks corresponding to the ChARF3-binding sites, the mapping outputs for both input control and antibody-treated libraries were used together as input into the MACS software. A total of 1,412, 1,364, and 893 peaks representing potential ChARF3-binding sites were detected at stages Ov1.1, Ov2.1, and Ov3.1, respectively (Supplementary Table 1; Figure 5A), showing a declining trend with ovule development. At stage Ov1.1, ChARF3 preferentially bound to exons and promoters (≤1 kb), and the percentage of ChARF3 binding to intergenic regions and promoters (≤1 kb) was 31.09%, which was much lower than the average percentage of 56.90% at stages Ov2.1 and Ov3.1 (Figure 5A). Therefore, the ChARF3-binding region changed significantly during different developmental periods. ChARF3-binding signal densities valued by RPKM in the clustering heatmap were highly enriched in the peak summits across the treated samples compared to the input controls (Figure 5B), suggesting that the results of the ChIP analysis were reliable. Meanwhile, ChARF3-binding sites resided in transcription start site regions (-3 kb to 3 kb) and transcription end site regions (−3 to 3 kb) at three developmental stages (Figure 5C), indicating that ChARF3 bound to cis-regulatory elements of target genes and regulated their expression at the transcriptional level. Key ChARF3 target genes, which might be involved in the regulation of flower and fruit development, were chosen and their position in the hazel genome was displayed using the Integrative Genomics Viewer (Figure 5D), including AUXIN/INDOLE ACETIC ACID 4/9 (IAA4/9, Cor0140470.1 and Cor0110070.1), AUXIN INFLUX CARRIER PROTEIN (AUX1)-LIKE PROTEIN 5 (LAX5, Cor0100160.1), AGAMOUS LIKE 21/61 (AGL21/61, Cor0032980.1 and Cor0063970.1), AP2-like ethylene-responsive transcription factor (AP2/ERF) PLT2 (PLT2, Cor0106490.1), Ethylene Responsive Factor 4 (ERF4, Cor0108860.1), LEAFY (LFY, Cor0126310.1), and SEEDSTICK/AGAMOUS LIKE 11 (STK/AGL11, Cor0188960.1).
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FIGURE 5. Genome-wide analysis of ChARF3-binding sites identified by ChIP-Seq at three ovule development stages. (A) Distribution of ChARF3-binding sites in different genomic locations (exon, intron, promoter, downstream, and intergenic regions). (B) Heatmaps of ChIP-seq signal densities of ChARF3 showing enrichment near the summit of peaks. The value of Log2(ChIP/Input) reflects the intensity of the binding sites in ChIP samples compared with Input controls. (C) Distribution of ChARF3-binding sites near transcription start site (TSS) and transcription end site (TES) regions. (D) Integrative Genomics Viewer (IGV) visualization of representative examples of ChIP-seq binding profiles at selected targeted sites. (E) Distribution of transcription factors across all cis-regulatory motifs. (F) Significantly enriched cis-regulatory motifs among the ChARF3-binding sites at three ovule development stages. Log2P-value < −4.32.


In total, 823 cis-regulatory elements were identified from the ChARF3 binding peaks of three ovule developmental stages (Supplementary Table 2), and the top abundant DNA motifs located in the genes encoding zinc finger, MYB, AP2/ERF, Cys2His2-like, and basic leucine zipper (bZIP) TFs, which accounted for 10%, 9%, 9%, 7%, and 7% of all motifs, respectively (Figure 5E; Supplementary Table 2). The motifs in genes encoding MADS-box, AP2/ERF, and ARF TFs, which are expected to regulate flower and fruit development, accounted for approximately 11% of all identified motifs (Figure 5E; Supplementary Table 2). Among these, the ChARF3 motif [TTGTCGG(A/C)(A/T)(A/T/G/C)] accounted for 17.32%−20.18% of target sequences in the three developmental stages, showing a stage specificity pattern (Supplementary Table 2). At specific stages during ovule development, ChARF3 tended to bind genes harboring different cis-regulatory motifs. For example, the significantly enriched CUP-SHAPED COTYLEDON2 [T(A/G)C(G/T)TGT(A/T/G/C)(A/T/G/C)(A/T/G/C)(A/T) CA(A/C)G], WRKY25 [(A/T/G/C)(A/T/C)(A/G)GTCAA (A/C)(A/T/G/C)], and SEPALLATA3 [CCAAAAAGGG] motifs identified in Ov1.1, Ov2.1, and Ov3.1, respectively (Figure 5F; Supplementary Table 2), suggested that ChARF3 might target different genes to coordinate ovule development at different stages.



Identification of ChARF3 Target Genes

The genes covered by or adjacent to overlapping peaks might be target genes regulated by ChARF3. The binding peak regions were associated with the closest protein-coding genes using the ChIPseeker package, and 1,306, 1,276, and 844 potential ChARF3 target genes at stages Ov1.1, Ov2.1, and Ov3.1 were identified (Supplementary Table 1). In total, 3,167 non-redundant ChARF3 target genes were analyzed using GO annotation, among which 1,780 genes (56.20%) were mapped to GO terms (Figure 6A). Most annotated target genes were located in the cell membrane and organelles, enriched in molecular function of binding and catalytic activity, and associated with biological processes related to metabolic process, cellular process, and biological regulation. KEGG pathway enrichment analysis revealed that ChARF3 target genes were significantly enriched in 16, 15, and 6 pathways at stages Ov1.1, Ov2.1, and Ov3.1, respectively (Supplementary Table 3). A Venn diagram was constructed to illustrate the unique and common pathways (Figure 6B). All three stages shared the common significantly enriched ko04626 pathway (plant–pathogen interaction). The ko01110 pathway (biosynthesis of secondary metabolites) was common in stages Ov1.1 and Ov2.1. The ko00940 (phenylpropanoid biosynthesis) and ko04075 (plant hormone signal transduction) pathways were common in stages Ov2.1 and Ov3.1 (Table 3). GO and KEGG enrichment analysis results for the ChARF3 target genes suggested that ChARF3 might regulate the expression of target genes in pathways including biosynthesis of metabolites, disease resistance, hormone signal transduction, and coordinated ovule development in hazel.
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FIGURE 6. GO and KEGG enrichment and ChARF3-regulated genes analysis. (A) GO classification of all ChARF3 target genes. (B) Overlaps of significantly enriched KEGG pathways at three ovule development stages. ko00010: Glycolysis/Gluconeogenesis, ko00030: Pentose phosphate pathway, ko00051: Fructose and mannose metabolism, ko00360: Phenylalanine metabolism, ko00410: beta-Alanine metabolism, ko00430: Taurine and hypotaurine metabolism, ko00500: Starch and sucrose metabolism, ko00592: alpha-Linolenic acid metabolism, ko00600: Sphingolipid metabolism, ko00625: Chloroalkane and chloroalkene degradation, ko00900: Terpenoid backbone biosynthesis, ko00905: Brassinosteroid biosynthesis, ko00940: Phenylpropanoid biosynthesis, ko00945: Stilbenoid, diarylheptanoid and gingerol biosynthesis, ko01110: Biosynthesis of secondary metabolites, ko01120: Microbial metabolism in diverse environments, ko01130: Biosynthesis of antibiotics, ko01200: Carbon metabolism, ko01230: Biosynthesis of amino acids, ko04016: MAPK signaling pathway—plant, ko04024: cAMP signaling pathway, ko04070: Phosphatidylinositol signaling system, ko04072: Phospholipase D signaling pathway, ko04075: Plant hormone signal transduction, ko04144: Endocytosis, ko04146: Peroxisome, ko04152: AMPK signaling pathway, ko04530: Tight junction, ko04626: Plant-pathogen interaction, ko04710: Circadian rhythm, ko04920: Adipocytokine signaling pathway, ko04925: Aldosterone synthesis and secretion. (C) Overlap between ChIP-Seq target genes and RNA-Seq DEGs. Green and red circles refer to down- and up-regulated differentially expressed genes in paired comparison respectively, and blue circle refers to genes bound by ChARF3 through ChIP-seq.



Table 3. Overlapping significant enriched KEGG pathways at three ovule development stages in hazel.
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ChARF3 acts as a transcriptional repressor in the auxin signal transduction pathway, and its binding inhibits the expression of downstream auxin-induced genes. If ChARF3 expression is upregulated, its target gene expression will be downregulated and vice versa, and the trend in ChARF3 expression changes is expected to be opposite to that of its target genes. Combination analysis of ChARF3 ChIP-Seq and RNA-Seq data from different ovule developmental stages (Liu et al., 2020) revealed that 881 target genes from stages Ov1.1, Ov2.1, and Ov3.1 were differentially expressed (Figure 6C; Supplementary Table 4). Among these, 195 upregulated, 227 downregulated, and 43 downregulated genes showing opposite trends in expression changes with ChARF3 in the Ov1-vs-Ov2, Ov2-vs-Ov3, and Ov3-vs-Ov4 paired comparisons were identified, suggesting they were potential target genes regulated by ChARF3. Based on these data, a set of 49 candidate ChARF3 target genes were identified that were involved in auxin synthesis, transport, signaling pathways, and ovule development (Supplementary Table 5).




DISCUSSION

As a principal phytohormone of growth and development, auxin controls a variety of diverse responses in plants (Woodward and Bartel, 2005). ARFs are essential proteins in auxin-mediated pathways and have critical roles in plant growth, development, and stress responses, including reproductive organ development. In this study, the recently developed reference genome database on the HOD was employed to identify and analyze the members of the hazel ARF gene family, using a combination of bioinformatics and experimental approaches, revealing the physicochemical properties (Table 1), phylogenetic relationship (Figure 1), and structural characterization (Figures 2A,B) of the ChARF gene family. Based on previous RNA-Seq data (Liu et al., 2020), 14 ChARFs were identified in hazel. Among these, ChARF3, a repressor, showed the lowest expression level at stage Ov2 of early ovule growth (containing ovule fertilization process) and the most significant differences among the four stages, suggesting that ChARF3 might coordinate ovule development by reducing the inhibition of its downstream genes. ChARF3 was homologous to PpARF2B and VvARF6 and was classified into Class I AtARF1/2 (Figure 1). Additionally, IHC localization was performed, suggesting that auxin was essential for ovary initiation and that ChARF3 was enriched in the vigorous growth area of the ovary and ovule, including the ovary primordium, funiculus, integument, radicle, and cotyledon (Figures 3, 4). Combining the gene family, gene expression, and IHC analysis results, it was hypothesized that ChARF3 regulated the ovary and ovule development processes. Subsequently, genome-wide binding sites and genes mediated by ChARF3 were identified via ChIP-Seq and RNA-Seq, and target genes with a trend in expression changes that were opposite to that of ChARF3 were examined. These findings provided a better understanding of hazel ovule development regulation.


ChARF3 Targeted Auxin Biosynthesis, Transport, and Signal Transduction Genes

Indole-3-pyruvate monooxygenase YUCCA10 (YUC10), LAX5, and the efflux carrier protein likes 7 (PIN7) have key roles in auxin biosynthesis, transport, and distribution (Schrader et al., 2003). In maize, YUC10 mediates auxin biosynthesis in the embryo sac (Chettoor and Evans, 2015). In Arabidopsis, early axis formation requires PIN7-mediated auxin asymmetry during embryogenesis (Xiong et al., 2019). YUC10 (Cor0034390.1 and Cor0179200.1) was 8.96-fold upregulated and 1.19-fold downregulated in the Ov1-vs-Ov2 and Ov2-vs-Ov3 comparisons, respectively. LAX5 (Cor0100160.1) and PIN7 (Cor0204530.1), which were ChARF3 target genes in stages Ov1.1 and Ov2.1, were upregulated and downregulated in the Ov1-vs-Ov2 and Ov2-vs-Ov3 comparisons, respectively. YUC10, LAX5, and PIN7 expression changes might change auxin distribution in the ovule, and ChARF3 was hypothesized to be involved in the regulation of auxin biosynthesis and transport through its regulatory effect on these genes.

ARFs are responsible for the regulation of expression of early auxin response genes, including Aux/INDOLE-3-ACETIC ACID (AUX/IAAs) and SMALL AUXIN-UP RNAs (SAURs) (Hagen and Guilfoyle, 2002). In Arabidopsis and tomato, IAA4/9/30 are pivotal mediators of auxin in fruit initiation and embryo maturation (Wang et al., 2005; Braybrook et al., 2006; Goetz et al., 2006; Pomares-Viciana et al., 2019). Among ChARF3 targets, IAA9 (Cor0110070.1) and IAA30 (Cor0096370.1) were 1.24- and 2.43-fold upregulated in the Ov1-vs-Ov2 comparison, and IAA4s (Cor0086990.1 and Cor0140470.1) was 4.05- and 1.40-fold downregulated in the Ov2-vs-Ov3 and Ov3-vs-Ov4 comparisons, respectively. Cell expansion is a fundamental process essential for plant growth and development, and SAURs modulate polar auxin transport and play a key role in cell expansion (Weijers et al., 2006). In Arabidopsis, SAUR32 negatively regulates cell expansion (Park et al., 2007). At stages Ov1 and Ov2, the SAUR32 (Cor0157210.1 and Cor0036810.1) expression was relatively higher. At stage Ov2.1, SAUR32 (Cor0036810.1) was targeted by ChARF3, and its expression was inhibited by 2.15-fold in the Ov2-vs-Ov3 comparison, which might be beneficial for cell expansion in the ovule, an essential process underlying fruit initiation. These results indicated that ChARF3 mediated fruit initiation by targeting IAA4/9/30 and SAUR32.



ChARF3 Targeted Important Regulators of Ovule Development

Several classes of MIKCc-type genes, called floral MADS-box genes, are involved in the regulation of floral component (organs) development and flowering time (Weigel and Meyerowitz, 1994; Theissen et al., 2000). According to the floral quartet model, floral organ identity of the carpel and ovule is determined by specific combinational quaternary complexes consisting of AG-AG-SEP-SEP and SEP-AG-STK-SHP heterodimers, respectively (Theissen, 2001; Maejima et al., 2014). In rice, OsMADS6/MOSAIC FLORAL ORGANS 1 (MFO1) belongs to the AGL6 clade, a sister clade to E function SEP-like genes (Li et al., 2010). AGL6-like genes regulate carpel and ovule development and floral meristem determinacy (Li et al., 2011). Cor0152110.1, a gene homologous to OsMADS6/MFO1, was downregulated 1.57-fold in Ov2-vs-Ov3. In Arabidopsis, Seedstick/Agamous like 11 (STK/AGL11) is a key TF that controls ovule identity, with its RNA accumulating in developing ovules (Rounsley et al., 1995; Pinyopich et al., 2003). Similarly, STK of the woody plant Prunus persica is also important for embryo development (Tani et al., 2009). In hazel, STK encoded by Cor0188960.1 showed the highest expression at stage Ov2, ChARF3 bound to its promoter (<=1 kb) at Ov2.1, and gene expression decreased by 2.13-fold. AGAMOUS subfamily members associate with reproductive organ identity determination, fruit, seed development, and cell specification (Gong et al., 2004; Yu et al., 2014). At stage Ov2.1 and Ov3.1, AGL21 (Cor0032980.1) and AGL61 (Cor0063970.1) expression decreased by 2.51- and 1.43-fold in Ov2-vs-Ov3 and Ov3-vs-Ov4 pairwise comparisons, respectively. Collectively, ChARF3 regulated ovule development by coordinating the expression of MADS genes, including MFO1, STK, AGL21, and AGL61.

Many important TFs, such as AP2-like ethylene-responsive transcription factor (AP2/ERF) PLT2 (PLT2), LEAFY (LFY), FT-interacting protein (FT), suppressor of constans overexpression 1 (SOC1), and transcription factor TCP (TCP), participate in flower and fruit development involving cell division and proliferation (Nagpal et al., 2005; Poza-Carrión et al., 2007; Mähönen et al., 2014) as well as flowering decision and time (Lee and Lee, 2010). At stages Ov1.1 to Ov3.1, ChARF3 bound to PLT2 (Cor0106490.1), LFY (Cor0126310.1), FT (Cor0209610.1 and Cor0024610.1), SOC1 (Cor0083230.1 and Cor0152090.1), and TCP (Cor0043840.1 and Cor0120020.1), suggesting that ChARF3 might regulate the expression of these TFs to coordinate ovule development. Previously, the effects of FT, SOC1, and LFY, a set of flowering activators, were demonstrated on primordial ovary formation or ovule differentiation and growth (Cheng et al., 2018b). Here, it was demonstrated that this set of flowering activators might be regulated by ChARF3, and new insights into the molecular mechanism of ovule development were obtained.



Model for ChARF3 Action in the Regulation of Hazel Ovule Development

Based on the results mentioned above, we propose a preliminary model for the ChARF3 transcriptional regulatory framework during ovule development and growth in hazelnut. In the Ov1-vs-Ov2 comparison, downregulated ChARF3 expression levels might relieve the inhibition of a set of target genes, including YUC10, LAX5, IAA9/30, SAUR32, PLT2, and SOC1. These target genes regulate auxin biosynthesis and transport, cell expansion, flower development, and fruit initiation (Schrader et al., 2003; Wang et al., 2005; Braybrook et al., 2006; Park et al., 2007; Lee and Lee, 2010; Mähönen et al., 2014; Chettoor and Evans, 2015), suggesting that ChARF3 may coordinate them to regulate ovule formation and early ovule growth. In the Ov2-vs-Ov3 comparison, the upregulation of ChARF3 expression negatively regulated target genes, including YUC10, PIN7, IAA4, SAUR32, TCP14, AGL21, MFO1, STK, FT, and SOC1. These target genes were involved in auxin biosynthesis and transport, cell division and proliferation, ovule identity, and flower development (Schrader et al., 2003; Gong et al., 2004; Nagpal et al., 2005; Park et al., 2007; Tani et al., 2009; Lee and Lee, 2010; Kieffer et al., 2011; Li et al., 2011; Yu et al., 2014; Chettoor and Evans, 2015; Cheng et al., 2018b; Xiong et al., 2019); inhibition of their expression might be beneficial for rapid ovule growth. Similarly, in the Ov3-vs-Ov4 comparison, upregulated ChARF3 inhibited genes encoding the flowering regulators IAA4, AGL61 and LFY, suggested that ChARF3 contributed to the regulation of ovule maturity through its inhibitory effect on embryo maturation-related gene IAA4 (Pomares-Viciana et al., 2019) and the floral component development gene AGL61 (Tekleyohans et al., 2017) and LFY (Cheng et al., 2018b). These insights provide a new dimension to ChARF3-mediated gene regulation during ovary initiation and ovule development in hazel.
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Characteristics of the Fungal Communities and Co-occurrence Networks in Hazelnut Tree Root Endospheres and Rhizosphere Soil
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Hazelnut has gained economic value in China in recent years, but its large-scale planting and research started later than other countries. Conducting basic research on hazelnut trees requires studying their related microorganisms. Here, we used high-throughput DNA sequencing to quantify the fungal communities in the root endospheres and rhizosphere soil of four hazelnut species. Fungal diversity in the rhizosphere soil was significantly higher than that in the root endospheres. Rhizosphere soil had more Mortierellomycota, and the fungal community compositions differed among the four hazelnut species. The root endospheres, especially those of the Ping’ou (Corylus heterophylla × Corylus avellana) trees, contained more ectomycorrhizal fungi. The co-occurrence networks in the rhizosphere soil were more sophisticated and stable than those in the root endospheres, even when the root endospheres had higher modularity, because the structural differentiation of the root endospheres differed from that of the rhizosphere soil. Two-factor correlation network analysis and linear regression analysis showed that the total organic carbon was the main environmental factor affecting the fungal communities. Our study revealed the community compositions, functional predictions, and co-occurrence network structural characteristics of fungi in hazelnut root endospheres and rhizosphere soil. We also examined the potential keystone taxa, and analyzed the environmental factors of the dominant fungal community compositions. This study provides guidance for the growth of hazelnut and the management of hazelnut garden, and provides an insight for future development of fungal inoculants to be used in hazelnut root.
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INTRODUCTION

Hazelnut trees are one of four nut trees in the worldwide that provide nuts with high nutritional and economic value. Turkey is a major producer of hazelnuts, its hazelnuts are mainly Corylus avellana. China’s hazelnut industry started in the early 1980s, with the cross-breeding of Corylus heterophylla and C. avellana, and new varieties were cultivated until the early 21st century. In 2016, the planting area of C. heterophylla × C. avellana reached over 50,000 ha and continues to increase rapidly (Wang, 2018; Wang et al., 2018). China is an important origin of Corylus, with eight native species which are widely distributed in 22 provinces (municipalities and autonomous regions) in northeast, north, northwest and southwest China, with C. heterophylla and Corylus kweichowensis being the most widely distributed (Zhang et al., 2005).

Fungi are an indispensable part of the microbial system and played an important role in ecosystems (Van der Wal et al., 2013; Ning et al., 2020). The research on rhizosphere microorganisms is one of the frontier and hot spots in plant science research in recent years. Studies have shown that rhizosphere microbial community played a significant role in determining the growth and health of plants in soil-plant system (Liu et al., 2019). In the soil, the root system of plants is not only an organ for fixing plants and absorbing water and nutrients, but also a place for microorganisms to gather, inhabit and multiply. These root microorganisms accompany the whole growth cycle of plants, and help them to absorb nutrients, resist diseases, and adapt to stress environment (Oldroyd et al., 2011; Bulgarelli et al., 2013; Santhanam et al., 2015; Mbodj et al., 2018). In addition, rhizosphere microorganisms can compete with host plants for nutrients in soil, or attack plants as pathogenic microorganisms (Berendsen et al., 2012). Endophytic microorganisms can colonize plant species without causing any diseases (Petrini, 1991). Previous studies have explored the community composition of rhizosphere microorganisms and root endophytes in Mussaenda kwangtungensis, Cacti, bean, and poplar, which provided a way to understand the relationship between soil and plants (Fonseca-García et al., 2016; Beckers et al., 2017; Qian et al., 2019; da Silva et al., 2020). Exploring the relationship between plants and the microorganisms in their environment can increase the understanding and utilization of these microorganisms, which is helpful to improve the productivity and economic value of plants (Waller et al., 2005). Previous studies on hazelnut microorganisms mainly focused on using ectomycorrhiza to promote hazelnut growth (Román et al., 2006; Wedén et al., 2009; Santelices and Palfner, 2010; Benucci et al., 2012), however, there are few reports on the composition of microbial community and the relationship of root endospheres and rhizosphere microorganisms in hazelnut species. The study on fungi in root endospheres and rhizosphere soil is helpful to understand the interaction between rhizosphere fungi and plants, and to screen potential growth-promoting fungi which are beneficial to plant growth.

Proulx et al. (2005) first put forth the idea of co-occurrence and networks in ecology, and these terms are widely used in soil and plant microbial ecology. Although network analysis has some problems (Faust and Raes, 2012), it is important for revealing interactions among microbial community members, the symbiotic modes of microorganisms in plants and soil, and the responses of microbial communities to environmental changes that cannot be determined by conventional microbial community analysis (Barberán et al., 2012; de Vries et al., 2018; Fan et al., 2018; Banerjee et al., 2019; Qian et al., 2019; Tu et al., 2020). Studies have shown that the disturbance of protective microorganisms in rhizosphere can promote the occurrence of diseases, stable and complex microbial community plays an important role in plants under drought and other stresses (Lee et al., 2020; Gargouri et al., 2021). The network of a healthy tree may need to be stable to maintain protective effects. Additionally, microbial networks exhibit modularity, an important ecological concept. Network modularity refers to the degree to which species interactions are organized into modules. Modularity can reflect the heterogeneity of habits and the selective mechanisms of differentiation (Olesen et al., 2007). Deng et al. (2012) used several methods to define modules and submodules within a large module and considered that the greedy modularity optimization approach better identified the submodular structure of molecular ecological networks in microbial communities. Module hubs and connectors are keystone taxa in a network, which are highly related taxonomic groups according the greedy modularity optimization approach. Keystone species play a unique and key role in the microbial community. Their removal will change the structure and function of the microbial community, and then affect the ecology of its ecosystem (Bardgett and Van Der Putten, 2014; Fierer, 2017; Banerjee et al., 2018).

Here, we studied the compositions of fungal community, and revealed the differences of fungal functions between the root endospheres and rhizosphere soil of four hazelnut tree species. We also evaluated the stability of the fungal co-occurrence network and explored the potential keystone taxa in the root endospheres and rhizosphere soil. Finally, we explored the dominant environmental factors influencing fungal community formation. This study may provide theoretical guidance for hazelnut growth, managing hazelnut garden, and provides an insight for future development of fungal inoculants to be used in hazelnut root.



MATERIALS AND METHODS


Study Area and Sampling

The study area was located in the experimental station of Yanqing District, Beijing, China. The annual average temperature is 8°C and daylight lasts 2800 h annually. According to a wet-sieving fractionation method first described by Cambardella and Elliott (1993), the macroaggregates (>0.25 mm), free microaggregates (0.25–0.053 mm) and non-aggregated silt + clay fractions (<0.053 mm) were obtained. The percentages of macroaggregates (>0.25 mm) free microaggregates (0.25–0.053 mm) and non-aggregated silt + clay fractions (<0.053 mm) were 28.04, 26.75, and 45.21%. C. heterophylla (PZ), C. kweichowensis (CZ), Corylus avellane (OZ), and C. heterophylla × C. avellane (ZJ) were planted in 2014 in the same growth state, then managed in the same way every year. Row spacing for each tree was 1.5 m × 2 m. Three randomly arranged plots of 10 m × 10 m were constructed for each species in April of 2019. We used sterile gloves for sampling. The roots of Corylus are relatively developed, so in order to keep the original living state of microorganisms in the roots and rhizosphere soil, we took back the roots and the surrounding soil together. When sampling, we used shovels and scissors treated with 70% ethanol. Soil and roots of six trees in four directions were taken from each plot. To avoid cross infection, spades and scissors were disinfected before sampling in each direction. The soil and roots of the six trees obtained were taken as a repetition, and three such samples were taken for each species. After all samples were refrigerated and transported to the laboratory as soon as possible, the soil attached to the root was shaken off, and the remaining soil that remained closely attached to the root was called rhizosphere soil (Fan et al., 2018). The shaken soil was screened using a 2-mm sieve to determine the physical and chemical properties of the soil, and the root samples were placed into 50 mL sterile tube, and 10 mm phosphate buffered saline (PBS) buffer (130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, and pH 7.4), shake washing twice, taking out the roots, putting them into a 50 mL sterile tube, adding 10 mM PBS, washing for 10 min by ultrasonic wave (160W, 30/30 s), finally collecting the buffer solution of three times, centrifuging 13,000 g for 10 min, and collecting the precipitate. The washed roots were washed with sterile water, then soaked in 70% ethanol for 2 min, then soaked in 2.5% NaClO for 5 min, then transferred to 70% sterile ethanol for 30 s, and finally the roots were washed with sterile water for three times. To verify the effectiveness of surface disinfection, roots were placed in a Petri dish containing maltose (MEA, 2%) and cultured in the dark at 25°C for 48 h to check the appearance of colonies.



Soil Physicochemical Properties

The soil pH was measured by pH meter (Mettler-Toledo, S40 SevenMulti™, Greifensee, Switzerland) with a 2.5:1 ratio of water to soil (Qian et al., 2015). The soil water content (SWC) was determined as described by the Institute of Soil Science Chinese Academy of Sciences (1978). The total organic carbon (TOC) content was determined via the K2CrO4 oxidation method, the total nitrogen (TN) content was measured by the Kjeldahl method, and the total phosphorus (TP) content was measured via the NaOH alkali fusion-atomic absorption method. Available phosphorus (AP) was determined using the Olsen method, and available potassium (AK) was measured using a flame photometer after NH4OAc extraction (Qian et al., 2014).



DNA Extraction and Sequencing

Microbial DNA was extracted from the samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) per the manufacturer’s instructions. The ITS sequence was amplified with the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) (Bulgarelli et al., 2015). PCRs were performed in triplicate in 20-μL reactions containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.4 μL FastPfu Polymerase, and 10 ng template DNA. The amplification process consisted of an initial denaturation at 95°C for 2 min, followed by 25 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 5 min. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and were quantified using QuantiFluor™-ST (Promega, United States). The NEXTflex™ Rapid DNA-Seq Kit (Bioo Scientific, United States) was used to build the database. The steps of building the database are divided into four steps: (1) linker linking; (2) using magnetic beads to screen and remove the linker self-connected fragments; (3) enriching the library template by PCR amplification; and (4) recovering PCR products by magnetic beads to obtain a final library. Sequencing was carried out by using Miseq PE300 platform of Illumina Company. The fastp software (version 0.20.01) was used for quality control of the original sequencing sequence, and the FLASH software (version 1.2.72) was used for splicing. According to the similarity of 97%, UPARSE (version 7.13) was used to check chimera sequences. The taxonomy of each operational taxonomic unit (OTU) representative sequence was analyzed by RDP Classifier version 2.2 against the ITS database (unite 8.0) using confidence threshold of 0.7. Rarefaction was used to calculate diversity indices of data. All sequence data were deposited in the NCBI Sequence Read Archive (SRA) database under accession number SRP323811 and BioProject ID PRJNA737048.



Statistical Analyses

Homogenization is carried out according to the minimum number of sample sequences to keep the number of all sample sequences consistent. Statistical analyses of the OTU richness, Shannon diversity, evenness, and good’s coverage indexes were performed in Mothur (version 1.30.1). To assess the significance of the differences in fungal diversity in the root endospheres and rhizosphere soil, Wilcoxon rank-sum test, and Kruskal-Wallis H test were performed using the “stats” package in R (version 3.3.1) to conduct two groups of difference tests (Figures 2C, D) and multiple groups of difference tests (Supplementary Figure 2), respectively. Principal co-ordinates analysis based on Bray–Curtis-faith distance algorithm was used to analyze the difference of fungal composition between root endospheres and rhizosphere soil. Adonis analysis was performed using the ‘‘vegan’’ package in R (version 3.3.1) to analyze the explanatory degree of different grouping factors to the differences of samples, and substitution test was used to analyze the statistical significance of the division. Fungal community functions were classified and analyzed using FUNGuild.4 The fungi in the analysis were the species that belong to a single guild (Zhou et al., 2020). Trophic mode were divided into three types: pathotroph, symbiotroph, and saprotroph. To reduce complexity, only abundant OTUs with total read proportions >0.005% were used in the OTU table (He et al., 2017), and the co-occurrence networks were made by Gephi (version 0.9.25). The greedy modular optimization method was used to detect modules (Deng et al., 2012). Node attributes of the topology were divided into four types based on their within-module (Zi) and among-module (Pi) connectivity values: module hubs (center point of the module, nodes with high connectivity inside the module, Zi > 2.5 and Pi < 0.62), connectors (connecting nodes, nodes with high connectivity between two modules, Zi < 2.5 and Pi > 0.62), network connectors (network center points, nodes with high connectivity in the whole network, Zi > 2.5 and Pi > 0.62) and Peripherals (peripheral nodes, nodes without high connectivity within and between modules, Zi < 2.5 and Pi < 0.62). Module hubs, connectors and network connectors were classified as key nodes (Guimerà and Amaral, 2005; Olesen et al., 2007; Deng et al., 2012).




RESULTS


Fungal Community Diversity, Compositions, and Function

The dominant fungal phyla in the root endospheres were Ascomycota (77.55%) and Basidiomycota (22.17%), and the dominant fungal phyla in the rhizosphere soil were Ascomycota (61.08%), Basidiomycota (22.24%), and Mortierellomycota (15.02%). The dominant fungi in the root endospheres were Pezizomycetes (32.81%), Agaricomycetes (18.95%), and Dothideomycetes (17.63%), and the dominant fungi in the rhizosphere soil were Sordariomycetes (43.42%), Tremellomycetes (15.24%), and Mortierellomycetes (14.99%) (Figure 1A). The percentages of Agaricomycetes in the PZ and CZ root endospheres were 26.15 and 37.86%, respectively. Dothideomycetes (55.11%) was the most abundant in the OZ root endospheres, and Pezizomycetes (75.99%) was the most abundant in the ZJ root endospheres (Figure 1B). Tuber content in roots of all hazelnut species were higher than that in rhizosphere soil (Supplementary Figure 1). All samples contained 47 common OTUs, and the rhizosphere of each hazelnut species contained significantly more fungal OTUs than did the root endospheres (Figures 1C,D). The common OTUs of root endospheres and rhizosphere soil were 190 for PZ, 153 for CZ, 144 for OZ, and 148 for ZJ (Figure 1E). The Shannon and richness indexes showed that the fungal diversity in each sample was significantly higher in the rhizosphere soil than in the root endospheres. The coverage indexes for all samples exceeded 99% (Supplementary Table 1).
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FIGURE 1. Fungal composition of the rhizosphere soil (T) and root endospheres (G) of hazelnut species: relative abundances of soil fungal community structure at the phyla (A) and class (B) levels; Venn diagram of core OTUs among each of hazelnut species (C–E).


Principal co-ordinates analysis (PCoA) showed that fungi in the root endospheres and rhizosphere soil could be significantly separated at the phylum and class levels, and that PC1 and PC2 could explain 92.07 and 60.85% of the differences, respectively (Figures 2A,B). Wilcoxon rank-sum tests showed that the relative content of fungi in the top 15 phyla of soil in rhizosphere was higher than that in root endospheres except ascomycetes. Mortierellomycota, unclassified_k_Fungi, Rozellomycota, Zoopagomycota, Chytridiomycota, Olpidiomycota, and Blastocladiomycota levels in the rhizosphere soil were significantly higher than those in the root endospheres. At the class level, Pezizomycetes was significantly higher than in their rhizosphere soil, whereas Sordariomycetes, Tremellomycetes, Mortierellomycetes, Eurotiomycetes, unclassified_k_Fungi, unclassified_p_Rozellomycota, unclassified_p_Ascomycota, Zoopagomycetes, and unclassified_p_Chytridiomycota were significantly higher in the rhizosphere soil than in the root endospheres. However, the root endospheres and rhizosphere soil did not significantly differ between each hazelnut species in phylum and class levels (Supplementary Figure 2). Adonis analysis showed that the explanatory degree of the plant compartments group (root endospheres and rhizosphere soil) factor to the sample difference is 0.212 (phylum) and 0.407 (class), and the explanatory degree of the species group (four hazelnut species) factor to the sample difference is 0.523 (phylum) and 0.710 (class). P-value were all less than 0.05, which showed that the test is highly reliable (Supplementary Figure 3). Although R2 of the species group was smaller than that of the compartments group, but the species group was more significant according to the P-value (0.008 and 0.024), so the difference between groups was more significant (Supplementary Figure 3). The trophic modes included symbiotrophs (lichen, endophytes, and ectomycorrhiza), saprotrophs (wood saprotrophs, undefined saprotrophs, leaf saprotrophs, and dung saprotrophs) and pathotrophs (plant pathogens, fungal parasites, and animal pathogens) (Figure 3 and Supplementary Table 2). The prediction results of the fungal functional guild revealed that ectomycorrhiza were the main symbiotrophs. Ectomycorrhizal abundances were significantly higher in the PZ and ZJ root endospheres than in the rhizosphere soil.
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FIGURE 2. Principal co-ordinates analysis of the rhizosphere soil (T) and root endospheres (G) at the phyla level (A) and class level (B); extended error bar plot showing the fifteen most abundant phyla and classes that had significant differences between root endospheres and rhizosphere soil (C,D). Positive differences in mean relative abundance indicate phyla or classes overrepresented on the root endospheres (G), while negative differences indicate phyla or classes greater abundance in the rhizosphere soil (T). *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 3. Functional features of fungal communities in four hazelnut species in the rhizosphere soil (T) and root endospheres (G). Different letters (a,b) indicate the significance level at P < 0.05, “ns” indicates no significance (P > 0.05).




Network Analysis of Fungal Communities

We constructed correlation networks of the fungal communities in the root endospheres and rhizosphere soil and obtained two networks of 460 and 184 points connected by 8091 and 1629 edges, respectively (Figures 4A,B and Supplementary Table 3). The rhizosphere soil contained more nodes and edges than the root endospheres. The networks of the root endospheres and their rhizosphere soil showed more positive correlations than negative correlations, at 1.93 and 7.44 times higher, respectively. Compared with the network structure of the root endospheres, the network structure in the rhizosphere soil was more connected (connectivity) and less modular (modularity) (Supplementary Table 3).
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FIGURE 4. Networks of fungal communities in the rhizosphere soil (A) and root endospheres (B). Node color represents fungal phylum of the OTUs. Node size is proportional to degree connections of the OTUs. Red edges indicate positive relationships, and green edges indicate negative relationships. Zi-Pi plots showing distribution of OTUs based on their topological roles in the rhizosphere soil (C) and root endospheres (D) networks. Threshold values of Zi and Pi for categorizing OTUs were 2.5 and 0.62, respectively.


Modular analysis revealed 122 connectors and three module hubs in the rhizosphere soil and 49 connectors and one module hub in the root endospheres. The root endospheres and rhizosphere soil contained nine common connector OTUs. The module hubs in the rhizosphere soil were OTU1819, OTU2475 (Chloridium) and OTU3920 (Acaulium); the module hub in the root endospheres was OTU1769 (unclassified_f__Melanommataceae) (Supplementary Tables 4, 5). The fungal functions of the connectors and module hubs were mainly symbiotrophic and saprotrophic. No network hubs were detected in the two networks (Pi > 0.62, Zi > 2.5; Figures 4C,D and Supplementary Tables 4, 5).



Relationships Among Soil Properties and Fungal Communities

At the OTU level, the correlation network between fungal OTUs and environmental factors (Figure 5 and Supplementary Table 7) in the rhizosphere soil surrounding the roots was more complex than that of the root endospheres, consisting of 189 and 71 OTUs, respectively (Supplementary Tables 7–10). Among the fungal OTUs in the rhizosphere soil surrounding the roots, Ascomycota and unclassified_k_Fungi accounted for the highest proportions, at 76.53 and 8.67%, respectively. Ascomycota and Basidiomycota accounted for 62.82 and 25.64%, respectively, of the fungal OTUs in the root endospheres. TN and TOC were the soil properties with the highest degrees in the two networks. Linear regression results showed that the Shannon diversity index of the fungi in the root endospheres and rhizosphere soil had a significant positive linear relationship with TOC (P = 0.0153, P = 0.0163, respectively) and a non-significant negative linear relationship with TN.
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FIGURE 5. Two-factor correlation network between soil properties and fungi OTUs (A: the rhizosphere soil, B: the root endospheres). Node color represents fungal phylum of the OTU. Node size is proportional to degree connections of the OTU. Red edges indicate positive relationships, and green edges indicate negative relationships. The linear regression analysis of environmental factors was based on the results of principal coordinates analysis (C–F). X and Y axes are the Shannon diversity of fungi and the environmental factor, and R2 is the determination coefficient, representing the proportion of variation explained by regression line.





DISCUSSION

Our results showed that fungal diversity and community compositions differed between hazelnut tree root endospheres and rhizosphere soil (Figures 1, 2). Similar results have been found for the microbial compositions of poplar trees, Mussaenda kwangtungensis and rice (Beckers et al., 2017; Edwards et al., 2018; Qian et al., 2019). This may be because root exudates, mucus produced by the root cap and detached root cells provide suitable niches for the microbial communities around roots (Buée et al., 2009). Ascomycota and Basidiomycota were the dominant fungal phyla in the root endospheres and rhizosphere soil, which was consistent with previous reports (Ma et al., 2013; da Silva et al., 2020; Hou et al., 2020). Ascomycota is the most abundant phylum in the rhizosphere community (Qian et al., 2019; Gargouri et al., 2021), the dominant phylum in the soil of larch plantation, and the main decomposer in many ecosystems (Wang et al., 2013, 2016; Zhou et al., 2016). Basidiomycota can produce lignin-modifying enzymes and is considered a decomposer under natural conditions (Blackwood et al., 2007). Mortierellomycota, formerly classified as Zygomycota, is an indicator of rhizosphere soil (Anslan et al., 2018; Geml, 2018), which was confirmed by the results of the current study. Function prediction results (Supplementary Table 2) showed that the main functions of Mortierellomycetes were symbiotrophic and saprotrophic (Cannon and Kirk, 2007). At the class and genus level, PZ and CZ root endospheres contained high proportions of Agaricomycetes, and the function prediction results showed that most Agaricomycetes were ectomycorrhizal fungi and other symbiotic fungi, which were consistent with the results of previous studies that showed that many Agaricomycetes were more ectomycorrhiza (Chen et al., 2006; Zeng and Mallik, 2006; Kersten and Cullen, 2013). The dominant fungal classes in the ZJ root endospheres was Pezizomycetes, whose fungal functions were predicted to be symbiotrophic and saprotrophic (Supplementary Table 2). Among these, the dominant species were Tuber, which are edible fungi with important nutritional and economic value. Previous studies have shown that Tuber can improve the rooting rate and root lengths of hazelnut trees (Román et al., 2006; Wedén et al., 2009; Santelices and Palfner, 2010; Benucci et al., 2012). These Tuber characteristics provide guidance for improving the survival rates of hazelnut seedlings and the economic output of hazelnut orchards. FUNGuild prediction results (Figure 3) revealed more symbiotic fungi (mainly ectomycorrhizal fungi) and fewer pathogenic fungi in the root endospheres than in the rhizosphere soil, possibly because most fungi in the root endospheres were beneficial microorganisms recruited by plants from the rhizosphere soil through the interface between the roots and soil. Most of these fungi live in healthy plant tissues or organs and do not cause the host plants to show disease symptoms (Petrini, 1991; Liu et al., 2021; Song et al., 2021; Yin et al., 2021). The Venn diagram and intergroup difference test (Figures 1C–E, 2C,D) revealed that fungi in the root endospheres came mostly from the rhizosphere soil, supporting the conclusion that induction factors of roots can attract fungi to colonize the roots (Edwards et al., 2015). There were many ectomycorrhizal fungi in ZJ, which can be considered as isolation materials for further development of ectomycorrhizal fungi suitable for hazelnut growth and development.

Co-occurrence analysis enables understanding the interactions between plant fungal communities (Shi et al., 2016; Xue et al., 2018; Gargouri et al., 2021; Hernandez et al., 2021). This study revealed that root endospheres and rhizosphere soil have different fungal co-occurrence network structures, which can be explained by their different microenvironments. The network in the rhizosphere soil had more nodes and edges, higher community diversity, higher connectivity, and a more complex network structure. These characteristics are thought of as the representation of complex and stable network structure (Hernandez et al., 2021). High modularity was also an indicator of the network structural stability. However, in this study, the modularity of the root endospheres was higher than that of rhizosphere soil, and the clustering coefficient of the root endospheres network was higher than that of the rhizosphere soil, possibly owing to the higher differentiation degree of the root tissues (cortex and vascular tissue) compared with that of the rhizosphere soil. This structure separates microorganisms into different structures and may thereby reduce fungal community diversity and microorganismal interactions, which explains why the network structure of the roots is relatively simple (Qian et al., 2019). Low modularity indicated that cross-module association between taxa may be more common. If environmental disturbances affected the microbes in the rhizosphere soil, the disturbances that affected the taxa in one module would likely spread to other modules. Relatively more associations were noted among taxa in different modules in the rhizosphere soil (Hernandez et al., 2021). Strikingly, most of the relationships between the fungal communities in the root endospheres and rhizosphere soil were positive, indicating that most fungi had similar guilds or niches and were mutually beneficial rather than competitive (Deng et al., 2016; Feng et al., 2017).

Many microbial studies have focused on identifying modules in networks because modules play important roles in ecology and evolutionary biology (Olesen et al., 2007; Deng et al., 2012; Shi et al., 2016; He et al., 2017; Fan et al., 2018). We found many connectors and a few module hubs in hazelnut tree root endospheres and rhizosphere soil. Studies have shown that OTUs that are divided into module hubs and connectors may function as keystone taxa. Compared with other OTUs, these OTUs play important roles in network structure, and disappearance of these keystone taxa may cause modules and networks to be disassembled (Paine, 1995; Power et al., 1996; Faust and Raes, 2012). In this study, the rhizosphere soil contained more module hubs and connectors, indicating that the network structure of the rhizosphere soil was more stable than that of the root endospheres. Shared OTUs with unique or multiple functions coexist in diverse habitats and have highly complex and powerful communication capabilities. Additionally, some low-abundance groups play disproportionate roles in regulating ecological functions in different habitats, thus revealing the key role that some rare species play in an ecosystem (Deng et al., 2016; Yang et al., 2016; Feng et al., 2017; Zhang et al., 2018). Therefore, the nine connecting OTUs are keystone fungal taxa, and their overlapping root endospheres and rhizosphere soil should be evaluated in future studies. OTU1770, from the genus Tuber, provided some hypotheses for the development and use of hazelnut seedlings and hazelnut garden management. Ascomycota was the dominant phylum in the root endospheres and rhizosphere soil.

Fungal function prediction analysis (Supplementary Table 2) revealed more saprophytic fungi in the soil than in the root endospheres, likely because the soil contained more litter. Additionally, the network in the rhizosphere soil contained more pathogenic OTUs than the root endospheres. In addition to recruitment of beneficial microorganisms by plants, plant root structures may hinder the invasion of pathogenic fungi. Compared with the networks of the rhizosphere soil the root endospheres had more phyla containing ectomycorrhizal fungi. Ectomycorrhizal fungi play important roles in acquiring and transferring nitrogen, phosphorus, and potassium (Brandes et al., 1998; Jentschke et al., 2001), as indicated by the positive correlation between most OTUs in the network and nitrogen, phosphorus, and potassium indicators. TOC was significantly positively correlated with the Shannon indexes of fungi in the root endospheres and the rhizosphere soil. TN had more degrees but was not significantly correlated with the Shannon index of the fungi, thus supporting the conclusion that soil microorganisms were mainly limited by carbon rather than by nitrogen (Ekblad and Nordgren, 2002; Soong et al., 2020). Orchard use of soils can deplete their soil organic matter content, which has adverse effects on plant growth and yield. Studies have proved that the application of hazelnut husks by using biological techniques can improve the organic matter content, soil enzyme activity, and microbial biomass in hazelnut garden (Irmak, 2019). It was confirmed that living mulching treatment of hazelnut orchard could increase soil organic matter content and microbial diversity (Ma et al., 2021), and similar conclusions were reached in apple orchard and crop field in previous studies (Chen et al., 2014; Qian et al., 2015; Schmidt et al., 2019). Therefore, applying mulch containing organic matter to the soil surface can be a management measure of hazelnut garden.

This study revealed significant differences in the fungal community compositions and co-occurrence networks in hazelnut tree root endospheres and the rhizosphere soil. However, fungal community compositions in the leaf endospheres, phyllospheres, and stems of hazelnut trees and their relationships are also important and will be studied in our future work. In summary, our research revealed that keystone taxa in the fungal communities of root endospheres and rhizosphere soil can be developed and used as beneficial microbial communities, thus helping improve the survival rates of hazelnut seedlings and the economic income from hazelnut orchards, providing theoretical guidance for managing hazelnut orchards, and providing an insight for future development of fungal inoculants to be used in hazelnut root.
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A remarkable increase in vapor pressure deficit (VPD) has been recorded in the last decades in relation to global warming. Higher VPD generally leads to stomatal closure and limitations to leaf carbon uptake. Assessing tree conductance responses to VPD is a key step for modeling plant performances and productivity under future environmental conditions, especially when trees are cultivated well outside their native range as for hazelnut (Corylus spp.). Our main aim is to assess the stand-level surface canopy conductance (Gsurf) responses to VPD in hazelnut across different continents to provide a proxy for potential productivity. Tree sap flow (Fd) was measured by Thermal dissipation probes (TDP) probes (six per sites) in eight hazelnut orchards in France, Italy, Georgia, Australia, and Chile during three growing seasons since 2016, together with the main meteorological parameters. We extracted diurnal Fd to estimate the canopy conductance Gsurf.. In all the sites, the maximum Gsurf occurred at low values of VPD (on average 0.57 kPa) showing that hazelnut promptly avoids leaf dehydration and that maximum leaf gas exchange is limited at relatively low VPD (i.e., often less than 1 kPa). The sensitivity of the conductance vs. VPD (i.e., -dG/dlnVPD) resulted much lower (average m = −0.36) compared to other tree species, with little differences among sites. We identified a range of suboptimal VPD conditions for Gsurf maximization (Gsurf > 80% compared to maximum) in each site, named “VPD80,” which multiplied by the mean Gsurf might be used as a proxy for assessing the maximum gas exchange of the orchard with a specific management and site. Potential gas exchange appeared relatively constant in most of the sites except in France (much higher) and in the driest Australian site (much lower). This study assessed the sensitivity of hazelnut to VPD and proposed a simple proxy for predicting the potential gas exchange in different areas. Our results can be used for defining suitability maps based on average VPD conditions, thus facilitating correct identification of the potentially most productive sites.
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INTRODUCTION

The role of the leaf to air vapor pressure deficit (VPD) is increasingly recognized as a leading limiting factor to determine plant gas exchange (Novick et al., 2016; Grossiord et al., 2020), while the influence of climate change on VPD rise becomes more and more evident. Anthropogenic-related global warming has increased unceasingly by 0.2°C every decade for more than 30 years (IPCC, 2018). A sharp increase of VPD was observed in the last decades (Yuan et al., 2019) and climatic projections show a future scenario where VPD increase is a diffuse phenomenon in many areas of the globe (Ficklin and Novick, 2017; Barkhordarian et al., 2019).

Higher VPD is in general detrimental for plant productivity because of the negative exponential response of stomatal conductance gs to increasing VPD (Schulze et al., 1972; Jones, 1992; Oren et al., 1999). This response limits plant dehydration, but, at the same time, reduces carbon assimilation once stomata are partially closed. This explains why VPD was identified as a climatic factor related to tree mortality (McDowell et al., 2013) and limits crop productivity (Eamus et al., 2013). Prolonged periods of high VPD have been related to reduced growth (Sanginés de Cárcer et al., 2018) or large-scale forest die-off (Breshears et al., 2013; Will et al., 2013). Similarly, major crops such as maize, wheat, soybean, and fruit trees were reported to have decreased yields in response to high VPD (Challinor and Wheeler, 2008; Lobell et al., 2011; Zhao et al., 2017; Hsiao et al., 2019). Because plants are at the base of human life, the impact of changing climate and VPD rise on food provided by plants are a main issue in the upcoming future.

The response of plants to VPD variation has been extensively studied both at the leaf and at stand level. The latter is more suitable for assessing the effect of different management systems and structures in a specific site/orchard. At stand level, the surface canopy conductance Gsurf (mol m–2s–1) refers to the capacity of gas exchange of the whole canopy expressed per unit of ground area, which includes a wide variety of heterogeneous leaf conditions (Medrano et al., 2015) and the community structure in terms of leaf area, roughness, soil properties, and species (Grossiord et al., 2020). In stands where the decoupling coefficient Ω is low (Jarvis and McNaughton, 1986), stomata experience a VPD close to the free atmosphere and the total canopy conductance is assumed to be driven largely by stomata aperture (Köstner et al., 1992; Hogg and Hurdle, 1997; Chapin et al., 2002). Thus, canopy conductance Gsurf can be estimated from the rate of canopy transpiration (Ec) and VPD simply as: Gsurf = k × Ec/VPD (Köstner et al., 1992; Arneth et al., 1996) where k is a temperature-dependent parameter (see below). Gsurf includes two components: the stomatal component (average of different canopy leaves) and the aerodynamic component, which is a function of the orchard structure (i.e., density, height, roughness). Thus, when it is considered on a relatively long-term scale (weeks, months), Gsurf can be a proxy for carbon uptake of the community, which, in turn, should also determine the carbon pool for reproductive allocation and seed production. In its turn, maximum value of Gsurf (i.e., Gmax) indicates the potential gas exchange of the whole canopy.

The potential conductance is reached under non-limiting conditions of soil water availability, light, and optimal temperature. In forests, these conditions are rarely met and Gmax is generally estimated. Thus, Oren et al. (1999) proposed to use the Gsurf reached at 1 kPa (Gsurf@1kPa) as reference maximum conductance. Gsurf@1kPa is highly variable across ecosystems because it depends both on the stand characteristics and species. In natural forest formations, it ranges from 0.2 to 0.7 mol m–2s–1 from savannah to deciduous forests (Grossiord et al., 2020). Tang et al. (2006) reported Gsurf@1kPa 0.024 (mol m–2s–1) for some broad leaves of the genera Betula, Acer, and Ostrya and Fernández et al. (2009) from 0.28 to 0.44 in Nothofagus antarctica and Diostea juncea. On conifers, Köstner et al. (1996) and Köstner et al. (1996) reported Gsurf@1kPa = 0.16–0.4 (mol m–2s–1) in Pinus sylvestris.

At the same time, some studies showed that many species, including hazelnut, present Gmax occurring before 1 kPa (Tang et al., 2006; Herbst et al., 2008). Some other species reach Gmax even above 1 kPa such as for example Pseudotsuga menziesii, where the Gmax = 0.64 (mol m–2s–1) is reached at about 1.8 kPa (Fernández et al., 2009). Also some studies on leaves of fruit trees as olive (Rodriguez-Dominguez et al., 2019), walnut (Rosati et al., 2006), and different apple cultivars (Massonnet et al., 2007) show that Gmax is reached between 1.5 and 2 kPa, probably related to the incidence of the fruit load in the whole tree physiology. Indeed, a correct approach to define the maximum potential gas exchange would be to consider the actual Gmax, which may occur at different VPD according to the species or stand management.

Still, the reference Gsurf@1kPa is often used to determine the sensitivity of a species. The sensitivity of stomatal response (even at canopy level) to VPD refers to the relative reduction in G with increasing VPD (i.e., -dG/dlnVPD). It is commonly believed that high Gsurf@1kPa predicts high sensitivity (Oren et al., 1999). The sensitivity is measured as the slope (m) of the function Gsurf = Gsurf@1kPa – m lnVPD. Gsurf@1kPa and m seem highly correlated (average R2 = 0.75) with a slope of approximately 0.6 across species. In other words, the higher the Gsurf@1kPa, the faster the stomata close with VPD increase, compared to species or individuals that present a lower Gsurf@1kPa. However, it is likely that the sensitivity changes whether we consider Gsurf@1kPa or Gmax.

In this study, we explored the relationship between VPD and whole tree conductance Gsurf as a contribution to understanding the limitations of potential productivity in eight commercial hazelnut orchards distributed in different countries. These sites have been considered as eight representative orchard conditions in a range of bearable climates for hazelnut growth, going from mild temperate to dry warm. Increasing VPD connected to global warming (IPCC, 2018; Barkhordarian et al., 2019) will certainly threaten these areas. Thus, we aimed at: (I) identifying the maximum canopy conductance and its sensitivity to VPD at each site and (II) providing a procedure to quantify the maximum potential gas exchange of a site by knowing the frequency of occurrence of VPD values.

The assessment of critical thresholds of VPD that guarantee optimal Gsurf will become of great importance in defining suitability maps to locate new plantations and predict the responses of current crops to future climate change.



MATERIALS AND METHODS


Study Areas, Orchard Characteristics, and Experimental Setting

This study occurred in eight different commercial orchards of European hazelnut (Corylus avellana, L.) distributed in both the hemispheres. In the northern hemisphere: in France (Cancon, 44°18′N, 0°34′E, named “F1”), Italy (Baldissero d’Alba, 44°45′N, 7°55′E, named “I1”), and Georgia (Gejeti, 42°19′N, 42°12′E, named “G2”); in the southern hemisphere: in Chile (Camarico, 35°18′S, 71°21′W, named “C1”; San Sebastian, 35°17′S, 71°32′W, named “C2”), and Australia (Glendale farm, 34°48′S, 146°40′E, named “A0”; Narrandera, 34°48′S, 146°40′E, named “A1”; Orange, 33°19′S, 149°5′E, named “A2”). The experiment included three main commercial cultivars: Tonda Trilobata (TT), Tonda di Giffoni (TG), and Ennies. Table 1 presents the biometrics and orchard features for all the study areas. The differences of orchard characteristics between sites are representative of diverse types of orchard management systems of the species. The total tree basal area refers to the sum of basal area of all the sprouts belonging to each single individual tree, which is normally grown as multistem. The leaf area index (LAI) derives from estimation of the tree leaf area (m2), which, in turn, is derived by a species-specific allometric equation, namely leaf area = 0.16 × D2.22 (R2 = 0.93), where D is the diameter (in cm) at the base of each stem. The relationship was established by using both the cultivars TT by Pisetta (2012) and TG (data not published). These orchards all entered the productive stage. Because hazelnut has a strong alternance in fruit bearing between years (almost two times of magnitude between years) and the fruit load (kg/tree) in Table 1 is the maximum value recorded in the three growing seasons in the parcel of the site where the trial was located. Thus, the data reported to the tree level shall be considered as an estimation of the maximum potential.


TABLE 1. Tree biometrics in the study areas: tree spacing, estimated tree height, sprout number per individual tree, total basal area (SD in brackets), estimated leaf area index (LAI), fruit load (maximum value recorded in the period), cultivar (TG, Tonda di Giffoni; TT, Tonda Trilobata; E, Ennies), and training system.
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These orchards all entered the productive stage. Trees were in their productive stage in all the orchards (between 5 and 10 years old). Orchards are subjected to standard agronomic practices to support nut production (Roversi, 2014). Irrigation starts just before the nut cluster formation with about 3 mm of water per day distributed by a drip irrigation system. This study covered three growing seasons from 2016 to 2019. Sap flow was monitored by mean of thermal dissipation probes Granier type, 20 mm long (self-made in the Department of Territorio e Sistemi Agro-Forestali lab). Details on the construction and installation of Thermal dissipation probes (here after TDPs) are given in Pasqualotto et al. (2019). TDPs were installed in six trees per site in the phenological phase V03–V04 (bud brake and leaf emergence). Hazelnut phenology was collected at the orchard level according to a protocol proposed by Ferrero Agri-Farms, built on the (Biologische Bundesanstalt, Bundessortenamt and Chemical Industry, i.e. the German scale used to identify the phenological development stages of a plant) and on Romano et al. (1998). TDPs were set north-east facing on one branch per tree at about 50 cm above the ground in order to avoid thermal disturbance or humidity from the soil and possible damages to the sensors from the mechanical removal of sprouts. Further, TDPs were thermally insulated with aluminum heat insulation foil and Styrofoam. Two soil water content probes measuring the volumetric water content (TDR probe, Mod. CS650, Campbell Scientific Incorporation, Logan, USA) were installed between monitored trees at 30 and 60 cm depth. A data logger (CR1000, Campbell Scientific Incorporation, Logan, United States) recorded all the data every 15 min over the entire growing season, i.e., up to V08, leaves senescence, and shedding. A solar panel and a battery provided constant power supply to the stations. Air temperature (°C) and relative humidity (RH%) were recorded right on top of tree crowns in the orchard. Sap flow probes were replaced at the beginning of each growing season to prevent signal decaying.



Data Elaboration

The sap flow density Fd (dm3 dm–2 h–1) was calculated by using the classic equation form Granier (1985):
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k = (ΔT0–ΔT)/ΔT, where ΔT is the temperature difference between the two probes (the heated vs. the reference one), ΔT0 is the maximum temperature difference (i.e., the condition corresponding to zero flow). For this study, we used specific parameters calibrated for hazelnut b = 1.45 and the constant a = 13.86 (Pasqualotto et al., 2019). Canopy transpiration (EC) (g m–2 s–1) was calculated from mean Fd by multiplying it with the total sapwood area (AS) over the orchard ground surface (AO) (Oren et al., 1998):
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The total water vapor transfer capacity or conductance at stand/orchard level (Gsurf) in mm s–1 was estimated from the canopy transpiration EC and air VPD (Tang et al., 2006):
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Where k = 115.8 + 0.4226 T (m3 kPa °C kg–1), T is the temperature (°C), and VPD = es – ea = es – (RH × es/100), where ea is a function of the relative humidity expressed in percent (Monteith and Unsworth, 2013). This was converted to mol m–2 s–1 according to Jones (1999) to allow for comparisons with recent reports. We also calculate the same values per unit of leaf area as EL = Ec/LAI and Gsurf per unit of leaf area. The data set were subset to obtain diurnal data from 6 a.m. to 6 p.m. for the growing season: May to August for the northern hemisphere and November to February for the southern hemisphere. This choice means to extract the transpiration values related to positive carbon dioxide (CO2) assimilation condition. To compare the slopes of the response curve between Gsurf and VPD, we calculated the relative value of canopy conductance Grel:
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where Gmax is the maximum value of Gsurf that occurs in the interval VPD80. For the sake of better understanding of the site dynamic, data have been aggregated per site by averaging the response of Grel to VPD of multiple growing seasons. An ANOVA was applied to the dataset to check for differences of stomata sensitivity between sites. Grel is averaged into VPD classes of 0.1 kPa to simplify the response analysis in a continuous pattern (Hogg and Hurdle, 1997). The response of Grel to VPD site by site aims at defining which are the best conditions for gas exchange around the optimum (Gmax) in each study area. To meet this target, values of Grel > 80% were selected and the corresponding VPD values were defined in a specific range of VPD at site level (VPD80). Every time trees experience VPD belonging to the VPD80 range and we can assume that canopy gas exchange was relatively high.

Trees experience conditions of VPD80 at different times during the day throughout the year. The frequency of VPD80 over the growing season in a specific site is critical to determine the total achievable gas exchange capacity (GEC). In order to include the temporal factor, we calculated the integral of the daily Gsurf curve only in the intervals of VPD80 occurrence (e.g., in Figure 1 for day of the year 175 in site I1—Italy). The sum of these integrals at site level for the entire growing season gives the GEC:
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FIGURE 1. Example of daily pattern of canopy conductance Gsurf (mol m– 2s– 1) in site I1 day of the year 175 (i.e., Italy 24th June). The light blue area underlies the time interval in which vapor pressure deficit (VPD)80 occurs.
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Where n.VPD80 is the number of occurrences (expressed in seconds) of VPD80 per site during each growing season (mean occurrences per growing season) and Gsurf80 is the mean value of Gsurf recorded in the VPD80 at each site. We obtained an estimation of the total GEC of a growing season at site level according to the orchard characteristics and to the average climatic conditions (Mmol m–2).




RESULTS


Climatic Conditions

The mean daily air VPD condition during the growing season ranged widely from 1.01 kPa day–1 in site C1 and G2 to 1.93 and 2.66 kPa day–1 in the Australian sites A0 and A1, respectively (Table 2) (Kruskal–Wallis nonparametric test, p < 0.001). Site A1 also resulted the warmest with peaks of 46°C, while C1 the coolest with minimum reaching −5°C during the growing season. The global radiation was higher in southern hemisphere sites, especially in Chile (sites C1 and C2) (about 30 MJ m–2 day–1), while in northern hemisphere sites, the global radiation was generally lower (about 20 MJ m–2 day–1). The volumetric water content (VWC) of the soil ranged between 0.09 and 0.45 m3 m–3 and it is linearly correlated (R2 = 0.75) with the mean VPD at site level, being highly dependent on the site temperature. The remaining difference can be explained by the soil texture, which is, for example, high in sandy soil in site A1.


TABLE 2. Main climatic parameters at each site during the growing season (May to August or November to February).
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Conductance of Orchard Systems

The response curve of Gsurf to VPD classes (bin size 0.1 kPa) showed an initial increase of Gsurf at very low VPD, followed by the typical exponential decrease with higher VPD (Figure 2). Different maximum values of Gsurf were recorded at site level and explain the behavior of different orchard systems with different LAI: Gmax was very low in site A1 (Gmax = 0.094 mol m–2s–1), but much higher in site G2 (Gmax = 0.586 mol m–2s–1) (Table 3). The maximum canopy conductance Gmax (Table 3) occurred on average at VPD = 0.57 kPa across sites, ranging between 0.35 and 1.1 kPa (Table 4). In Supplementary Figure 1, the same response curve is presented with Gsurf normalized by leaf area. In this case, Gmax differences collapse to a range of 0.1 mol m–2s–1, while in some sites (e.g., F1), the response to VPD per leaf area unit is highly reduced (Figure 1).
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FIGURE 2. Response of Gsurf to VPD in different sites (absolute values). Data are binned using 0.1 kPa bin size. SE per each interval of 0.1 kPa of VPD is shown on site-related markers.



TABLE 3. Output of the linear model computed as lm = [Grel∼log(VPD) + log (VPD) × site, where b and m are the parameter of the equation Grel = m × ln (VPD) + b.
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TABLE 4. Mean values of VPD at Gmax and at the lower and upper limit of the VPD80 interval, i.e., when Gsurf = 80% of Gmax.
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The response of Gsurf to VPD resulted well fitted in all the sites by a semi-log transformation of the type y = -m × log (x) + b as suggested in Oren et al. (1999). Globally, the regression between surface conductance (Gsurf) and log (VPD) resulted highly significant (R2 = 0.978) meaning that Gsurf is strictly determined by the VPD measured at site level. The parameter m, i.e., the slope of the logarithmic function, was significantly different between sites (ANOVA, p < 0.01). Still, two main clusters were identified. The first included Australian sites A0, A1, and A2, where m values were between −0.027 and −0.046 describing a very low decrease of Gsurf with VPD. The second cluster showed higher m values ranging from −0.134 in C1 to −0.192 in C2 (Table 3). Together with higher Gmax, these orchard systems have a higher GEC of the canopy together with a faster decrease of Grel with an increase in VPD.

The clustering of site sensitivity emerges clearly in the regression between –m and the maximum canopy conductance. We compared the variation of the sensitivity parameter –m to Gmax and G@1kPa (Figure 3). Even if a better correlation resulted from the linear regression of –m against G@1kPa (R2 = 0.96, p < 0.001) with respect to Gmax (R2 = 0.85, p < 0.01), the linear regressions are not significantly different from each other (p > 0.05). Thus, Gmax can be used as reference value. Overall, lower sensitivity (lower –m values) corresponded to lower values of both the reference conductance Gmax and G@1kPa.
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FIGURE 3. The sensitivity of average stomatal conductance at site level to increasing vapor pressure deficit (– dG/d lnVPD) as a function of the canopy stomatal conductance at VPD = 1 kPa and at its maximum value. The two axes represent the slope and intercept of the relationship G = – m ln(VPD) – b. G@1 kPa: y = 0.50X–0.016 (R2 = 0.96; Gmax: y = 0.36X–0.005 (R2 = 0.85).


In addition, four sites with two different cultivars were selected to detect whether there was any clustering effect on the response of Gsurf to VPD. Sites C2 and I1 were selected for cultivar TT and C1 and F1 for cultivar TG. However, we did not observe any difference related to the cultivar.

Gmax was used to calculate the relative canopy conductance (Grel) in order to compare the pattern of conductance response to VPD between sites (Figure 4). The interval width of the VPD80, i.e., the interval of VPD in which Grel is maintained ≥ 80% of its maximum was variable between sites. Even if the upper limit of VPD80 occurred on average at 1 kPa, there was high variability between sites. Sites A0, A1, and G2 resulted as having a narrower interval of VPD80 due to an initial pronounced peak in Grel followed by a flatter decline; the upper limit of the VPD80 remained within 0.75 kPa in these sites (Table 4), where we registered the highest maximum and minimum air temperature. On the contrary, the rest of the sites showed a wider interval of VPD80 that reached the maximum value of 1.75 kPa in site A2, which is also the one with the lowest minimum temperature. These observations suggest that these plants might have acclimated to most extreme sites by changing their response to climate.
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FIGURE 4. Response of Grel to VPD class (kPa) in different sites. Study areas are marked with the corresponding site ID as described in “Materials and Methods” section. Markers refer to mean values of Grel in each VPD class (0.1 kPa). Data are binned using 0.1 kPa bin size. Vertical dashed line shows the VPD value at maximum Grel, while the solid line shows the limits of VPD value at 80% of the Grel.


Finally, the mean Gsurf value in each VPD80 resulted well correlated (R2 = 0.61) to interval with the fruit load per tree (maximum value over the 3 years) at site level (Supplementary Figure 2).



Maximum Gas Exchange Capacity

The sum of time with VPD80 calculated over the 4 central months of the growing season (May to August and November to February) amounted to about 4 weeks in site A2 and 3.5 in site F1 (Figure 5A). Site A1 appeared the less suitable site in terms of climatic conditions with less than 1 week per growing season in which Grel is above 80% of its potential. Even if some sites have a higher frequency of VPD80 over the growing season, they might have low mean Gsurf in this interval, as, for example, site A2 with 4 weeks of VPD80 but only Gsurf = 0.15 mol m–2s–1.
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FIGURE 5. (A) Cumulated VPD80 expressed as weeks per site during the main growing season. As the growing season, we considered the period from May to August in the northern hemisphere and from November to February in the southern; maximum gas exchange capacity (GEC) per site: (B) GEC = n.VPD80 × Gsurf; (C) GECleaf = n.VPD80 × Gsurf per unit of leaf area.


By combining these two characteristics per site, we obtained the maximum GEC of the orchard (Figure 5B). The GEC resulted the highest in site F1 because of the joint occurrence of high frequency of VPD80 and high mean Gsurf. Most of the other sites are similar in terms of GEC (about 0.45 Mmol m–2) because the differences in mean Gsurf are compensated by the width of the VPD80 interval. Site A1 remains the site with the lowest GEC produced by the joint occurrence of very high VPD and very low mean Gsurf. These results represent the whole orchard response. Due to this, they implicitly include the effect of the orchard structure (i.e., density, LAI, etc.). If we consider the GEC per unit of leaf area (Figure 5C), the differences decrease and they are parallel to variations of the mean VPD80.




DISCUSSION

The comparative study of a species grown in different sites and under different orchard managements is a useful experimental setting to understand orchard responses under climate warming and VPD rise in the field. These study areas had different mean daily VPD during the growing season and despite irrigation, the soil water content was also affected. Australian sites A0 and A1 showed the most severe evaporative conditions with peaks of 5.2 kPa and daily mean temperature up to 46.6°C. These sites could represent the worst climatic scenario in which hazelnut can grow, together with a soil water content of 0.09 m3 m–3. Italy was also an area with high VPD together with the Australian site A2 located at a higher altitude with respect to A0 and A1. All these regions combined with high daily global radiation in the southern hemisphere represent a very challenging environment for hazelnut that potentially limits the canopy conductance and growth. At present, France (F1) and Chile (C1 and C2) are in a milder condition, but climatic projections forecast increasing atmospheric water demand at global level (i.e., higher VPD) with extreme cases in the southern hemisphere related to the dry phase of El Niño cycles (Zhang et al., 2015; Barkhordarian et al., 2019). Thus, even milder sites may become challenging places to grow hazelnut and it is crucial to know how orchards will respond to these changes in order to adapt the cultivation systems.

The hazelnut response of Gsurf to VPD across sites showed some differences between orchards in terms of both the pattern and Gmax values. Differences in Gmax are representative of wide range of LAI, which developed in orchards; thanks to different management strategies (spacing and training system). Different orchard managements were reported to have a significant effect also on grapevines gas exchanges (Prieto et al., 2020). Because the Gsurf at the leaf area level is similar between sites, orchards with higher LAI have higher total Gmax at the community level. Indeed, orchards with lower LAI, as, for example, A0 and A1 (0.99 and 0.70, respectively), responded to the VPD similarly to grassland or savannah species (Grossiord et al., 2020). In other words, in sites A0 and A1, the whole tree stomata are not only more tightly closed at low VPD with respect to other sites, but also the velocity to close further is low per unit of increase in VPD. This effect is further enhanced by the low soil water content in site A1, where despite irrigation being homogeneously distributed, the higher percentage of sandy soil together with high temperatures severely compromised the water uptake capacity of trees. In these areas, the orchard management shall favor higher orchard LAI. Most of the other sites present values that are closer to deciduous forests. Indeed, absolute Gmax agrees with findings on other broad leaves reported in the literature (Barradas et al., 2005; Tang et al., 2006; Bourne et al., 2015; Grossiord et al., 2020). Another factor that we find linked to the differences in Gmax between sites is the fruit load. Orchards with higher fruit load had also higher Gmax. Accordingly, other studies on orange trees showed that low fruit loaded trees show < 40% stomatal conductance respect to fully loaded trees (Syvertsen et al., 2003). However, it has to be considered that fruit load and LAI, i.e., a proxy of the total photosynthetic capacity of the orchard, should be autocorrelated (Wünsche and Lakso, 2000).

The pattern of Gsurf variation with VPD agrees with the theoretical framework presented by Oren et al. (1999) who described the response of Gsurf to VPD by an exponential response curve, where the sensitivity is expressed by the parameter –m and higher Gmax values predict higher sensitivity. Accordingly, Australian sites resulted in the less sensitive to increase in VPD and with very low Gmax.(average m = −0.03 mol m–2s–1 kPa–1), while the rest of the sites had an average m = −0.17 mol m–2s–1 kPa–1. This latter is close to what found for broadleaved forests (including hazelnut understory) according to Herbst et al. (2008) and for Quercus alba (Oren et al., 1999). Still, these two clusters of sites (Figure 3) highlight differences in the sensitivity within the same species, suggesting a moderate capacity to acclimate. In this sense, this study represents one of the few examples of conductance sensitivity measurements on the same species (Oren et al., 2001; Addington et al., 2004) and the first to compare a single species across continents.

The maximum canopy conductance Gmax is an important parameter to define the optimal gas exchange capacity of a stand. Gmax should be defined under favorable conditions for the species, i.e., non-limiting light, water availability, and optimum temperature. In this study, we are analyzing trees under standard irrigation and fertilization regimes, thus we can assume that Gmax values are as close as possible to the potential for the specific site. Thus, Gmax can be a reference value to determine the species sensitivity to the increasing VPD. Often, the reference G is Gsurf at 1 kPa because it is difficult to obtain continuous and reliable measurements for low VPD. However, in our data collection, we could benefit from a long and continuous data series from sap flow measurements. In this study, Gmax was observed to range widely across sites from A1 (0.091 mol m–2s–1) to G2 (0.58 mol m–2s–1), occurring on average at 0.57 kPa, thus at a lower VPD compared to the reference of 1 kPa proposed by Oren et al. (1999). Other authors such as Tang et al. (2006) and Herbst et al. (2008) observed similar values of Gmax at VPD < 1 kPa in few temperate broadleaves including forests with hazelnut understory, while many fruit trees as olive, walnut, and apple reach Gmax at higher VPD (1.5–2 kPa) (Rosati et al., 2006; Massonnet et al., 2007; Rodriguez-Dominguez et al., 2019). In this perspective, hazelnut can be considered as a species with a water-saving behavior, which typically takes advantage of low VPD to maximize stomata opening and the carbon uptake.

This behavior is also confirmed by the pattern of relative canopy conductance. In this study, not only the slope, but also the value of VPD at which Gmax occurs is important to assess the sensitivity of a species in a specific stand structure. Thus, the sensitivity described in this study is not exactly comparable with that calculated with the reference G@1kPa reported by Oren et al. (1999). Indeed, if Gmax occurs at 0.5, we will obtain a less negative slope (i.e., lower sensitivity) respect to the case in which we consider the same Gmax value at 1 kPa (Figure 6). We simulated a case in which Gmax occurs at 1 kPa and we found m = −0.53, while when Gmax occurs at 0.5, m = −0.39. This shows that force comparisons with G@1kPa may show different results suggesting sensitivity higher than it really is. This might be the reason behind the lower slope value in the linear regression between the parameter –m and reference conductance with respect to found by Oren et al. (1999).


[image: image]

FIGURE 6. Simulation of the response of Grel to VPD with Grel calculated with two different maximum G. Inset presents the same data with x-axis log transformation. Black markers show the max Grel at 0.5 kPa, the 0.8 × Grel at 1 kPa and a slope of −0.39. White markers show max Grel at 1 kPa, thus 0.8 × Grel shifts toward the 1.5 kPa and the slope increases to about 0.13.


Indeed, the comparison of slopes between Gsurf and dGsurf/dln VPD expresses the actual degree of sensitivity of the same species between orchard management. Sites A1 and A0 had the lowest sensitivity (less negative slope). These sites are also those with more extreme events of VPD (up to 8–9 kPa). Thus, we can hypothesize that the lowest sensitivity is related to acclimation in these sites and this acclimation capacity is cultivar independent. Despite the cultivar is different in sites A0 and A1, the pattern of Gsurf to VPD has a steep increase at low VPD followed by a reduction suggesting that trees might have acclimate their leaf characteristics (e.g., number of stomata, size of the stomata, or others) across the growing seasons and this would maximize their gas exchange.

The interval of VPD in which trees could maintain over 80% of their maximum tree conductance in most of the sites is below 1.7 kPa. In all the sites, values above 5 kPa reduce the conductance to the minimum. In A0 and A1, the interval is particularly narrow. This, together with the low sensitivity in these sites, is a further clue that suggests an acclimation capacity of trees. In other words, hazelnut might have responded to the high site VPD by reducing stomata opening and improve the water use efficiency. Also, G2 resulted in a site with narrow interval of VPD. This has in common with A0 and A1 very high minimum temperatures of the air in this study period even at low VPD. This might have somehow forced the plants to further reduce their maximum canopy conductance capacity at low VPD. The chance that hazelnut can develop acclimation to extreme climates is of great interest for orchard managers and for the food industry, which relies on world nut supplies. Indeed, if the mechanism of stomatal acclimation would miss, VPD variation due to climate change could reduce stomatal conductance by 10–50% (Ficklin and Novick, 2017).

When we consider the implication of the higher or lower sensitivity to the carbon economy of the plant, it is also important to consider the temporal scale (Martínez-Vilalta and Garcia-Forner, 2017). To test what is the impact of the VPD80 width on the total canopy conductance at the stand level, we estimated the total GEC of each orchard based on the occurrence of VPD80 during the growing season and the corresponding mean Gsurf in this interval.

Most of the sites had on average 2 weeks (cumulated hours) per growing season in favorable climatic conditions for conductance maximization, i.e., VPD80 while for the rest of the season they are below the 80% of Gmax. F1 and A2 had more than 3 weeks suggesting that from the climatic perspective, these are very promising sites for hazelnut, while A1 has a very limited amount of time during the growing season to optimize the conductance. The situation of site A1 is further worsened by the extremely low Gsurf in the interval of VPD80, which makes the total GEC of the site undesirable. While A1 remains an extreme case, the compensation between the occurrences of VPD80 and Gsurf supports the hypothesis of some acclimation capacity of the species, which leads to a quite even GEC at site level (about 0.45 Mmol m–2). This acclimation might have been favored by the orchard management that favored a compensatory LAI through pruning and tree density. The extremely high GEC in site F1 is indeed related to the high LAI, close to a forest one, combined with very frequent VPD80. When we normalize GEC by LAI, we get the leaf area unit gas exchange, independently to the orchard structure. What is clear is that the GEC_leaf is highly related to the frequency of VPD80, but the orchard structures with higher LAI have, as a consequence, higher whole canopy gas exchange.

If the occurrence of VPD80 remains stable in future growing seasons, we can expect most sites to maintain a good level of potential productivity at comparable growing conditions. Still changes in VPD might overturn the suitability of some areas. In this perspective, VPD must be monitored. At the same time, the orchard management shall favor high Gsurf. This result can be achieved by increasing the LAI by favoring higher trees or by increasing the density where trees are small or still in the early productive stage. Indeed, the higher the fruit load, the higher the Gsurf (Syvertsen et al., 2003). We believe that by collecting longer data series of fruit load combined with physiological and structural parameters of different orchards is a paramount goal to set in the future studies, perhaps toward modeling techniques as proposed by Prieto et al. (2020).

These results on suboptimal interval of VPD combined with the whole tree conductance (potential assimilation capacity) are the basis for a new global perspective on crop management. Indeed, they can be the basis for the construction of physiologically-based suitability maps: by using the projections of VPD conditions (Akpoti et al., 2019), it would be possible to roughly estimate the potential reduction of gas exchange and productivity in a given site.

Nonetheless, this study might provide guidelines for the management of existing orchards. We expect that the more the orchard is structured to maintain a range of favorable VPD conditions (within the VPD80 range), the higher the carbon stocked in trees available for nut production will be. Indeed, the canopy structure variation may largely influence the water use efficiency of orchards (Cohen and Fuchs, 1987; Cohen and Naor, 2002).
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Corylus heterophylla (2n = 22) is the most widely distributed, unique, and economically important nut species in China. Chromosome-level genomes of C. avellana, C. heterophylla, and C. mandshurica have been published in 2021, but a satisfactory hazelnut genome database is absent. Northeast China is the main distribution and cultivation area of C. heterophylla, and the mechanism underlying the adaptation of C. heterophylla to extremely low temperature in this area remains unclear. Using single-molecule real-time sequencing and the chromosomal conformational capture (Hi-C) assisted genome assembly strategy, we obtained a high-quality chromosome-scale genome sequence of C. heterophylla, with a total length of 343 Mb and scaffold N50 of 32.88 Mb. A total of 94.72% of the test genes from the assembled genome could be aligned to the Embryophyta_odb9 database. In total, 22,319 protein-coding genes were predicted, and 21,056 (94.34%) were annotated in the assembled genome. A HazelOmics online database (HOD) containing the assembled genome, gene-coding sequences, protein sequences, and various types of annotation information was constructed. This database has a user-friendly and straightforward interface. In total, 439 contracted genes and 3,810 expanded genes were identified through genome evolution analysis, and 17 expanded genes were significantly enriched in the unsaturated fatty acid biosynthesis pathway (ko01040). Transcriptome analysis results showed that FAD (Cor0058010.1), SAD (Cor0141290.1), and KAT (Cor0122500.1) with high expression abundance were upregulated at the ovule maturity stage. We deduced that the expansion of these genes may promote high unsaturated fatty acid content in the kernels and improve the adaptability of C. heterophylla to the cold climate of Northeast China. The reference genome and database will be beneficial for future molecular breeding and gene function studies in this nut species, as well as for evolutionary research on species of the order Fagales.
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INTRODUCTION

Hazelnut (Corylus spp.) belongs to the subfamily Coryloidae and is the most widely distributed and economically important genus in the Betulaceae family (Helmstetter et al., 2019). The fruit of the hazelnut, the hazelnut, is rich in nutrients and fatty acids and is widely used in the food industry. Its uses include making oil, paste, and roasted kernels (Madhaven, 2000; Amaral et al., 2006). In addition, crushed kernels are used in the production of cakes, ice cream, and chocolate to improve the flavor, and these products are widely popular with consumers. There are approximately 16 species of hazelnut in the world, ten of which are native to China, comprising eight wild species and two cultivated species (Dong et al., 2010). Among these, Corylus heterophylla is the most widely distributed and economically important nut species in China. Currently, the area of C. heterophylla forests in China covers more than 1.0 million hectares, and this species is the main source of hazelnut in the Chinese market even though the yield of hybrid hazelnut (C. heterophylla × C. avellana) has increased rapidly in recent years (Cheng et al., 2018b,2019; Liu et al., 2020). Northeast China is the main distribution and cultivation area of hazelnut. Although most hazelnut products in the international market are derived from the European hazelnut (C. avellana), the extreme low winter temperatures in Northeast China are not suitable for the cultivation of this species. Although the area of horticultural cultivation of C. heterophylla is increasing rapidly, its commercial varieties remain scarce. As C. heterophylla is a unique species of hazelnut in China, reasonable utilization of its germplasm is crucial for the development of the hazelnut industry. Therefore, genome analysis of C. heterophylla would be important to provide new insights into the key adaptations that contribute to the breeding and culture of C. heterophylla.

In 2013, to facilitate breeding and genetic studies on hazelnut, the genome sequence of C. avellana ‘Jefferson’ was assembled and released online on the European Hazelnut Genomic Resource Portal (EHG1) (Sathuvalli et al., 2011; Rowley et al., 2018), but the structural and functional annotations of its genes are not available. EHG plays an important role in genetic studies on hazelnut by providing the scientific community access to the genome sequence of the variety ‘Jefferson’. However, C. avellana is not an important cultivated species, although some cultivars have been introduced and cultured in China. EHG still needs further improvement because it lacks the structural and functional annotations of genes, which are vital for gene bioinformatics of the hazelnut genome. During the past few years, some genome re-sequencing data and transcriptome data of hazelnut, including C. heterophylla × C. avellana and C. heterophylla, have accumulated at an increasing rate (Rowley et al., 2012; Chen et al., 2014; Cheng et al., 2018b,2019; Liu et al., 2020). In 2021, high-quality chromosome-level reference genomes for C. heterophylla (Zhao et al., 2021) and C. mandshurica (Li et al., 2021) based on combining Illumina short reads, Nanopore long reads, and chromosomal conformational capture (Hi-C) sequencing reads were published, thus providing a valuable resource for hazelnut breeding. However, a satisfactory hazelnut genome database is absent, hindering hazelnut breeding research. Considering the economic importance of C. heterophylla in the main production areas of Northeast China and the shortage of its cultivars, it is crucial to construct a hazelnut genome database to archive and access genome sequences of this species. Here, we present a complete reference genome sequence and the constructed HazelOmics online database of C. heterophylla with the aim of providing mass data of high-class reference genomes and evolution of this important nut species.



MATERIALS AND METHODS


Plant Sample Collection and Genome Sequencing

Corylus heterophylla was cultivated in Yitong County of Siping City (43.34°N, 125.30°E), Jilin Province, China. Fresh young leaves of C. heterophylla were collected and subjected to genomic DNA extraction, PacBio genome sequencing library construction, and single molecule real-time (SMRT) sequencing. The template library was constructed using the SMRTbell Template Prep Kit 1.0 (product code 100-259-100); the experimental steps are as follows. Leaf cells were lysed, and genomic DNA was sheared by the Covaris g-Tube, followed by exonuclease VII digestion to remove the single chain at the 3′-end. Next, the SMRTbell Damage Repair Kit was used to repair single-strand breaks, base loss, and oxidation on the DNA strand. DNA was repaired to a flat end by terminal repair, and DNA fragments were connected with the SMRT dumbbell connector. Thereafter, exonuclease digestion was performed to remove the fragments without SMRT dumbbell connector at both ends. Finally, the AMPure ® PB Beads were used for secondary screening and purification to obtain an SMRTbell library with a fragment size of 20 kb. The library was sequenced using the long-read PacBio Sequel II platform (Pacific Biosciences Inc., Menlo Park, CA, United States), and data from one SMRT cell were generated. Second-generation survey sequencing was performed to provide sequence information for error correction of the assembled genome based on SMRT sequencing. DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s recommendations. DNA purity was evaluated by a Nanodrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States) and Qubit 2.0 Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, United States), and DNA integrity was evaluated by electrophoresis. The qualified DNA sample was fragmented randomly using a g-tube. Fragments ranging from 300 to 350 bp in length were recycled by electrophoresis, and the sequencing library was prepared by terminal repair, addition of an A tail, addition of a sequencing adaptor, purification, and PCR amplification, followed by sequencing on the Illumina HiSeq X Ten platform (San Diego, CA, United States) with 150PEmode. All sequencing procedures were performed by Wuhan GOOAL Gene Technology Co., Ltd.



Hi-C Sequencing

The Hi-C library for Illumina sequencing was prepped by the NEBNext ® Ultra™ II DNA library Prep Kit for Illumina (NEB) according to the manufacturers’ instructions. First, genomic DNA was treated with paraformaldehyde to fix the DNA conformation, and the cross-linked DNA was treated with restriction enzymes to produce sticky ends. At the same time, biotin was introduced to label the oligonucleotide ends. Thereafter, DNA ligase was used to connect the DNA fragments. DNA cross-linking was reversed by protease digestion, after which the DNA was purified and randomly broken into 300–500 bp fragments using Covaris E220 Evolution Sonicator (Woburn, MA, United States). Finally, the labeled DNA was captured by avidin magnetic beads and used to construct a Hi-C sequencing library with the NEBNext ® Ultra™ II DNA library Prep Kit, followed by sequencing on the Illumina HiSeq X Ten platform with 150PEmode.



Genome Assembly

Canu software (Koren et al., 2017) was used to assemble the acquired raw reads. The assembly contained three steps: error correction, trimming, and assembly, and each step was carried out using the following processing protocol. Reads were loaded to the gkpStore read database, and k-mers were counted to evaluate overlaps between sequences. Overlaps were loaded to the overlap database OvlStore to complete error correction, trimming, or assembly. Details and parameter information of all used software are listed in Supplementary Table 1. Single molecule real-time sequencing has a high error rate, which makes the original very noisy. In the process of correction, highly reliable bases are obtained by comparing the reads. Consistent sequences were obtained by calculating the overlapped reads, which were used to replace the original reads with high error rates. In the process of read trimming, overlap was used to determine which read regions were of high quality and which low-quality regions needed to be trimmed; only sequence blocks with the highest quality were retained. Next, the original offline data of SMRT sequencing were mapped to the assembled genome for error correction analysis using pbmm2 software, and the corrected assembled genome was generated after polishing using the arrow method. Thereafter, the reads obtained from Illumina genome survey were mapped to the third generation assembled genome for further polishing using BWA (Li and Durbin, 2009) and Pilon (Walker et al., 2014) software for sequence alignment and error correction, respectively. According to the depth distribution of reads and sequence similarity, redundant heterozygous contigs were identified and removed using Purge Haplotigs software (Roach et al., 2018).



Chromosome-Scale Assembly With Hi-C Data

The main types of reads produced by Hi-C sequencing data comprise valid di-tags, contiguous sequences, circularized fragments, dangling ends, internal fragments, PCR duplicates, and wrong sized reads. We retained only the valid di-tags, and other types of reads were filtered out (Dudchenko et al., 2017). Chromosome-level genome assembly was carried out by dividing, anchoring, sequencing, orienting, and merging the contigs or scaffolds using HiC-Pro (Servant et al., 2015; Dudchenko et al., 2017). A genome-wide interaction map was constructed using JuiceBox software (Durand et al., 2016). We encountered contig sequencing and orientation errors in the process of 3D-DNA assembly. According to the principle that the closer the linear distance, the stronger the interaction, we carried out visualized error correction manually using JuiceBox (Durand et al., 2016). The integrity assessment of conserved genes from the assembled genome was assessed using Benchmarking Universal Single-Copy Orthologs (BUSCO) tests (Simao et al., 2015), and its results reflected the completeness and quality of the test genome. In total, 1,440 single-copy orthologous genes were chosen to be aligned to the Embryophyta_odb9 database (Simao et al., 2015).



Genome Annotation

Genome annotation analysis mainly includes the recognition of repetitive sequences, prediction of non-coding RNA, prediction of gene structure, and functional annotation. As an important part of the plant genome, repeat sequences mainly include tandem repeats and interspersed repeats (DNA transposons and retrotransposons). Tandem Repeats Finder software (Benson, 1999) was used to predict tandem repeats in the investigated genome. RepeatMasker and RepeatProteinMask based on Repbase TE library were used to acquire the annotation of DNA transposons and retrotransposons (Tarailo-Graovac and Chen, 2009). Afterward, de novo prediction software RepeatModeler (Bao et al., 2015) and LTR_FINDER (Barker et al., 2010) were used to identify and annotate interspersed repeats in the hazelnut genome.

Gene annotation of hazelnut includes structural and functional annotation. Several methods were used to predict the structure of the coding genes, such as homology prediction, de novo prediction (software: Augustus, GENSCAN, and GlimmerHMM), and cDNA/EST prediction (Burge and Karlin, 1997; Majoros et al., 2004; Mario et al., 2006). Furthermore, RNA-seq data were mapped to genome by HISAT2 (Kim et al., 2015) and transcripts were generated by StringTie (Pertea et al., 2015). After that, Transdecoder (Haas et al., 2013) was used to predict ORF in these transcripts. The gene set predicted by various methods was integrated into a non-redundant, more complete, and reliable gene set using MAKER software (Cantarel et al., 2008). Finally, functional annotation of the proteins in the investigated gene set was carried out by aligning their protein sequences to various protein databases, including SwissProt (Bairoch and Apweiler, 2000), TrEMBL (Bairoch and Apweiler, 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2003), InterPro (Zdobnov and Rolf, 2001), and Gene Ontology (GO) (Balakrishnan et al., 2013). For non-coding RNA annotation, tRNAscan-SE program (Lowe and Chan, 2016) was used to identify tRNA, BLASTN alignment was used to identify rRNA, and INFERNAL software (Nawrocki et al., 2009) of the Rfam database (Griffiths-Jones et al., 2005) was used to predict miRNA and snRNA sequences in the genome.



Gene Family and Phylogenetic Analyses

The longest transcript of each gene in each species was obtained by an in-house script as the representative sequence of the gene, and their coding sequence (CDS) and protein sequence information was obtained. The version and other details of all downloaded sequences are listed in Supplementary Table 2. The homologous low copy genes (copy number ≤ 4) of these species were identified by orthofinder software (Emms and Kelly, 2015). OrthoMCL software and Markov chain clustering (MCL) (Li et al., 2003) were used to evaluate gene family membership based on obtained gene similarity calculation results. The protein sequences of these low copy homologous genes were aligned by muscle software, and the phylogenetic tree was constructed by RAxML software based on the results of multiple sequence alignment using the GTRGAMMA method (Stamatakis, 2014). Next, according to the results of the phylogenetic tree, r8s (Sanderson, 2003) and MCMCTREE of the PAML package (Yang, 2007) were used to estimate divergence time. The divergence times of Oryza sativa–Arabidopsis thaliana [115–308 million years ago (Mya)], Betula pendula–C. avellana (22–74 Mya), and Populus trichocarpa–P. euphratica (10.9 Mya) acquired from TimeTree2 were used as the calibration times. Gene families that underwent expansion or contraction events were identified by CAFE software (Han et al., 2013). The identified genes were subjected to further analysis of GO term enrichment and KEGG enrichment, and the p-value of significant enrichment was set as 0.05 in GO term and KEGG enrichment analysis (Kanehisa et al., 2003; Balakrishnan et al., 2013).



Construction of HazelOmics Online Database

The HazelOmics online database (HOD) was constructed based on the assembled C. heterophylla reference genome. The establishment and maintenance of HOD was entrusted to GOOAL GENE Technology Ltd. (Wuhan, China) and the Information Network Center of the Jilin Normal University. For online website building, the website interface was developed based on the Vue.JS framework. Three universally used open source application framework or database management systems, Spring Boot, JDK8, and MySQL, were employed for database server development to facilitate user access and operation. In addition, the genome data stored in HOD can be visualized by JBrowse and its plugins (Buels et al., 2016). A sequence query option was also added to the website using the BLAST tool. The Primer3 tool (Rozen and Skaletsky, 2000) was provided for primer design. All available sequences, along with corresponding function annotation information (genomes, protein-coding sequences, and protein sequences), can be downloaded from HOD.



RNA-seq Analysis and KEGG Pathway Enrichment of Differentially Expressed Genes

RNA-seq analysis of 12 ovule samples of hazelnut at four developmental stages was performed following the protocol described previously (Liu et al., 2020). HISAT2 (Kim et al., 2015) was used to align the transcripts to our reference genome, and a sam file was generated. Samtools (Li et al., 2009) software was used to convert the obtained Sam file into BAM format. After sorting, qualimap software (Okonechnikov et al., 2016) was used to count the sequence alignment results. The transcripts were assembled according to BAM files by StringTie software (Pertea et al., 2015), and the reconstructed results of all samples were merged to obtain the structure annotation file of the optimized transcripts. Gene expression was quantified according to the BAM file using StringTie (Pertea et al., 2015) and expressed in FPKM values. | log2FC | ≥ 1 and false discovery rate < 0.05 were set as the threshold values for the identification of differentially expressed genes. KEGG enrichment analysis was performed using KOBAS software (Xie et al., 2011).




RESULTS


Single Molecule Real-Time Sequencing and de novo Genome Assembly

A total of 7,319,564 reads were sequenced, among which 6,803,436 reads were longer than 2.0 kb, accounting for 92.94% of all sequenced reads. The sequencing generated 144.01 Gb of PacBio sequencing data from the SMRT sequencing platform, achieving ∼415 × coverage of the C. heterophylla genome (Table 1). On average, the reads were 19,675 bp in length, with N50 of 30,570 bp. These results suggested that SMRT sequencing is reliable and can produce long reads (Vaser et al., 2017; Vasanthan and Yasubumi, 2019). The read sequences were assembled by Canu (Koren et al., 2017). Next, the original offline SMRT sequencing data and second-generation survey sequencing were mapped to the assembled genome for error correction, followed by redundant sequence removal using Purge Haplotigs software (Roach et al., 2018). The genome assembly analysis produced 386 contigs with N50 of 2,025,119 bp and GC content of 36.01%, covering 346,578,452 bp. Among the contigs, 384 were longer than 2 kb (Table 1). To confirm that the obtained assembly belongs to the target species, the genomic sequence was divided into 1,000 bp fragments, and the divided sequence was aligned to the NCBI nucleotide database (NT Library) using the Blast tool. The results showed that 10.20% of the fragments belonged to the genus Corylus, and the accuracy of the sequencing and assembly data was preliminarily confirmed (Supplementary Table 3). In addition, integrity assessment of conserved genes was performed using the method of BUSCO (Simao et al., 2015). Of the chosen 1,440 single-copy orthologous genes, 1,364 (94.72%) were aligned to the Embryophyta_odb9 database (Simao et al., 2015), of which 1,338 (92.92%) were considered to be complete (Supplementary Table 4). The SMRT sequencing data were mapped to the assembled genome using pbmm2 software program; the results showed that 92.46% of SMRT data could be mapped to the assembled genome with coverage of 99.72%, suggesting high quality of genome assembly (Table 2). In summary, the contigs of the assembled genome can be extended to the scaffold by downstream analysis up to the chromosome level.


TABLE 1. Statistical results of C. heterophylla genome sequencing and assembly.
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TABLE 2. Sequences consistency assessment by comparing with the C. heterophylla reference genome.

[image: Table 2]



Hi-C Sequencing and Assisted Genome Assembly

In total, 392,233,610 raw reads were sequenced, covering a length of 58,835,041,500 bp. After data filtration, 383,274,912 clean reads covering 56,648,423,236 clean bases were obtained, with average read length of 150 bp and Q20 of 96.24% (Supplementary Table 5). The Hi-C sequencing data were mapped to the assembled genome using BWA (Li and Durbin, 2009) software program, and the results showed that 91.04% of Hi-C data could be mapped to the assembled genome, with coverage of 98.97% (Table 2). Alignment results of Hi-C sequencing data showed that 84,085,237 reads belonged to paired-end alignments (Supplementary Table 6). After redundancy removal, valid pairs accounted for 73.72% of the total Hi-C sequencing data (Supplementary Table 7). Mutations were identified by Samtools, Picard, and GATK software programs (Li et al., 2009; do Valle et al., 2016), and the homozygous and heterozygous rate of SNPs and indels of the reference genome were calculated. The homozygous rate of SNPs and indels were as low as 0.011% and 0.037%, respectively, which indicated that the accuracy of the genome assembly was very high; the heterozygous rate of SNPs and indels were as low as 1.118% and 0.216%, respectively, indicating that genome heterozygosity was low (Supplementary Table 8). In the process of assembly and error correction, the original 386 contigs were split and sorted according to the Hi-C interaction map, and 11 chromosomes and 64 scaffolds were constructed, with a total length of 0.35 Gb, contig N50 of 2.02 Mb, and scaffold N50 of 32.88 Mb. The rate of chromosome anchoring was 98.95% (Table 3). Genome integrity was evaluated using long terminal repeats (LTRs) (Ou et al., 2018). The LTR assembly index (LAI), a standard for assessing assembly continuity, of the genome was 14.20, which was within the range of “reference” quality based on the LAI classification (Supplementary Table 9) (Ou et al., 2018; Xie et al., 2020). Subsequently, chromosome and genome-wide interaction maps (Figure 1) were constructed, and the results showed that the Hi-C assisted assembly was of high quality. Finally, based on the reference genome generated by SMRT sequencing and assembly (Jonas et al., 2017), Hi-C sequencing (Servant et al., 2015) and assisted genome assembly were further performed to correct the errors in the genome, and the final genome sequence and direction of C. heterophylla was determined. The length of the final assembled genome was 342,961,297 bp, with contig N50 of 2,025,119 bp, scaffold N50 of 32,881,252 bp, and chromosome anchoring rate of 98.95% (Table 3).


TABLE 3. Statistic for Hi-C auxiliary genome assembly.
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FIGURE 1. Hi-C heatmap of the C. heterophylla genome representing genome-wide all-by-all interactions. The map shows a high-resolution of individual chromosomes that are scaffolded and assembled independently. The color bar depicts the frequency of Hi-C interaction links from white (low) to red (high). The coordinates on the x- and y-axes can be used to determine the relative position (number of bins) on the genome.




Genome Annotation

In total, we identified 200.99 Mb of non-redundant repetitive elements based on de novo and homolog methods, accounting for 57.99% of the assembled genome length (Table 4). Among these, long terminal retrotransposons (LTR-RTs), DNA transposons, and long interspersed elements (LINEs) had lengths of 110.26, 68.48, and 30.42 Mb, accounting for 31.81%, 19.76%, and 8.78% of the total genome length, respectively. This suggested that LTR-RTs dominated the repetitive sequences in the investigated genome. Based on de novo, homolog, and RNA-seq/EST methods, we predicted a total of 22,319 protein-coding genes in the investigated genome, with the average length of 6,646 bp. Average CDS length was 1,201 bp. On average, each gene had 5.61 exons that were 330 bp long. Average intron length was 1,040 bp (Supplementary Table 10). Among the predicted protein-coding genes, 14,763 (66.15%) genes were supported by evidence of de novo prediction, homologous prediction, and RNA-seq data (Supplementary Table 11). In total, 21,056 (94.34%) predicted genes had matching functional annotations in at least one protein database (Supplementary Table 12). In total, 92.7% of the conserved single-copy orthologs used by BUSCO could be mapped to the Embryophyta_odb9 database (Simao et al., 2015), of which 93.1% were complete (Supplementary Table 13). In addition, we further annotated the non-coding RNAs covering the length of 346,578,452 bp and accounting for 0.13% of the total genome. The predicted non-coding RNAs included 453 tRNA genes, 1,020 rRNA genes, 183 miRNA genes, and 595 snRNA (Table 5).


TABLE 4. Category of repeat sequences in C. heterophylla genome.
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TABLE 5. Annotation statistics for C. heterophylla genome.
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Phylogenetic Relationship Analysis

Because of the limited number of species in the order Fagales, the annotated genes in the investigated genome were clustered into gene families with 15 closely related species with available genome information, comprising two model plant species (O. sativa and A. thaliana), five species from the order Fagales (C. avellana, C. mandshurica, B. pendula, Castanea mollissima, and Juglans regia), three species from the order Euphorbiales (Ricinus communis, Manihot esculenta, and Hevea brasiliensis), four species from the order Salicales (Salix brachista, Populus alba, P. trichocarpa, and P. euphratica), and one species from the order Rosales (Prunus persica) (Supplementary Table 2). OrthoMCL gene family clustering analysis revealed that 19,683 C. heterophylla genes (88.19%) clustered into 14,421 gene families, and 113 of these were specific for C. heterophylla (Supplementary Table 14). In addition, the results of this analysis showed that C. heterophylla, A. thaliana, O. sativa, C. avellana, and C. mandshurica shared a core set of 8,024 gene families (Figure 2). Furthermore, after OrthoMCL clustering, 695 single-copy gene families were selected from the 16 analyzed species for subsequent analysis. Genetic evolutionary analysis revealed that C. heterophylla was a sister group to C. avellana, and the estimated divergence time between them was 11.1 (9.8–13.9) million years ago (Figure 3A). Our phylogenetic tree suggested that the species from the same order have a close genetic relationship, and the relationships between the 16 investigated species were consistent with their taxonomic positions and the results of previous phylogenetic analyses (Flora and Sciences, 1979; Cheng et al., 2018a).
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FIGURE 2. Comparative genomic analysis of C. heterophylla and other species. Venn diagram representing the cluster distribution of shared gene family among C. heterophylla and four other species, including A. thaliana, O. sativa, C. avellana, and C. mandshurica.
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FIGURE 3. Phylogenetic and evolutionary analysis of the C. heterophylla genome. Among all used species, members belong to Rosales, Fagales, Euphorbiales, and Salicales are indicated in pink, orange, purple, and green, respectively. (A) The phylogenetic tree is constructed based on a concatenated alignment of 695 single-copy ortholog gene sets. The estimated divergence times (million years ago, MYA) are indicated at each node. The reference points used for calibration are marked with red dots. (B) Expansions and contractions of gene families are indicated in green and red, respectively. The pie charts show the proportions of conserved (blue), expanded (green) and contracted (red) gene families among all gene families.




The Expansion and Contraction of Gene Families

The expansion and contraction of gene families play critical roles in driving the phenotypic diversification of plants. We identified 352 expanded and 1,197 contracted gene families in C. heterophylla relative to C. avellana (Figure 3B). Gene Ontology classification analysis of expanding and contracting genes suggested that the most abundant genes were related to cellular, metabolic, and localization processes, and they were mainly located in membrane and intracellular organelles of cellular anatomical entity and executed molecular functions of catalytic activity and binding (Figure 4A). Gene Ontology enrichment analysis indicated that multiple GO terms were significantly enriched, including inorganic anion and sulfate transmembrane transport, ATP binding, protein phosphorylation, and catalytic activity (Figure 4B). KEGG enrichment analysis revealed multiple significantly enriched KEGG pathways, including fatty acid elongation and plant–pathogen interaction (Figures 4C,D). These results may indicate significant differences in fatty acid biosynthesis and environmental adaptation between C. heterophylla and C. avellana.
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FIGURE 4. Gene ontology (GO) and KEGG enrichment of genes belonged to expansion and contraction gene families in C. heterophylla genome. (A,B) Represent the GO enrichment of genes; (C,D) represent the KEGG enrichment of genes.




Construction of the HazelOmics Database

In order to facilitate future genetic studies and molecular breeding of hazelnut, the HazelOmics Database (HOD3) was constructed based on genome sequencing and assembling of the Chinese cultivar C. heterophylla ‘Jizhen 6.’ The database includes the assembled genome sequences, predicted genes, CDS, and protein sequences, along with their functional annotations. The server was explored using several tools and software programs with a user-friendly and straightforward interface, including Spring Boot, JDK8, and MySQL. Locations where hazels were planted and collected were marked on the map on the website homepage. HOD offers four major homepage sections or entries for the users to choose from, named JBrowse (Buels et al., 2016), BLAST, Primer design, and Download. Detailed species and genome data are presented in the Genome subsection. The widely used genome browser JBrowse (Buels et al., 2016) was employed for displaying genome sequences, gene positions, and structures. To provide a gene retrieval function in HOD, we used the embedded BLAST sequence server tool. All known sequences of hazelnut, including genome, CDS, and protein sequences stored in HOD, are available for alignment using the BLAST program. Users are permitted to retrieve and download the genome, CDS, and protein sequences along with their corresponding annotation files in GFF3 format. Conveniently, an entry with the embedded Primer 3 tool is also offered on the website homepage for primer design.

For gene and genome region search, two search options and entries are provided on the homepage: “Search by gene” and “Search by region.” Furthermore, the webpage provides an interface for querying gene ID, name, or function in the “gene search option” (Figures 5A,B). For sequence alignment and homology queries, the Blast program was embedded in HOD, and the entry for sequence blasting is also available on the website homepage (Figure 6A). The parameters for filtering low-homology sequences of the returned blast hits can be manually set based on user demands. Users can provide all available sequences (such as genome, transcript, CDS, and protein sequences) in the textbox or upload the sequence file for homology query by comparison with sequences stored in HOD, and query results will be sorted according to the blast scores or E-value on the results page and can be downloaded in FASTA, XML, or TSV format. All hits are also linked to a graphic output with detailed information, including the sequence alignment sketch map, blast E-value, and identities between query and hit sequences. In HOD, a “Primer design” option is also embedded in the main menu on the homepage, which can conveniently be used for subsequent molecular research (Figure 6B). The usage and fundamental principles of this option are similar to those of the mainstream software or tools for primer design, such as Primer Premier 5. Several parameters of predicted primers for the target sequence, containing primer size (nt), GC content (%), and primer Tm (°C), can be defined by the user. All theoretically usable primer pairs will be listed in the results page, and they will be comprehensively ordered by primer quality considering several parameters, including primer GC content, Tm, any or 3′ self-complementarity, and hairpin.
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FIGURE 5. Gene search and JBrowse functions. (A) The database provided an interface for querying with gene ID, name or function in genes search option. (B) Users are also able to visualize the location of genes in the genome with the help of JBrowse.
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FIGURE 6. Blast and primer design function. (A) Users can search for C. heterophylla homologous genes by using Blast function. (B) Users also can design primers using the embedded “Primer 3” tool. Several parameters of anticipant primers for target sequence, containing primer size (nt), GC content (%) and primer Tm (°C), can be users defined.




Expanding Genes Related to Unsaturated Fatty Acids Biosynthesis in the Hazelnut Genome

Hazelnut kernels are rich in fatty acids. Analysis of gene expansion and gene contraction in C. heterophylla and its related species revealed that the expansion and contraction of C. heterophylla genes were significantly enriched in the KEGG pathway of fatty acid biosynthesis, which indicated that changes in fatty acid gene families led to the formation of special adaptive mechanisms in C. heterophylla. To further understand the peculiarity of fatty acid synthesis in C. heterophylla, we analyzed the genome evolution of C. heterophylla together with 14 other important oil plants, including Arachis duranensis, A. thaliana, Brassica napus, C. avellana, Camellia sinensis, Glycine max, Juglans regia, Ostryopsis davidiana, Olea europaea, Ostryopsis intermedia, Ostryopsis nobilis, O. sativa, Sesamum indicum, and Zea mays (Supplementary Table 2). In total, 1,277 unique family genes were found in C. heterophylla, belonging to 1,272 unique families (Supplementary Table 15), which may be related to the specificity of C. heterophylla. Random occurrence and death patterns were used to simulate the expansion and contraction events of gene families in each lineage of the evolutionary tree, and 439 contracted genes and 3,810 expanded genes were identified. These genes were further subjected to KEGG enrichment analysis (Supplementary Tables 16, 17). We focused on the differences in biological characteristics of fatty acid synthesis between C. heterophylla and other oil plants. A total of 30 genes related to the synthesis of unsaturated fatty acids were identified in the genome of C. heterophylla, and 17 expanded genes were significantly enriched in the biosynthesis of the unsaturated fatty acids pathway (ko01040). Therefore, compared with the 14 other oil plants mentioned above, C. heterophylla was unique in unsaturated fatty acid synthesis, which is consistent with the extremely high unsaturated fatty acid level in the kernels of C. heterophylla (Song et al., 2008).

We previously obtained the transcript sequencing data of hazelnut at four successive ovule developmental stages: ovule formation (stage Ov1), early ovule growth (stage Ov2), rapid ovule growth (stage Ov3), and ovule maturity (Ov4). We reanalyzed the sequencing data using our assembled genome as the reference genome, along with the HazelOmics Database. The transcriptome data were aligned to our assembled genome, and the results showed that 81.48–84.79% reads could be aligned to the genome, indicating that our genome assembly is of good quality and can be used as a reference genome to meet the needs of information analysis (Supplementary Table 18). In the homepage of the HOD database, IDs of the 17 expanded genes were used to search for gene annotation, and these genes encoded fatty acid desaturase (FAD), steroid 5-alpha-reductase DET (DET), 3-ketoacyl-CoA thiolase (KAT), beta-ketoacyl acyl carrier protein reductase (BKR), and stearoyl-acyl carrier protein desaturase (SAD). A phylogenetic tree was further constructed by aligning homologous CDS sequences of these five key enzymes from C. heterophylla and 14 other oil plants, showing that 284 sequences were cluster into five clades, four of which (BKR, DET, FAD, and KAT) were relatively conservative while the other one (SAD) with lower conservatism was further divided into different subclusters (Figure 7A). Meanwhile, our interesting 17 expanded genes were evenly distributed in five evolutionary clades consisted with the functional annotation of HOD. Among these, the expression levels of genes encoding FAD, KAT, and SAD were relatively high during the ovule maturity stage, which is consistent with high fatty acid levels at this stage, indicating that they may play an important role in regulating the biosynthesis of unsaturated fatty acids (Figure 7B).
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FIGURE 7. Identification and expression analyses of expanded genes in biosynthesis of unsaturated fatty acids pathway (ko01040). (A) Phylogenetic analysis of 17 expanded genes’ CDS sequences in ko01040 pathway from 15 oil plant species, including A. duranensis, A. thaliana, B. napus, C. avellana, C. sinensis, G. max, J. regia, O. davidiana, O. europaea, O. intermedia, O. nobilis, O. sativa, S. indicum, Z. mays, and C. heterophylla. Seventeen expanded genes of C. heterophylla are marked with red stars. (B) Genes expression analysis of 17 expanded genes in ko01040 pathway at four successive ovule developmental stages. C. het, C. heterophylla; BKR, beta-ketoacyl acyl carrier protein reductase; DET, steroid 5-alpha-reductase DET; FAD, fatty acid desaturase; KAT, 3-ketoacyl-CoA thiolase; SAD, stearoyl-acyl carrier protein desaturase.





DISCUSSION

Consistency, integrity, and accuracy are important parameters for evaluating the quality of genome assembly. SMRT sequencing and assembly, followed by error corrections using the Hi-C assisted genome assembly strategy, could effectively improve the genome assembly quality (Jonas et al., 2017). Using this strategy, our sequencing and sequence assembly generated a reference genome of hazelnut with contig N50 of 2.03 Mb. The Hi-C data were then used to cluster 386 contigs into 11 chromosomes with a scaffold N50 of 32.88 Mb, which was consistent with a karyotype of 2n = 22 chromosomes of C. heterophylla (Guo et al., 2009). B. pendula and C. avellana are the only Betulaceae species with available genome information (Pekkinen et al., 2005; Sathuvalli et al., 2011; Chen et al., 2019). Thus, the genome of C. avellana plays an important role in interpreting transcriptome data and gene function analysis of hazelnut species. The assembly of the C. avellana ‘Jefferson’ genome was based only on the Illumina sequencing approach because of the limitation of technical conditions, and it was found to have a scaffold N50 of 21.5 kb (Sathuvalli et al., 2011). Recently, the chromosome-scale genome of C. avellana ‘Tombul’ was assembled, with a total length of 370 Mb and scaffold N50 of 36.65 Mb, using Illumina and Pacbio sequencing (Lucas et al., 2021); furthermore, the chromosome-scale genome of C. mandshurica was assembled, with a total length of 368 Mb and scaffold N50 of 14.85 Mb, using Illumina and Nanopore sequencing. Our scaffold N50 was approximately 1,500 times longer than that of ‘Jefferson,’ close to that of C. avellana ‘Tombul,’ and much higher than that of C. mandshurica (Li et al., 2021). The completeness and high quality of the C. heterophylla genome assembled in the present study was further verified by BUSCO alignment (Simao et al., 2015) and Hi-C data mapping (Servant et al., 2015). A total of 94.72% of the test genes could be mapped to the Embryophyta_odb9 database (Simao et al., 2015), of which 92.92% were complete, and LAI was 14.20, indicating a high integrity of the assembled genome. The accuracy of the assembled genome was verified by the homozygous SNP rate of 0.011% and the homozygous indel rate of 0.037%. Thus, the obtained high-quality reference genome of C. heterophylla can be beneficial for further molecular breeding and gene function studies of Corylus species.

A new C. heterophylla genome based on Nanopore long reads was assembled in 2021, with a genome size of 371 Mb and N50 contig size of 2.07 Mb, and 27,591 protein-coding genes were predicted (Zhao et al., 2021). We obtained a 346-Mb genome and predicted 22,319 protein-coding genes. The genome size and number of protein-coding genes predicted in the current study were less than those reported in a previous study (Zhao et al., 2021). Zhao et al. (2021) collected their samples in Yanqing, Beijing, China (40.54°N, 116.06°E), whereas our samples were collected in Yitong (43.34°N, 125.30°E), Jilin, China. The distance between the two locations is more than 800 km, and expectedly, there are differences in the genetic background of these wild plants. Furthermore, these genetic background differences may partly explain the differences in genome size and number of predicted protein-coding genes. Given that hazelnut is a highly heterozygous species and because the accuracy and completeness of our assembly were confirmed, we speculated that some heterozygous sequences were redundant in their assembly, which would lead to redundant genes. N50 contig size was similar for the two assemblies (both ∼2 Mb), but the size of the N90 contig, as determined in the present study, was 424 kb, which was markedly greater than the size of 125 kb for the same contig, as reported by Zhao et al. (2021). These data may suggest that our assembly continuity has notable advantages, and our assembly better avoids the prediction of partial gene. To further investigate genomic conservation and variation, genome-wide collinearity comparison was performed between our self-assembled and previous C. heterophylla (Zhao et al., 2021) genomes. Two C. heterophylla genomes had extensive collinearity and some differences (Supplementary Figure 1 and Supplementary Table 19). Regions of conserved synteny between our self-assembled and previous C. heterophylla genomes shared 19,784 and 21,305 protein-coding genes as well as covered 88.64% and 77.22% of collinearity region, respectively (Supplementary Figure 1). However, owing to the syntenic relationship, the chromosome showed some structural variations (e.g., inversions, translocations, and duplications), and these were mainly located in chromosome 1,2,4,5, and 7 (Supplementary Figure 1). The structural variation and detected mutations, including SNPs, indels, and CNVs (Supplementary Table 19), may suggest the evolutionary differences between our self-assembled and previous C. heterophylla (Zhao et al., 2021), which was consistent with the fact that the distance between two sampling locations is more than 800 km.

The C. heterophylla phylogenetic tree was constructed using the assembled genome based on SMRT and Hi-C sequencing, and we found that among all related species with available genome information, C. heterophylla is a sister group to C. avellana, which was consistent with their taxonomic positions and the results of previous phylogenetic analyses (Flora and Sciences, 1979; Cheng et al., 2018a). It was estimated that the divergence time between C. heterophylla and C. avellana was 11.1 (9.8–13.9) million years ago. On the basis of these results, the expanded and contracted gene families of C. heterophylla were further identified. Hazelnuts have a high fatty acid content, and the results of our KEGG enrichment analysis showed significant differences in KEGG pathways of fatty acid elongation and plant–pathogen interaction between C. heterophylla and C. avellana, suggesting significant differences in the nutrient content of their nuts and in their plant–pathogen interactions. Collectively, these results suggested that fatty acid content and plant–pathogen interactions may be responsible for gene expansion and contraction in C. heterophylla.

A database is a comprehensive collection of related data organized for convenient access. As the European hazelnut (C. avellana) Genomic Resource Portal (EHG)4 only provides a link for the download of data (Sathuvalli et al., 2011; Rowley et al., 2018), which was based on Illumina sequencing of C. avellana, it is not a database in the strict sense due to the absence of basic genomic analysis and data mining functions. Based on SMRT sequencing and Hi-C assisted assembly, we established a database of C. heterophylla, which is a unique species of Corylus from China (Cheng et al., 2019; Liu et al., 2020), with a large distribution area and high biodiversity. Moreover, currently, C. heterophylla is the main source of hazelnut products in China. The establishment of our database with mass data will be highly beneficial for promoting the molecular breeding of hazelnut. Our database is the only available genome database of Corylus at present. Its function module is simple and clear, and data comparison and mining are convenient and practical. Moreover, different functional modules can be added for database expansion in the future, and the database is convenient for use in studies related to hazelnut.

Fatty acids, which account for 64.48–71.92% of hazelnut kernels (Erdogan and Aygun, 2005), form the most abundant nutrients in hazelnut kernels. FAD, SAD, and KAT are important enzymes involved in the biosynthesis of unsaturated fatty acids in higher plants. FAD catalyzes the formation of double bonds at specific positions of the fatty acid chain and determines the composition and proportion of unsaturated fatty acids (Huang et al., 2018). In Oryza sativa, OsFAD2 is involved in fatty acid desaturation and maintenance of the membrane lipid balance in cells, possibly improving the tolerance of rice to low-temperature stress (Shi et al., 2012). SAD is located in the plastid stroma, catalyzing the desaturation of stearoyl-ACP to oleyl-ACP. SDA determines the ratio of saturated fatty acids and unsaturated fatty acids and is involved in cold acclimation in plants (Li et al., 2015). KAT catalyzes the β-oxidation of fatty acids and is involved in ABA signaling in Arabidopsis; furthermore, it is expected to participate in the regulation of plant adaptation to adverse conditions, such as drought and cold stresses (Jiang et al., 2011). Collectively, these genes participating in the biosynthesis of unsaturated fatty acids play an important role in cold resistance in plants. C. heterophylla is an endemic species of Corylus in China. The proportion of unsaturated fatty acids in the C. heterophylla kernel is 94–97%, which is higher than that of C. avellana (92–93%) (Song et al., 2008) and much higher than that of most oil plants. C. heterophylla is a species with well-known cold-resistant capability, resisting the extreme low winter temperature of −48°C in Northeast China (Chen et al., 2012). In total, 17 expanded genes were found to be significantly enriched in the pathway of unsaturated fatty acid synthesis. Transcriptome analysis at four stages of ovule development showed that the expanded genes of FAD (Cor0058010.1), SAD (Cor0141290.1), and KAT (Cor0122500.1) were highly upregulated at the ovule maturity stage, when fatty acids were most abundant. We deduced that the expansion of FAD, SAD, and KAT may promote high unsaturated fatty acid content in kernels and improve the adaptability of C. heterophylla to the cold climate of Northeast China, which may explain why C. heterophylla became the dominant Corylus species in the area. The important candidate genes for regulating the biosynthesis of unsaturated fatty acids in C. heterophylla proposed in this study may also provide a scientific basis for the breeding of hazelnut. In conclusion, our research enhances the understanding of unsaturated fatty acid biosynthesis in hazelnut, and the reference genome and database constructed in this study provide an important platform for future studies on hazelnut and its related species.
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In summer 2019, during a survey on the health status of a hazelnut orchard located in the Tuscia area (the province of Viterbo, Latium, Italy), nuts showing symptoms, such as brown-grayish spots at the bottom of the nuts progressing upward to the apex, and necrotic patches on the bracts and, sometimes, on the petioles, were found and collected for further studies. This syndrome is associated with the nut gray necrosis (NGN), whose main causal agent is Fusarium lateritium. Aiming to increase knowledge about this fungal pathogen, the whole-genome sequencing of a strain isolated from symptomatic hazelnut was performed using long Nanopore reads technology in combination with the higher precision of the Illumina reads, generating a high-quality genome assembly. The following phylogenetic and comparative genomics analysis suggested that this isolate is caused by the F. tricinctum species complex rather than F. lateritium one, as initially hypothesized. Thus, this study demonstrates that different Fusarium species can infect Corylus avellana producing the same symptomatology. In addition, it sheds light onto the genetic features of the pathogen in subject, clarifying facets about its biology, epidemiology, infection mechanisms, and host spectrum, with the future objective to develop specific and efficient control strategies.

Keywords: nut gray necrosis (NGN), Fusarium tricinctum species complex, hazelnut (Corylus avellana L.), genomics, hybrid assembly


INTRODUCTION

Corylus avellana L. (hazelnut) is a shrub species belonging to the Betulaceae family. Italy is the second largest hazelnut producer in the world, with an average production of about 140,000 t/year spread among four regions (Campania, Latium, Sicily, and Piedmont), behind Turkey (ISTAT1, FAOstat Agriculture Data2). In the last decades, a fruit rot causing considerable yield losses has been observed and described as a new disease. The symptomatic fruits were characterized by the presence of brown-grayish spots at the bottom of the nuts progressing upward to the apex, and necrotic patches on the bracts and, less often, on the petioles (Belisario and Santori, 2009). Based on these symptoms, the disease has been named nut gray necrosis (NGN) and associated with Fusarium lateritium Nees [Gibberella baccata (Wallr.) Sacc.] as its causal agent (Santori et al., 2010; Vitale et al., 2011). Fusarium is a large cosmopolitan genus of filamentous ascomycetes fungi, ranked as one of the most economically destructive and species-rich groups in the world, including plant pathogens, saprophytes, and endophytes species, among others (O’Donnell et al., 2013, 2015). Among the numerous species, F. lateritium has been reported on numerous hosts, including woody fruit trees as well as shrubs and herbaceous plants, where it could induce wilting, tip or branch dieback, and cankers. F. lateritium has also been reported as the causal agent of twig canker on hazelnut, and fruit rot on walnut (Wollenweber, 1931) and olive (Elia, 1964). Several pathogenicity tests were conducted, supporting the involvement of this fungus in the NGN disease and twig canker of hazelnut (Belisario and Santori, 2009).

In late summer 2019, a survey on the health status of a hazelnut orchard located in the Tuscia area (the province of Viterbo, Latium, Italy) was carried out in order to combine an agronomic evaluation of the state of the field approach with a Supervisory Control and Data Acquisition (SCADA) system for the precision farming of orchards. Nuts showing NGN symptoms were found and collected for further laboratory analysis and molecular characterization.

Aiming to increase knowledge about this fungal pathogen, the genome of one fungal strain isolated from a typical NGN diseased nut was sequenced using both long- and short-reads sequencing technologies. The resulting genome when compared with other available Fusarium genomes showed that, despite a morphological similarity with F. lateritium, this isolate is related to the F. tricinctum species complex rather than to the F. lateritium one. Thus, this study aims to provide new insights about the complexity of Fusarium species that infect tissues and fruits of hazelnut and to better understand the genetics behind the pathogenic mechanisms of this fungal strain. The new information achieved represents the basis for a better focused and effective control strategy of this disease.



MATERIALS AND METHODS


Fungal Isolation

Symptomatic nuts (Tonda Gentile Romana cv) were collected from a mature hazelnut orchard located in the Viterbo area (VT) (Latium, Italy; latitude 42°16′00.0″, longitude 12°17′00.0″, altitude 275 m). Small fragments of approximately 2 mm2 were taken from the nut surface and placed onto potato dextrose agar (PDA) plates supplemented with 0.2 g⋅L–1 streptomycin sulfate. The Petri plates were then incubated at 25°C until the fungal colonies were grown enough to be singularly further transferred onto new PDA plates to finally obtain monosporal isolates.



Morphological and Molecular Identification

For morphological characterization, the cultures were grown on Spezieller Nahrstoffarmer agar (SNA) (Leslie and Summerell, 2006). After 10 days, the cultures were examined using a Nikon SMZ128 stereomicroscope (Tokyo, Japan), and the images were captured using Alexasoft TPS5000H CMOS camera (Florence, Italy). For microscopic analysis, the samples were prepared by mixing with lactophenol blue dye using Leica DM6 B optical microscope (Wetzlar, Germany), the images were captured using Leica DFC 7000 T camera (Wetzlar, Germany), elaborated using Leica Application Suite X program (version 4.12) (Wetzlar, Germany), and all the morphological characteristics were evaluated according to The Fusarium Laboratory Manual (Leslie and Summerell, 2006).

For each isolate, about 100 mg of mycelium was put into a sterile 2 ml microtube with 1 ml of lysis buffer (1 mM EDTA pH 8, 10 mM Tris–HCl pH 8, 100 mM NaCl, SDS 1%) for DNA extraction. After 5 min of centrifugation at 12,000 rpm, the supernatant was transferred into a new microtube, and the DNA was precipitated with isopropanol and 70% ethanol. To characterize the isolates at the genus/species level, two genes were amplified using two different pairs of primers, one targeting the internal transcribed spacer (ITS) (White et al., 1990) and the second one targeting the Fusarium specific translation elongation factor 1-alpha (Edel-Hermann et al., 2015), and the amplicons were Sanger sequenced at Eurofins genomics (Eurofins Genomics GmbH, Konstanz, Germany).



Pathogenicity Tests

To confirm that the isolate in subject was responsible for the observed symptoms on fruits, the following pathogenicity tests were carried out. For inoculum preparation, the PT isolate of the Fusarium sp. was grown on SNA at 25°C for 10 days (Leslie and Summerell, 2006). Then, conidia were scraped from the fungal cultures and filtered through layers of cheesecloth to remove mycelial fragments. The resulting conidial suspension was quantified using a hemocytometer and diluted to a final concentration of 106 spore/ml. Inoculations were performed using two techniques: (i) inoculation of young to fully formed fruits with 20 μl of conidial suspension (106 conidia/ml) dropped between nut and bracts; and (ii) inoculation of the hazelnut mesocarp with 20 μl of conidial suspension (106 conidia/ml). Control fruits were inoculated with water. Inoculated and control fruits were placed in a moist chamber at room temperature for 12 days. The appearance of any symptoms was monitored daily.



High Molecular Weight DNA Extraction and Genome Sequencing

The fungal culture was initiated using ∼1 × 106 conidia inoculated in 100 ml of Czapek Dox Yeast broth (Leslie and Summerell, 2006) and grown for 3 days at 25°C. Next, the genomic DNA was extracted following a modified Cetrimioum bromide (CTAB) method (Graham and Henry, 1997) and performed as described below.

The total mycelium grown in liquid media was lyophilized using a vacuum pump. An aliquot of 250 mg of lyophilized mycelium was fine grounded using a pestle and mortar in liquid nitrogen and transferred into a 2 ml tube. Then, 500 μl of CTAB buffer (10% CTAB, 25 mM EDTA pH 8.0, 200 mM Tris–HCl pH 8.0, 2.50 M NaCl) and 5 μl proteinase K (20 mg/ml) were added to the sample and the solution was gently mixed and incubated overnight at 56°C. After 5 min of agitated incubation with 500 μl of phenol:chloroform:isoamyl alcohol (25:24:1) and 10 min of 12,000 rpm centrifugation, the aqueous clear phase was transferred to a new tube and incubated with 500 μl of chloroform:isoamyl alcohol (24:1). After 10 min of centrifugation at 12,000 rpm, the aqueous phase was collected into a new tube and 0.6 VOL of cold isopropanol was added, followed by 30 min of centrifugation at 12,000 rpm for the DNA precipitation. Two cleaning/precipitation steps using 1 ml of 70% cold ethanol were performed by 10 min of centrifugation at 12,000 rpm. The pellet was dried, resuspended into a 100 μl of ultrapure sterile water, and treated with RNase at 37°C for 30 min. The DNA integrity was evaluated on a 1% agarose gel electrophoresis run, whereas the DNA purity was checked using Nanodrop™ spectrophotometer (Thermo Fisher Scientific). DNA sequencing was performed on a MinION Mk1b device (Oxford Nanopore Technologies, ONT, United Kingdom) using a R9.4.1 Flow Cell (ONT), after library preparation using the SQK-RBK004 Rapid Barcoding Kit (ONT). An aliquot of the same DNA sample was sequenced at Eurofins Genomics (Eurofins Genomics GmbH, Konstanz, Germany) with the genome sequencer Illumina NovaSeq 6000 S2 using the paired-end sequencing.



Genome Assembly

Illumina reads quality was evaluated using FastQC (Andrews, 2010), NovaSeq 6000 adapters were trimmed using Trimmomatic version 0.39 (Bolger et al., 2014), and low-quality reads were removed using Sickle (Joshi and Fass, 2011). To get the draft genome sequence, four different assemblers were used separately: SPAdes version 3.11.1 (Nurk et al., 2013), Minimap2 version 2.12-r849-dirty (Li, 2018) in combination with Miniasm version 0.3-r179 (Li, 2016), MaSuRCA version 3.4.2 (Zimin et al., 2013), and Canu version 2.1.1 (Koren et al., 2017). SPAdes was used in a first trial using only Illumina reads and in a second run for a hybrid assembly using both Illumina and Nanopore reads. A hybrid assembly was also performed using MaSuRCA, whereas Miniasm-Minimap2 and Canu used only Nanopore reads. For all the assemblers, default parameters were used, except for the expected genome size that was set at 40 Mb in Canu.

The obtained assemblies were further polished using Nanopolish version 0.11.1 (Loman et al., 2015), Racon version 1.3.3 (Vaser et al., 2017), or Pilon version 1.23 (Walker et al., 2014). The assembly quality statistics, before and after polishing, were evaluated using QUAST version 5.0.2 (Gurevich et al., 2013), while BUSCO version 5.beta.1 (Simão et al., 2015) was used to assess the assembly completeness, using hypocreales_db10 as ortholog lineage dataset, which consists of a set of 4,494 conserved profiles.



Genome Annotation

The draft genome assembled using Canu, chosen for downstream analysis, was structurally annotated following the de novo MAKER pipeline version 3.01.03 (Holt and Yandell, 2011), using the built-in RepeatModeler to mask repetitive elements, SNAP and AUGUSTUS for an ab initio gene prediction, and Est2Genome and Protein2Genome to further refine introns and exons boundaries using Exonerate and tRNAscan-SE to identify the genes related to the tRNA biosynthesis. Transcripts and proteins concatenated from four closely related Fusarium species (F. fujikuroi, F. graminearum, F. oxysporum f. sp. lycopersici, and F. verticillioides) were given as gene models, and the maximum intron size was set as 2,500. Functional annotation was performed using BLASTp and SwissProt as a database.

The same annotation pipeline was applied to annotate the genomes of F. culmorum, F. circinatum, F. oxysporum f. sp. koae 44, F. pseudograminearum CS3270, F. solani IlSc-1, F. tricinctum INRA104, F. tricinctum NRRL25481, F. tricinctum T6, F. verticilloides BRIP 53263, BRIP 53590, and all the F. avenaceum isolates, except for the already annotated Fa05001 used for the following comparative genomics analysis.



Comparative Genomics and Phylogenetic Analysis

The genome sequence of 27 others Fusarium species, together with their annotated proteins when available, were downloaded from the NCBI genome databases and used for phylogenetic and comparative genomics analysis (Table 1). Notably, the only F. lateritium genome sequence available in the NCBI database under the accession number GCA_014898835.1 refers to a strain isolated from a symptomatic elm tree in Pineville, Louisiana, United States (Kim et al., 2020).


TABLE 1. List of Fusarium species used for pairwise genome comparisons and phylogenetic analysis.
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For a phylogenetic analysis, the gene sequences of six housekeeping genes (EF-1α, RPB1, RPB2, beta tubulin, ITS, and LSU) were extracted from each genome and concatenated and aligned using MUSCLE (Edgar, 2004). The resulting alignment was used to build a maximum likelihood (ML) tree using raxmlHPC (Stamatakis, 2014) and visualized in a dendrogram using FigTree version 1.4.43. A second ML phylogenetic tree was built using raxmlHPC on the core genome SNPs identified during a pan genome analysis performed using Panseq, with the run mode set to pan, the fragment size at 500 nucleotides, the percentage of identity at 90%, and the core genome threshold to 28 genomes, in order to find out the sequences in common among all the strains (Laing et al., 2010). To better discriminate between isolates belonging to the F. tricinctum species complex (FTSC), a phylogenetic ML tree was built on the alignment of the concatenated sequence of the DNA-directed RNA polymerase II largest (RPB1) and second largest subunit (RPB2) nucleotide sequence, as previously applied by O’Donnell et al. (2013); Ponts et al. (2020), and Crous et al. (2021). MUSCLE and RAxML were used as previously described, and the 63 Fusarium isolates used in this analysis are reported in Supplementary Table 1.

Orthologous proteins were identified using OrthoFinder, and the results were used to build a species tree, visualized using FigTree as well (Emms and Kelly, 2019). The average nucleotide identity (ANI) analysis was performed using the pyani script and ANIb as algorithm for the alignment (Pritchard et al., 2016).



Characterization of Transcripts Involved in Pathogenesis

The putative secreted proteins involved in pathogenesis were identified using SignalP version 5.0b with the cutoff set ≥ 0.5 (Almagro Armenteros et al., 2019a). TargetP version 2.0 was used to identify signal peptide (SP), mitochondrial and chloroplast transit peptide (mTP and cTP, respectively), and potential cleavage sites (CS) (Almagro Armenteros et al., 2019b). Prediction of transmembrane proteins was performed using TMHMM version 2.0 (Krogh et al., 2001). Pathogen Host Interactions database (Urban et al., 2019) was used to find the similarity with pathogenicity and virulence-related genes, experimentally tested for roles in pathogenicity. Instead, Carbohydrate-Active Enzyme (CAZy) database (Lombard et al., 2014) was used to identify families of enzymes related to degradation, modification, and creation of glycosidic bonds, focusing on the Cell Wall Digestion Enzymes (CWDE).

The biosynthetic gene clusters (BGCs) were automatically searched and analyzed using AntiSMASH6 (Blin et al., 2021). The presence of the emerging mycotoxin enniatin was verified by blasting the available gene sequences from several Fusarium species (EF029060.1, NW_022158785.1, NW_022158526.1, KP000028.1, NC_030995.1, ENA| Z18755, NW_023502434.1, NW_023501408.1, and NW_023501343.1) (Fraeyman et al., 2017; Ponts et al., 2018).




RESULTS


Strain Identification

A Fusarium sp. strain was isolated from symptomatic nuts collected from a hazelnut field located in the VT (Italy), which was being monitored in the framework of the PANTHEON project and named as Fusarium sp. isolate PT (Figures 1A,B). The morphological analysis performed to look at both macroscopic and microscopic characteristics revealed a mycelia color variable from white in the first 3–4 days to pale orange. Abundant medium-long, thin macroconidia with walls parallel for most of the spore length were observed, in the absence of microconidia and rare monophialides (Figures 1C,D). The characteristics found on the sample resembled the ones from the F. lateritium species when compared with The Fusarium Laboratory Manual (Leslie and Summerell, 2006). The sequenced ITS and the EF-1α region showed the highest identities (98.22 and 99.69% respectively) with F. lateritium sequences when blasted in the NCBI database (Supplementary Table 2).
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FIGURE 1. Symptomatic hazelnuts and microscopic characteristics of the Fusarium sp. isolate PT. (A,B) The symptomatic fruits were characterized by a brown grayish necrotic spot/patch on the nut shell, bracts and less often on the petioles. (C) Macroconidia and (D) monophiliades of the isolated fungus visualized through optical microscope.




Pathogenicity Test

All fruits except the negative control developed symptoms similar to the one observed in the field (Figure 2). The Fusarium sp. isolate PT was consistently re-isolated from the inoculated nuts but not from the control fruits. The fungus re-isolated from diseased fruits showed the same morphology of the original isolate as well as the ITS, LSU, and β-tub, and EF-1α sequences were identical to those previously obtained, thus confirming Koch’s postulates.


[image: image]

FIGURE 2. Pathogen reinoculation. The isolated pathogen was reinoculated in healthy hazelnuts, which soon developed the same symptoms as the hazelnut collected in the field close to the Viterbo area (VT), confirming the Kock’s postulate.




Genome Assembly and Annotation

A clean and high molecular weight DNA was obtained, with both 260/230 nm and 260/280 nm ratios falling between 1.8 and 2 and was further sequenced using both ONT and Illumina technologies. ONT MinION run produced ∼701 k reads (1.92 Gbp; ∼73 × coverage), with a mean read length of 2,740 bp and an N50 of 4,588. Illumina NovaSeq 6000 S2 sequencing produced 2 × ∼2.5 M reads (2 Mbp × 385 Mbp; ∼20 × coverage).

After low-quality reads and adapters removal done by sickle and trimmomatic, respectively, the total number of the paired-end Illumina reads resulted to be 4.8 M in total, with an average length of 151 bp and a GC content of 47%. Instead, the average length of the Nanopore reads, affected by the starting DNA fragments material, resulted in an average length of 2,740 bp, with a GC content of 47%.

The reads were assembled following several pipelines and, thus, different algorithms whose results are described by QUAST statistics (Table 2). SPAdes draft genome derived either by only Illumina reads or by a hybrid assembly between Illumina and Nanopore reads, resulted to be the one with the lowest N50, the richest in undetermined bases N (171 and 48, respectively) and assembled in the highest number of contigs (70), and thus, it was discarded for further downstream analysis. The genome assembly derived from Miniasm-Minimap2 without any polishing yielded 70 contigs and 40.28 Mb of genome length with an N50 of 1.028 Mb that slightly increased to 1.029 Mb after five iterative polishing steps. MaSuRCA assembly resulted in 53 contigs arranged in a total length of 40.44 Mb and an N50 of 1.49 Mb. One step of Pilon polishing seemed to be unnecessary since the quality did not change much, proving that MaSuRCA itself with its POLCA polishing step is already enough to reach a good quality genome. Overall, Canu assembly resulted to be the one with the best statistics, with a total genome length of 40.51 Mb arranged in only 27 contigs.


TABLE 2. Quast assembly statistics.
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Then, the completeness of the three best quality assemblies was further evaluated by looking for the presence of 4,494 conserved ORF among the Hypocreales order (BUSCO). In fact, the polishing steps were needed to increase the quality and completeness of each of the three assemblies as well as to reduce the fragmented or missing BUSCO, leading to 99.6, 99.8, and 99.5% of completeness, respectively (Supplementary Dataset 1).

Based on the assembly statistics results, the draft genome assembled using Canu was chosen for downstream analysis. Its sequence was further verified by mapping the Illumina reads back on the 27 contigs used as reference to finally reach a high-quality consensus sequence (BWA version 0.7.17-r1188, samtools version 1.2, Burrows and Wheeler, 1994; Li et al., 2009). The genome was then annotated following MAKER pipeline and deposited on the NCBI genome database under the accession number JAHMRZ000000000.



Phylogenetic Analysis

The aligned concatenated sequences of EF-1α, RPB1, RPB2, beta tubulin, ITS, and LSU (around 7,100 nucleotides) of the Fusarium isolates under comparison showed clear differences perfectly represented by the ML tree in Figure 3A. Interestingly, our Fusarium sp. isolate PT clustered together with the FTSC and not directly with the other F. lateritium strain, as one could expect from the symptoms associated to the NGN. This clustering is due to the low sequence similarity, ranging from 82 to 86% of similarity, respectively, between the EF-1α, RPB1, RPB2, and beta-tubulin genes of the sequenced Fusarium sp. isolate PT and the F. lateritium, even though the ITS and LSU sequences were 100 and 98% identical (Supplementary Dataset 2). On the contrary, the sequence similarity of these genes with the ones from the F. tricinctum species complex were, indeed, higher but never reaching the 100% similarity (Supplementary Dataset 2).
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FIGURE 3. Phylogenetic analysis of 28 Fusarium strains. (A) The ML phylogenetic tree based on the alignment of the EF-1α, RPB1, RPB2, beta tubulin, ITS, and LSU concatenated nucleotide sequences. Only the bootstraps value higher than 70 are shown. (B) The ML phylogenetic tree based on the 4,319 core genome SNPs identified using Panseq. The number of bootstraps is indicated as well. (C) The ML phylogenetic tree of the orthologous proteins identified using OrthoFinder. In panels (A–C) Fusarium solani JS169 was used as outgroup. (D) Heatmap of the average nucleotide identity (ANI) performed using blastn showing the percentage of identify among the different Fusarium strains.


Accordingly, to further disentangle the phylogenetic relationship among the Fusarium strains, a ML tree was built on 4,319 SNPs found in the core genome alignment derived from Panseq. As shown in Figure 3B, the clustering of our Fusarium sp. isolate PT within the FTSC was confirmed. The same clusterization was obtained when the orthologous proteins were identified and a species tree was built using OrthoFinder (Figure 3C). The average nucleotide identity (ANI) performed using blastn gave an overall picture of the sequence identity between the Fusarium strains under comparison, as shown by the heatmap in Figure 3D, with the Fusarium sp. isolate PT again among the FTSC isolates.

Finally, a selection of 63 Fusarium isolates, belonging to the FTSC for which both RPB1 and RPB2 nucleotide sequences were available, was used to build an additional ML phylogenetic tree. As in the previous trees, the Fusarium sp. PT isolate constitutes an independent branch within the dendrogram (Supplementary Figure 1).



Characterization of Transcripts Involved in Pathogenesis

It is well-known that proteins are secreted in many Fusarium species during the colonizing stages (Ma et al., 2010), and for this reason, we went looking for the transcripts involved in pathogenesis.

In fact, 564 analogous genes involved in pathogenicity were identified from the PHI database. Among these, 24 genes were detected to be putative secreted proteins using SignalP. The 408 carbohydrate-active enzymes were detected, approximately 220 of which encoding glycoside hydrolases (GHs) and 79 genes encoding glycosyltransferases (Gts) (Table 3). Among the 1,288 proteins with a signal peptide, TargetP identified 525 proteins with a mitochondrial transit peptide, whereas 1,813 proteins resulted to have a possible cleavage site (Supplementary Figure 2). The predicted transmembrane helices found using TMHMM are reported in Supplementary Dataset 3.


TABLE 3. Characterization of the transcripts involved in pathogenesis.
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Seventeen biosynthetic gene clusters belonging to T1PKSs, NRPs, and terpene synthases (Tss) were found using antiSMASH 6. Among the T1PKSs gene cluster, the fujikurin A, B, C, and D were found with 83% of similarity, bikaverin with 42 or 57% of similarity, and fusarielin H and oxyjavanicin with 50% of similarity. Besides gibepyrone A with 40% of similarity, the ACT-Toxin II shared 100% identity with the sequence deposited in the database. The NRP gene cluster is represented mainly by ilicicolin H (50% of similarity) and chrysogine (83%), whereas BGCs belonging to bassianolide, beauvericin, and fusariodione A showed a similarity below 20%. Finally, the koraiol and α-acorenol terpenes showed 100% of similarity, whereas squalestatin S1 and gibberellin were of 40% similarity.

The complete sequence of the enniatin gene was also identified, sharing 85 and 86% of similarity with the gene deriving from F. scirpi and F. tricinctum strain INRA104, respectively (Supplementary Table 3).




DISCUSSION

Fusarium is a wide fungal genus including numerous species, with an equally broad host range. Its classification has been traditionally based on morphological characters, such as asexual distinctive banana-shaped septate macroconidia (Leslie and Summerell, 2006). However, in the last decades, molecular approaches have made the species distinction more accurate, allowing the depiction of more than 300 phylogenetically distinct species (O’Donnell et al., 2004; Druzhinina et al., 2006). In most cases, the molecular analysis behind the species identification and the assignment of strains to definite species was, and still is, based on a multilocus sequence typing (MSLT) approach, meaning the comparison of complete or partial sequences of a bunch of housekeeping genes used, for example, in FUSARIUM-ID (Geiser et al., 2004; Park et al., 2010) and Fusarium MLST (O’Donnell et al., 2010). However, as already thoroughly discussed in several papers (see O’Donnell et al., 2015), even this approach during time has shown some limits. For instance, in Fusarium, ITS and LSU are often scarcely informative at species level and should be avoided, giving preference to EF1, RPB1, and RPB2.

In addition, it must be considered that the complexity of the genus and the reported criticalities in the selection of genes for species identification have sometimes led to misidentification of strains and, consequently, to species assignment in corresponding sequences when deposited in molecular databases.

It, therefore, seems clear why the new whole-genome sequencing (WGS) technologies are a powerful tool to solve these misunderstandings. Furthermore, they do not only allow accurate phylogenetic analysis but also provide the basic for a thorough understanding of molecular pathogenetic mechanisms involved in the plant-pathogen iteration, like the identification of the effector genes (Plissonneau et al., 2016; Möller and Stukenbrock, 2017). Knowledge of the infection pathways of the pathogen could allow to develop more effective control strategies. Thus, obtaining a high-quality genome as complete as possible, for those species who have not been sequenced yet, is an essential step to take.

In this study, we report the draft genome sequence of the strain Fusarium sp. isolate PT isolated from hazelnut in Central Italy, which initially was thought to be F. lateritium, due to the previous knowledge about the symptoms induced in the host and the morphology of the pathogen itself (Belisario and Santori, 2009; Santori et al., 2010; Vitale et al., 2011). In fact, its morphological traits observed under the optical microscope showed the typical banana-shaped septate macroconidia of F. lateritium (Leslie and Summerell, 2006). Furthermore, ITS and translation elongation factor 1-alpha sequencing corroborated this first hypothesis, guiding us toward a WGS with the aim to obtain a genome of this pathogen with the highest possible quality.

Accordingly, four different assembly approaches were applied, using both long reads obtained by ONT MinION and short reads by Illumina sequencing technologies, either in combination (hybrid assembly) or alone: (i) Miniasm-Minimap2, which use the overlap-layout-consensus (OLC); (ii) SPAdes uses the de Bruijn graph; (iii) MaSuRCA combines the de Bruijn graph with OLC, creating intermediate super-reads, further polished with POLCA; and (iv) Canu follows a MinHash Alignment Process (MHAP) based on k-mer weighting.

The advantage of using long reads compared with using only short reads has been extensively proved, especially for more complex genomes that are rich in transposons or tandem repeat (Goodwin et al., 2016; van Dijk et al., 2018). In addition, performing a hybrid assembly guarantee to take advantage, from one side, of the depth coverage and basecalling quality given by the Illumina reads and, on the other side, to increase the genome contiguity with the ONT reads (Chen et al., 2020). In fact, this method proved to be very successful in fungal genome assembly, either within the Fusarium world (Million et al., 2019; Degradi et al., 2021; Dvorianinova et al., 2021; Fan et al., 2021) or to extended species (Faino et al., 2015; Saud et al., 2021).

The same consideration applies to the assembly of the Fusarium sp. isolate in the study. In fact, the draft genome assembled by SPAdes using only Illumina reads gave the highest number of contigs but also undetermined nucleotides N, probably coming from repetitive regions or those gaps that Illumina reads could not fill. On the contrary, Canu, whose pipeline includes a de novo assembly from long reads followed by polishing with short reads, seemed to be the best strategy, also when compared with both MaSuRCA and Miniasm-Minimap2 hybrid assemblies. In fact, Canu produced less contigs (27) with the highest N50 (2,955,107bp) without Ns. In literature, good performance of Canu have been reported in F. musae (Degradi et al., 2021), F. oxysporum f. sp. capsici (Xingxing et al., 2021), and F. oxysporum f. sp. lini (Krasnov et al., 2020).

Accordingly, using the draft genome obtained using Canu for further analysis and annotation, different phylogenetic analysis surprising showed that the Fusarium sp. isolate PT is more closely related to F. tricinctum species complex than F. lateritium. These results were further supported by the species tree based on clustering of the orthologs proteins and on the dendrogram based on the ANI results.

Taken these results all together, it was once more demonstrated that species identification using only one or two housekeeping genes may led to wrong species assignment, as already shown for the ITS region in fungi such as Aspergillus, Fusarium, Penicillium, and Trichoderma (Raja et al., 2017).

In fact, polyphasic taxonomic approach, instead, gives a more robust classification of the species under examination, from the bacterial level to the more complicated Fusarium family (Das et al., 2014; Crous et al., 2021). In contrast, the still limited availability of WGSs in the databases may restrict the comparison range. But thanks to the drop in sequencing price and the constant increase in computational power, a WGS followed by comparative genomics analysis is becoming the best choice for a precise taxonomy identification. Moreover, each effort taken to increase the database availability contributes to fulfill gaps in fungal knowledge, especially for a variegated genus as the one of Fusarium.

At the same time, we did not go further in the attempt to assign a species name to the isolate in subject, leaving it at the status of undefined species. This agrees with the concept described by Summerell (2019) that the depiction of a new species must require the study of a number of strains with coherent genetic features that has to be sufficient to also describe the range of genetic variability within the new species.

From a strictly phytopathological point of view, this is the first report of a Fusarium isolate referable to the F. tricinctum species complex associated with the already known disease named NGN. In fact, to our knowledge, the only other report of Fusarium related to the tricinctum species complex associated with hazelnut comes from Iran and refers to a generic plant decline (Ghasemi and Davari, 2019). The NGN has been, instead, well studied and repeatedly attributed to the pathogenic action of F. lateritium (Belisario and Santori, 2009; Santori et al., 2010; Vitale et al., 2011), with a secondary role for Alternaria spp. Recently, the same disease was reported for the first time in La Araucanìa, Chile, and again different fungi were isolated from diseased fruit: Fusarium sp., even if the closest species according to ITS blast resulted F. sporotrichioides, but also Alternaria alternata, Diaporthe sp., Phomopsis sp., and Neofusicoccum sp. (Duran et al., 2020).

Several authors sustain the complexity of nut defects and rotting and the simultaneous occurrence of different pathogens in disease expression. Recently, Arciuolo et al. (2020), studying the fungal species associated with defective hazelnuts in Turkey, found that the prevalent fungi were Alternaria, Aspergillus, Botryosphaeria, Diaporthe, Fusarium, Penicillium, and Pestalotiopsis, proposing a major role for Diaporthe genus. In a previous paper, the species D. eres was demonstrated to be the main reason for the occurrence of brown spots on the kernel surface and of internal discoloration of nuts (Battilani et al., 2018).

In Oregon, Pscheidt et al. (2018), studying the fungi involved in kernel mold on hazelnut, found out that Penicillium spp., Aspergillus and Cladosporium spp., and D. rudis were frequently isolated, together with F. lateritium (identified by ITS and EF-1α).

All these studies demonstrate unequivocally that several fungi can concurrently invade and damage hazelnut generating various expressions of external and internal defects. Among them, Fusarium species undoubtedly have a key role in this type of disease. What remains to be assessed is the specific relevance of each of these species in the disease progression and which environmental factors influence the evolution of the disease. Investigating genomes as we did in this study, beside shedding light in the taxonomy of fungal species, particularly significant for the complex genus Fusarium, should allow to identify the genetic features of the pathogens involved in pathogenicity, thus representing milestones in understanding its evolution and eventually plan efficient control strategies to protect an important Italian crop as C. avellana.
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Eight Sicilian cultivars of hazelnut (Corylus avellana L.), namely-Curcia, Nociara Collica, Panottara Collica, Panottara Galati Grande, Parrinara, Panottara Baratta Piccola, Enzo, and Rossa Galvagno, registered into the Italian Cultivar Register of fruit tree species in 2017 were selected from Nebrodi area and established in vitro. The aim of the work was to carry out the sanitation of the cultivars and get virus-free plants from the most important viral pathogen threat, the apple mosaic virus. Virus-free plant material is essential for the production of certified plants from Sicilian hazelnut cultivars, complying the CE (cat. CAC) quality and the technical standards established in 2017 for voluntary certification by the Italian Ministry of Agricultural, Food and Forestry Policies (MIPAAF). In this study, we investigated the possibility of establishing in vitro true-to-type and virus-free hazelnut plantlets via the encapsulation technology of apexes. The in vitro shoot proliferation rates were assessed for the different cultivars, sampling periods, temperature treatments, and type of explant used for culture initiation. Viability, regrowth, and conversion rates of both conventional meristem tip culture (MTC) and not conventional (MTC combined with the encapsulation technology) sanitation techniques were evaluated.

Keywords: tissue culture, micropropagation, encapsulation, SSR, DNA fingerprinting, meristem tip culture, synthetic seed, Corylus avellana L.


INTRODUCTION

Italy is the second main largest producer of hazelnut (Corylus avellana L.) in the world after Turkey, with 98,530 tons in-shell nuts per year. Average yield is 12,417 tons per 79,350 ha of harvested area mainly concentrated in Campania, Piemonte, Latium, and Sicily regions (Food and Agriculture Organization of the United Nations, 2019). The Italian cultivars Tonda di Giffoni and Tonda Gentile delle Langhe are the most preferred hazelnuts in the market because of their well-shaped kernels suitable for processing and the high organoleptic quality (Petriccione et al., 2010; Caligiani et al., 2014; Ciarmiello et al., 2014; Silvestri et al., 2021). Nut traits are heterogeneous in hazelnut (particularly in the Sicilian cultivars) and highly dependent on the genotype, agricultural techniques, and environmental factors (Król and Gantner, 2020). Nebrodi is one of the oldest inhabited areas in Sicily, and it is considered very favorable for wild and cultivated hazelnut growing since ancient times. Sicilian hazelnuts with lower qualities were directed to the market and sold at lower prices as an approach to overcome the poverty problem leading to uncontrolled fruit quality. As a consequence, the Sicilian hazelnut production has been permanently characterized by a high morphological variability, mainly due to heterogeneity of cultivars and lack of superior elite genotypes.

Certification programs were designed within this context for the mass production of propagated plant material free of pathogens that satisfies the recommended CE (cat. CAC) quality and technical standards recently published in 2017 by the Ministry of Agricultural, Food and Forestry Policies (MIPAAF) for the production of certified hazelnut propagated materials. Within this frame of work, we investigated the production of prebasic plant material to guarantee the phytosanitary and true-to-type status of eight Sicilian genotypes, registered into the National Cultivar Register of fruit trees in 2017 “Curcia,” “Nociara Collica,” “Panottara Collica,” “Panottara Galati Grande,” “Parrinara,” “Panottara Baratta Piccola,” “Enzo,” and “Rossa Galvagno.”

As a first step, the presence of apple mosaic virus (ApMV) was investigated in the donor plant material available for propagation. The virus belongs to the genus Ilarvirus, Bromoviridae family, and is able to infect 19 different families, including Betulaceae (hazelnut) and Rosaceae (over 65 species) (Gotlieb and Berbee, 1973; Wong and Horst, 1993; Aramburu and Rovira, 1998; Tzanetakis and Martin, 2005; Lakshmi et al., 2011). In some hazelnut cultivars the virus causes the reduction of both nut size and yield (Kobylko et al., 2005). Yield losses can reach 42% and are associated with leaf symptoms such as chlorotic or yellow areas, rings, and mosaic patterns (Cieślińska and Valasevich, 2016). In the cultivar Negret healthy trees yielded 77% higher than the infected ones (Aramburu and Rovira, 1998).

The traditional nursery propagation method of hazelnuts is based on the use of suckers from mound layering, a time-consuming technique with low efficiency at the commercial level (Mardani et al., 2020). Therefore, the micropropagation method is not only considered as an appropriate alternative for producing high quality, disease-free, and true-to-type hazelnut plants, independent from the season and environmental conditions (Debergh et al., 1991), but also it represents a valuable tool for plant biodiversity conservation (Sgueglia et al., 2018, 2019). However, hazelnut genotypes commonly show a difficult in vitro establishment due to surface sterilization failure, strictly related to the very common problem of endogenous contamination, showing even after weeks or months after culture initiation, besides to the lack of young plant material (Hand et al., 2016; Javed et al., 2017). Thus, a successful micropropagation protocol is highly dependent on the efficacy of surface sterilization and benefits from the use of the first three nodes below the apex of rapidly developed greenhouse plants (Hand et al., 2016). Encapsulation technology proved to be a powerful multiplication technique which can sustain standard tissue culture protocols with high viability, regrowth, and conversion rates. Moreover, meristem tip culture (MTC) protected by the synthetic seeds technique (MTC-SS) proved to be a powerful sanitation technique in eliminating various viruses associated with the Fig mosaic disease (FMD) (Yahyaoui et al., 2017). Therefore, an efficient and valid phytosanitary certification program is highly necessary in Sicily to provide growers with superior elite selected genotype of hazelnut (Nebrodi mountains), well adapted to the Sicilian environmental conditions. The main objective of this work is to provide healthy and true-to-type Sicilian hazelnut genotypes, via the in vitro sanitation technique using encapsulated meristem tips previously successfully adopted for Ficus carica L. virus elimination (Yahyaoui et al., 2018).



MATERIALS AND METHODS


Plant Material

Young suckers of eight genotypes of hazelnut, namely “Curcia,” “Nociara Collica,” “Panottara Collica,” “Panottara Galati Grande,” “Parrinara,” “Enzo,” “Rossa Galvagno,” and “Panottara Baratta Piccola,” were selected among the eleven hazelnut genotypes located in the Nebrodi area (Sicily, Italy, Farms in municipality of Naso, Tortorici, Ucria, San Piero Patti) and successfully cultivated in pots at the SAAF greenhouse. The in vitro cultures were carried out at the Department of Agricultural, Food, and Forest Sciences (SAAF) of the University of Palermo.



Extraction of Total Nucleic Acids and Reverse Transcriptase-PCR for Apple Mosaic Virus Screening

Reverse transcriptase (RT)-PCR tests were made on total nucleic acids (TNAs) extracted from bark scraps of young branches since they showed to give better results in terms of RNA extract quality and quantity if compared with leaf tissues (Ertunc et al., 2014) and using the silica capture method as described by Foissac et al. (2001). Bark scraps were frozen in liquid nitrogen and ground using mortar and pestle; the obtained powder was macerated with 1 mL of buffer (6 M guanidine thiocyanate containing 0.2 M sodium acetate, 25 mM EDTA, 1 M potassium acetate, 2.5% PVP-40 and 1% β-mercaptoethanol). The homogenized solution was transferred into labeled tubes and 100 μL of 10% sodium lauryl sarcosyl was added. The mixture was incubated at 70°C with intermediate shaking, and then placed in ice for 5 min. Following a centrifugation at 13,000 rpm for 10 min, 300 μL of supernatant were transferred into new eppendorf tubes and 300 μL of 6 M sodium iodide, 50 μL silica, and 150 μL absolute ethanol were added. The mixture was shaken gently at room temperature for 30 min and centrifuged at 6,000 rpm for 1 min. The pellet was washed three times with 500 μL of washing buffer (10 mM Tris–HCl containing 0.05 mM EDTA, 50 mM NaCl, and 50% absolute ethanol). The pellet was dried at room temperature for 10 min, resuspended in 150 μL of RNase free water and incubated at 70°C for 4 min. Following centrifugation at 13,000 rpm for 3 min, 150 μL of the supernatant was transferred into a new eppendorf tube and stored at –20°C. One step RT-PCR was performed using the primer pair designed for the detection of ApMV by Menzel et al. (2002), since no amplification was obtained with other primer sets previously tested for ApMV (Ertunc et al., 2014). The PCR mixture contained virus-specific forward and reverse primers (0.2 μM each) (Table 1), 1.5 mM dNTPs mix (Thermofisher), 2.5 μL 10 X Taq buffer (Thermofisher), 8 U MMLV_RT (Invitrogen), 1.2 U RNase inhibitor (Promega), 0.6 μM MgCl2, 1 U Taq DNA Polymerase (Thermofisher), 2 μL RNA template in a final volume of 25 μL adjusted with sterile distilled water. PCR amplifications were conducted in a Bio-Rad C1000 thermal cycler. PCR cycles were as the following: 30 min at 42°C, 15 min at 95°C and 34 cycles of 30 s at 94°C, 30 s at 62°C and 1 min at 72°C; a final extension step at 72°C was carried out for 7 min. The amplified DNA fragments were electrophoresed in 1% agarose gel, visualized, and photographed under UV light. Positives genotypes were recollected, rescreened for the presence of ApMV, and maintained at SAAF greenhouse for further use.


TABLE 1. List of specific forward and reverse primers used in reverse transcriptase (RT)-PCR for Apple mosaic virus (ApMV) genome amplification (Menzel et al., 2002).
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DNA Typing of Cultivars

The eight previously mentioned genotypes were DNA typed by the analysis of simple sequence repeat markers (SSRs) at the Department of Agricultural, Food, and Forest Sciences (DISAFA) of the University of Torino. For each genotype, young leaves were collected from both donor plants cultivated in the open field in the Nebrodi area (Sicily, Italy) and from plants maintained at SAAF greenhouse with (16 samples in total). DNA was extracted following the procedure described by Doyle and Doyle (1987). Samples were genotyped using a set of 10 SSR loci: CaT-B107, CaT-B501, CaT-B502, CaT-B503, CaT-B504, CaT-B505, CaT-B507, CaT-B508 (Boccacci et al., 2005), CaC-B020, and CaC-B028 (Bassil et al., 2005). PCR amplifications were performed in a volume of 15 μL containing 50 ng DNA, 0.5 U Taq-DNA polymerase (Kapa Biosystems, Wilmington, MA, United States), 1.5 μL 10X PCR Buffer, 2.2 mM MgCl2, 200 μM dNTPs, and 0.5 μM of each primer. PCR products were analyzed on a 3,130 Genetic Analyzer (Applied Biosystems, Foster City, CA, United States) and data analysis was performed with Gene Mapper 4.0 software; alleles were defined by their size in base pairs, by comparison with the standard size (Gene Scan 500 LIZ, Applied Biosystems).



In vitro Establishment


Sterilization

Nodal segments were collected from hazelnut plant material that was positive to ApMV and in vitro multiplied as an infected source stock to undergo the sanitation techniques. The shoot apex was discarded since it showed to be too sensitive to the sterilization procedures dying within few days of culturing (Bacchetta et al., 2008; Hand et al., 2016). Axillary singular buds and the entire nodal segments were collected at different sampling periods (P1 = December; P2 = January; P3 = July, and P4 = September). Both types of explants were subjected to a cold storage treatment at 4°C for 15 days and compared with those cultured directly and without being subjected to a cold treatment.

For the sterilization of the plant material, protocol by Silvestri et al. (2020) with some modifications was used briefly, explants were washed under running tap water for 2 h; immersed for 1 h into an aqueous solution containing 250 mg L–1 ascorbic acid, 250 mg L–1 citric acid, 5 mg L–1 GA3, and 0.1% of plant preservative mixture germicide (PPM); treated with 0.1% solution of mercury chloride (HgCl2) for 2 min and 3% solution of hydrogen peroxide (H2O2) for 3 min; finally they were treated with 70% ethanol for 10 min using vacuum under the laminar flow hood to remove all air bubbles and provide a more efficient sterilization process. Explants were further sterilized in a 35% commercial bleach solution containing few drops of Tween 20 for 20 min and rapidly rinsed twice with sterile distilled water (each for 5 min). Finally, sterilized microcuttings were dried under sterile laminar flow hood for 10 min.



Culture Establishment

Two types of explants were tested in this study: axillary singular buds, excised from the sterilized microcuttings, and the entire microcutting, containing one or more buds (Figure 1) were plated on a solid culture medium (N1). Damiano et al. (2005) protocol was adopted for our current study to increase the in vitro stock plant material for further sanitation techniques. DKW mineral salts and vitamin mixture (Driver and Kuniyuki, 1984) were used, supplemented with 27.8 mg L–1 FeSO4.7H20 and 37. 3 mg L–1 Na2EDTA (Damiano et al., 2005), 30 g L–1 sucrose, 2 mg L–1 BAP, 0.1 mg L–1 GA3, 0.01 mg L–1 IBA, solidified with 6.5 g L–1 plant agar (Duchefa Biochem, Italy). After the pH adjustment to 5.7, the medium was autoclaved at 120°C for 20 min. The cultures were then sealed with Parafilm, labeled and maintained under light conditions (16/8-h light/dark photoperiod), with light supplied by cool-white fluorescent lamps (TL-D 36 W/865; Philips, Suresnes, France) at a photosynthetic photon flux density (PPFD) of 35 μmol m–2s–1. After 4 weeks from culture establishment, the number of sprouted explants was recorded and statistically analyzed. The cultures were subcultured weekly into a fresh medium. Contamination was checked with a 3-day interval. In order to develop an efficient protocol for in vitro hazelnut micropropagation, factorial experiments were designed to quantify interactions and to identify the optimal combination of factors with the aim of improving explants response. Therefore, we statistically analyzed the effect of different factors such as cultivar (C), sampling time (St), explant type (E), and cold treatment (T) on in vitro shoot proliferation. We analyzed each factor by one-way and univariate factorial ANOVA as well as their interaction as fixed factors using IBM® SPSS® Statistics 20 (IBM, 2011). For each factor, the mean of responding explants as proliferated shoots [six replications (Petri dishes) with five explants for each cultivar and per treatment] was expressed as a percentage ± standard deviation (±SD) relative to the total amount of cultured explants. Data analysis was followed by Tukey’s multiple comparison test at p ≤ 5%.
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FIGURE 1. Collected cuttings with one or two buds of hazelnut “Curcia” for the sterilization procedure during July (P3).




Standard Meristem Tip Culture and Meristem Tip Culture-Synthetic Seed Techniques

The practical applicability of MTC-SS technique was evaluated on various hazelnut cultivars. Meristem tips of about 0.2–0.3 mm in size and containing one or two primordial leaves were excised from the in vitro proliferated hazelnut shoots positive to the ApMV. Explants were then encapsulated and viability (explants with a green appearance, without necrosis or yellowing), regrowth (encapsulated meristem tips that produced shoots ≥ 4 mm), and conversion rate (simultaneous extrusion of shoots and roots at least 4 mm long from encapsulated microcuttings) were evaluated. Obtained results were compared to those of the traditional approach of MTC. For each cultivar, a total of six Petri dishes were used where 30 meristems were encapsulated by applying the synthetic seeds technique described by Yahyaoui et al. (2017). Five synthetic seeds were then sown in each Petri dish (60 × 15 mm), containing 10 mL of DKW medium, supplemented with 0.7 mg L–1 Gibberellic acid (GA3), 2 mg L–1 of 6-benzylaminopurine (BAP), 2.4 mg L–1 indole-3-butyric acid (IBA), and 20 g L–1 sucrose. The cultures were incubated in a growth chamber at (23 ± 1)°C under a 16/8-h (light/dark) and a PPFD of 40 μmol m–2 s–1. The well and successfully sprouted shoots of the tested cultivars from the MTC-SS technique were selected for the evaluation of shoot length (mm) and leaf number. Recorded data were statistically analyzed by one-way ANOVA using IBM® SPSS® Statistics 20 (IBM, 2011), followed by Tukey’s multiple comparison test at p ≤ 5%. Results are expressed as mean ± standard error (±SE).



Efficiency of Apple Mosaic Virus Eradication by Meristem Tip Culture-Synthetic Seeds

Regenerated plantlets from the encapsulated meristem tips were tested again by RT-PCR to confirm the elimination of ApMV. Plantlets were considered as virus-free when there was no product amplification by RT-PCR. The ratio number of virus-free plantlets/number of initial tested plantlets was used to calculate the efficiency of the protocol for virus-free plant production.





RESULTS


Reverse Transcriptase-PCR for Assessing the Presence of Apple Mosaic Virus

Extracted RNAs were amplified with the Menzel et al. (2002) primers for coat protein gene of ApMV. The amplified products of RT-PCR were 262 bp long fragments. Although, some amplified RNAs showed clear bands on electrophoresis gel, tissues of the bark of young branches gave a satisfactory result for total RNA extraction and reliable amplification of ApMV in one step RT-PCR, confirming the previous findings by Ertunc et al. (2014). The eight hazelnut samples from “Curcia,” “Nociara Collica,” “Panottara Collica,” “Panottara Galati Grande,” “Parrinara”, “Panottara Baratta Piccola,” “Enzo,” and “Rossa Galvagno” genotypes resulted positive to ApMV (Supplementary Figure 1).



DNA Typing of Cultivars

Ten SSR markers were used for the DNA-typing of the eight cultivars to determine their genetic profiles and assess their identity (Table 2). In all cases, the samples (“Curcia,” “Nociara Collica,” “Panottara Collica,” “Panottara Galati Grande,” “Parrinara,” “Panottara Baratta Piccola,” “Enzo,” and “Rossa Galvagno”) collected in the field and in greenhouse, showed the same genetic profile, confirming that the material in greenhouse used to start the propagation and the certification process was “true to type.” SSR data, compared with genetic profiles of cultivars present in the database developed by DISAFA (Boccacci et al., 2006, 2013), showed that seven out of eight genotypes have unique profiles, whereas “Curcia” resulted to have the same genotype of “Nocchione” and “Mansa;” the first is a cultivar grown in Latium, the second is a Sicilian cultivar spread in the Nebrodi area. Interestingly, the “Panottara” genotypes were different from each other and thus correctly held to be true different cultivars. Yet, “Panottara Baratta Piccola” shared the same genotype with “Panottara” the genotype selected as standard during surveys within the EU AGRI GENRES project SAFENUT (2008–10).


TABLE 2. Genetic profiles of the cultivars analyzed at 10 microsatellite loci (SSR); allele size is expressed in base pairs.
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In vitro Culture

To develop a quick and efficient protocol for in vitro multiplication of Corylus avellana L., the effect of cultivar, sampling time, cold treatment, and the type of explant used were statistically evaluated on hazelnuts shoot proliferation rates expressed as percentage [±standard deviation (±SD)]. Results showed that all hazelnut cultivars succeeded to sprout with different frequencies except for “Panottara Baratta Piccola,” which expressed a high contamination rate even after 1 month from culture initiation and failed to be successfully established in vitro. A significant difference of shoot proliferation rate among the seven cultivars was observed (p ≤ 0.01). The variety “Parrinara” revealed the highest shoot proliferation rate with 35%, followed by “Panottara Galati Grande” (32%), “Nociara Collica” (32%) and “Rossa Galvagno” (31%) (Figures 2, 3). A moderate shoot proliferation rate was registered for “Curcia” (23%) whereas the cultivars with the lowest percentage of sprouting were “Enzo” and “Panottara Collica” (11 and 2%, respectively) (Tables 3, 4). Concerning the time for explant sampling, a highly statistically significant difference of shoot proliferation rates was observed between dates (p ≤ 0.01). The fourth timing (September) gave the best shoot proliferation rate (49%) followed by the third one (July) with 33%. “Parrinara,” “Panottara Galati Grande,” “Rossa Galvagno,” and “Nociara Collica” cultivars gave the highest shoot proliferation rates ranging between 43 and 66% during P3 and P4, respectively. Moreover, “Curcia” and “Enzo” cultivars showed the best shoot proliferation rates (66 and 28%, respectively) during September, while lower values were registered during July (15 and 14%, respectively) (Tables 5, 6). Explant types used in this experiment showed significant differences in terms of regenerated explants (p ≤ 0.01). Moreover, as shown in Table 3, the entire cultured cuttings having one or more buds gave higher regenerated explants percentage (35%), when compared to the use of single buds (12%) planted directly onto the culture media. However, no statistically significant effect was recorded for the cold storage treatment at 4°C on the shoot proliferation rates (p = 0.144) at 5% level. The analysis of variance showed a highly significant difference for the interaction of the factors cultivar, sampling time, and explant type used for hazelnut micropropagation (p = 0.001). It is important to report also that the cultivar “Panottara Collica” was very difficult to stabilize in vitro at the beginning, but it showed a great performance during the multiplication phase.
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FIGURE 2. Shoot proliferation from cuttings of the variety “Parrinara,” sampled at two different times. (A) September (P4); (B) July (P3).
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FIGURE 3. Sprouted plantlets of hazelnut “Rossa Galvagno” from cuttings sampled in September (P4) from greenhouse plants.



TABLE 3. Effects of cultivars, time of sampling, cold treatment and type of explants on Corylus avellana L. shoot proliferation rates (SD ± standard deviation).
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TABLE 4. Tukey’s post hoc tests for multiple comparisons.
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TABLE 5. Recorded shoot proliferation rates (means ± SD) of seven Sicilian cultivars of Corylus avellana L. at different times of explant sampling.
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TABLE 6. Tukey’s post hoc tests for multiple comparisons.
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Standard Meristem Tip Culture and Meristem Tip Culture-Synthetic Seed Techniques

This investigation studied the use of both conventional sanitation technique via direct MTC and the non-conventional one, using MTC combined with the synthetic seed technology (MTC-SS). A high and satisfactory viability (65%) and moderate to satisfactory regrowth rates (26%) were registered using the MTC-SS sanitation technique for the diseased in vitro stock plant material. No conversion rates were obtained for all the encapsulated cultivars that started to develop callus instead, thus they were rooted separately. “Parrinara,” “Rossa Galvagno,” and “Panottara Galati Grande” cultivars gave the highest and almost similar viability rates (93, 93, and 80%, respectively), followed by “Curcia” (60%), “Panottara Collica” (60%), and “Nociara Collica” (47%), whereas “Enzo” harbored the lowest viability rate with 23%. “Parrinara” showed the best regrowth rate (53%), followed by “Panottara Galati Grande” (30%), “Panottara Collica” (30%), “Curcia” (23%), “Rossa Galvagno” (23%), and “Nociara Collica” (13%). Rooting of microcuttings in one step was not achieved; therefore obtained plantlets were multiplied and rooted separately for future investigations. On the other hand, the obtained viability (7%) and regrowth (2%) rates using the standard MTC were too low for all the experimented genotypes with a statistically significant effect between cultivars at 5% level (p = 0.004; Table 7 and Figures 4A,E,I). A high in vitro performance was observed for “Panottara Collica,” “Panottara Galati Grande,” and “Parrinara” cultivars, in terms of growth and shoot proliferation from the MTC-SS technique if compared with the standard MTC approach (Figure 4). Therefore, these cultivars were selected for shoot length (mm) and leaf number evaluation. Statistical analysis revealed a highly significant difference for shoot length among the regenerated presanitized plantlets obtained after 16 weeks of culture initiation (P = 0.003). These values were high and comparable for the three cultivars and ranged from 14.7 mm for “Parrinara” to 11.6 mm for “Panottara Galati Grande” with a total mean shoot length of 13.4 mm. In addition, no significant difference of leaf number per explant was observed. The number of leaves per shoot was high and comparable for the three evaluated cultivars (mean: 8.7), where “Parrinara” harbored the best value (10), followed by “Panottara Galati Grande” (8.4), and “Panottara Collica” (Table 8).


TABLE 7. Viability and regrowth responses (means ± SD) to both conventional (MTC) and non-conventional (MTC-SS) multiplication techniques in seven cultivars of Corylus avellana L. synthetic seeds, after 12 weeks from sowing.

[image: Table 7]

[image: image]

FIGURE 4. In vitro shoot proliferation of some Sicilian hazelnut cultivars. (A) Standard meristem tip culture (MTC) of the variety “Parrinara”. (B–D) plantlets growth from encapsulated meristem tips (0.2–0.3 mm) of the variety “Parrinara” using the encapsulation technology; (E) Standard MTC of the variety “Panottara Collica”; (F–H) plantlets growth from encapsulated meristem tips (0.2–0.3 mm) of the variety “Panottara Collica” using the encapsulation technology; (I) Standard MTC of the variety “Panottara Galati Grande”; (J–L) plantlets growth from encapsulated meristem tips (0.2–0.3 mm) of the variety “Panottara Galati Grande” genotype using the encapsulation technology.



TABLE 8. Shoot length and number of leaves (means ± SE) of encapsulated seeds of cultivars “Panottara Collica,” “Panottara Galati Grande” and “Parrinara” after 16 weeks.

[image: Table 8]


Efficiency of Apple Mosaic Virus Eradication by Meristem Tip Culture-Synthetic Seeds

The effectiveness of MTC-SS sanitation technique was evaluated verifying the ApMV elimination from the plantlets. The preliminary results showed that the encapsulated excised meristems, obtained from in vitro multiplied plantlets and previously positively tested for ApMV, produced well-formed shoots and had no symptomatic signs of infection. The total registered average of virus elimination efficiency was 96.9% and almost similar for all tested cultivars. RT-PCR molecular analysis revealed that ApMV was totally eradicated with 100% of elimination rate from “Nociara Collica,” “Panottara Collica,” “Parrinara,” and “Enzo” cultivars followed by “Curcia” (94.12%), “Rossa Galvagno,” (93.33%) and “Panottara Galati Grande” (90%), respectively (Figure 5 and Table 9).
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FIGURE 5. Agarose gel electrophoresis of reverse transcriptase (RT)-PCR products of sanitized plantlets subjected to the meristem tip culture-synthetic seeds (MTC-SS) technique for Apple mosaic virus (ApMV) screening using specific primers for a 262 bp region of the virus. (A) Lane M: Molecular marker 250 bp; 1–10: “Panottara Collica” cultivar isolates; W, water; +, positive control; (B) Lane M: Molecular marker 250 bp; 1–16: “Parrinara” cultivar isolates; W, water; +, positive control.



TABLE 9. Apple mosaic virus (ApMV) sanitary status of regenerated hazelnut plantlets subjected to the MTC-SS technique.
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DISCUSSION


Reverse Transcriptase-PCR for Detection of Apple Mosaic Virus

The obtained results confirmed the detection of the most economically damaging Ilarvirus affecting hazelnut by one step RT-PCR applied on a set of local Sicilian cultivars using dormant tissues, as described by Ertunc et al. (2014), overcoming the problem of having high amount of phenolic compounds, tannins in particular. The latter are considered a problem for the extraction of good quality RNA by several researchers that tried the herbaceous host inoculation (Sokmen, 2003) and flower tissues extraction (Akbas and Degirmenci, 2010). Moreover, this study provided further information on the sanitary status and ApMV incidence within eight Italian hazelnut genotypes showing the presence of the virus in all of them. These results are not surprising considering the vegetative propagation usually applied via rooted suckers or cuttings used in agriculture for this species; this favors the transmission of the viral agents affecting hazelnut.



DNA Typing of Cultivars

The results clearly proved that microsatellite DNA markers can be an effective tool for genetic identification of genotypes included in the National Cultivar Register to produce certified material. In all cases, it was possible to verify the identity of the Sicilian genotypes in the field and in greenhouse. When the SSR data were compared with the genetic database developed by DISAFA, “Curcia” resulted very likely to be a clone of “Mansa,” the most common and widespread cultivar in the Nebrodi area. The first certain evidence of hazelnut specialized cultivation in Italy could be found in some contracts between settlers and owners in Campania, dating back to the late Middle Ages (800–900 AD) and in some other documents dating back to the Norman domination in Campania (about 1030 AD). Some hazelnut grove planting rules were indicated, such as the plant spacing (10 steps between one plant and another) besides the propagation methods (Trotter, 1921). Moreover, documents dated between 1160 and 1223 AD reported the existence of irrigated hazelnut cultivation in Sicily, in particular in the area of Piazza Armerina [Alberghina, 2002, taken from Alfonso (1886)]. Regarding the origin of the crop in Sicily, Trotter (1921) excluded its introduction by Arabs and admitted its entry from Campania at the time of the Romans.

The biodiversity present on the island is documented and described in various publications (Alfonso, 1886; Ruggieri, 1949; Damigella and Alberghina, 1970, 1983; Alberghina and Damigella, 1979). However, the cultivars currently used, refer to a single prevalent genotype known with different varietal names, including “Mansa,” “Santa Maria di Gesù,” “Comune,” “Nostrale,” “Curcia,” and “Racinante” (Alberghina, 1982). Based on the genetic analyses, these cultivars cannot be distinguished from the cultivar “Nocchione” grown in Lazio (Boccacci et al., 2006, 2013), the principal pollinizer of “Tonda Gentile Romana.” Among the other varieties of minor importance, we can mention “Carrello” (Crescimanno, 1957), “Ghirara,” the group of “Minnulare,” characterized by their long-shaped fruits and late ripening period, and “Panottara” (Damigella and Alberghina, 1983). In this study, we confirmed that “Panottara Baratta Piccola” was the same of the reference “Panottara” collected in Sicily in 2008–2010, during the EU AGRI GEN RES project SAFENUT (“Safeguard of almond and hazelnut genetic resources: from traditional uses to modern agro-industrial opportunities”), aimed to increase knowledge on the genetic diversity in the European hazelnut (Boccacci et al., 2013; Bacchetta et al., 2015). These results emphasize the need for a genetic identification of the hazelnut genotypes for authoritative certification and successful commercial management of elite genotypes.



In vitro Micropropagation

The adopted sterilization protocol gave good results for the in vitro establishment of the studied local cultivars and allowed to overcome the endogenous contamination problem with different efficiency. The outcomes of this study give an insight on the appropriate sampling time and explant type to use for the in vitro establishment of hazelnut, and provide information on the shoot proliferation rates which showed to be highly dependent on the cultivar. Both sampling times during July and September were the best times for in vitro establishment of hazelnuts. Moreover, “Parrinara,” “Panottara Galati Grande,” “Nociara Collica,” and “Rossa Galvagno” harbored the highest aptitude for the in vitro multiplication, revealing high shoot proliferation rates and representing the best candidates for subsequent sanitation, whereas “Curcia” followed by “Panottara Collica” and “Enzo” registered the lowest shoot proliferation rates. Although these results have to be further investigated, this study gives an overview on the existing biodiversity of hazelnut genotypes in the Nebrodi area and could serve as a valuable tool easily transferred into the certification programs in Sicily. The protocol reported here provides methods for a rapid ApMV screening, in vitro sanitation, and massive micropropagation of elite hazelnut genotypes selected in Nebrodi context, such as “Parrinara” which presented the best carpological traits (data not shown) and a good in vitro response. The evaluation of sensory, biochemical, and nutritional traits is needed to provide additional information on the current selected cultivars and address growers to use the most suitable hazelnut genotypes, with the highest processing value for confectionery use and table consumption in Italy.



In vitro Sanitation

Results of this research clearly showed that the combination of MTC (0.2–0.3 mm in size) technique with the encapsulation technology was more effective compared with the MTC used alone in promoting higher shoot proliferation rates of plantlets with higher mean shoot length and leaf number per shoot overcoming the survival problem, the low rates, and the frequently encountered difficulties of plantlets shoot proliferation from this size of explants (necrosis, etc.). The protected meristem tips using the synthetic seeds techniques proved to be highly effective in eliminating ApMV, one of the most important encountered problems in the production of hazelnut in Sicily, from all tested cultivars. These results confirmed the practical applicability of this technology for both propagation and sanitation of this important fruit crop, in one step, with the production of good quality artificial seeds by improving the effectiveness of standard sanitation approaches (traditional meristem tips culture). Kaya (2021) reports that ApMV resisted the sanitation attempt via meristem tips of 0.3–0.5 mm in size that showed to be too large for efficient virus elimination, confirming that the best size of explants ranges from 0.2 to 0.3 mm, as previously demonstrated in various crops by Kumar et al. (2009) and Ramgareeb et al. (2010).




CONCLUSION

A protocol for the production of quick, healthy, and true-to-type Corylus avellana L. genotypes was achieved in this study. The selected local hazelnut genotypes were successfully micropropagated and sanitized using an innovative method. The encapsulation technology showed to be a promising approach as a vegetative regeneration system and a sanitation technique at the same time. The procedure described here can be easily implemented in laboratories for the production of a large number of true-to-type hazelnut plants, thus it could be adopted in pathogen-eradication method. Moreover, apical meristem culture showed its efficiency in eliminating viruses from infected plants using very small shoot tips, which, however, decreases survival and regrowth if used alone, whereas, its combination with the encapsulation technology greatly helped overcoming the biggest limitation of this sanitation technique. Therefore, the encapsulation technology optimized the shoot proliferation rates of small excised meristems and its use could help in minimizing the genetic diversity and can be used for the exchange of plant material between public and private plant tissue culture laboratories, as well as for germplasm conservation of genotypes as propagules for long-term storage. Yet, further investigations for assessing on a larger scale the efficiency and efficacy of the MTC-SS sanitation technique together with the conservation of healthy hazelnut micropropagules at 4°C are needed before transferring the methods at commercial level. The results of this study on calcium alginate encapsulation of in vitro-derived microcuttings of Corylus avellana L., confirmed the practical applicability of this technology for the propagation of this important nut crop, with the production of good quality artificial seeds. According to our knowledge, the recovery of various Sicilian hazelnut genotypes, and also the success of multiplication and sanitation, in a single step after sowing, are reported for the first time. Yet, the rooting stage is the most sensitive step (Bacchetta et al., 2004). This phase needs to be further investigated to achieve synthetic seed conversion in one single step.

These preliminary results need a field application to avoid false negatives and to evaluate the soil survival rate, the known limitation for this technology (Jung et al., 2004). Moreover, the genetic stability of regenerated plantlets has to be ascertained by molecular analysis. Following these tests, the optimized protocol for large-scale production of good quality and healthy hazelnut plants, and also their conservation as encapsulated propagules could be adopted and applied for the successful establishment of commercial production.
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The latest trends in hazelnut production are moving in the direction of selection and breeding of more productive cultivars, isolation of native clones, and more intensive clonal selection of rootstocks aimed at enhancing the agronomic performance of plants. Serbia stands out in the production of quality planting material by grafting on Turkish filbert (Corylus colurna L.), which does not form shoots and develops in the form of a tree. The aim of this research was to investigate the success achieved by grafting leading Italian cultivars (Tonda gentile romana, Tonda di Giffoni, and Tonda Gentile della Langhe) and their clones on Turkish filbert seedlings using technology developed at the University of Novi Sad, Faculty of Agriculture, Serbia, as well as determine possible differences in the quality and variability of the obtained planting material. For this purpose, from the end of March to the end of April, two-year-old C. colurna generative rootstocks (seedlings) were grafted by the whip and tongue method. At the beginning of September, the grafted plants were counted, and after the plants entered the dormant period (autumn in the year of grafting), they were taken out of the soil and classified. The obtained results revealed that the chosen hazel cultivars and clones exhibited excellent grafting success rate. In both analyzed years, as well as throughout the entire study period, greater grafting success was achieved using clones relative to the main cultivars. Over the two-year study period, the highest grafting success was achieved by clone AD17. Class I grafted plants were obtained in 80% of the cases, especially with Tombesi and AD17 clones, while significantly fewer Class I grafted plants were produced by grafting basic cultivars. Clones AD17 and Tombesi also produced grafted plants of greatest height and graft union diameter. All clones exhibited superior uniformity (i.e., a more stable grafting success) relative to their basic cultivars.

Keywords: hazelnut, Corylus, Turkish filbert, grafting, cultivar, clone, rootstock


INTRODUCTION

The hazelnut industry is becoming increasingly focused on the selection and breeding of more productive cultivars, isolation of native clones and more intensive clonal selection of rootstocks as a means of improving the agronomic output. In the case of hazelnuts, this trend is even more specific, since the production of this nut crop is tailored to the agroecological conditions, both in terms of cultivar selection and cultivation technology. In the areas known for hazelnut production, shrubs are typically grown, and rooted suckers serve as the most common propagation material, despite limited sanitary control associated with this approach. However, ample body of evidence shows that nursery techniques, such as layering (Lagerstedt, 1983; Solar et al., 1994), softwood and hardwood cuttings (Kantarci and Ayfer, 1994; Ughini and Roversi, 2005), in vitro propagation (Damiano et al., 2005), and grafting are more suitable for use in the modern hazelnut industry. In perennial fruit crops in particular, grafting has been used for millennia for vegetative propagation, as it can improve some agronomic characteristics, such as yield or vigor, as well as tolerance to biotic and abiotic stresses (Loupit and Cookson, 2020). In Serbia, Corylus avellana L. cultivars are typically grafted on the Corylus colurna L. (Turkish filbert) rootstock, as this technology that has been developed and improved in this country results in high-quality planting material. Mastering the technology of grafting hazelnut cultivars onto Turkish filbert and mass production of grafted hazelnut plants began at the end of the 20th century at the Faculty of Agriculture in Novi Sad (Ninić Todorović and Antanasović, 1989; Ninić Todorović et al., 1994, 1995a,b; Korać et al., 1996a,b; Cerović et al., 1998).

The fact that grafted hazelnuts are a good source of planting material is also indicated by the growing interest of producers from many countries in raising them. The first plantations of grafted hazelnuts with planting material from Serbia were erected in Italy and France, with the intention of further expansion, and there is interest from Chile, Russia, Belarus, Croatia, and other countries (Cerović et al., 2020). According to Rovira (2021), hazelnut plantations are increasingly being established using grafted hazel plants, primarily on C. colurna L., since selected clones of other rootstocks have been shown to form shoots on trees over time. In addition, the use of different scion/rootstock combinations may be associated with grafting incompatibility, which generally increases with taxonomic distance (Goldschmidt, 2014). On the other hand, many years of research and selection of C. colurna L. genotypes offer ample evidence that it is the optimal rootstock for hazelnut cultivars (Ninić Todorović, 1990). In Serbia, hazel cultivar grafting on the Turkish filbert rootstocks has been successfully performed since 1989, as reported by Ninić Todorović (1990), Ninić Todorović et al. (1994, 2003, 2006, 2007, 2008, 2012), Korać et al. (1993, 1994a,b), Cerović et al. (2007), and other authors. In Serbia, hazel is grafted exclusively on Turkish filbert, which does not produce shoots but rather develops in the form of a small tree, which can live up to 200 years, and has a good affinity with C. avellana cultivars. As Turkish filbert has a thick cork bark, unlike other fruit species grafted by budding, it is exclusively grafted by a one-year lignified shoot with one or two internodes. As a result, it is necessary to produce quality rootstock as well as graftwood.

Modern hazelnut cultivation implies full application of mechanization, which is only possible if the hazelnut is grown in the form of a small tree, which can be ensured by grafting or by destroying the root shoots. According to Radicati et al. (1994), the formation of C. avellana shoots depends on the cultivar., climate, soil, propagation technique, and cultivation technology. Therefore, their control is one of the most important hazelnut planting management operations, unless plants grafted on rootstocks that do not produce shoots are used (Cerović et al., 2008). In hazelnut orchards, the suckers must be eliminated (by desuckering) at least twice per year. Currently, desuckering is performed by various means, including manually, mechanically, by using desiccants, and through application of flame (Tomasone et al., 2009). Each of these methods is both labor and time-intensive as well as expensive, and typically requires at least one repetition. In addition, desiccants are not allowed in organic farming (Roversi, 2015). To overcome these issues, intensive work is being done on the evaluation of non-suckering rootstocks. Rovira et al. (2014) noted that C. avellana non-suckering clonal rootstock “MB-69” and C. colurna clonal rootstocks “Dundee” and “Newberg” improve the agronomic performance of “Negret N·9” cultivar. However, Roversi (2015) is of view that the best (albeit relatively recent) alternative that is successfully applied only in Serbia, is the grafting of C. avellana cultivars on C. colurna seedling. In recent decades, Italy has significantly improved hazelnut production, primarily by creating hazelnut plants in vitro and selecting leading cultivars, as well as by isolating native clones for use in mass production. Biancolillo et al. (2018) developed a non-destructive method for the authentication of a specific high-quality Italian hazelnut Nocciola Romana, registered with a protected designation of origin (PDO). Cultivars that are recommended for use in Italy due to their superior nut quality, productivity, vigor and type of growth are Tonda di Giffoni, Tonda Gentile delle Langhe, and Tonda Romana (Carvajal Rodriguez et al., 2018). In Italy, clonal hazel selection began in the 1960s, focusing on Tonda Gentile delle Langhe (Romisondo et al., 1983; Valentini et al., 2001), Tonda gentile romana (Monastra et al., 1997), and Tonda di Giffoni (Limongelli, 1983; Limongelli and Piccirillo, 2002).

Earlier research suggests that clonal selection has yielded modest results in terms of improving fruit quality. Romisondo et al. (1983) found no differences among clones selected from the Tonda Gentile delle Langhe population, but these results were countered more recently by Valentini et al. (2001), and small variations were found among clones selected from the Tonda gentile romana population by Monastra et al. (1997). Clone selection was rated by Andreakis et al. (2002) as less efficient in species propagated by shoots compared to those propagated by grafting. Recent investigation of genetic diversity of Turkish C. avellana hazelnut cultivars conducted by Oztolan-Erol et al. (2021) revealed presence of high intra-cultivar diversity, while also indicating that several cultivars were genetically admixed. These authors also identified high genetic diversity within the cultivar itself. Thus, recently published results and clone descriptions confirm the importance of clonal selection, whereby most successful clones are produced in Italy and are thus recommended for use in cultivation (Petriccione et al., 2010; Valentini et al., 2014).

Considering that technology for the production of grafted hazelnut planting material which does not produce suckers has been developed in Serbia, and since grafting allows for fast multiplication of new cultivars and clones, the nursery OZZ “Leska” from Serbia was given the permission to multiply the most sought-after clones of the leading Italian hazelnut cultivars. The aim of this research was to examine the success of this initiative, as a part of which recommended Italian cultivars and their clones were grafted on Turkish filbert seedling, using the technology developed at the Faculty of Agriculture in Novi Sad. Its further goal was to determine possible differences in the quality and variability of planting material between selected cultivars and clones.



MATERIALS AND METHODS


Site Description and Plant Material

The present study spanned a two-year period (2020 and 2021) and was conducted in the nursery of OZZ “Leska” located in the Dobrić village (44° 42′ 04″ N; 19° 34′ 32″ E, 90 m a.s.l.) belonging to the Šabac municipality in western Serbia (Mačva region). The soil where the trial was set up is flat, medium-deep Pseudogley according to the Serbian soil classification system, while according to WRB classification Food and Agriculture Organization of the United Nations (FAO) (2014) this soil type is classified as Planosol. The surface horizons (A and g) are silt loam, with 40% silt, while the impermeable layer is clayey loam with a greater clay content than in the surface horizons. The humus horizon has high porosity (50%), and its air capacity is 15%. However, in the g horizon, these values decrease, as soil contains 2–3% humus in analyzed fields, but this percentage declines with depth. Nursery OZZ “Leska” is the only nursery in Serbia that is registered for copyright protection and reproduction of tested hazel clones. It has been engaged in nursery production for almost three decades and specializes in the production of hazelnut planting material by grafting on the Turkish filbert rootstock. For the present study, two-year-old generative rootstocks (seedlings) of Turkish filbert were produced according to the standard procedure (Ninić Todorović et al., 1994; Cerović et al., 2020). These non-clonal rootstocks were grafted by the “whip and tongue” method in the period from the end of March to the end of April (early spring) during both years. The graftwood was taken from the propagation stock of both cultivars and clones. Three basic cultivars were grafted, namely Tonda gentile romana (TGR), Tonda di Giffoni (TDG), and tonda gentile della langhe (TGDL), as well as their clones, denoted as TGR (Clone 1 and Clone 3), TDG (Tombesi), and TGDL (AD17 and PD6). Tonda di Giffoni is a highly valued cultivar due to its productivity, kernel blanching, rapid growth, medium vigor, a remarkable protandry and self-incompatibility, as well as early female and male flowering (Tombesi and Limongelli, 2002; Grau, 2003; Ellena et al., 2014). On the other hand, Tonda Gentile delle Langhe, which originated in Piedmont, northern Italy, has remarkable protandry and self-sterility, as well as habit of both intermediate and moderate vigor (Ellena et al., 2014). Finally, Tonda Romana is characterized by a medium-low vigor, late budbreak, medium productivity and medium-late maturing (Tombesi and Limongelli, 2002; Grau, 2009). After grafting, standard measures of care and protection were applied in the nursery during the vegetation phase. At the beginning of September, grafted plants were counted, their height and diameter just above graft union were measured, and after leaf fall, once the plants entered the dormant period (in autumn in the year of grafting), plants were pulled out of the soil and classified according to the Rulebook on quality standards, packaging, sealing and declaration of planting material of agricultural plants in Serbia. Defined quality standards for Class I plants are as follows: at least five branch roots of 0.2 m length each, 0.7 m plant length above the graft union, and 10 mm diameter just above the graft union. Provided that they received adequate care, hazel plants are ready for planting in the fall of the same year in which they were grafted. Taking into account the time needed to produce the rootstock, the production of grafted hazel plants takes three vegetation periods.



Weather Conditions in the Nursery Throughout the Experiment

The climatic conditions at the locality have all the characteristics of a temperate continental climate. Weather conditions (temperature, precipitation, and air relative humidity) for the April–September period in 2020 and 2021 were monitored by the automatic weather station Šabac (44° 75′ N, 19° 69′ E, 79 m a.s.l.), and the weather data are shown in Figures 1, 2.
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FIGURE 1. Main climatic parameters in the nursery throughout the experiment (April–September, by decades of each month) in 2020. P (mm), Precipitation sum (mm); Tmin (°C), Minimum air temperature (°C); Tmax (°C), Maximum air temperature (°C); Tavg (°C), Average air temperature (°C); Rh (%), Relative air humidity (%); LTA, Long-term average for analyzed climate parameters.


[image: Figure 2]

FIGURE 2. Main climatic parameters in the nursery throughout the experiment (April–September, by decades of each month) in 2021.




Statistical Analysis

The data set was tested in line with the basic assumptions of ANOVA. One of the assumptions that must be met for ANOVA application is normal data distribution with a common variance. This assumption can be violated if the data set is heterogeneous, especially when values are reported as percentages. To overcome this issue, the data needs to be transformed to achieve normal distribution. For this reason, the Shapiro–Wilk W test was conducted in the present study for evaluating normality of distributions related to all measured variables. The null hypothesis of this test is that the data are normally distributed. If the W statistic is significant (at α = 0.05), the hypothesis that the evaluated distribution is normal should be rejected. In our cases, for Success of grafting, the W value was 0.97023 with p = 0.05872, which was greater than 0.05, indicating that the data were normally distributed. For the percentage of Class I grafted plants, we obtained W = 0.96899 and p = 0.04896, which was below the chosen alpha level, indicating that data were not normally distributed. Consequently, the arcsine (angular) method was employed to transform the percentages, in line with the approach described by Gomez and Gomez (2010), and the transformed data were subjected to parametric ANOVA (however, untransformed means were reported in relevant tables). When examining the agronomic performance of grafted plants for normality of distribution, the Shapiro–Wilk test yielded W = 0.99141 and p = 0.87644 for height, and W = 0.99267 and p = 0.93373 for the diameter, confirming that both data sets were normally distributed.

The ANOVA procedure was performed according to a completely randomized design with four replicates (1,000 plants were analyzed per one replication). Factorial ANOVA procedure was performed considering Years (Y) and Cultivars and their Clones (C) as fixed treatments, with 95% confidence interval. The statistical significance of the difference among the means of percentage of graft success and of Class I grafted plants was determined using Fisher’s least significant difference (LSD) post hoc test at the 5% probability level. For testing significance of the difference among the means of measured agronomic performance (height and diameter) of grafted plants, we used Duncan’s multiple range test at the same probability level. ANOVA analysis was performed using the TIBCO Statistica software package, version 13.3.0 (TIBCO Software Inc., Palo Alto, CA, United States).




RESULTS

According to the ANOVA results shown in Table 1, only the main factor C (Cultivars/Clones) exerted significant effects (probability value = 0.044; bolded) on the total variability in the grafting success, whereas Year and Y × C interactions were not significant (Pr = 0.273 and 0.969, respectively). As indicated in Table 2, the effect of treatments on the percentage of young plants of Class I was not statistically significant. However, due to the relatively low probability value of treatment C (Pr = 0.101), the percentage of Class I young plants was also subjected to a post hoc Fisher’s LSD test.



TABLE 1. ANOVA results related to grafting success*.
[image: Table1]



TABLE 2. ANOVA results related to the percentage of Class I grafted plants*.
[image: Table2]


Success of Grafting

Grafting success is one of the main indicators of the viability of propagation methods, including those adopted in our trial. As can be seen from the results reported in Table 3, the chosen hazel cultivars and clones exhibit excellent grafting success rate. The highest grafting success rate was recorded in 2020 for clone AD17 (85.80%); however, this result was significant only in relation to the cultivar TGR with the lowest grafting success (65.50%). No significant difference in grafting success was observed between other examined cultivars and clones, and it ranged from 69.40% (clone PD6) to 84.10% (clone Tombesi). Clone AD17 also had the best reception (85.23%) in the second study year (2021), which was significantly higher than that recorded for the cultivars TGDL (61.30%), TGR (63.56%) and Clone 1 (64.40%). Moreover, clones Tombesi and MT5 had significantly higher graft success compared to the TGDL cultivar. No significant differences in graft success were observed between other examined cultivars and clones, and their values ranged from 72.99% (clone PD6) to 79.36% (clone MT4), as shown in Table 3. It is worth noting that, in both analyzed years, with the exception of clone PD6, all clones had a higher grafting success in relation to their basic cultivars. In the case of PD6, the basic cultivar TGDL had a greater (albeit statistically insignificantly) success.



TABLE 3. Percentage of grafting success and Class I young plants within two years (Y) and ten cultivars and their clones (C) and the corresponding coefficient of variation (CV)*.
[image: Table3]

Variability of grafting success was also examined. As shown in Table 3, higher values were recorded for cultivars relative to their clones in both study years. In 2020, the coefficient of variation (CV) in cultivars ranged from 19.5% (TDG) to 22.5% (TGR), while in their clones it ranged from 15.6% (C1) to 18.5% (PD6). In 2021, the CV values ranged from 21.8% (TDG) to 23.2% (TGR) for cultivars and from 16.4% (Tombesi and AD17) to 19.3% (PD6) for clones.



The Percentage of Class I Grafted Plants

The percentage of Class I grafted plants produced in 2020 ranged from 73% (TGDL cultivar) to 85% (Tombesi clone), with no significant differences between cultivars and their clones (Table 3). On the other hand, in 2021, significant differences in the production of Class I grafted plants were recorded, whereby significantly more Class I grafted plants were obtained from the Tombesi clone (91%) compared to the TGDL (69%) and TGR (76%) cultivars. In addition, significantly more Class I grafted plants were obtained from clones AD17, MT5 and Clone 1 compared to the cultivar TGR. There were no significant differences between the remaining cultivars and clones, where the percentage of Class I grafted plants ranged from 76% (TGR) to 81% (TDG and clones Clone 2, MT4 and PD6).

When the data for both examined years were analyzed jointly (Table 3), the findings revealed that the best grafting success was achieved by clone AD17 (85.52%), which is significantly higher than the values obtained for cultivars TGR (64.53%) and TGDL (67.74%), as well as Clone 1 (70.63%) and PD6 (71.20%). The coefficient of variation for the average grafting success for the two-year study period ranged from 17.5% (TDG) to 20.4% (TGR) in cultivars and was significantly lower in clones, spanning from only 6.2% (Clone 3) to 15.3% (clone MT4). Therefore, a much more stable grafting success was observed in clones in relation to their basic cultivars. Considering the two-year average, all clones had a higher grafting success in relation to their basic cultivars. However, the percentage success of graft acceptance was not significant in all cases. Therefore, these differences were primarily reflected in the uniformity (stability) of grafting success through lower clone correlation coefficient values.

As can be seen from Table 3, the average Class I grafted plant production success for the examined two-year period was 80%, with the majority of Class I grafted plants obtained by grafting clones Tombesi (88%) and AD17 (86%), while a significantly lower share of Class I grafted plants was obtained from the basic cultivars TGDL and TGR (71 and 76%, respectively).



The Height and Diameter of Grafted Plants

The ANOVA results related to the tree height variance (Table 4) indicated a significant effect of Cultivars and their Clones (C) on the overall height variability among grafted plants, while the effect of year (Y) was not statistically significant. Both analyzed factors (Y and C) exerted a highly significant influence (Pr < 0.0001) on the graft union diameter, whereas the influence of the C × Y interaction on any of the examined traits was not significant.



TABLE 4. ANOVA results related to the height and diameter of grafted plants.*
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The results of measuring grafted plant height (cm) and diameter (mm) are shown in Table 5. In both analyzed years, the greatest grafted plant height was achieved in clones AD17 and Tombesi. The height of clone AD17 in 2021 (189 cm) was significantly greater relative to TGR in both years, TGDL in 2020, and clones PD6, MT5, C3, and MT4 in 2020. In addition, the height of clone AD17 in 2020 and clone Tombesi in both years was greater than that achieved with the remaining clones and cultivars, but this difference was not statistically significant according to Duncan’s multiple range test. Although ANOVA did not indicate a significant impact of the year on the height variability among grafted plants, the results reported in Table 5 show that the average height in 2021 was 5 cm greater than that measured in 2020. The clone AD17 had the highest grafted plant height (187 cm) across both years, but the increase relative to the Tombesi clone (180 cm) was not statistically significant. The grafted plant height of clone AD17 was statistically significantly greater compared to all other cultivars and clones, while the height of Tombesi clone did not differ significantly from other cultivars and clones.



TABLE 5. The height (cm) and diameter (mm) of grafted plants within two years (Y), and ten cultivars and their clones (C), and the corresponding coefficient of variation (CV)*.
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In both years, clones AD17 and Tombesi had the largest grafted plant diameter (Table 5), while this effect was noted for the cultivar TDG in 2021 only (ranging from 24 mm to 27 mm). These cultivars and clones had a significantly larger diameter compared to the TGDL cultivar in both years, as well as the TGR cultivar and clones PD6 and MT4 in 2020 (ranging from 17 mm to 20 mm). Based on a two-year average, the largest diameter was measured for the clone AD17 (26 mm), followed by the Tombesi clone (25 mm), and these diameters were statistically significantly greater than those measured for the remaining cultivars and clones, except for cultivar TGD and clone C1 (23 mm in both cases). Statistically significantly the smallest diameter was measured for the TGDL cultivar and MT4 clone (20 mm in both cases) in relation to all other cultivars and clones, except cultivar TGR and clone PD6.




DISCUSSION

Traditionally, hazelnuts have been propagated on their own roots (Tous et al., 2009) by suckers and layering, but this method typically resulted in a very low propagation rate and a longer juvenility period. To overcome these issues, other methods of propagation have been developed, such as grafting, cuttings, and micropropagation (Olsen and Smith, 2013), yielding good outcomes in both experimental trials and practice (Tous et al., 2009; Ellena et al., 2014). Grafting is used for a variety of reasons, including better control of vegetative propagation, reducing the time to full productivity, and increasing tolerance to biotic or abiotic stresses (Mudge et al., 2009).

Unlike most other fruit species, hazelnut is commonly propagated on its own roots due to the ease of propagation through rooted suckers. However, this often leads to sucker production at the base of the trunk, which must be regularly controlled, with adverse effects on the production cost, environment (when using herbicides) and disease spread (through the cut surface). The use of C. colurna L., a species native to the Balkans and Caucasus, as a rootstock can eliminate these issues (Korać et al., 1997a,b; Wilkinson, 2005), while improving drought and frost resistance (Hartmann et al., 1990; Janick and Paull, 2008; Ninić-Todorović et al., 2008) and increasing the nut and kernel size (Miletić et al., 2008). These benefits are evidenced by grafted hazelnut trees in Serbia that are still in prime condition and exhibit good productivity (Cerović et al., 2020) despite being grafted more than 50 years ago (Korać and Slović, 1973).

There are morphological differences in root systems between vegetative and seedling rootstocks. Vegetative rootstocks produce fewer primary roots, often no taproot and have a shallower root system (Hartmann et al., 1990). Seedling rootstocks of C. colurna L. produce deep-rooted trees that do not blow over in windstorms that would topple the shallow-rooted C. avellana (Janick and Moore, 1996). The deep-rooted trees are also more resistant to drought and are suited for non-irrigated orchards.

One of the main indicators of the applicability of propagation methods is grafting success. Grafting success depends on the intrinsic factors, such as compatibility and polarity, as well as some extrinsic factors, such as the alignment of the contact area, pressure and tissue adhesion, temperature, and humidity around the graft point (Loreti et al., 2019). According to Tedesco et al. (2020), the graft success of grape vine is also dependent on the rooting ability of the rootstock. While genetic control of grafting compatibility was reported with Prunus by Pina et al. (2021), such control has not been reported with Corylus. Hazelnut grafting has been studied by several authors who have obtained variable results depending on the grafting method, plant age, the time of year, and the location (Rodriguez et al., 1989). Some earlier studies revealed that hazelnut grafting is quite difficult due to very slow callus formation (Tombesi, 1985). As warm temperatures at the graft union increase grafting success (Lagerstedt, 1981), this finding has renewed interest in the use of vegetative rootstocks for hazelnut (Janick and Moore, 1996; Tous et al., 2009). Several authors have reported on hazelnuts grafted on Turkish filbert (Bush, 1941; Gellatly, 1956; Lagerstedt and Byers, 1969; Lagerstedt, 1971; Ayfer et al., 1986; and in Serbia Korać et al., 1995, 1996a, 1996c). According to Lagerstedt (1971), the first record of hazelnut grafting dates back to 1841, indicating that it began much later relative to other fruit species in which grafting has been used for thousands of years. The author further points out that cultivars grafted on Turkish filbert behave differently and states that the poorer reception of hazel grafts grafted on Turkish filbert is not caused by poor compatibility, but is rather due to the shortcomings in the grafting technique used at the time.

More recently, Rahemi et al. (2016) observed that the hypocotyl cleft graft is a simple method to increase the success rate of hazelnut grafting when the scion is coated with a thin layer of paraffin (wax). In their study, Hazelnut cultivar Carmela (Corylus avellana) was grafted on etiolated hypocotyls of native hazelnuts (C. americana). Uncoated scions had a 9% success rate, which increased to 85% when the scion was coated with a thin layer of paraffin immediately after grafting. In our research, the whip and tongue grafting method (which was applied between the end of March and the end of April) resulted in a two-year average grafting success of 75.53% for all cultivars and clones. The greatest success in both study years (85.80% in 2020 and 85.23% in 2021) was achieved by clone AD17 (clone of the cultivar TGDL). Achim et al. (2001) obtained a 62.7–68.7% success rate by grafting in June using the chip-budding method, noting that grafting through the whip and tongue method during winter was also successful.

Therefore, the technology described in this work (which was initially developed in Serbia) is commercially viable, as confirmed by previous research (Cerović et al., 2007, 2008, 2020). Based on a comparative study of the behavior of planting material of three hazelnut cultivars (Tonda di Giffoni, Tonda Gentille delle Langhe, and Tonda Romana) obtained by grafting on C. colurna and rooting of shoots, Carvajal Rodriguez et al. (2018) stated that the use of grafting for hazelnut propagation could reduce the unproductive period and decrease plant vigor, thus shifting carbohydrate partitioning from vegetative to reproductive activity.

In our study, year and year-by-cultivar/clone interactions didv not exhibit a significant effect on the total variability in the grafting success. This was a surprising finding, given the large differences in temperature, precipitation, and Rh between the years (Figures 1, 2), all of which are factors known to influence the grafting success of other plants (Loreti et al., 2019). However, in both examined years, the variability was greater in cultivars compared to their clones, suggesting that clones derived from their basic cultivars had greater uniformity (i.e., more stable grafting success). Similar findings were reported by Monastra et al. (1997), who noted the existence of minor variations among clones selected from the TGR population, while Valentini et al. (2001) found significant differences between clones obtained from the Tonda Gentile delle Langhe population. These results are in accordance with those yielded by recent research conducted by Oztolan-Erol et al. (2021) who identified high genetic diversity within the cultivar itself. The obtained results further indicate that all clones had higher grafting success compared to their basic cultivars. The only exception was clone PD6 (in 2020 only) which had lower grafting success compared to the basic cultivar TGDL, but the difference was not statistically significant.

Class I hazelnut grafted plants comprised 80% of the average two-year production output, most of which was obtained by grafting clones Tombesi (88%) and AD17 (86%), followed by basic cultivars TGDL and TGR (at 71 and 76%, respectively). Considering that only 30–50% Class I grafted plants are typically obtained in walnut production in Serbia (Bogdanović et al., 2019)., this is a considerable achievement.

By improving the hazelnut planting material production technology by grafting on Turkish filbert seedlings, as well as with cultivar selection and breeding programs, and selection of new promising clones with improved pomological characteristics, some of the most important goals in improving hazelnut production technology have been met (Fideghelli and De Salvador, 2009). The morphological, physical and chemical characteristics of the hazelnut nut depend on the genotype and its interaction with the environment, including the way hazelnuts are stored (Bignami et al., 1999; Ozdemir et al., 2001). For this reason, the continuous study of phenological and pomological traits can clarify the relationship between genotype and environmental factors, which would be beneficial to breeders, producers, and the food industry (Cristofori et al., 2007, 2008).



CONCLUSION

The obtained results revealed that the chosen hazel cultivars and clones exhibited excellent grafting success rate when grafted on non-clonal C. colurna rootstocks. In both analyzed years, as well as throughout the entire study period, greater grafting success was achieved using clones relative to the basic cultivars. Over the two-year study period, the highest grafting success was achieved by clone AD17 (85.52%), and it was significantly higher in relation to cultivars TGR and TGDL (64.53 and 67.74%), as well as clones Clone 1 and PD6 (70.63 and 71.20%). The two-year average share of Class I grafted plants was 80%, arising primarily from grafting Tombesi clones (88%) and AD17 (86%), while a significantly lower share of Class I grafted plants was obtained using basic cultivars TGDL and TGR (71 and 76%, respectively). Apart from the aforementioned advantages, clones AD17 and Tombesi produced grafted plants of the greatest height and graft union diameter.

Variability of grafting success was also higher for cultivars relative to their clones in both study years while the year itself did not affect the grafting success. Thus, it can be concluded that clones, in addition to higher seedling acceptance, also had greater uniformity, that is, more stable grafting success in relation to the basic cultivars from which they were obtained. After adequate care, hazelnut grafted plants produced according to the technology developed at the Faculty of Agriculture in Novi Sad were ready for planting in the fall of the same year in which they were grafted. Together with the production of rootstocks, the production of grafted hazel grafted plants lasts a total of three growing seasons. From all the information presented above, it can be concluded that the technology involving grafting cultivars and clones of C. avellana L. on the C. colurna L. non-clonal rootstock established in Serbia is highly suitable for commercial production of quality hazelnut planting material grown in the form of a single tree.
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Bacterial blight of hazelnut (Corylus avellana L.) is caused by Xanthomonas arboricola pv. corylina (Xac). In the past, bacterial blight has been a key disease impacting the Oregon hazelnut industry where 99% of the United States hazelnut crop is grown. The disease is re-emerging in young orchards, as acreage of newly released hazelnut cultivars rapidly increases. This increase in hazelnut acreage is accompanied by renewed interest in developing control strategies for bacterial blight. Information on susceptibility of hazelnut cultivars to Xac is limited, partially due to lack of verified methods to quantify hazelnut cultivar response to artificial inoculation. In this research, Xac inoculation protocols were adapted to two hazelnut growing environments to evaluate cultivar susceptibility: in vitro tissue culture under sterile and controlled conditions, and in vivo potted tree conditions. Five hazelnut cultivars were evaluated using the in vitro inoculation protocol and seven hazelnut cultivars were evaluated using the in vivo inoculation protocol. Under in vitro conditions, there were severe bacterial blight symptoms on each cultivar consistent with those seen in the field, but no significant differences in the susceptibility of the newly released cultivars were observed compared to known Xac-susceptible cultivar (“Barcelona”). Under in vivo conditions, the proportion of necrotic buds were significantly higher in “Jefferson” and “Dorris” compared to all of the other tested cultivars, including “Barcelona.” The symptom progression seen in vivo mirrored the timing and symptom progression of bacterial blight reported from field observations. The in vitro conditions significantly reduced the amount of time required to measure the inoculation efficiency compared to the in vivo environment and allowed for greater replication. Further studies on the effects of Xac can use the results of these experiments to establish a dose–response model for bacterial blight, a wider range of germplasm can be tested under in vitro conditions, and management strategies that can be evaluated on large populations of new cultivars using the in vivo methods.

Keywords: hazelnut, disease screening, inoculation, tissue culture, in vitro, in vivo, eastern filbert blight, bacterial blight


INTRODUCTION

Bacterial blight of hazelnut caused by Xanthomonas arboricola pv. corylina (Xac) (Miller et al., 1940; Vauterin et al., 1995) is one of the most economically impactful diseases in commercial production of European hazelnut (Corylus avellana L.) worldwide. Bacterial blight is the second most important disease in the Oregon hazelnut industry behind the devastating fungal disease eastern filbert blight (EFB), which was inadvertently introduced from its native range in the eastern U.S. (Johnson et al., 1996). The hazelnut production acreage in Oregon has more than doubled since the release of EFB-resistant cultivars from 2007 to 2021 with roughly 34,000 Ha currently under cultivation (Pacific Agricultural Survey LLC, 2021). The rapid increase in planting enabled by EFB-resistant cultivars has come with many biotic and abiotic challenges, including increased reports of bacterial blight in young orchards.

Xanthomonas arboricola pv. corylina is a highly host-specific pathogen that exclusively causes bacterial blight in hazelnuts (Corylus spp.) (Miller et al., 1940). Bacterial blight symptoms are found on leaves, buds, twigs, trunks, and occasionally nuts, primarily on young hazelnut trees between 1 and 4 years old (Miller et al., 1949; Scortichini et al., 2002; Lamichhane and Varvaro, 2014; Kałuzna et al., 2021). It has been shown that Xac may reside epiphytically on asymptomatic plant tissues including under bud scales for extended periods without inducing symptoms (Pisetta et al., 2016). Suboptimal soil in planting sites, dryland production, and excess nitrogen in the soil have been associated with bacterial blight infection on hazelnuts (Moore, 1974; Lamichhane et al., 2013; Olsen, 2013; Pisetta et al., 2016). The disease can be difficult to detect in young hazelnut trees until the symptoms have had a detrimental effect in orchards, making this a challenging disease to manage and study in the field.

Planting resistant cultivars has been suggested as the best control method for managing bacterial blight since the disease was first described, especially in conjunction with sanitary cultural practices and timely copper sprays (Barss, 1913; Miller et al., 1949; Prunier et al., 1976; Lamichhane and Varvaro, 2014). However, observations on cultivar susceptibility reported in literature pertain to “legacy” varieties that are rarely planted in Oregon because they are highly susceptible to EFB (Olsen et al., 2013). The expansion of the hazelnut industry using cultivars with genetic resistance to EFB (McCluskey et al., 2011; Mehlenbacher et al., 2011, 2014, 2016, 2018, 2019) has exposed knowledge gaps in how to best manage the disease. No data exists on the susceptibility of these new EFB-resistant hazelnut cultivars to bacterial blight (Pscheidt and Ocamb, 2021).

Studies have been carried out on the Xac pathogen describing phenotypic, biochemical, and molecular qualities of the bacterium and pathogenicity testing of the pathogen on hazelnuts (Scortichini et al., 2002; Puławska et al., 2010; Prokić et al., 2012; Lamichhane and Varvaro, 2014; Webber et al., 2020). Bacterial blight infection requires pathogen presence and ideal environmental conditions and timing during specific growth stages of the hazelnut tissue to permit infection (Miller et al., 1949; Moore, 1969). The primary infection period of bacterial blight in Oregon orchards is in the late fall and early winter months during rainy and wet conditions (Miller et al., 1949). During some growing seasons, the disease is highly problematic in young orchards. After the fall infection period, symptoms of bacterial blight first appear the following spring from early to mid-April through early June in Oregon (Miller, 1937; Moore, 1974). Infections in spring may continue to develop and damage trees through the current growing season or even into subsequent seasons, but there are no new infection periods during the summer months (Miller et al., 1949; Scortichini et al., 2002; Prokić et al., 2012; Lamichhane and Varvaro, 2014).

Evaluating the susceptibility of different cultivars to the Xac pathogen under controlled field inoculations is a challenging prospect with environmental variability playing an important role along with the prolonged disease cycle. Scortichini et al. (2002) evaluated response to bacterial blight in three Italian hazelnut cultivars in the field inoculated with 31 Xac isolates. Buds entering dormancy were injected with each isolate and disease symptoms were assessed months later in spring. There was no difference found in susceptibility among the three hazelnut cultivars tested. Greenhouse experiments with potted trees also have been used under the conditions needed for successful inoculation in small-scale experiments (Miller et al., 1949; Prokić et al., 2012), but the capacity for large-scale experiments to achieve high replication of treatments is challenging.

As an alternative to inoculation experiments on potted or planted trees, micropropagation can been used to more rapidly produce many plant replicates in a controlled environment for disease screening (Barlass et al., 1986; Duron, 1987; Brisset et al., 1988; Scheck et al., 1997; Tripathi et al., 2008; Chandra, 2010). Tissue culture has had a great impact on the ability to produce large quantities of true-to-type, disease-free plantlets in a relatively short period of time with year-round application. Hazelnuts were first propagated in an in vitro system in 1975 (Radojevic et al., 1975), and many improvements have been made to optimize propagation since. Yu and Reed (1993) tested a variety of basal media and carbon sources and found that Driver–Kuniyuki Walnut (DKW) medium produced optimal shoot multiplication for hazelnuts. The DKW micropropagation media was adjusted and improved over the years, and the most recent Corylus media was formulated in 2016 for optimal hazelnut growth with DKW as the basis (Nas and Read, 2004; Bacchetta et al., 2008; Akin et al., 2017).

In this study, we tested susceptibility of new hazelnut cultivars with in vivo and in vitro inoculation experiments. For the in vitro susceptibility study, five hazelnut cultivars were micropropagated and used in inoculation experiments with Xac. These cultivars represented four of the new releases from the Oregon State University breeding program with single gene resistance to EFB including “Jefferson” (Mehlenbacher et al., 2011), “Dorris” (Mehlenbacher et al., 2013), “McDonald” (Mehlenbacher et al., 2016), and “Wepster” (Mehlenbacher et al., 2014), and also one known susceptible legacy cultivar “Barcelona” (Olsen et al., 2013). Tissue culture was used in a controlled environment to investigate the potential for developing a rapid screening technique for disease on hazelnut explants. For the in vivo susceptibility testing, potted trees were maintained outdoors and inoculated using the bud injection method reported by Scortichini et al. (2002) on the same cultivars used for the in vitro study with two additional cultivars, “Yamhill” and the pollinizer “York” (Mehlenbacher et al., 2009, 2018). This was the first potted tree inoculation experiment to examine response to bacterial blight in the new Oregon State University hazelnut cultivars. The data from each inoculation system were analyzed to quantify the incidence of disease and symptoms in each of the hazelnut cultivars.



MATERIALS AND METHODS


Plant Material

The hazelnut cultivars evaluated in vitro included “Barcelona” (bacterial blight susceptible control), “Jefferson,” “McDonald,” “Wepster,” and “Dorris.” The tissue culture plant materials were maintained in the Oregon State University Horticulture Department Tissue Culture Lab in Corvallis, OR, USA. The explants were propagated for the experiment using the 2016 Corylus micropropagation medium for 6 weeks [NH4NO3, MgSO4·7H2O, K2SO4, KH2PO4, CaCl2·2H2O, Ca(NO3)2·4H2O, DKW-micronutrients, DKW vitamins, 2 mg L−1 Murashige and Skoog Thiamine, 200 mg L−1 Sequestrene-Fe 138, 6-benzylaminopurine (5 mg L−1), adjusted to pH 5.2, and solidified with agar (6 g L−1) (PhytoTechnology Laboratories A1111, Lenexa, KS, USA)] (Akin et al., 2017). The explants from the 5 cultivars were then transferred to culture tubes containing 10 ml of water-agar medium (sterile DI water solidified with agar 6 g L−1) (PhytoTechnology Laboratories A1111, Lenexa, KS, USA). Water-agar medium was used to maintain plants after inoculation because Xac grew on micropropagation media in preliminary experiments.

In the potted tree in vivo evaluation, “Yamhill” and “York” were included along with the five cultivars tested in vitro. The 6 EFB-resistant cultivars were grown as micropropagated trees purchased as plugs (North American Plants, LLC, McMinnville, OR, USA) in 2017 and 2018 raised in pots (2.6 L) using Metro Mix 840 PC potting medium (Sun Gro Horticulture Ltd., Agawam, MA, USA), under greenhouse conditions (16:8 L:D, 25°C). One group of trees was 2 years old at the time of inoculation. They were potted and maintained in a greenhouse during the spring of 2017 and then were held outdoors until inoculation. Potted trees were regularly irrigated and were provided with 20 g slow-release fertilizer every 6 months (15-9-12, Osmocote® Plus, Maryville, OH, USA). A second group of trees were 1 year old at the time of inoculation. They were potted in the spring of 2018, given slow-release fertilizer, and maintained in the greenhouse. These trees were acclimated to the outdoors and went into dormancy in the fall of 2018. The legacy cultivar “Barcelona” (known susceptible) was not available from tissue culture, so stool-bed layered trees were potted up and cared for in the same manner as the other trees.



Inoculum Preparation

Xanthomonas arboricola pv. corylina strain JL2600 was isolated from a commercial hazelnut orchard in the Willamette Valley, OR, USA, characterized, and shown to be virulent (Webber et al., 2020). The strain was formulated as a lyophilized powder for inoculation of hazelnut. JL2600 was cultured for 5 days at 27°C on several plates of glucose, yeast, calcium carbonate agar (GYCA) (Prokić et al., 2012). Bacterial lawns were recovered from the media with a spatula, mixed with powdered skim milk [38% (w/v)], and frozen at −80°C prior to lyophilization using a FreeZone 6 system Freeze Drier (Labconco Co. Kansas City, MO, USA). The freeze-dried product was ground to a fine powder and stored at −80°C (Johnson et al., 1993; Rothleutner et al., 2014). The titer of the freeze-dried formulation of JL2600 was verified routinely and was consistent among all experiments.



In vitro Inoculation Procedure

Twenty replicate explants per cultivar were treated with JL2600 or sterile DI water as a negative control. The in vitro inoculation experiment was repeated three times. Explants were removed from culture tubes and the apical meristem was removed aseptically with a scalpel to expose the vascular tissue. The explants were swirled for 10 s in a suspension of JL2600, at a concentration of 1 × 107 colony forming units (CFU)/ml, or sterile deionized (DI) water, and the excess liquid was allowed to drip off. The lyophilized bacterium was suspended in sterile DI water and incubated for 1 h at room temperature prior to inoculation. After treatment, explants were placed in water agar in culture tubes and maintained in a growth chamber at 25°C with a 14:10 L:D photoperiod for the duration of the 9-week experiment.



In vitro Symptom Assessment

All changes in the appearance of the treated explants were observed and recorded to develop a screening method under in vitro conditions. Symptoms were evaluated once a week for the duration of the experiment during each of the three replications. The cultivar evaluation experiment was terminated at 8 weeks post-inoculation (wpi). The pathogen was isolated from symptomatic tissues and verified to fulfill the postulate of Koch. Lesions were rated as any imperfections or blemishes present on the leaf surface. During the initial evaluation on the date of inoculation (0 wpi), minor blemishes that were naturally present on the leaves of tissue culture plantlets were counted. As the weeks progressed, leaves with lesions, chlorosis, or chlorotic patches were counted and recorded on each explant. Necrotic leaves or leaves with developing necrotic patches were also counted on each explant. The symptoms on each leaf were assigned to a category based on which symptom was dominant (lesions, chlorotic, or necrotic). At each time point, asymptomatic leaves also were counted to allow calculation of the proportion of symptomatic leaves.



In vitro Potted Tree Inoculation

Inoculations were carried out by administering the treatments with a needle syringe to individual buds on each tree using the method of Scortichini et al. (2002). Briefly, the cultivars were divided into JL2600 and control treatment groups with an equal number of trees in each. A suspension of JL2600 at 1 × 108 CFU/ml was prepared in a sterile 10 mM phosphate buffer, pH 7.0. The negative control treatment was sterile phosphate buffer.

The trees were labeled with their respective treatments. Between 7 and 20 buds were marked on each tree, depending on the number of buds available, with a twist tie marker placed at the bottom of the branch with treated buds. The buds selected for treatment were injected with 10 μl of sterile phosphate buffer or JL2600 (1 × 108 CFU/ml) under the bud scales until runoff using a sterile 1-cc hypodermic syringe fitted with a 28-G needle (Webber et al., 2020).

The total population of treated cultivars consisted of 880 trees. There were 240 two-year-old trees, 600 one-year-old trees, and 40 layered “Barcelona” 1-year-old trees. The treatments were carried out during the first week of November 2018 over 4 consecutive days. Each day, an equal number of Xac-inoculations and sterile phosphate buffer control treatments were administered for each cultivar and age. New inoculum and phosphate buffer controls were used each day, and the concentration of bacteria was consistent. The treatments were kept separate during inoculation to avoid cross contamination while the inoculum was still wet. One week after inoculation, the JL2600-treated trees and the negative control trees of each cultivar were arranged into a completely randomized design. After inoculation, the trees were held over winter on an outdoor pad at North Willamette Research and Extension Center, Oregon State University, Aurora, OR, USA. Trees were monitored periodically throughout the dormant season and checked weekly as spring approached and the buds began to swell and break.



In vivo Potted Tree Symptom Assessment

Evaluation of symptoms was performed in the first week of May 2019. Inoculated buds were rated as infected by the presence of lesions and necrotic tissue on the buds, petioles, and emerging leaves of each tree in a similar manner to the in vitro study. A random sample of symptomatic and asymptomatic tissue from each cultivar and treatment was collected to re-isolate inoculated bacteria to fulfill the postulate of Koch. The re-isolated bacteria were identified using dilution plating on the semi-selective growing medium GYCA and sequence analysis of the housekeeping gene gyrB to detect unique polymorphisms in JL2600 (Webber et al., 2020).



Statistical Analyses

The open-source statistical environment R (R Core Team, 2020) was used for all statistical analyses and to produce the associated figures. Packages utilized include ‘dplyr’ for data manipulation (Wickham et al., 2020) and ‘ggplot2’ for graphics (Wickham, 2009). For the in vitro study, the proportion of symptomatic leaves was analyzed with a two-column matrix containing the proportion of symptomatic and healthy leaves as the response variable in a binomial generalized linear repeated measures model (GLM). The GLM used a binomial error distribution and interactive predictor variables between cultivar, treatment, and week after a generalized linear mixed effects model (GLMM) using glmer from the package ‘lme4’ (Bates et al., 2015) with a random effect on subject (plant) showed negligible (near zero) random effect variance, thus justifying the simpler GLM. An analysis of deviance chi-squared Wald test was performed on the GLM, followed by Tukey's multiple comparisons test from the package ‘emmeans’(Lenth, 2021) to evaluate separation of means for the significant GLMM. Results were analyzed for the in vivo potted tree inoculation using GLMM with glmer in the package ‘lme4’(Bates et al., 2015). The response variable for the GLMM was the proportion of necrotic buds represented by a two-column matrix with the number of buds infected (symptomatic) and the number of healthy buds of the total inoculated. The fixed effect predictors for the model were the interaction between treatment and cultivar, and age of tree at the time of inoculation was included as a random effect. The error distribution family selected for the GLMM was binomial. Analysis of deviance and Tukey post-hoc comparisons were performed on the GLMM for the in vivo data as described above for the GLM for the in vitro data.




RESULTS


In vitro Inoculations

Bacterial blight symptoms under the controlled conditions were consistent with symptoms observed in the in vivo inoculation, and no differences in cultivar susceptibility were detected.

The response variable for the in vitro study was symptomatic leaves representing leaves that had lesions, chlorosis or necrosis. It was not possible during the weekly assessments of explants to confidently visually differentiate the physiological effects of progressing nutrient deficiency in explants growing in water-agar medium (Figure 1A), and symptoms due to progression of the disease (Figure 1B). Symptoms in the water controls were not related to infection or contamination by Xac, as no bacteria were ever isolated from the water control explants at the conclusion of the in vitro experiment. Thus, “symptomatic” hereafter for the in vitro study refers to symptoms of bacterial blight in the JL2600-treated explants, and to bacterial blight-like symptoms in explants treated with water only. Symptom progression in known susceptible “Barcelona” for the JL2600 treatment and the water control treatment throughout the 8-week evaluation period for the in vitro study is shown in Figure 2.


[image: Figure 1]
FIGURE 1. Symptoms following controlled inoculations of both in vitro and in vivo plant material. (A) “Barcelona” explant from the in vitro experiment treated with sterilized deionized water (control) showing chlorosis from growing on the water-agar medium, (B) “Jefferson” explant from in vitro experiment showing severe chlorosis and water-soaked lesions at 5 weeks post-inoculation with Xanthomonas arboricola pv. corylina strain JL2600, and (C) “Jefferson” potted tree (in vivo) showing severe chlorosis and water-soaked lesions at 6 months post-inoculation with JL2600.
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FIGURE 2. Symptom progression on known bacterial blight susceptible legacy cultivar “Barcelona” following in vitro inoculations with Xac-JL2600 (top row) and water control treatment (bottom row). The Xac-JL2600 treatment (top row) shows a gradual progression of disease symptoms starting at 0 wpi (weeks post-inoculation) with the explant free of visible blemishes or symptoms, slight chlorosis and water-soaked lesion formation beginning at 2 wpi and becoming more prominent by 4 wpi. By 6 wpi, the chlorosis and water-soaked lesions were severe and turning necrotic, moving into the stem by 8 wpi. The water control treatment (bottom row) showed relatively few changes in leaf symptoms throughout the evaluation.


The GLM indicated that there were significant differences in the proportion of symptomatic leaves on explants depending on cultivar alone (cultivar; Table 1). This may be explained by the observation that the cultivars may have had different tolerances to the water-agar medium. For example, at the time of treatment (0 wpi), ‘Dorris’already had a significantly higher proportion of symptomatic leaves compared to other cultivars in both the JL2600-treated and the water-treated explants [Tukey's honestly significant difference (HSD); p < 0.05; Figure 3]. The predictor treatment had a significant effect on the proportion of symptomatic leaves (treatment; Table 1), and it was clear that even though bacterial blight-like symptoms were present in the bacteria-free water controls and increased over time, that JL2600-inoculated explants showed a more consistent rate of increase of disease symptoms on leaves (Figure 3B).


Table 1. Analysis of deviance results for the generalized linear model for the proportion of symptomatic leaves of explants in the in vitro study.
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FIGURE 3. Comparison of host responses over an 8-week evaluation period of five cultivars of hazelnut, propagated as tissue cultured explants on water-agar medium, and dip inoculated with sterile-deionized water [(A). Control], or the hazelnut bacterial blight pathogen Xanthomonas arboricola pv. corylina strain JL2600 [(B). JL2600]. Data points represent the proportion of total leaves on an explant that were symptomatic. Vertical bars represent 95% CI.


For the GLM interaction terms, inoculation treatment with water or JL2600 had a similar effect on all cultivars (cultivar:treatment; Table 1), suggesting that there was not a clear difference in susceptibility to Xac among cultivars under the tested experimental conditions. However, cultivars had different proportions of symptomatic leaves depending on the wpi (cultivar:wpi; Table 1), but again, this result reflects on the different reaction of cultivars to the water-agar medium over time. The treatment effect on symptoms also depended on the week in which leaves were evaluated (treatment:wpi; Table 1), and finally, depending on the week, treatments had significantly different effects on the different cultivars (cultivar:treatment:wpi; Table 1). There was a time delay before this latter interaction effect began to appear. There were no significant differences between the proportion of symptomatic leaves between the JL2600-treated explants and their respective control explants of any cultivar at 0 wpi or 1 wpi (Tukey's HSD; p > 0.05; Figure 3). The first significant treatment effect where JL2600-treated cultivars had a higher proportion of symptomatic leaves compared to water-treated control was at 2 wpi with “McDonald” and “Dorris” (Tukey's HSD; p < 0.05; Figure 3). At 2 wpi, characteristic bacterial ooze was observed on site where the meristem had been removed in each of the cultivars. After 3 wpi, all JL2600-treated cultivars had a significantly greater proportion of necrotic leaves than their respective controls (Tukey's HSD; p < 0.05; Figure 3). There were significant differences between the proportion of symptomatic leaves for some of the Xac-treated cultivars at different time points or wpi, but the disease progressed at a very similar rate in all Xac-treated cultivars (Figure 3B). All cultivars treated with water (controls) had an increasing proportion of leaves showing bacterial blight-like symptoms of necrosis from the time of treatment to 3–4 wpi, and subsequently the rate of increase in the proportion of symptomatic leaves on water-treated explants slowed (Figure 3A). At 8 wpi and the end of the trial, the water-treated controls had a significantly lower incidence of symptomatic leaves compared to JL2600-treated explants, which tended to be completely necrotic by this time (Tukey's HSD; p < 0.05; Figure 3).

Strain JL2600 was consistently isolated from inoculated explants at population densities ranging from 1 × 104 to 1 × 107 CFU/explant. Despite the increase in bacterial blight-like symptoms observed on the water-treated control explants over time for each cultivar, no bacteria were re-isolated on GYCA from these explants. Thus, symptoms on control explants were interpreted to indicate stress in response to growing in water-agar medium devoid of nutrients.



In vivo Inoculation

Evaluation shows “Dorris” and “Jefferson” having the highest disease incidence compared to “Barcelona,” “Yamhill,” “McDonald,” “Wepster,” and “York.”

The first symptoms of bacterial blight in the in vivo trial were observed on April 16, 2019, 160 days post-inoculation, when the trees were in the half-inch green leaf development stage. Symptoms appeared as failure of buds to open, death of partially opened buds, and water-soaked lesions on emerging leaves (Figures 1C, 4). Symptoms progressed for another 3 weeks and were evaluated on May 6, 2019. Buds treated with water did not show any symptoms of bacterial blight, but in some cases the leaves that developed from buds inoculated with the sterile phosphate buffer (controls) had holes in them where the syringe had pierced the leaf primordia in the bud.
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FIGURE 4. Disease symptoms 6 months after the in vivo inoculations with Xac-JL2600 treatment (A–D) and the sterile phosphate buffer control treatment (E,F). Xac-JL2600 symptoms presented as (A) necrotic buds, (B) partially opened necrotic buds, (C) water-soaked lesions and necrotic spots on newly emerged shoots, and (D) the dieback of newly emerged shoots. The water control treatment showed (E) visible holes where the inoculation needle punctured the leaf primordia and (F) emerging shoots developing free of symptoms.


All of the predictors from the GLMM had a highly significant influence on the model demonstrating that cultivar, treatment, and the interaction between cultivar and treatment had significant effects on the proportion of necrotic buds on the potted trees (Table 2). In each cultivar, the incidence of necrotic buds among all of the buds inoculated with JL2600 was significantly different than the proportion of necrotic buds on the sterile phosphate buffer controls (Tukey's HSD; p < 0.05; Figure 5). The known susceptible “Barcelona” trees had a mean incidence of bud necrosis of 0.350 (±0.058 SEM) on buds inoculated with JL2600, whereas the incidence of bud necrosis on control buds was 0.019 (±0.007 SEM) (Figure 5). Mean incidences of bud necrosis of inoculated “McDonald” (0.348 ± 0.054 SEM), “Wepster” (0.383, ±0.052 SEM), “Yamhill” (0.381 ± 0.056 SEM), and “York” (0.356 ± 0.055 SEM) showed no difference in disease incidence compared to “Barcelona” and each other (p > 0.05; Figure 5). However, the mean incidence of necrotic buds for JL2600-inoculated “Jefferson” (0.702 ± 0.053 SEM) and “Dorris” (0.684 ± 0.052 SEM) had a significantly greater disease incidence than “Barcelona” and all other JL2600-inoculated and control trees (Tukey's HSD; p < 0.05; Figure 5). No difference in the incidence of necrotic buds was found with JL2600-inoculated “Jefferson” and “Dorris” (Tukey's HSD; p > 0.05; Figure 5). Within the control treatment, “Jefferson” had the highest mean proportion of necrotic buds (0.115 ± 0.028), which was significantly greater than each of the other control cultivars (Tukey's HSD; p < 0.05; Figure 5). “Yamhill” and “Wepster” controls had the lowest proportion of necrotic buds of any cultivar/treatment combination (0.004 ± 0.002, and 0.008 ± 0.003, respectively; Tukey's HSD; p < 0.05).


Table 2. Analysis of deviance results for the generalized linear mixed model for the proportion of symptomatic buds on potted trees in the in vivo study.
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FIGURE 5. Comparison of the proportion of necrotic buds across seven different cultivars of hazelnut consisting of 880 potted trees (in vivo) maintained outdoors. Each tree had between 7 and 20 buds inoculated by injection in fall 2018 with sterile phosphate buffer (Control), or the bacterial blight pathogen Xanthomonas arboricola pv. corylina strain JL2600. The population was evaluated in spring 2019. Vertical bars represent 95% CI. Different letters above bars indicate significant differences by Tukey's HSD (p < 0.05).


Bacteria were recovered from symptomatic buds and tissue from the JL2600-treated trees at concentrations consistently 1,000-fold greater (1 × 109 CFU/bud) than the concentration injected into the buds at inoculation (1 × 106 CFU/buds). A lower concentration of bacteria (1 × 104 CFU/bud) with the morphology of Xac were recovered from a random sample of asymptomatic control buds. These occurrences of Xac on the asymptomatic control buds suggest that bacteria from the JL2600-treated trees splashed onto control trees post-inoculation after the potted trees were arranged into a complete randomized design and were left over winter. These bacteria residing epiphytically on the asymptomatic bud surface is consistent with how Xac is naturally spread in an orchard environment. Amplification and Sanger sequencing of gyrB in the recovered bacteria from each treatment showed single nucleotide polymorphisms that were consistent with strain JL2600.




DISCUSSION

Hazelnut cultivars propagated and inoculated under in vitro conditions were useful for examining pathogenicity of Xac and could form the basis for a protocol for rapid disease screening for hazelnut cultivars. After inoculation under in vivo conditions, each of the EFB-resistant cultivars was found to be susceptible to bacterial blight infection with disease incidence equal to or greater than the known susceptible cultivar Barcelona. The in vitro evaluation also supported these results. While the two inoculation methods were used in this study were using different forms of plant material and different inoculation methods, each evaluation system consistently demonstrated bacterial blight susceptibility and disease symptoms.

The cultivar “Barcelona” was classified under natural conditions as moderately to highly susceptible to bacterial blight and was included in this study as a known susceptible (Barss, 1927; Miller et al., 1949; Pscheidt and Ocamb, 2021). Previous bacterial blight investigations reported the cultivar response to bacterial blight based on observations under natural conditions of infection, but with no formal quantification of disease. Several hazelnut cultivars have been reported under field conditions as having a degree of bacterial blight resistance such as pollinizers “Daviana” and “Hall's Giant”; however, with poor nut quality and EFB susceptibility, they are no longer widely planted (Miller et al., 1949; Prunier et al., 1976; Thompson et al., 1996). It would have been advantageous to include these purportedly resistant cultivars in this study, but plant material of these legacy pollinizer cultivars was unavailable. However, under each inoculation system evaluated in this study, the disease incidence for “Barcelona” supports the observation of at least moderate susceptibility. “Yamhill,” “McDonald,” “Wepster,” and “York” showed no difference in disease incidence to “Barcelona” suggesting that they too are moderately susceptible to bacterial blight. “Dorris” and “Jefferson” had the highest bacterial blight disease incidence, significantly greater than any other cultivar, suggesting they are highly susceptible to bacterial blight under the conditions evaluated. These recommendations of susceptibility are based on high replications of 1-year old and 2-year old in vivo individuals; however with only 1 year of data, it is worth noting the limitations of this experiment in drawing broad conclusions of susceptibility. Further testing across multiple growing seasons and environments are needed to make comprehensive recommendations.

The in vivo inoculation methods provided a quantitative measurement of buds infected out of total buds inoculated on each replicate, while ensuring that each bud was wounded and inoculated with the same concentration of the pathogen. However, this method was tedious and time consuming. Future potted tree or field inoculation experiments could evaluate spray-inoculation of Xac onto freshly pruned trees. Belisario et al. (1999) used this mass spraying inoculation method without wounding when evaluating a 1-year-old seedling population of Juglans species for disease resistance to walnut blight caused by Xanthomonas arboricola pv. juglandis (Xaj). The resulting disease susceptibility on the different species was assessed using the percentage of seedlings with cankers on the stems and branches. In a recent review, Kałuzna et al. (2021) highlighted the similarities between Xac and Xaj suggesting that inoculation, identification, and management techniques successful on Xaj could also be informative if applied on Xac. The time saved by using this spray inoculation technique would allow for greater population sizes and could be incorporated into mass bacterial blight screening on hazelnut. However, wounding of the tree could potentially lower the power to detect cultivar resistance to bacterial blight, as wounding or injury is not required nor necessarily associated with natural bacterial blight infections on buds, though bacterial blight is associated with pruning wounds on branches and trunks (Miller et al., 1949). Future studies seeking to determine susceptibility of different cultivars may also benefit from less aggressive inoculation procedures, such as application of droplets or sprayed inoculum on uninjured buds. As bacterial blight is associated with drought stress, it would also be interesting to examine effects of deficit irrigation on spray-inoculated trees.

The potted tree inoculation simulated bacteria overwintering in the bud scale with an added wound to localize the infection, but this method took much effort to prepare trees for inoculation, and then a lot of time is needed to see symptoms to develop in the spring following fall inoculation. While environmental conditions in the greenhouse stage were under control, placement of trees outdoors post-inoculation meant that trees were subject to natural environmental conditions, such as non-uniform wind, rain, and frost events, which could influence development of the disease and affect repeatability of experiments. These inconsistent environmental conditions caused inadvertent wind and rainwater splash of JL2600 bacteria from JL2600-treated trees onto water-treated buds. This was discovered when low concentrations of Xac were recovered from randomly collected asymptomatic water-treated buds. Perhaps the winter dormancy period could be simulated and shortened in a more controlled environment by utilization of cold storage facilities for storing inoculated plants to satisfy chill hour requirements, at which point they could be brought back to the greenhouse to break bud for subsequent evaluation of disease symptoms.

In contrast with the in vivo experiments, the in vitro method to evaluate disease susceptibility is quick, low cost, easily replicated, and allows greater control over environmental conditions compared to field and potted tree inoculations. Previous studies found tissue culture to be an effective method for high-volume screening of plant resistance to bacterial pathogens, and others found the results to be not comparable enough to field conditions to be an accurate screening tool (Brisset et al., 1988; Tripathi et al., 2008). Plant resistance and pathogenicity have been tested using tissue culture explants in systems such as: Pseudomonas syringae pv. syringae (Pss) on lilacs, Xanthomonas campestris pv. musacearum causing Xanthomonas wilt on bananas, and Erwinia amylovora causing fire blight on apples and pears (Duron, 1987; Brisset et al., 1988; Scheck et al., 1997; Tripathi et al., 2008). Scheck et al. (1997) screened the capacity of strains of Pss, isolated from several genera of host plants, to cause disease on lilac explants. In that assay, Pss did not grow on the MS tissue culture media so no special adjustments were needed for the culture media. In this study, Xac strains grew on the 2016 Corylus media (Akin et al., 2017). We maintained explants on water-agar medium, which may have amplified bacterial blight symptoms due to increased plant stress (Moore, 1974). The water-treated control explants showed stress symptoms indicative of nutrient deficiency, such as yellowing of the leaves, while maintained on water-agar medium. The stress symptom development in the controls leveled off over the duration of the experiment, but the appearance of these symptoms on the water-treated controls unrelated to Xac, reduced the contrast with disease symptoms in the Xac-treated explants.

Pseudomonas syringae pv. syringae produced uniform disease symptoms on the lilac explants maintained in MS tissue culture medium (Scheck et al., 1997). The disease symptoms on the lilac explants included water-soaked lesions on the leaves, vein, and petiole necrosis and tip dieback. The symptoms appeared as little as 2 days post-inoculation with a complete disease response after 14 days (Scheck et al., 1997). In this study, bacterial blight symptoms began to appear as early as 5 days post-inoculation with a complete disease response greater than the water controls at 3 wpi. The in vitro bacterial blight assay in hazelnuts takes twice as long as the Pss tissue culture assay, but it is a major improvement on previous methods of testing the disease response of Xac on hazelnut that can take up to 6 months. However, the in vitro test did not seem to give high resolution for discriminating susceptibility under our conditions as there was no clear difference seen among cultivars and the disease progressed at a very similar rate in all the tested cultivars (Scortichini et al., 2002; Prokić et al., 2012).

A rapid technique for evaluating banana cultivars to Xanthomonas wilt was developed using tissue culture methods compared to potted plants (Tripathi et al., 2008). There were eight cultivars of bananas tested and a gradient of susceptibility to Xanthomonas wilt were significant in both tissue culture and on potted plants (Tripathi et al., 2008). The cultivar disease incidence gradient of bacterial blight of hazelnut observed in the in vivo inoculation was not observed in the in vitro system. Differences in susceptibility might be seen under in vitro conditions at lower Xac inoculum concentrations while establishing dose-response curves for different cultivars. Additionally, evaluating cultivars in vivo or in vitro with several Xac strains with different levels of virulence could also introduce cultivar separation relevant to informing bacterial blight management decisions. As global hazelnut production increases and new cultivars of hazelnuts are developed, adapted methods of both in vitro and in vivo inoculation systems could be used to screen large populations of progeny or new cultivars for bacterial blight susceptibility. Such studies could provide a more global scope of cultivar susceptibility to Xac by including important European cultivars, and other cultivars that are being widely planted around the world.
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An increasing interest in the cultivation of (European) hazelnut (Corylus avellana) is driving a demand to breed cultivars adapted to non-conventional environments, particularly in the context of incipient climate change. Given that plant phenology is so strongly determined by genotype, a rational approach to support these breeding efforts will be to identify quantitative trait loci (QTLs) and the genes underlying the basis for adaptation. The present study was designed to map QTLs for phenology-related traits, such as the timing of both male and female flowering, dichogamy, and the period required for nuts to reach maturity. The analysis took advantage of an existing linkage map developed from a population of F1 progeny bred from the cross “Tonda Gentile delle Langhe” × “Merveille de Bollwiller,” consisting in 11 LG. A total of 42 QTL-harboring regions were identified. Overall, 71 QTLs were detected, 49 on the TGdL map and 22 on the MB map; among these, 21 were classified as major; 13 were detected in at least two of the seasons (stable-major QTL). In detail, 20 QTLs were identified as contributing to the time of male flowering, 15 to time of female flowering, 25 to dichogamy, and 11 to time of nut maturity. LG02 was found to harbor 16 QTLs, while 15 QTLs mapped to LG10 and 14 to LG03. Many of the QTLs were clustered with one another. The major cluster was located on TGdL_02 and consisted of mainly major QTLs governing all the analyzed traits. A search of the key genomic regions revealed 22 candidate genes underlying the set of traits being investigated. Many of them have been described in the literature as involved in processes related to flowering, control of dormancy, budburst, the switch from vegetative to reproductive growth, or the morphogenesis of flowers and seeds.

Keywords: quantitative trait loci, flowering time, dichogamy, nut maturity time, Corylus avellana


INTRODUCTION

The European hazelnut (Corylus avellana L., 2n = 2x = 22) is a high-value cash crop, with the two largest producers being Turkey and Italy, and growing industry in several other countries worldwide (Food and Agriculture Organization Corporate Statistical Database [FAOSTAT], 2021). The increased interest in this crop is fueling a demand for cultivars adapted to non-conventional environments, particularly in the context of incipient climate change. The phenological traits are considered key to adaptation (Ghelardini et al., 2014) and include the time of male and female flowering, budburst, and nut maturity.

The flowering behavior of hazelnut is somewhat unusual, as it occurs during the winter. In the northern hemisphere, pollen is shed and the pistils are receptive between mid-December and mid-March, dependent on genotype, year, and location (Mehlenbacher, 1991). Moreover, hazelnut plants are monoecious, wind-pollinated, and most cultivars are dichogamous, that is the male and female reproductive organs mature at different times. Because the species is self-incompatible and even cultivars are cross-incompatible in some parental combinations (Mehlenbacher and Thompson, 1988), it is necessary to include a pollinizer genotype in orchards, since insufficient pollination causes yield reduction. Flowering time in hazelnut, as is similarly the case for most plant species, is both under strong genetic control, and also strongly influenced by the environmental factors (Jung and Müller, 2009) and is a major factor to be considered in climatic adaptation both to warm and frosty areas (Ntladi et al., 2018). The time of budburst is another important limiting factor of the environment in which cultivars can be successfully grown. In pear (Pyrus communis), for example, the failure to satisfy the plant’s chilling requirement compromises vegetative budburst (Gabay et al., 2018).

In hazelnut, budburst dates widely differ in hazelnut cultivars, but in northern Italy, leaf emergence typically happens between mid-March and early April. Otherwise, nuts of the major hazelnut cultivar mature over a period from August to October. Early maturing cultivars are favored by growers, both because harvesting during the dry, warm weather typical of the late summer is easier than in autumn, and the nuts harvested under dry conditions are better able to maintain their high nutritional quality.

Conventional breeding in tree crops is a slow process, but it can be accelerated by the application of marker-assisted selection (MAS). The first genetic linkage map of hazelnut appeared 15 years ago (Mehlenbacher et al., 2006), but since this time others have been added (Gürcan and Mehlenbacher, 2010a,b; Gürcan et al., 2010; Beltramo et al., 2016; Bhattarai and Mehlenbacher, 2017; Colburn et al., 2017; Rowley et al., 2018; Torello Marinoni et al., 2018). The maps have been used to identify several major genes conferring resistance to Eastern Filbert Blight and self-incompatibility (Rowley et al., 2018), as well as to show that traits such as vigor, sucker habit, and timing of budburst are all under polygenic control (Beltramo et al., 2016; Torello Marinoni et al., 2018). Ozturk et al. (2017) exploited a genome-wide association (GWA) mapping approach to identify simple sequence repeat (SSR) markers associated with nut and kernel traits. Some hazelnut genomic resources are also available in the public domain, including its transcriptome (Rowley et al., 2012), a de novo assembled genome of the cultivar “Jefferson” and some resequencing data (Rowley et al., 2018)1. Very recently, a fully assembled and annotated genome sequence of cultivar “Tombul” was published (Lucas et al., 2021)2 as well as that of the cultivar “Tonda Gentile delle Langhe” (TGdL) (Pavese et al., 2021)3.

The present study was designed to determine the genomic regions associated with flowering, dichogamy, and nut maturity. The approach chosen was to apply quantitative trait locus (QTL) mapping to a set of F1 progeny bred from the cross TGdL × “Merveille de Bollwiller” (MB), which has previously been used to identify QTLs associated to the timing of budburst (Beltramo et al., 2016; Torello Marinoni et al., 2018). Based on available annotated genome sequences, these genomic regions were exploited to identify potential candidate genes underlying the phenology of hazelnut.



MATERIALS AND METHODS


Plant Materials

A total of 275 seedlings of the F1 progeny bred from the cross TGdL × MB, described by Beltramo et al. (2016) and Torello Marinoni et al. (2018), and three individuals obtained from rooted suckers of each of the two parents, were planted at the campus of the University of Torino (Department of Agricultural, Forest and Food Sciences; 45°07′N; 7°58′E; 293 m a.s.l.) in 2009.

The mapping population was a set of 213 individuals, planted in the core of the field. The plants, spaced 4 × 4 m, and trained in an open vase system, were irrigated between mid-June and mid-September using an integral PC drip line (UniRam 20010 AS, Netafim). Local meteorological data (temperature, relative humidity, rainfall) were recorded by Regione Piemonte - Rete Agrometeorologica Regionale using an automatic weather station comprising a set of sensors installed 2 m above the ground, following World Meteorological Organization guidelines.



Assessment of Phenology

Across four seasons (2012/13 to 2015/16), records were taken every 5–7 days from the end of December until mid-March with respect to the dates at which 10% of the catkins had released pollen (time of male flowering, tmf) and at which 10% of the female flowers were receptive (time of female flowering, tff), following Germain and Sarraquigne (2004). The data were grouped into nine classes according to International Union for the Protection of New Varieties of Plants [UPOV] (1979), from very early (1) to very late (9). The degree of dichogamy (dc) was scored on a scale of 1 (very protandrous) to 9 (very protogynous), following International Plant Genetic Resources Institute [IPGRI] et al. (2008). Time of nut maturity (tnm) was assessed across three seasons (2014–2016), with measurements being taken every 5–7 days from the end of July until the beginning of October, defined by the date at which 10% of the nuts had dropped from the tree. The data were converted into nine classes, from very early (1) to very late (9), following UPOV guidelines.

Population means, standard deviations, normality (kurtosis and skewness), and trait correlations were calculated using the IBM SPSS Statistics v25.0 package4. Normality, kurtosis, and skewness were tested using the Shapiro Wilks test (α = 0.05). Correlations between the traits, including the time of leaf budburst (tlb), as given by Torello Marinoni et al. (2018), were calculated on the basis of the Spearman coefficient. Segregation was considered as transgressive where the performance of at least one F1 individual either exceeded that of the higher scoring parent or fell short of that of the lower scoring parent by at least two standard deviations.



Quantitative Trait Loci Detection

The QTL analysis was performed using MapQTL v5 software (van Ooijen, 2004), based on the two parental maps (TGdL and MB) developed by Torello Marinoni et al. (2018). The location of putative QTL was based initially on the simple interval mapping procedure (Lander and Botstein, 1989), then confirmed using the multiple QTL mapping procedure (Jansen and Stam, 1994). A mapping step size of 1 cM was used in both analyses. For the multiple QTL mapping, a backward elimination procedure was used to select appropriate co-factors (e.g., significantly associated with each trait at p < 0.02). Genome-wide logarithm of odds (LOD) thresholds (P < 0.05) were determined empirically for each trait, using the PERMUTATION test provided within MapQTL with 1,000 iterations (Churchill and Doerge, 1994). Only QTLs associated with an LOD higher than the genome-wide threshold were considered, and 1-LOD support intervals were determined for each LOD peak (van Ooijen, 1992). The proportion of the overall phenotypic variance (PV) associated with each QTL was estimated from the multiple QTL mapping model. QTL positions were drawn using MapChart (Voorrips, 2002). Each QTL was designated by its trait name (tmf, tff, dc, tnm, and tlb), followed by the relevant linkage group (LG) and the relevant season: thus, for example, tmf_TGdL_02_13 indicates a QTL underlying tmf mapping to LG02 on the TGdL map, as identified from data collected in the 2012/13 season.



Candidate Gene Detection

Markers for map development and QTL analyses were initially identified using the “Jefferson” genome (Torello Marinoni et al., 2018). Recently, the genome of the cultivar TGdL, containing a wider number of annotated genes, was publicly made available (Pavese et al., 2021). Thus, candidate genes were retrieved by mapping the “Jefferson” scaffolds containing QTLs on the TGdL genome (Pavese et al., 2021) using a BLAST search. The structural/functional annotation of the genes in the QTL was carried out using the gff annotation file provided by Pavese et al. (2021) (see text footnote 3). Genes in the QTL intervals were discussed when showing a clear function/annotation related to flowering-like processes, as inferred from literature.




RESULTS


Phenotypic Data of Parental Cultivars

The set of phenological data for both the parents and the mapping population (Table 1) showed a significant degree of season-to-season variation (P < 0.05) between TGdL and MB for tmf, tff, and tnm, but not for dc. For TGdL, tmf was either “very early” (class 1) or “very early to early” (class 2), while tff ranged from “very early” (class 1) to “early” (class 3); for MB, tmf and tff were scored as, respectively, “medium-late” (class 6) to “late” (class 7). MB plants were consistently scored as “homogamous” (dc, class 5), while TGdL plants were “slightly protandrous” (class 4) in three of the 4 years, and “slightly protogynous” (class 6) in 2013. With respect to tnm, TGdL was scored as “very early to early” (class 2) in 2 of the 3 years and “early” (class 3) in 1 year, while MB was scored as either “medium” or “medium-late” (classes 5 to 6).


TABLE 1. Variation for time of male flowering (tmf), time of female flowering (tff), dichogamy (dc), and time of nut maturity (tnm).
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Phenotypic Data of the Mapping Population

Across the 213 individuals of the mapping population, flowering was initiated between late December/early January and continued to late February/early March. Nut fall began in late July and continued until mid-September (Supplementary Table 1). The tmf scores largely fell between those of the parents, with only a few examples of transgressive segregation (negative for two plants and positive for one, in 2013; positive in 2014 and 2015, respectively, for two and nine plants; positive for one plant and negative for five plants in 2016, Figure 1). For tff, the population mean consistently laid above the mid-parent value. Positive transgressive segregation was associated with ten individuals in both 2013 and 2016, and with 39 in 2015; however, in 2014, only one negative transgression was detected. The mapping population mean dc was intermediate between the parental values, and the distribution was normal. There was a substantial level of transgressive segregation in each year, affecting from 25.8% of the population in 2014 to 52.1% in 2013 (Figure 1). On the contrary, there was little evidence of transgressive segregation for tnm across the mapping population.
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FIGURE 1. Frequency distribution plot for the mapping population with respect to time of male flowering (tmf), time of female flowering (tff), dichogamy (dc) and time of nut maturity (tnm) over four seasons. Data are grouped in classes from 1 = very early to 9 = very late. For dichogamy (dc), data are grouped in classes from 1 = very protandrous to 9 = very protogynous (5 = homogamous). The positions (means of three individuals) of the parents TGdL and MB are shown in each histogram.


Inter-trait correlations both within and between years are shown in Table 2. The correlation across years within a trait was consistently positive and highly significant (P < 0.01): for tmf, the levels ranged from 0.81 to 0.87, for tff from 0.77 to 0.89, for dc from 0.71 to 0.76, for tnm from 0.48 to 0.67, and for tlb from 0.78 to 0.86 (tlb data from Torello Marinoni et al., 2018).


TABLE 2. Spearman correlation coefficients across years between each of the five traits: time of male flowering (tmf), time of female flowering (tff), dichogamy (dc), time of nut maturity (tnm), time of leaf budburst (tlb) and year of detection (n = 213).
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The correlations between different traits were significant: tmf was positively correlated with each of the remaining traits, with values ranging from 0.38 to 0.45 for tff, from 0.22 to 0.45 for dc, from 0.29 to 0.51 for tlb, and from 0.15 to 0.28 for tnm. The tff was also positively correlated with both tlb (coefficients ranging from 0.59 to 0.73) and tnm (0.26–0.36), but was negatively correlated with dc (from −0.46 to −0.71). The tlb was positively correlated with tnm (from 0.22 to 0.39) and negatively with dc (from −0.27 to −0.45). The only trait combination showing any evidence of any correlation within a year was tnm vs dc, in both 2015 and 2016.



Quantitative Trait Loci Analysis and Potential Candidate Genes Underlying Variation in Phenology

In all, 71 QTLs (49 on the TGdL map and 22 on the MB map) were identified. The loci were distributed across ten of the eleven LGs (only LG06 lacked at least one QTL). In all, 21 of the QTLs accounted for at least 10% of the phenotypic variance (PV) and are here indicated as “major” QTLs. The QTL associated with both the highest LOD (41.1) and the highest proportion of the PV (55.2%) was tff_TGdL_02 (Table 3). Overall, among the major QTLs, 13 were detected in at least two of the seasons (stable-major QTLs), while three were specific to 2013/14, two were specific to 2014/15, and three were specific to 2015/16. Four QTLs were classified as minor in one of the seasons but as major in the other seasons (stable QTLs). The map locations of these QTLs are given in Figure 2. LG02 was found to harbor 16 QTLs (15 on TGdL, one on MB), while 15 QTLs mapped to LG10 (seven on TGdL map, eight on MB map) and 14 to LG03 (11 on TGdL map, and three on MB map).


TABLE 3. Time of male flowering (tmf), time of female flowering (tff), dichogamy (dc), and time of nut maturity (tnm) QTL identified using either the TGdL or the MB linkage map.
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FIGURE 2. Linkage maps derived from TGdL (female parent of the mapping population) and MB (male parent). TGdL LGs are shown in blue on the left and MB ones in yellow on the right. The maps have been aligned based on shared scaffolds. The locations of the tlb QTL are shown in red. LGs not harboring any QTL have not been included. The ruler on the left represents the physical length of the LGs, while QTL locations are indicated in cM.


Many of the QTLs were clustered with one another, as expected given the extensive degree of inter-trait correlation (Table 2). The major cluster on TGdL_02 consisted of mainly major QTL governing all of the traits. Two year-specific clusters were identified on TGdL_03 associated with tmf and dc, one comprising QTLs detected in both 2012/13 and 2013/14, and the other QTLs expressed in both 2014/15 and 2015/16. A cluster on TGdL_01 harbored minor QTLs for dc and tff, while three smaller clusters involving tlb (Torello Marinoni et al., 2018) included minor QTLs underlying dc (on TGdL_10a), tmf, and tff (in two distinct clusters at the bottom of MB_07).


Time of Male Flowering

Of the 20 QTLs identified as contributing to tmf, 12 were mapped on the TGdL map and eight on the MB map (Table 3), altogether 477 genes. With respect to the former set of QTLs, four genomic regions were identified, one on each of TGdL_02 and 10a, and two on TGdL_03. The LG10a QTL, linked to marker AJ_00867_17261, was responsible for 15–21% of the PV in the first three seasons (with LOD peak values of 10–16 and associated with an additive effect of 0.96–1.74 classes out of the nine detected), but only 4% in the fourth season (maximum LOD 3.90 and 0.65 additive value). The LG02 QTLs were detected in all four seasons and explained 7–10% of the PV, while the two regions on LG03 together accounted for 8–12% of the PV. The four regions together harbored 383 genes, of which six are implicated in control over aspects of flowering (Supplementary Table 2). In detail, tmf_TGdL_02 carried 194 genes (3.484 – 5.116 Mb), tmf_TGdL_10a carried 155 genes (22.364–23.894 Mb), and tmf_TGdL_10b carried 34 genes (7.310 – 7.611 Mb). Of the four genomic regions identified in the MB map, three mapped to LG10; two of these harbored a QTL expressed in three of the four seasons, accounting for, respectively, 9–15% and 7–10% of the PV (with LOD peak values of 3.5–7.7 and 3.8–5.0, respectively, and both associated with additive effects of 0.8–1.1). A further QTL, responsible for 11% of the PV, was detected only in the 2014/15 season. The four regions together housed 94 genes, of which two are implicated in control over aspects of flowering (Supplementary Table 2). In detail, tmf_MB_07 carried 42 genes (0.360–0.768 Mb) and tmf_MB_10 carried 52 genes (3.353–3.774 Mb; 5.952–6.258 Mb).



Time of Female Flowering

Of the 15 tff QTLs detected, ten were located on the TGdL map and five on the MB map (Table 3), carrying 813 genes. The former set mapped within six genomic regions, distributed across LG01 (three regions), LG02, and LG11 (two regions). The largest effect QTL mapped between 17.2 and 19.2 cM along LG02, was detected in every season and explained 44–55% of the PV (with LOD peak values of 29–41 and associated with an additive effect of 1.8–3.1). The six genomic regions together harbored 731 genes, 19 of which are implicated in control over aspects of flowering (Supplementary Table 2). In detail, tff_TGdL_01 carried 205 genes (33.032–34.473 Mb; 33.840–50.216 Mb), tff_TGdL_02 carried 187 genes (2.743–5.038 Mb), tff_TGdL_11 (A) carried 257 genes (23.371–26.613 Mb), and tff_TGdL_11 (B) carried 82 genes (2.940 – 3.648 Mb). The loci located using the MB map were placed on two LGs. The one on LG04 was expressed in each year, but only explained 6–8% of the PV (maximum LOD 3.0–3.2 and 0.7–1.2 additive effect). The two regions housed 82 genes, but only one of these is implicated in control over aspects of flowering (Supplementary Table 2). In detail, tff_MB_04 carried 45 genes (36.031 – 36.381 Mb) and tff_MB_07 carried 37 genes (1.553 - 1.877 Mb).



Dichogamy

Of the 25 dc QTLs, 19 were located using the TGdL map and six the MB map (Table 3), carrying 1,688 genes. With respect to the former set, eleven genomic regions, distributed over eight LGs, were identified, including two regions each on LG01, LG03, LG05, and one region each on LG02, LG07, LG09a, LG10a, and LG10b. The largest effect QTL, which was detected in each of the four seasons, laid between 18.6 and 20.3 cM of LG02 and explained 13–29% of the PV (10–21 LOD peak values, 0.8–1.8 days of additive effect). A major QTL on LG09a (responsible for 16.5% of the PV) was detected only in the 2014/15 season. A minor QTL, explaining 5–9% in three of the 4 years was identified on LG03, as were loci expressed in 2 of the years on both LG01 and LG10b. The eleven regions housed 1,345 genes, of which 18 are implicated in potential control over dichogamy (Supplementary Table 2). In detail, dc_TGdL_01 (A) carried 108 genes (31.054 – 32.516 Mb), dc_TGdL_01 (B) carried 26 genes (49.781–50.216 Mb), dc_TGdL_02 carried 233 genes (3.884–6.049 Mb), dc_TGdL_05 (A) carried 70 genes (31.646 – 32.384 Mb), dc_TGdL_05 (B) carried 18 genes (30.843 – 30.987 Mb), dc_TGdL_07 carried 262 genes (13.173 – 20.404 Mb), dc_TGdL_09a carried 481 genes (22.804 – 29.178 Mb), dc_TGdL_10a carried 14 genes (19.215 – 19.364 Mb), and dc_TGdL_10b carried 133 genes (9.400 – 12.937 Mb). The six regions located using the MB map harbored only minor QTLs, each of which was only detected in a single season; these regions mapped to LG03 (three QTLs), LG05, LG10, and LG11, and housed 343 genes, of which four were associated with potential control over dichogamy (Supplementary Table 2). In detail, dc_MB_05 carried 193 genes (15.072 – 20.183 Mb) and dc_MB_10 carried 150 genes (2.692 – 3.873 Mb).



Time of Nut Maturity

Of the 11 tnm QTLs identified, eight were located using the TGdL map and three the MB map (Table 3), carrying 816 genes. The former fell within LG02, LG03, and LG08, with each LG housing two regions. Major QTLs mapped to the two regions on LG02, each accounting for 11–12% of the PV (maximum LOD 5.8–6.3; additive value 0.7–0.8). A QTL mapping to 45.2 cM along LG03 explained 7–13% of the PV in two of the four seasons. Together, the six regions harbored 507 genes, of which five were implicated in control over seed development (Supplementary Table 2). In detail, tnm_TGdL_02 (A) carried 237 genes (2.825–4.915 Mb), tnm_TGdL_02 (B) carried 67 genes (8.660–9.716 Mb), tnm_TGdL_08 (A) carried 91 genes (6.777–8.646 Mb), and tnm_TGdL_08 (B) carried 112 genes (13.405– 15.761 Mb). Using the MB map, a minor QTL was mapped on each of the LG02, LG09, and LG11; all of them were only expressed in a single season. The three regions together housed 309 genes, of which just two genes were associated with control over seed development (Supplementary Table 2). In detail, tnm_MB_02 carried 88 genes (44.867–46.099 Mb), tnm_MB_09 carried 64 genes (26.813–27.570 Mb), and tnm_MB_11 carried 157 genes (26.925–28.570 Mb).





DISCUSSION

The present analysis was based on patterns of segregation for key phenological traits among progeny bred from a cross between two disparate parents: one of these (TGdL) is adapted to the climatic conditions prevalent in NW Italy, where it flowers early and its nuts mature early, whereas the other (MB), which was adapted to a rather cooler environment (Germany–East France), flowers later and its nuts are harvested later (Črepinšek et al., 2012). Exploiting a linkage map built from several hundred molecular markers (SNP and SSR markers) led to the recognition of a number of genomic regions harboring genes influencing the timing of both male and female flowering, dichogamy, and nut maturity. In several of these regions, the location of two or more QTLs responsible either for different traits (reflecting a set of tightly linked loci or, more likely, a single pleiotropic locus) and/or for the same trait across seasons overlapped. As an example, the major cluster on TGdL_02 consisted of mainly major QTLs governing all of the traits; this is the same region where Torello Marinoni et al. (2018) mapped a major QTL controlling leaf budburst trait.


Phenotypic Variation

The variation for the various traits was typically not normally distributed, and furthermore, was not constant from 1 year to the next; the latter behavior reflects the major influence of the climate (particularly temperature) on these traits. The dates of tmf and tff in the progeny were similar over the years but the influence of temperature on the number of individuals in each class of distributions is evident. The effect of temperature on phenophase timing has been reported for numerous trees (Howe et al., 2003; Cooke et al., 2012; Ghelardini et al., 2014), including fruit tree species such as hazelnut (Črepinšek et al., 2012). As also noted by Črepinšek et al. (2012), the length of the period over which female flowering in hazelnut takes place can range from under one to over 10 weeks, depending on mean air temperature; early maturing cultivars such as TGdL are particularly labile in this respect. These authors also suggest that male and female flowers respond more strongly to increased air temperature than leafing.

As a consequence, the extent of dichogamy too is influenced jointly by genotype and climatic conditions (Bastias and Grau, 2005; Črepinšek et al., 2012); the dichogamy type of certain hazelnut cultivars, including MB, can be affected by the climate (Turcu et al., 2001; Črepinšek et al., 2012). Transgressive segregation in both directions was observed for each of the traits (Figure 1). This even included dc, even though the two parental lines did not differ significantly from one another for this trait. Trait transgression typically arises as a result of the inheritance of novel combinations of distinct alleles present in each parent (de Vicente and Tanksley, 1993). For each of the traits, there was a high positive correlation (P < 0.01) between the performance of given progeny in the various seasons, while there were also extensive, mostly positive correlations between pairs of traits (the exception was the negative correlation between dc and both tff and tlb). The trait which was least well correlated with others was tnm.



The Mode of Inheritance of the Phenological Traits

The genetic basis of phenology is complex as a result of the numerous physiological pathways that are involved. Until now, the only phenological trait of hazelnut to be genetically analyzed has been tlb (Torello Marinoni et al., 2018). The present research has extended the knowledge based on phenological traits by revealing that several QTLs underlie variation for each of the traits investigated. While most of these QTLs individually explained less than 10% of the PV, about a quarter of them proved to be stable over years and some were responsible for quite a high proportion of the PV; these latter loci in principle could be targeted for marker-assisted selection. The most substantial tff QTL, which accounted for as much as 55% of the PV, mapped between 17 and 19 cM on TGdL_02. Meanwhile, the largest effect tmf QTL mapped near one end (6.4 cM) of TGdL_10a was detected; the observation that this QTL was rather poorly expressed in one of the four seasons suggests that it is regulated by gene(s) which are responsive to environmental conditions.

Of particular note is the coincident map location of a number of the QTLs, which implies that a degree of pleiotropy underlies variation for these traits. The most striking example relates to the region of TGdL_02 lying between 17.2 and 27.8 cM, within which QTLs controlling tff, tmf, dc, and tnm were consistently mapped across years (Figure 2). The same region also harbors a QTL for tlb (Torello Marinoni et al., 2018). A useful marker for this cluster of QTLs is the microsatellite locus AJ417975b. A second important genomic region along TGdL_03 harbored QTsL involved in the determination of tmf, dc, and tnm; while dc and tmf QTLs both mapped in the segment between 55 and 60 cM, the tnm QTL was located in a somewhat less distal segment (43–45 cM). There was also a coincident location for dc and tff on TGdL_01; the association of these two traits is understandable, since dichogamy, is strongly influenced by climatic conditions (Črepinšek et al., 2012).

The genetic basis of flowering time in hazelnut remains poorly researched, in contrast to the situation in pear (Pyrus communis) (Gabay et al., 2018; Ntladi et al., 2018), apple (Malus domestica) (Allard et al., 2016), apricot (Prunus armeniaca) (Kitamura et al., 2018), and willow (Salix spp.) (Ghelardini et al., 2014). In both pear (Gabay et al., 2018) and apple (Allard et al., 2016), the location of some QTLs underlying variation in flowering time coincides with those associated with vegetative budburst, just as was the case with hazelnut. Similar pleiotropic effects observed in willow have been taken to imply that the determination of these phenological traits shares common components (Ghelardini et al., 2014), a conclusion which is not unexpected given that they are all strongly influenced by temperature and/or photoperiod.



Candidate Genes Underlying Major Phenological Trait Quantitative Trait Loci

The number of genes present in the regions harboring tmf, tff, dc, and tnm QTLs were, respectively: 477 (383 in the TGdL and 94 in the MB maps), 813 (731 in the TGdL and 82 in the MB), 1,688 (1,345 in the TGdL and 193 in the MB), and 816 (507 in the TGdL and 309 in the MB). Some of these were expected to include genes involved in the control of dormancy, budburst, the switch from vegetative to reproductive growth, or the morphogenesis of flowers and seeds. Accordingly, many of them have been described in the literature as involved in processes related to flowering, at the molecular level (Supplementary Figure 1) and to specific plant ontology (PO) terms: pollen-tube-cell (PO:0025195), plant sperm cell (PO:0000084), pollen (PO:0025281), inflorescence-meristem (PO:0000230), carpel (PO:0009030) stamen (PO:0009029), and flower (PO:0009046). Genes in the QTL intervals were thus discussed when showing a clear function/annotation related to flowering-like processes in a range of plant species, as inferred from literature (Supplementary Table 2).


Candidate Genes for Time of Male Flowering

Five genes appeared strongly related to flowering phenotype (Supplementary Table 2). Haze_17445, in tmf_MB_07, is a homolog of TEM1, which in Arabidopsis thaliana encodes a protein acting to delay flowering by inhibiting the production of both FT and the hormone gibberellic acid, until such time as the plant has matured beyond a particular growth stage (Castillejo and Pelaz, 2008; Matías-Hernández et al., 2014). Haze_04134, in tmf_TGdL_02, is a homolog of the A. thaliana gene RFI2. It encodes an E3 ubiquitin-protein ligase (Chen and Ni, 2006) known to negatively regulate the CONSTANS/FLOWERING LOCUS T (CO/FT) module, which is key to the promotion of flowering in response to photoperiod (Chen and Ni, 2006; Turck et al., 2008). The other three genes are homologs of genes involved in determining the timing of anthesis; Haze_21037, in tmf_TGdL_10a, a homolog of MSP1 which encodes a leucine-rich repeat receptor protein kinase; Haze_17456, in tmf_MB_07, a homolog of PP2AA2 (serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A), and Haze_20983, in tmf_TGdL_10a, a homolog of CPL2 (RNA polymerase II C-terminal domain phosphatase-like 2) (Supplementary Table 2). In A. thaliana, these latter three genes are all involved in sporogenesis and the regulation of floral development through phosphorylation/dephosphorylation circuits (Nonomura et al., 2003; Ueda et al., 2008; Kataya et al., 2015). Other three genes are potential homologs of DPD1 (Tang et al., 2012), MBD9 (Peng et al., 2006) and APD1 (Luo et al., 2012).



Candidate Genes for Time of Female Flowering

A total of 16 genes strongly related to flowering were present in the genomic regions harboring tff QTLs (Supplementary Table 2). The first of these is Haze_16689, in tff_TGdL_11 (A), a homolog of rice HDR1 and an ortholog of CO, genes that regulate the photoperiod-dependent flowering pathway (Sun et al., 2016). The second is Haze_16712, in tff_TGdL_11 (A), and a homolog of SOC1 (SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1) which encodes a transcription activator of LEAFY (Gregis et al., 2009). The third is Haze_15371, in tff_TGdL_11 (B), a potential homolog of A. thaliana AP2 which encodes a transcription factor activating the floral meristem (Krogan et al., 2012). Haze_15391, in tff_TGdL_11 (B), is a strong candidate for tff given that the product of its homolog is probably involved in the auxin-mediated control of gynoecium patterning (Gremski et al., 2007). The five genes Haze_02311, in tff_TGdL_01 (B), Haze_16714 and Haze_16827, in tff_TGdL_11 (A), Haze_15445, in tff_TGdL_11 (B), and Haze_17592, in tff_MB_07, are also homologs of relevant transcription factors in A. thaliana, namely SRS3 (Kuusk et al., 2006), MADS3 (Fernandez et al., 2013), AHL18 (Xiao et al., 2009), HHO5 (Moreau et al., 2016), and KAN4 (Gao et al., 2010), respectively. The tenth potential candidate gene is Haze_04134, in tff_TGdL_02, which as noted above, is a homolog of A. thaliana RFI2 (Chen and Ni, 2006). A group of six genes: Haze_02317, Haze_02318, in tff_TGdL_01 (B), and Haze_02223, in tff_TGdL_01 (A), Haze_04095, in tff_TGdL_02, Haze_16862, in tff_TGdL_11 (A), Haze_15376, in tff_TGdL_11 (B), likely encoding proteins responsible for histone methylation/demethylation/acetylation, are also plausible as candidates, because it is known that the transcript level of the key genes FT and FC is regulated epigenetically (Jeong et al., 2015). These six genes are potential homologs of, respectively, WDR5A (Jiang et al., 2009), SHL (Lopez-Gonzalez et al., 2014), TAF14B (Bieluszewski et al., 2015), MBD9 (Yaish et al., 2009), ELF6 (Jeong et al., 2009) and CLF (Saleh et al., 2007). Other four genes are homologs of MEE40 (Pagnussat et al., 2005), QKY (Fulton et al., 2010), FLD (Liu et al., 2007) and NFD4 (Portereiko et al., 2006).



Candidate Genes for Dichogamy

Many species of plants have developed mechanisms that prevent self-pollination. Although the hazelnut typically exhibits sporophytic self-incompatibility, many cultivars are also dichogamous. Fourteen genes were related to the dichogamy trait were identified (Supplementary Table 2). The genes Haze_02127, in dc_TGdL_01 (A), Haze_04221, in dc_TGdL_02, Haze_11214, Haze_11325, Haze_11453, in dc_TGdL_09a, Haze_20664, in dc_TGdL_10a, Haze_13480, in dc_MB_05, and Haze_19677, in dc_MB_10, encode eight transcription factors involved in the determination of cell fate and organ development; these genes were homologs of, respectively, AMS (Lou et al., 2014), NFYC9 (Hou et al., 2014), TCX2 (Sijacic et al., 2011), SUP (Hiratsu et al., 2002), CO3 (Kim et al., 2008), AP2-3 (Lee et al., 2007), MADS1 (Poupin et al., 2007), and OFP13 (Wang et al., 2011). A further set of candidate genes: Haze_04202, in dc_TGdL_02, Haze_18674, in dc_TGdL_07, Haze_11374, Haze_11526, and Haze_11258, in dc_TGdL_09a, potentially encode five regulators of flowering. Haze_11374 is a homolog of CRY2, the product of which is a major photoreceptor regulating FT and FLC (Endo et al., 2007). Haze_11526 is a homolog of BLI, the product of which controls cotyledon and leaf patterning by inhibiting premature differentiation (Schatlowski et al., 2010); in particular, this gene is required for the activation of FLC and is involved in the response to chilling. Haze_18674 is a homolog of MED8, the product of which is involved in the regulation of flowering time (Lalanne et al., 2004; Kidd et al., 2009). Haze_04202 is a homolog of MIRO1, the product of which is a mitochondrial GTPase required during gametogenesis (Sormo et al., 2011). Haze_11258 is a homolog of LFR, the product of which is a nuclear protein required for the formation of anthers and may be a key component of the genetic network regulating anther development (Wang et al., 2012). The final potential candidate is Haze_14427, in dc_TGdL_05 (B), a homolog of RPK2, the product of which is an LRR receptor-like serine/threonine-protein kinase, involved in the regulation of anther development, including tapetum degradation during pollen maturation (Mizuno et al., 2007; Nodine et al., 2007). Other genes are potential homologs of NFD4 (Portereiko et al., 2006), CLPS3 (Xing et al., 2008), HUA1 (Cheng et al., 2003), EDA40 (Pagnussat et al., 2005), CLO (Liu et al., 2009), RIE1 (Xu and Li, 2003), JASON (De Storme and Geelen, 2011), LIS (Voelz et al., 2012).



Candidate Genes for Time of Nut Maturity

In hazelnut, the ovary has yet to form at the time when the pistil is mature. The differentiation of several layers of ovary primordial cells occurs only after fertilization has been achieved. The identity of the genes that regulate ovary and ovule development in hazelnut is largely unknown.

Five genes potentially influencing seed development were placed within a genomic region harboring the tnm QTLs. These genes were Haze_03973, Haze_11440, Haze_04470, Haze_25121 and Haze_16946. Haze_03973, in tnm_TGdL_02 (A), and Haze_11440, in tnm_MB_09 are homologs of ACS3 and ACS1, respectively. The product of ACS3 is 1-aminocyclopropane-1-carboxylate synthase 3, while that of ACS1 is 1-aminocyclopropane-1-carboxylate synthase; both of these enzymes catalyze 1-aminocyclopropane-1-carboxylic acid, a direct precursor of ethylene (Peng et al., 2005). In A. thaliana, the absence of this compound results in abnormal embryo morphogenesis and embryo lethality (Baud et al., 2003), while Cheng et al. (2019) have suggested that since the mature hazelnut kernel is rich in unsaturated fatty acids, its absence impairs the conversion of citrate into long-chain fatty acids, thereby compromising the development of the ovule. This is a very interesting finding since the occurrence of blank nuts in hazelnut is still poorly understood, but represents a serious problem to solve to avoid important losses of yields in orchards. Haze_04470, in tnm_TGdL_02 (B) is a homolog of EIN4, the product of which is a negative regulator of ethylene signaling (Hua et al., 1998). Haze_25121, in tnm_TGdL_08 (B) encodes a protein thought to be involved in the abscission of the mature nut (Liljegren et al., 2004); the gene is a homolog of IND, the product of which is a transcription factor involved in the differentiation of various cell types required for fruit dehiscence (Liljegren et al., 2004). Finally, Haze_16946, in tnm_MB_11, is a homolog of AP2-2, the product of which is a member of AP2/ERF family of transcription factors involved in the control of inflorescence architecture and floral meristem establishment (Dai et al., 2016). Other two genes are potential homologs of GPA3 (Ren et al., 2014) and IDL4 (Stenvik et al., 2008).





CONCLUSION

The present study explores the genetic architecture of phenology traits in a progeny of Corylus avellana. The QTL mapping described here has identified for the first time (except for tlb trait) several major QTLs underlying phenological-related traits in hazelnut (time of male and female flowering, dichogamy, and nut maturity). Several regions were identified where many QTLs co-localized for different traits or for the same trait across years. The 26% of identified QTLs were very robust, stable, being therefore promising for the use in marker-assisted selection.

The search of genes along the scaffolds linked to the QTL of interest has shown some interesting match with orthologous genes involved in flowering and nut growth processes in other plant species. The presence of homologs of genes known to be involved in the determination of flowering time and seed development in the relevant genomic regions has provided some leads toward gaining an understanding of the genetic and molecular basis of these important traits.

The regions surrounding the inferred locations of the major QTLs harbor hundreds of genes, some of which will likely represent fruitful targets for future investigations. Resequencing of strong candidate genes could be used to reveal the extent of allelic variation present in phenotypically contrasting cultivars. The availability of a mapping population will be useful in narrowing the search for genuine candidate genes.

The need to develop genomic tools able to accelerate hazelnut breeding is increasing. The data reported here will make a contribution toward the formulation of a biotechnology-based strategy designed to efficiently select trees more likely to be able to adapt to a changing environment.
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Supplementary Figure 1 | Candidate genes underlying variation in phenology in hazelnut. (A) A four-way Venn diagram illustrating overlap in the genes mapping within the regions harboring tmf, tff, dc, and tnm QTL. (B) Functional categorization of the 121 genes potentially underlying variation in tmf, tff, dc, and tnm. (C) Functional categorization of candidate genes mapping within regions harboring either tmf, tff, dc, or tnm QTL.

Supplementary Table 1 | Dates of male (tmf) and female flowering (tff) and nut maturity (tnm): the data refer to the earliest and latest flowering and maturing segregants recorded over four seasons.

Supplementary Table 2 | The gene content of the regions harboring time of male flowering (tmf), time of female flowering (tff), dichogamy (dc), and time of nut maturity (tnm) QTL. Hazelnut genes (Haze_Xx) were identified using the TGdL genome.gff annotation file (https://zenodo.org/record/4454484).


FOOTNOTES

1
https://www.cavellanagenomeportal.com

2
https://www.ebi.ac.uk/ena/data/view/PRJEB31933

3
https://zenodo.org/record/4454484

4
https://www.ibm.com/


REFERENCES

Allard, A., Bink, M. C. A. M., Martinez, S., Kelner, J. J., Legave, J. M., di Guardo, M., et al. (2016). Detecting Qtls and putative candidate genes involved in budbreak and flowering time in an apple multiparental population. J. Exp. Bot. 67, 2875–2888. doi: 10.1093/jxb/erw130

Bastias, R., and Grau, P. (2005). Floral phenology of commercial cultivars and chilean pollinizers of hazelnut (corylus avellana l.) in Chile. Acta Hortic. 686, 151–156. doi: 10.17660/ActaHortic.2005.686.19

Baud, S., Guyon, V., Kronenberger, J., Wuillème, S., Miquel, M., Caboche, M., et al. (2003). Multifunctional acetyl-CoA carboxylase 1 is essential for very long chain fatty acid elongation and embryo development in Arabidopsis. Plant J. 33, 75–86. doi: 10.1046/j.1365-313x.2003.016010.x

Beltramo, C., Valentini, N., Portis, E., Torello Marinoni, D., Boccacci, P., Sandoval Prando, M. A., et al. (2016). Genetic mapping and QTL analysis in European hazelnut (Corylus avellana L.). Mol. Breed. 36, 27. doi: 10.1007/s11032-016-0450-6

Bhattarai, G., and Mehlenbacher, S. A. (2017). In silico development and characterization of tri-nucleotide simple sequence repeat markers in hazelnut (Corylus avellana L.). PLoS One 12:e0178061. doi: 10.1371/journal.pone.0178061

Bieluszewski, T., Galganski, L., Sura, W., Bieluszewska, A., Abram, M., Ludwikow, A., et al. (2015). AtEAF1 is a potential platform protein for Arabidopsis NuA4 acetyltransferase complex. BMC Plant Biol. 15:75. doi: 10.1186/s12870-015-0461-1

Castillejo, C., and Pelaz, S. (2008). The balance between CONSTANS and TEMPRANILLO activities determines FT expression to trigger flowering. Curr. Biol. 18, 1338–1343. doi: 10.1016/j.cub.2008.07.075

Chen, M., and Ni, M. (2006). RFI2, a RING-domain zinc finger protein, negatively regulates CONSTANS expression and photoperiodic flowering. Plant J. 46, 823–833. doi: 10.1111/j.1365-313X.2006.02740.x

Cheng, Y., Jiang, S., Zhang, X., He, H., and Liu, J. (2019). Whole-Genome Re-Sequencing of Corylus heterophylla Blank-Nut Mutants Reveals Sequence Variations in Genes Associated with Embryo Abortion. Front. Plant Sci. 10:1465. doi: 10.3389/fpls.2019.01465

Cheng, Y., Kato, N., Wang, W., Li, J., and Chen, X. (2003). Two RNA binding proteins, HEN4 and HUA1, act in the processing of AGAMOUS pre-mRNA in Arabidopsis thaliana. Dev. Cell 4, 53–66. doi: 10.1016/S1534-5807(02)00399-4

Churchill, G. A., and Doerge, R. W. (1994). Empirical threshold values for quantitative trait mapping. Genetics 138, 963–971. doi: 10.1093/genetics/138.3.963

Colburn, B. C., Mehlenbacher, S. A., and Sathuvalli, V. R. (2017). Development and mapping of microsatellite markers from transcriptome sequences of European hazelnut (Corylus avellana L.) and use for germplasm characterization. Mol. Breed. 37:16. doi: 10.1007/s11032-016-0616-2

Cooke, J. E. K., Eriksson, M. E., and Junttila, O. (2012). The dynamic nature of bud dormancy in trees: environmental control and molecular mechanisms. Plant Cell Environ. 35, 1707–1728. doi: 10.1111/j.1365-3040.2012.02552.x

Črepinšek, Z., Štampar, F., Kajfcž-Bogataj, L., and Solar, A. (2012). The response of Corylus avellana L. phenology to rising temperature in north-eastern Slovenia. Int. J. Biometeorol. 56, 681–694. doi: 10.1007/s00484-011-0469-7

Dai, Z., Wang, J., Zhu, M., Miao, X., and Shi, Z. (2016). OsMADS1 represses microRNA172 in elongation of palea/lemma development in rice. Front. Plant Sci. 7:1891. doi: 10.3389/fpls.2016.01891

De Storme, N., and Geelen, D. (2011). The Arabidopsis mutant jason produces unreduced first division restitution male gametes through a parallel/fused spindle mechanism in meiosis II. Plant Physiol. 155, 1403–1415. doi: 10.1104/pp.110.170415

de Vicente, M. C., and Tanksley, S. D. (1993). QTL analysis of transgressive segregation in an interspecific tomato cross. Genetics 134, 585–596. doi: 10.1093/genetics/134.2.585

Endo, M., Mochizuki, N., Suzuki, T., and Nagatani, A. (2007). CRYPTOCHROME2 in vascular bundles regulates flowering in Arabidopsis. Plant Cell 19, 84–93. doi: 10.1105/tpc.106.048157

Food and Agriculture Organization Corporate Statistical Database [FAOSTAT] (2021). Food and Agriculture Organization of the United Nations [FAO]. Available online at: http://www.fao.org/faostat/en/#data/QC (Accessed January 21, 2021).

Fernandez, L., Chaib, J., Martinez-Zapater, J. M., Thomas, M. R., and Torregrosa, L. (2013). Mis-expression of a PISTILLATA-like MADS box gene prevents fruit development in grapevine. Plant J. 73, 918–928. doi: 10.1111/tpj.12083

Fulton, L., Vaddepalli, P., Yadav, R. K., Batoux, M., and Schneitz, K. (2010). Inter-cell-layer signalling during Arabidopsis ovule development mediated by the receptor-like kinase STRUBBELIG. Biochem. Soc. Trans. 38, 583–587. doi: 10.1042/BST0380583

Gabay, G., Dahan, Y., Izhaki, Y., Faigenboim, A., Ben-Ari, G., Elkind, Y., et al. (2018). High-resolution genetic linkage map of European pear (Pyrus communis) and QTL fine-mapping of vegetative budbreak time. BCM Plant Biol. 18:175. doi: 10.1186/s12870-018-1386-2

Gao, P., Li, X., Cui, D., Wu, L., Parkin, I., and Gruber, M. Y. (2010). A new dominant Arabidopsis transparent testa mutant, sk21-D, and modulation of seed flavonoid biosynthesis by KAN4. Plant Biotechnol. J. 8, 979–993. doi: 10.1111/j.1467-7652.2010.00525.x

Germain, E., and Sarraquigne, J. P. (2004). Le noisetier. Paris: INRA.

Ghelardini, L., Berlin, S., Weih, M., Lagercrantz, U., and Gyllenstrand, N. (2014). Genetic architecture of spring and autumn phenology in Salix. BMC Plant Biol. 14:31. doi: 10.1186/1471-2229-14-31

Gregis, V., Sessa, A., Dorca-Fornell, C., and Kater, M. M. (2009). The Arabidopsis floral meristem identity genes AP1, AGL24 and SVP directly repress class B and C floral homeotic genes. Plant J. 60, 626–637. doi: 10.1111/j.1365-313X.2009.03985.x

Gremski, K., Ditta, G., and Yanofsky, M. F. (2007). The HECATE genes regulate female reproductive tract development in Arabidopsis thaliana. Development 134, 3593–3601. doi: 10.1242/dev.011510

Gürcan, K., and Mehlenbacher, S. A. (2010a). Development of microsatellite loci for European hazelnut (Corylus avellana L.) from ISSR fragments. Mol. Breed. 26, 551–559. doi: 10.1007/s11032-010-9464-7

Gürcan, K., and Mehlenbacher, S. A. (2010b). Transferability of microsatellite markers in the Betulaceae. J. Am. Soc. Hortic. Sci. 135, 159–173. doi: 10.21273/JASHS.135.2.159

Gürcan, K., Mehlenbacher, S. A., Botta, R., and Boccacci, P. (2010). Development, characterization, segregation, and mapping of microsatellite markers for European hazelnut (Corylus avellana L.) from enriched genomic libraries and usefulness in genetic diversity studies. Tree Genet. Genomes 6, 513–531. doi: 10.1007/s11295-010-0269-y

Hiratsu, K., Ohta, M., Matsui, K., and Ohme-Takagi, M. (2002). The SUPERMAN protein is an active repressor whose carboxy-terminal repression domain is required for the development of normal flowers. FEBS Lett. 514, 351–354. doi: 10.1016/S0014-5793(02)02435-3

Hou, X., Zhou, J., Liu, C., Liu, L., Shen, L., and Yu, H. (2014). Nuclear factor Y-mediated H3K27me3 demethylation of the SOC1 locus orchestrates flowering responses of Arabidopsis. Nat. Commun. 5, 4601–4601. doi: 10.1038/ncomms5601

Howe, G. T., Aitken, S. N., Neale, D. B., Jermstad, K. D., Wheeler, N. C., and Chen, T. H. (2003). From genotype to phenotype: unraveling the complexities of cold adaptation in forest trees. Can. J. Bot. 81, 1247–1266. doi: 10.1139/b03-141

Hua, J., Sakai, H., Nourizadeh, S., Chen, Q. G., Bleecker, A. B., Ecker, J. R., et al. (1998). EIN4 and ERS2 are members of the putative ethylene receptor gene family in Arabidopsis. Plant Cell 10, 1321–1332. doi: 10.1105/tpc.10.8.1321

International Plant Genetic Resources Institute [IPGRI], Food and Agriculture Organization [FAO], and International Centre for advanced Mediterranean Agronomics Studies [CIHEAM] (2008). Descriptors for hazelnut (Corylus avellana L.). Rome: Bioversity International.

International Union for the Protection of New Varieties of Plants [UPOV] (1979). Hazelnut (Corylus avellana L. & Corylus maxima Mill.): guidelines for the conduct of tests for distinctness, uniformity and stability. Hazelnut/Noisetier/Haselnuss, 79-03-28. Doc. no. TG/71/3. Geneva: UPOV.

Jansen, R. C., and Stam, P. (1994). High-resolution of quantitative traits into multiple loci via interval mapping. Genetics 136, 1447–1455. doi: 10.1093/genetics/136.4.1447

Jeong, H. J., Yang, J., Yi, J., and An, G. (2015). Controlling flowering time by histone methylation and acetylation in arabidopsis and rice. J. Plant Biol. 58, 203–210. doi: 10.1007/s12374-015-0219-1

Jeong, J. H., Song, H. R., Ko, J. H., Jeong, Y. M., Kwon, Y. E., Seol, J. H., et al. (2009). Repression of FLOWERING LOCUS T chromatin by functionally redundant histone H3 lysine 4 demethylases in Arabidopsis. PLoS One 4:e8033. doi: 10.1371/journal.pone.0008033

Jiang, D., Gu, X., and He, Y. (2009). Establishment of the winter-annual growth habit via FRIGIDA-mediated histone methylation at FLOWERING LOCUS C in Arabidopsis. Plant Cell 21, 1733–1746. doi: 10.1105/tpc.109.067967

Jung, C., and Müller, A. E. (2009). Flowering time control and applications in plant breeding. Trends Plant Sci. 14, 563–573. doi: 10.1016/j.tplants.2009.07.005

Kataya, A. R., Heidari, B., Hagen, L., Kommedal, R., Slupphaug, G., and Lillo, C. (2015). Protein phosphatase 2A holoenzyme is targeted to peroxisomes by piggybacking and positively affects peroxisomal beta-oxidation. Plant Physiol. 167, 493–506. doi: 10.1104/pp.114.254409

Kidd, B. N., Edgar, C. I., Kumar, K. K., Aitken, E. A., Schenk, P. M., Manners, J. M., et al. (2009). The Mediator Complex Subunit PFT1 Is a Key Regulator of Jasmonate-Dependent Defense in Arabidopsis. Plant Cell 21, 2237–2252. doi: 10.1105/tpc.109.066910

Kim, S. K., Yun, C. H., Lee, J. H., Jang, Y. H., Park, H. Y., and Kim, J. K. (2008). OsCO3, a CONSTANS-LIKE gene, controls flowering by negatively regulating the expression of FT-like genes under SD conditions in rice. Planta 228, 355–365. doi: 10.1007/s00425-008-0742-0

Kitamura, Y., Habu, T., Yamane, H., Nishiyama, S., Kajita, K., Sobue, T., et al. (2018). Identification of QTLs controlling chilling and heat requirements for dormancy release and bud break in Japanese apricot (Prunus mume). Tree Genet. Genome 14:33. doi: 10.1007/s11295-018-1243-3

Krogan, N. T., Hogan, K., and Long, J. A. (2012). APETALA2 negatively regulates multiple floral organ identity genes in Arabidopsis by recruiting the co-repressor TOPLESS and the histone deacetylase HDA19. Development 139, 4180–4190. doi: 10.1242/dev.085407

Kuusk, S., Sohlberg, J. J., Magnus Eklund, D., and Sundberg, E. (2006). Functionally redundant SHI family genes regulate Arabidopsis gynoecium development in a dose-dependent manner. Plant J. 47, 99–111. doi: 10.1111/j.1365-313X.2006.02774.x

Lalanne, E., Michaelidis, C., Moore, J. M., Gagliano, W., Johnson, A., Patel, R., et al. (2004). Analysis of transposon insertion mutants highlights the diversity of mechanisms underlying male progamic development in Arabidopsis. Genetics 167, 1975–1986. doi: 10.1534/genetics.104.030270

Lander, E. S., and Botstein, D. (1989). Mapping mendelian factors underlying quantitative traits using RFLP linkage maps. Genetics 121, 185–199. doi: 10.1093/genetics/121.1.185

Lee, D. Y., Lee, J., Moon, S., Park, S. Y., and An, G. (2007). The rice heterochronic gene SUPERNUMERARY BRACT regulates the transition from spikelet meristem to floral meristem. Plant J. 49, 64–78. doi: 10.1111/j.1365-313X.2006.02941.x

Liljegren, S. J., Roeder, A. H. K., Kempin, S. A., Gremski, K., Ostergaard, L., Guimil, S., et al. (2004). Control of fruit patterning in Arabidopsis by INDEHISCENT. Cell 116, 843–853. doi: 10.1016/S0092-8674(04)00217-X

Liu, F., Quesada, V., Crevillen, P., Baeurle, I., Swiezewski, S., and Dean, C. (2007). The Arabidopsis RNA-binding protein FCA requires a lysine-specific demethylase 1 homolog to downregulate FLC. Mol. Cell 28, 398–407. doi: 10.1016/j.molcel.2007.10.018

Liu, M., Yuan, L., Liu, N. Y., Shi, D. Q., Liu, J., and Yang, W. C. (2009). GAMETOPHYTIC FACTOR 1, involved in pre-mRNA splicing, is essential for megagametogenesis and embryogenesis in Arabidopsis. J. Integr. Plant Biol. 51, 261–271. doi: 10.1111/j.1744-7909.2008.00783.x

Lopez-Gonzalez, L., Mouriz, A., Narro-Diego, L., Bustos, R., Martinez-Zapater, J. M., Jarillo, J. A., et al. (2014). Chromatin-dependent repression of the Arabidopsis floral integrator genes involves plant specific PHD-containing proteins. Plant Cell 26, 3922–3938. doi: 10.1105/tpc.114.130781

Lou, Y., Xu, X. F., Zhu, J., Gu, J. N., Blackmore, S., and Yang, Z. N. (2014). The tapetal AHL family protein TEK determines nexine formation in the pollen wall. Nat. Commun. 5, 3855–3855. doi: 10.1038/ncomms4855

Lucas, S. J., Kahraman, K., Avşar, B., Buggs, R. J., and Bilge, I. (2021). A chromosome-scale genome assembly of European hazel (Corylus avellana L.) reveals targets for crop improvement. Plant J. 105, 1413–1430. doi: 10.1111/tpj.15099

Luo, G., Gu, H., Liu, J., and Qu, L. J. (2012). Four closely-related RING-type E3 ligases, APD1-4, are involved in pollen mitosis II regulation in Arabidopsis. J. Integr. Plant Biol. 54, 814–827. doi: 10.1111/j.1744-7909.2012.01152.x

Matías-Hernández, L., Aguilar-Jaramillo, A. E., Marín-González, E., Suárez-López, P., and Pelaz, S. (2014). RAV genes: regulation of floral induction and beyond. Ann. Bot. 114, 1459–1470. doi: 10.1093/aob/mcu069

Mehlenbacher, S. A. (1991). Genetic Resources of Temperate Fruit and Nut Crops. Technical Communications of ISHS. Number 290-XVII. Hazelnuts (Corylus). Acta Hortic. 17, 791–836. doi: 10.17660/ActaHortic.1991.290.18

Mehlenbacher, S. A., Brown, R. N., Nouhra, E. R., Gökirmak, T., Bassil, N. V., and Kubisiak, T. L. (2006). A genetic linkage map for hazelnut (Corylus avellana L.) based on RAPD and SSR markers. Genome 49, 122–133. doi: 10.1139/g05-091

Mehlenbacher, S. A., and Thompson, M. M. (1988). Dominance relationships among S-alleles in Corylus avellana L. Theor. Appl. Genet. 76, 669–672. doi: 10.1007/BF00303511

Mizuno, S., Osakabe, Y., Maruyama, K., Ito, T., Osakabe, K., Sato, T., et al. (2007). Receptor-like protein kinase 2 (RPK 2) is a novel factor controlling anther development in Arabidopsis thaliana. Plant J. 50, 751–766. doi: 10.1111/j.1365-313X.2007.03083.x

Moreau, F., Thevenon, E., Blanvillain, R., Lopez-Vidriero, I., Franco-Zorrilla, J. M., Dumas, R., et al. (2016). The Myb-domain protein ULTRAPETALA1 INTERACTING FACTOR 1 controls floral meristem activities in Arabidopsis. Development 143, 1108–1119. doi: 10.1242/dev.127365

Nodine, M. D., Yadegari, R., and Tax, F. E. (2007). RPK1 and TOAD2 are two receptor-like kinases redundantly required for arabidopsis embryonic pattern formation. Dev. Cell 12, 943–956. doi: 10.1016/j.devcel.2007.04.003

Nonomura, K., Miyoshi, K., Eiguchi, M., Suzuki, T., Miyao, A., Hirochika, H., et al. (2003). The MSP1 gene is necessary to restrict the number of cells entering into male and female sporogenesis and to initiate anther wall formation in rice. Plant Cell 15, 1728–1739.

Ntladi, S. M., Human, J. P., Bester, C., Vervalle, J., Roodt-Wilding, R., and Tobutt, K. R. (2018). Quantitative trait loci (QTL) mapping of blush skin and flowering time in a European pear (Pyrus communis) progeny of ‘Flamingo x Abate Fetel’. Tree Genet. Genomes 14:70. doi: 10.1007/s11295-018-1280-y

Ozturk, S. C., Ozturk, S. E., Celik, I., Stampar, F., Veberic, R., Doganlar, S., et al. (2017). Molecular genetic diversity and association mapping of nut and kernel traits in Slovenian hazelnut (Corylus avellana) germplasm. Tree Genet. Genomes 13:16.

Pagnussat, G. C., Yu, H. J., Ngo, Q. A., Rajani, S., Mayalagu, S., Johnson, C. S., et al. (2005). Genetic and molecular identification of genes required for female gametophyte development and function in Arabidopsis. Development 132, 603–614.

Pavese, V., Cavalet Giorsa, E., Barchi, L., Acquadro, A., Torello Marinoni, D., Portis, E., et al. (2021). Whole-genome assembly of cv ‘Tonda Gentile delle Langhe’ using linked-reads (10X Genomics). G3 11:jkab152. doi: 10.1093/g3journal/jkab152

Peng, H. P., Lin, T. Y., Wang, N. N., and Shih, M. C. (2005). Differential expression of genes encoding 1-aminocyclopropane-1-carboxylate synthase in Arabidopsis during hypoxia. Plant Mol. Biol. 58, 15–25. doi: 10.1007/s11103-005-3573-4

Peng, M., Cui, Y., Bi, Y. M., and Rothstein, S. J. (2006). AtMBD9: a protein with a methyl-CpG-binding domain regulates flowering time and shoot branching in Arabidopsis. Plant J. 46, 282–296.

Portereiko, M. F., Sandaklie-Nikolova, L., Lloyd, A., Dever, C. A., Otsuga, D., and Drews, G. N. (2006). NUCLEAR FUSION DEFECTIVE1 encodes the Arabidopsis RPL21M protein and is required for karyogamy during female gametophyte development and fertilization. Plant Physiol. 141, 957–965.

Poupin, M. J., Federici, F., Medina, C., Matus, J. T., Timmermann, T., and Arce-Johnson, P. (2007). Isolation of the three grape sub-lineages of B-class MADS-box TM6, PISTILLATA and APETALA3 genes which are differentially expressed during flower and fruit development. Gene 404, 10–24.

Ren, Y., Wang, Y., Liu, F., Zhou, K., Ding, Y., Zhou, F., et al. (2014). GLUTELIN PRECURSOR ACCUMULATION3 encodes a regulator of post-Golgi vesicular traffic essential for vacuolar protein sorting in rice endosperm. Plant Cell 26, 410–425.

Rowley, E. R., Fox, S. E., Bryant, D. W., Sullivan, C. M., Givan, S. A., Mehlenbacher, S. A., et al. (2012). Assembly and characterization of the European hazelnut (Corylus avellana L.) ‘Jefferson’ transcriptome. Crop Sci. 52, 2679–2686. doi: 10.2135/cropsci2012.02.0065

Rowley, E. R., Van Buren, R., Bryant, D. W., Priest, D. W., Mehlenbacher, S. A., and Mockler, T. C. (2018). A Draft Genome and High-Density Genetic Map of European Hazelnut (Corylus avellana L.). bioArxiv [Preprint]. doi: 10.1101/469015

Saleh, A., Al-Abdallat, A., Ndamukong, I., Alvarez-Venegas, R., and Avramova, Z. (2007). The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste (CLF) establish ‘bivalent chromatin marks’ at the silent AGAMOUS locus. Nucleic Acids Res. 35, 6290–6296.

Schatlowski, N., Stahl, Y., Hohenstatt, M. L., Goodrich, J., and Schubert, D. (2010). The CURLY LEAF interacting protein BLISTER controls expression of polycomb-group target genes and cellular differentiation of Arabidopsis thaliana. Plant Cell 22, 2291–2305.

Sijacic, P., Wang, W., and Liu, Z. (2011). Recessive antimorphic alleles overcome functionally redundant loci to reveal TSO1 function in Arabidopsis flowers and meristems. PLoS Genet. 7:e1002352. doi: 10.1371/journal.pgen.1002352

Sormo, C. G., Brembu, T., Winge, P., and Bones, A. M. (2011). Arabidopsis thaliana MIRO1 and MIRO2 GTPases are unequally redundant in pollen tube growth and fusion of polar nuclei during female gametogenesis. PLoS One 6:e18530. doi: 10.1371/journal.pone.0018530

Stenvik, G.-E., Tandstad, N. M., Guo, Y., Shi, C.-L., Kristiansen, W., Holmgren, A., et al. (2008). The EPIP peptide of INFLORESCENCE DEFICIENT IN ABSCISSION is sufficient to induce abscission in arabidopsis through the receptor-like kinases HAESA and HAESA-LIKE2. Plant Cell 20, 1805–1817.

Sun, X., Zhang, Z., Wu, J., Cui, X., Feng, D., Wang, K., et al. (2016). The Oryza sativa regulator HDR1 associates with the kinase OsK4 to control photoperiodic flowering. PLoS Genet. 12:e1005927. doi: 10.1371/journal.pgen.1005927

Tang, L. Y., Matsushima, R., and Sakamoto, W. (2012). Mutations defective in ribonucleotide reductase activity interfere with pollen plastid DNA degradation mediated by DPD1 exonuclease. Plant J. 70, 637–649.

Torello Marinoni, D., Valentini, N., Portis, E., Acquadro, A., Beltramo, C., Mehlenbacher, S. A., et al. (2018). High density SNP mapping and QTL analysis for time of leaf budburst in Corylus avellana L. PLoS One 13:e0195408. doi: 10.1371/journal.pone.0195408

Turck, F., Fornara, F., and Coupland, G. (2008). Regulation and identity of florigen: FLOWERING LOCUS T moves center stage. Annu. Rev. Plant Biol. 59, 573–594. doi: 10.1146/annurev.arplant.59.032607.092755

Turcu, E., Turcu, I., and Botu, M. (2001). Flowering of hazelnut cultivars in Oltenia Romania. Acta Hortic. 556, 365–370. doi: 10.17660/ActaHortic.2001.556.54

Ueda, A., Li, P., Feng, Y., Vikram, M., Kim, S., Kang, C. H., et al. (2008). The Arabidopsis thaliana carboxyl-terminal domain phosphatase-like 2 regulates plant growth, stress and auxin responses. Plant Mol. Biol. 67, 683–697.

van Ooijen, J. W. (1992). Accuracy of mapping quantitative trait loci in autogamous species. Theor. Appl. Genet. 84, 803–811.

van Ooijen, J. W. (2004). MapQTL 5. Software for the mapping of quantitative trait loci in experimental populations of diploid species. Wageningen: Kyazma BV.

Voelz, R., von Lyncker, L., Baumann, N., Dresselhaus, T., Sprunck, S., and Gross-Hardt, R. (2012). LACHESIS-dependent egg-cell signaling regulates the development of female gametophytic cells. Development 139, 498–502.

Voorrips, R. (2002). MapChart: software for the graphical presentation of linkage maps and QTLs. J. Hered. 93, 77–78.

Wang, S., Chang, Y., Guo, J., Zeng, Q., Ellis, B. E., and Chen, J. G. (2011). Arabidopsis ovate family proteins, a novel transcriptional repressor family, control multiple aspects of plant growth and development. PLoS One 6:e23896. doi: 10.1371/journal.pone.0023896

Wang, X. T., Yuan, C., Yuan, T. T., and Cui, S. J. (2012). The Arabidopsis LFR gene is required for the formation of anther cell layers and normal expression of key regulatory genes. Mol. Plant 5, 993–1000.

Xiao, C., Chen, F., Yu, X., Lin, C., and Fu, Y. F. (2009). Over-expression of an AT-hook gene, AHL22, delays flowering and inhibits the elongation of the hypocotyl in Arabidopsis thaliana. Plant Mol. Biol. 71, 39–50.

Xing, D., Zhao, H., Xu, R., and Li, Q. Q. (2008). Arabidopsis PCFS4, a homologue of yeast polyadenylation factor Pcf11p, regulates FCA alternative processing and promotes flowering time. Plant J. 54, 899–910.

Xu, R., and Li, Q. Q. (2003). A RING-H2 zinc-finger protein gene RIE1 is essential for seed development in Arabidopsis. Plant Mol. Biol. 53, 37–50.

Yaish, M. W. F., Peng, M., and Rothstein, S. J. (2009). AtMBD9 modulates Arabidopsis development through the dual epigenetic pathways of DNA methylation and histone acetylation. Plant J. 59, 123–135.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Valentini, Portis, Botta, Acquadro, Pavese, Cavalet Giorsa and Torello Marinoni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 01 February 2022
doi: 10.3389/fpls.2021.813902





[image: image]

Agronomical and Physiological Behavior of Spanish Hazelnut Selection “Negret-N9” Grafted on Non-suckering Rootstocks

Mercè Rovira1*, J. Francisco Hermoso1, Josep Rufat2, Valerio Cristofori3, Cristian Silvestri3 and Agustí Romero1

1Institut de Recerca i Tecnologia Agroalimentàries, Mas Bové, Constantí, Spain

2Institut de Recerca i Tecnologia Agroalimentàries, Parc Científic i Tecnològic Agroalimentari de Lleida, Lleida, Spain

3Dipartimento di Scienze Agrarie e Forestali, Università degli Studi della Tuscia, Viterbo, Italy

Edited by:
Maria Cecilia Rousseaux, Centro Regional de Investigaciones Científicas y Transferencia Tecnológica de La Rioja (CRILAR CONICET), Argentina

Reviewed by:
Sergio Tombesi, Catholic University of the Sacred Heart, Italy
Salvatore Camposeo, University of Bari Aldo Moro, Italy

*Correspondence: Mercè Rovira, merce.rovira@irta.cat

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 12 November 2021
Accepted: 22 December 2021
Published: 01 February 2022

Citation: Rovira M, Hermoso JF, Rufat J, Cristofori V, Silvestri C and Romero A (2022) Agronomical and Physiological Behavior of Spanish Hazelnut Selection “Negret-N9” Grafted on Non-suckering Rootstocks. Front. Plant Sci. 12:813902. doi: 10.3389/fpls.2021.813902

“Negret” is the most widely planted hazelnut cultivar in Northeastern Spain, where it is highly appreciated by the local kernel marked for its favorable nut traits. Its main disadvantages are the high suckers emission, causing large maintenance costs every year, and its medium-to-low vigor and susceptibility to iron chlorosis. In 2000, a trial to select new vigorous and non-suckering rootstocks for hazelnut was established at IRTA Mas Bové (Spain). The “Negret N-9” selection was grafted onto four clonal rootstocks (“Dundee” and “Newberg” two selections of open-pollinated Corylus colurna seedlings, the low suckering cultivar “Tonda Bianca” and the local selection “IRTA MB-69”) and compared to the self-rooted “Negret N-9” as a control. The trial was designed as a randomized complete block with 10 replications and one tree per plot (10 trees per treatment). Plant vigor, suckers emission, yield, and nut and kernel traits have been evaluated over 10 years (2003–2012). During the 2006 to 2010 growing seasons, the qualitative traits of kernels, such as kernel skin color, oil content, and fatty acid profiles, were added to the characterization. Physiological data, such as steam water potential, stomatal conductance, and leaf chlorophyll content, were also evaluated during the 2015 growing season. The results showed that clonal rootstocks had a strong influence on vigor and yield of “Negret N-9.” The “Dundee,” “Newberg,” and “IRTA MB-69” rootstocks showed the highest vegetative growth and the lower suckers emission. The yield was highest in trees grafted on “Dundee” rootstock. In terms of the qualitative traits of kernel which are important to the hazelnut industry, rootstocks increased the oil stability and induced a brown light color in the kernel pellicle versus the brown dark color observed in nuts collected from self-rooted “Negret N-9.” The fatty acids profile was also influenced by the grafting combination. Finally, physiological traits indicated a higher overall performances for “Dundee” rootstock, which was generally found to be the best rootstock for “Negret N-9” in the experimental environment.

Keywords: Corylus avellana L., clonal rootstocks, physiological traits, yield efficiency, fatty acids profile, oil stability


INTRODUCTION

Spain is one of the most important hazelnut-producing countries in Europe; during the 2019 growing seasons, its total in-shell production was approximately 12.300 t (FAOSTAT, 2021).

The most widely grown hazelnut cultivar in Spain is “Negret”, and it currently represents approximately 70% of Spanish commercial hazelnut orchards. This cultivar tends to have low vigor and late bearing, is quite susceptible to iron chlorosis, and shows high suckers emission (Tous et al., 1997). These disadvantages may be mitigated by using vigorous rootstocks, which are adapted to calcareous soils, have lower suckering, and can be combined with the use of healthy scions of the main hazelnut cultivars, such as the virus-free clonal selection “Negret N-9” (Rovira et al., 2006), released by the IRTA Mas Bové, Constantí, Tarragona (Spain), and which resulted to be more yielding than the standard “Negret” (Aramburu and Rovira, 1998).

The natural habitat of the European hazelnut (Corylus avellana L.) is a large multi-stemmed shrub, which annually produces suckers from buds located at the base of the trunk or tree stump. The suckers are the natural replacement for old, dead, or diseased stems. To facilitate the management in commercial orchards, growers in several producing countries [the United States (in Oregon), France, Chile, and to a lesser extent Spain and Italy] train hazelnut trees to a single trunk. This training system makes it necessary to eliminate the suckers that continuously appear each growing season. This sucker removal becomes a major cropping operation, requiring four to five herbicide sprays per year and occasionally hand sucker removal during the winter, representing a significant increase in time and money spent (Lagerstedt, 1975; Tous et al., 1994; Radicatti et al., 1997; Cerović et al., 2009; Fideghelli and De Salvador, 2009; Silvestri et al., 2021a). This current state of the art may be improved by using non-suckering rootstocks in commercial hazelnut orchards, as has been reported by different authors (Molnar, 2011; Ellena et al., 2014; Cristofori et al., 2017; Silvestri et al., 2021b). Although interest has been widely expressed by the hazelnut community in the use of non-suckering rootstocks, field evaluations on this topic are still limited, and the few trials that exist are still in progress.

The breeding activities aimed to release hazelnut rootstocks, in addition to the patenting of new cultivars, started in 1968 at Oregon State University (United States). In nursery rows, Corylus colurna L. seedlings were obtained by open pollination of C. avellana, and growth habits similar to those of the European hazelnut were selected and propagated by layering. Over 20 years, about 150 putative inter-specific hybrids were selected from among 20,000 seedlings raised, and two of these selections, named “Newberg” (USOR 7-71) and “Dundee” (USOR 15-71), were released as clonal rootstocks (Lagerstedt, 1993a). Both selected non-suckering hybrids provide high vigor to the scion of European hazelnut cultivars when grafted onto them. Despite their promise, in the past these clonal rootstocks have been used infrequently in the United States as well as in other hazelnut-producing countries. Hazelnut growers in Oregon (United States) did not use this innovation in grafted plant material, such as “Dundee” and “Newberg” were highly susceptible to the local disease Eastern Filbert Blight (EFB) caused by the ascomycete Anisogramma anomala (Pinkerton et al., 1992), as this fungal disease is the main drawback for hazelnut growing in the United States (Mehlenbacher, 1991). Nevertheless, hazelnut growers in Northeast Spain have recently highlighted their interest in these rootstocks, and about 200 ha of commercial orchards have been planted using trees grafted on “Dundee” rootstock that now is routinely propagated by some Spanish nurseries (Rovira, personal communication).

Moreover, also in Italy some research centers have started to establish trials for testing different Italian cultivars grafted on “Dundee” rootstocks and new selected seedlings obtained by crossing C. colurna L. × C. avellana L. (Valentini et al., 2007, 2009), and in Craiova University (Valcea, Romania), where in 2016, three local varieties named “Cozia,” “Uriase de Valcea,” “Valcea,” and some standard cultivars as “Hall’s Giant,” “Romavel,” and “Tonda Gentile delle Langhe” were grafted onto “Dundee” and “Newberg” rootstocks and their agronomic behavior is under study (Botu, personal communication).

Corylus colurna L. and perhaps hybrids of C. colurna × C. avellana usually show high drought tolerance due to their deeper roots than C. avellana, and their non-suckering aptitudes give a high potential to this plant material as a rootstock (Botta et al., 2019). Nevertheless, C. colurna seedlings grafted with scions of the main European hazelnut cultivars show some disadvantages, such as the seed germination, which in nurseries usually takes 2 years to germinate, where the seedlings often require 2 additional years to properly grow before reaching a suitable size for grafting. According to these issues, their use in commercial nurseries is still limited. Despite the disadvantages observed for seedlings of C. colurna, in nurseries, to be used as rootstock, this plant material is widely used in Serbia (Korac et al., 1997; Cerović et al., 2009; Nikolova, 2009; Ninić-Todorović et al., 2009, 2012) since it does not produce suckers, gives long life to the grafted trees, shows high resistance to frost and drought, and it seems adaptable to a wide range of soils (Miletic et al., 2009).

In the past some vigorous and low suckering cultivars of C. avellana, have been also tested as rootstocks in the United States (Lagerstedt, 1975), in Italy (Baratta et al., 1990), and in Spain (Tous et al., 1997). The trial carried out in Spain released the clonal rootstock “MB-69” selected by seedlings of “Tonda Bianca” (Tous et al., 1997). In Karaj (Iran), local genotypes of C. avellana tolerant to drought and low humidity have been selected as rootstocks (Salimi and Hoseinova, 2012). Furthermore, in the Chilean Research Center “Instituto de Investigaciones Agropecuarias – INIA” located in Temuco (Araucanía region, southern Chile), the clone BA-5 selected by “Chilean Barcelona” cultivar has been tested as a promising non-suckering rootstock for European hazelnut (Ellena et al., 2014).

The European hazelnut (C. avellana L.) is considered a species sensitive to water stress and usually shows a low capacity of stomatal regulation (Girona et al., 1994; Cristofori et al., 2014; Gispert et al., 2015). This physiological inefficiency can negatively influence the foliar photosynthetic activity and promotes a poor nut filling when drought condition becomes extended (Tombesi, 1994; Dias et al., 2005). Seedlings of C. colurna and hybrids of C. colurna × C. avellana could optimize this physiological trait in grafted trees for commercial purposes thanks to their root systems, which are deeper than those of self-rooted cultivars of C. avellana.

On this framework, our research aimed to study for a long period the agronomic and physiological behavior of the Spanish hazelnut cultivar “Negret N-9” grafted on four putative clonal rootstocks in comparison to self-rooted trees of the same cultivar.



MATERIALS AND METHODS


Plant Material

The trial was carried out over the period 2000–2015 in the experimental orchard located at IRTA – Mas Bové Research Centre (Constantí, Tarragona, Northeastern Spain) (41°10′9[image: image]N, 1°10′28[image: image]E, altitude 110 m a.s.l.) in a loamy–sandy soil texture (United States Department of Agriculture) classified as Typic Xeropsamments (Comisión del Banco de Datos de Suelos y Aguas, 1983). It is an alkaline soil (active limestone 4%), with low organic matter content (1% at 0–50 cm in soil depth) and medium-to-high active lime content (<7%), without an excess of salinity and low phosphorus and potassium content. The area is characterized by a Mediterranean coastal climate, and data of maximum and minimum air temperatures and rainfall were collected by a thermometric station located near the experimental orchards (Supplementary Figure 1). Average annual rainfall and reference evapotranspiration (Et0) over the trial period were 580 and 1041 mm, respectively.

The trial was established by planting virus-free trees of the clone “Negret N-9” selected by IRTA, since it is characterized by low vigor, susceptibility to iron chlorosis, and high suckers emission. Trees of this clone were grafted onto four different clonal rootstocks: “Dundee” and “Newberg,” two selections from Oregon State University (United States) (Lagerstedt, 1993b), the Italian cultivar “Tonda Bianca” selected in the past in Campania region (Eynard et al., 1972), and the IRTA’s selection “MB-69” (Tous et al., 1997). These grafting combinations were compared with self-rooted trees of the clone and inserted in the trial as controls. Grafting material was collected from mature trees, and whip grafted trees were produced using a “hot callusing pipe” system in a greenhouse (Lagerstedt, 1981). The “Negret N-9” self-rooted trees were obtained by layering from donor trees as described in the literature (Germain and Sarraquigne, 2004).

The experiment was designed as a randomized complete block with 10 replications and one tree per plot (10 trees per treatment). The trees were spaced at 6.0 m × 3.5 m and trained into a vase-shaped single-trunk form. The experimental orchard was managed with a natural green cover crop according to the rules of the local hazelnut Integrated Production System. Furthermore, due to the low annual rainfall, a drip irrigation supply was ensured during the summer period, and it consisted of a pipe of 20 mm and self-compensated drippers with 4 L of water per hour and a spacing of 70 cm in the drip line. The volumes of water supply were calculated as ETc = ETo × Kc, where ETo is the class A evaporation and Kc is the crop coefficient for hazelnut in Tarragona (Spain), as reported in the literature (Girona et al., 1994).



Agronomic Traits

The agronomical data were recorded annually over a 10-year period (2003–2012) on all the grafted and self-rooted trees by measuring tree height (centimeters), trunk cross-sectional area [TCSA (square centimeters)] at 20 cm above the ground, total number of suckers per tree, canopy volume (cubic meters), and yield (kilograms) expressed as total in-shell nuts per tree. In 2012, when the trees reached the maximum available space between them, the yield efficiency (YE) (the ratio between cumulative yield and TCSA) was calculated.



Nut and Kernel Traits

Several traits including nut weight (grams), kernel weight (grams), percent kernel [(kernel weight/nut weight) × 100], kernel size >12 mm (percent), and the main nut defects, such as blanks, shriveling, a glassy appearance, and inner kernel cavity (hulls inside the kernel when it is opened), were investigated over the years by using randomized samples of 50 nuts per tree. Skin color components, lightness (L*), reddish (a*), and yellowish (b*), were measured using a spectrophotometer (MINOLTA Model M3500) on the samples collected in 2009 and 2010. In addition, kernel samples collected in the the 2010 growing season were taken and placed in an oven at 175 ± 1°C for 30 min, and they were then cooled at room temperature before being peeled by hand. After pellicle removal, the kernels were classified according to roasting index RI1 (incidence of roasted kernels peeled in more than 95%) and roasting index RI2 (incidence of roasted kernels peeled in more than 50%).

Fatty acids profiles and oil stability were investigated for 5 consecutive years (2006–2010). Briefly, the fatty acid methyl esters (FAMEs) were prepared by trans-esterification with KOH 0.5 M, following the official method UNE-EN ISO 5509:2000. The FAMEs (1 mL) were separated using a gas-chromatograph (HP 6890; Agilent Technologies, Barcelona, Spain) equipped with an FID detector and a capillary column 30 m lenght and 0.25 mm diameter (HP-Innowax, Agilent Technologies). The carrier gas was helium, and the flow rate was 1 mL/min. The injector and detector temperatures were +220 and +275°C, respectively. The FAME identification was based on retention time relative to those of a standard FAME mixture (Sigma-Aldrich, Madrid, Spain). Oil stability was measured by Rancimat method, using a Rancimat 617 series 09 Metrohm, working at +120 ± 1°C and 20L/h of air flow; the stability values were expressed in hours.



Physiological Measurements

The stem water potential, chlorophyll index (SPAD), and stomatal conductance were measured during the 2015 growing season. Stem water potential was monitored with a pressure chamber (Scholander et al., 1965) following the recommendations of Turner and Long (1980). Briefly, readings were taken with a plant status console (Model 3005, Soil Moisture Equipment Corp., Santa Barbara, CA, United States). Stem water potential was measured two times (June 22 and August 28), on two selected leaves of both north and south orientation, covered with a bag (shaded leaves) before measuring the pressure. The chlorophyll Index was measured threefold (May 21, June 22, and August 28) in 12 leaves per tree (three leaves for each orientation), by non-destructive instruments (SPAD-502, KONICA MINOLTA). Stomatal conductance was measured twice (June 22 and August 28) on two leaves per tree, with a steady-state porometer (model LI-1600, Li-Cor, Lincoln, NE, United States). All these physiological data were collected at noon. In addition, leaf drop in late summer–autumn (four labeled branches per tree) were counted once a week, from the first of September to the middle of December 2015. The phenological phases at physiological measurement times were: just before fecundation (May 21), the kernel fills 30% of the shell (June 22), and near harvest time (August 28). All physiological measurements were taken in three trees per treatment of the trial. For stem water potential and stomatal conductance, 6 leaves per treatment (1 tree/repetition and 2 leaves per tree) were run and a total of 30 leaves per day were used to avoid a time measurement beyond 1 h.



Statistical Analysis

The effect of different rootstocks compared to the self-rooted control were evaluated and data have been subjected to one-way ANOVA; mean separation was done using Duncan’s multiple range test (P ≤ 0.01). Principal component analysis (PCA) was performed using all the quantitative variables to assess their relationships. Data processing was performed with SAS (version 9.4; SAS Institute, Cary, NC, United States).




RESULTS


Climatic Data Over the Period 2003–2012

Data of maximum and minimum air temperature and rainfall, collected by the thermometric station over the period 2003–2012 are presented in Supplementary Figure 1. Notably, the mean rainfall detected over the period was approximately 560 mm per year, showing a limited number of rainfall events in June and July, which was identified as the timeframe during the growing seasons in which to focus on the irrigation supply.



Agronomic Traits

All agronomic traits investigated showed significant differences related to the type of grafting combination and year of observation. Suckers emission differed significantly depending on the rootstock; as a comparison, what was observed in the self-rooted “Negret N-9.” Rootstock with the lowest suckers emission was the selection “MB-69” with an average of 2.77 suckers per tree, and it was followed by the rootstocks “Newberg” and “Dundee,” which showed values of 3.12 and 4.07, respectively (Table 1). The highest sucker’s emission rootstock was the self-rooted “Negret N-9” that yearly produced an average of 25.44 suckers per tree.


TABLE 1. Effects of rootstock on suckers production, trunk cross-sectional area (TCSA), tree height, tree diameter, and canopy volume, in “Negret N-9” hazelnut cultivar planted in 2000, at 6 × 3.5-m (19.7 × 11.48 ft) tree spacing at the Institute of Agriculture and Food Research and Technology (IRTA)-Mas Bové Station (Constantí, Spain).
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All grafted trees were more vigorous than self-rooted ones (Table 1), and the values of TCSA (cm2) tree height (cm), tree diameter (cm), and canopy volume (m3) recorded in 2012 were significantly higher especially for “Negret N-9” grafted on “Dundee.”

Results presented in Table 2 show the cumulative yield expressed as kilograms of in-shell nuts per tree, recorded during the first cropping years when the trees were still young (2003–2006), the cumulative yield recorded during the whole period of the trial (2003–2012), and YE. In the first cropping years, trees of “Negret N-9” grafted on “Dundee” and “MB-69” rootstocks showed the highest cumulative yield (10.23 and 9.63 kg per tree, respectively), as also confirmed by statistical analysis. Significant differences were also observed for the total cumulative yield (2003–2012), where trees grafted on “Dundee” rootstock had the highest average value (41.91 kg per tree) and followed by “Newberg” (34.91 kg per tree), whereas the own-rooted “Negret N-9” showed the lowest value (26.91 kg per tree). YE calculated as the cumulative yield from 2003 to 2012 and related to the TCSA detected at the end of growing season 2012, was highest for the lowest vigorous tree of self-rooted “Negret N-9.”


TABLE 2. Effects of rootstock on early bearing, cumulative yield, and yield efficiency, in “Negret N-9” hazelnut cultivar planted in 2000, at 6 × 3.5-m (19.7 × 11.48 ft) tree spacing at the Institute of Agriculture and Food Research and Technology (IRTA)-Mas Bové (Constantí, Spain).
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A thorough analysis of the yearly yield of the trial showed that, since 2005, large differences were observed for the different grafting combinations; these were maintained until the last year of the trial (2012). As showed in Figure 1, trees grafted on “Dundee” and similarly to those of “Newberg,” stand out for their nut production when compared to the other rootstocks and to the self-rooted “Negret N-9,” which was also confirmed to be the lowest producing thesis.


[image: image]

FIGURE 1. Yield (in-shell nuts) of different trees materials represented by “Negret N-9” grafted on “Dundee,” “Newberg,” “MB-69,” and “Tonda Bianca” rootstocks, respectively, and compared to self-rooted “Negret N-9.” Data recorded from 2003 to 2012. Error mean square for each year, are included.




Nut and Kernel Traits

The nut and kernel traits, investigated throughout the trial from the first year of tree production, are grouped in Table 3. The nut samples collected from the self-rooted “Negret N-9” trees were slightly higher in weight and size when compared to those collected from the grafted “Negret N-9” trees, whereas no differences were observed for the trait percent kernel (kernel/nut ratio) that on average was about 49% for all theses.


TABLE 3. Effects of rootstock on nut and kernel weight, kernel percentage, kernel size [>12 mm (0.47 inch)], and inner kernel cavity, in “Negret N-9” hazelnut cultivar planted in 2000, at 6 × 3.5-m (19.7 × 11.48 ft) tree spacing at the Institute of Agriculture and Food Research and Technology (IRTA)-Mas Bové (Constantí, Spain).
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Referring to nut and kernel defects, no significant differences were observed in blanks, shrivel, or kernels with glassy appearance (data not shown), highlighting that the rootstock does not influence the incidence of these nut and kernel disorders. Nevertheless, nuts collected from self-rooted “Negret N-9” trees were affected by lower inner kernel cavity than those collected from grafted trees (Table 3). Significant differences in skin kernel (pellicle) color were also observed, and, as shown in Table 4, higher values of lightness (L = 29.46) were found in kernels of the grafted trees onto “Dundee” rootstock, whereas lower entity of lightness was recorded for kernels of the self-rooted trees (L = 27.50). These differences in lightness of the kernel pellicle are mainly influenced by the yellow component of the pellicle color (b) that was significantly higher in kernels of the trees grafted on “Newberg” (b = 14.68), “Dundee” (b = 14.41) and “Tonda Bianca” (b = 14.48), respectively, whereas the kernels harvested from self-rooted trees showed the lowest mean values of this trait (b = 13.52). No difference emerged for the parameters roasting index RI1 and RI2 (data not shown) confirming that rootstock does not affect this technological parameter of the nuts, which is demonstrated to be highly genotype-dependent in a manner similar to the nut and kernel defects (Mehlenbacher et al., 1993).


TABLE 4. Effects of rootstock on skin kernel color in “Negret N-9” hazelnut cultivar planted in 2000, at 6 × 3.5-m (19.7 × 11.48 ft) tree spacing at the Institute of Agriculture and Food Research and Technology (IRTA)-Mas Bové (Constantí, Spain).
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Qualitative traits of the hazelnut kernels are highly influenced by their oil content that usually reaches 60–65% of the seed dry weight and consist of approximately 80% oleic acid (Cristofori et al., 2015). Notable differences were recorded for oil stability among the grafting combinations. Oil extracted from kernels of “Negret N-9” grafted on “Dundee,” “Newberg,” and “Tonda Bianca” showed a higher oil stability (6.80, 6.45, and 6.92 h, respectively) when compared to that of nuts collected from self-rooted trees, which showed mean values of 5.67 h (Table 5). The fatty acids composition was analyzed from the extracted oil by the kernels harvested from the representative trees of the grafting combinations under test conditions, and the incidence of the main fatty acids (palmitic, oleic, and linoleic acids) is also shown in Table 5. Although slight differences were observed for these qualitative traits such as for palmitic acid expressed as mean value of 5 cropping years (from 2006 to 2010), which was lower than 6% in self-rooted thesis, it was not possible to establish any relationship between fatty acids composition and plant vigor, yield, or technological kernel traits.


TABLE 5. Effects of rootstock on kernel oil stability (hours at 120°C) and relative fatty acid composition (%) of “Negret N-9” hazelnut cultivar planted.
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Physiological Traits

Seasonal evolution of the stem water potential (Ψst) monitored in two different eco-physiological stages of the trees during the 2015 growing season (late June and late August) clearly showed higher Ψst for trees grafted onto “Dundee” that were characterized by values of −0.58 and −0.93 MPa in late June and late August, respectively, as well as observed in self-rooted trees that showed values of −0.57 and −0.96 MPa, in the same times of investigation. Conversely, trees grafted on “Newberg” showed the lowest values of Ψst (−0.72 and −0.98 MPa, respectively), while the trees grafted onto “MB-69” and “Tonda Bianca” were characterized by intermediate Ψst values (−0.65 and −0.95 MPa for “MB-69” and −0.69 and −0.96 MPa for “Tonda Bianca,” respectively), especially for measurements carried out in late June when the trees were distinguished by the phase of fruit development and early kernel filling, which significantly influences their eco-physiological behavior (Cristofori et al., 2015). Moreover, while the differences observed during the first date of measurements were affected by the rootstock, no significant differences were emerged for this trait at near harvest time (August 28), as shown in Figure 2.
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FIGURE 2. Stem water potential (Ψst) (MPa) of “Negret N-9” trees grafted on “Dundee,” “Newberg,” “MB-69,” “Tonda Bianca” rootstocks, and self-rooted (control). Data were evaluated in 2015, on June 22 and August 28. Means within a date followed by the same letter are not significantly different by Duncan’s multiple range test at P ≤ 0.05.


Seasonal patterns on chlorophyll index (Figure 3) showed lower values for trees grafted onto “Tonda Bianca” and for self-rooted “Negret N-9” when compared to those recorded for the other grafting combinations, with particular reference to trees grafted onto “Newberg”, which showed the highest values throughout the whole measurement campaign carried out in 2015 (43, 47.5, and 48.6 on May 21, June 22, and August 28, respectively).
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FIGURE 3. Chlorophyll index of “Negret N-9” trees grafted on “Dundee,” “Newberg,” “MB-69,” “Tonda Bianca” rootstocks, and self-rooted (control). Data were evaluated in 2015, on May 21, June 22, and August 28. Means within a date followed by the same letter are not significantly different by Duncan’s multiple range test at P ≤ 0.05. Error mean squares are included.


The leaf stomatal conductance (Figure 4), measured at the same time of Ψst measurements, gave mean values of 303.9 mmol/m2/s for “Negret N-9” grafted on “Dundee” at the end of spring (June 22), which were significantly higher than those recorded for the other grafting combinations that grouped at mean values of approximately 230 mmol/m2/s, whereas the self-rooted trees showed intermediate mean values (260 mmol/m2/s). The leaf stomatal conductance showed higher variability when determined at harvest time (August 28) in comparison to those recorded in late June. In detail, the trees grafted onto “Dundee,” “Tonda Bianca,” and the self-rooted controls were characterized by an average stomatal conductance significantly higher than that detected for “Newberg” and “MB-69.” Furthermore, trees grafted on “Dundee” rootstock were distinguished from other grafting combinations by its higher conductance values, which remained high even near the end of the growing season (289 mmol/m2/s in “Dundee,” 260 mmol/m2/s in “Tonda Bianca” and self-rooted trees, 188 mmol/m2/s in “Newberg,” 171 mmol/m2/s in “MB-69”).


[image: image]

FIGURE 4. Stomatal conductance of “Negret N-9” trees grafted on “Dundee,” “Newberg,” “MB-69,” “Tonda Bianca” rootstocks, and self-rooted (control). Data were evaluated in 2015, on June 22 and August 28. Means within a date followed by the same letter are not significantly different by Duncan’s multiple range test at P ≤ 0.05. Error mean squares are included.


From the end of September of the same growing season, differences in leaf drop were recorded, and the earliest incidence of leaf fall was observed in self-rooted trees that at the beginning of November showed more than 70% of fallen leaves on the ground (Figure 5). Conversely, the slowest leaf drops were observed for trees grafted on “Newberg” rootstock at the same time (early November), showing a significantly lower incidence of leaf drop, with mean values of 40%. The other grafting combinations were characterized by intermediate leaf drop incidence values during the observation period, as shown in Figure 5.
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FIGURE 5. Leaf drops of “Negret N-9” trees grafted on “Dundee,” “Newberg,” “MB-69,” “Tonda Bianca” rootstocks, and self-rooted (control). Data were evaluated in 2015, weekly from September 1 to December 11. Means within a date followed by the same letter are not significantly different by Duncan’s multiple range test at P ≤ 0.05. Error mean squares are included.





DISCUSSION

Results of this trial confirm for all grafting combinations of the trial the distinctive feature of hazelnut that when mature, it is characterized by a large number of nuts in on-crop years, followed by a low number of nuts in off-crop years (Figure 1). This is mainly due to the biennial bearing that affects this species. The years 2007 and 2009 were off-crop years not only for the production in this trial but also for all hazelnut production in Spain (MAPAMA, 2021). This physiological phenomenon, commonly known as “alternate bearing,” is highly genotype-dependent and can be strongly influenced by many factors, including agronomic interventions such as irrigation, nutrition, and pruning (Azarenko et al., 2005), while there is still limited evidence of a possible effect of rootstock on alleviating this physiological issue in hazelnut.

The duration of the trial was over a long period of time to prove that the grafting combinations were significantly different for their agronomical and nut traits in comparison to those detected for self-rooted trees of “Negret N-9.” According to the literature, the low sucker’s emission of “Negret N-9” grafted on “Dundee,” “Newberg,” and “MB-69” is a desired feature for planting large new hazelnut orchards (Lagerstedt, 1975; Tous et al., 1994; Radicatti et al., 1997; Cerović et al., 2009; Fideghelli and De Salvador, 2009; Silvestri et al., 2021b). The use of these low-suckering rootstocks may improve the management and mechanization of the hazelnut orchard and may contribute to saving labor and cost for the seasonal suckers’ removal that is still carried out by hand or spraying herbicides for more time per growing season (Serdar and Akyuz, 2018). Furthermore, avoiding the use of herbicides for suckers control in orchard management will be more environmental friendly.

The high vigor displayed by grafted trees, already observed in the early years of the trial when the young trees were still unproductive (Tous et al., 2009; Rovira et al., 2014), were also confirmed by other trials, as reported in the literature for other grafting combinations (Lagerstedt, 1993a; Tous et al., 1997). In addition, a trial focused on the use of seedlings of C. colurna as rootstock, which is routine in Serbia, confirmed that the grafted trees were more vigorous than the same self-rooted local cultivars used for grafting (Cerović et al., 2009; Miletic et al., 2009).

Farinelli et al. (2018) obtained some preliminary results in a trial established in central Italy when grafting some Italian hazelnut cultivars (“Tonda Gentile delle Langhe,” “Tonda di Giffoni,” “Tonda Romana,” and “Tonda Francescana”) on C. colurna seedlings; they noticed the vigor of the grafted trees was lower than that of the self-rooted trees. It is probably due to the own “genotypic effect” of each seedling used as rootstock, which is not as uniform as those imparted by the clonal rootstocks used in our trial. This assumption is supported by other evidence, as reported in Oregon (United States) where mature trees in commercial orchards established a practice of grafting local varieties on seedlings of C. colurna, which were more unstable in terms of the yearly nut yield when compared to self-rooted trees (Thompson et al., 1992).

Trials carried out in Serbia testing seedlings of C. colurna as hazelnut rootstocks highlighted how grafted trees increased their cumulative yield when compared to those self-rooted (Miletic et al., 2009).

In our trial, the higher cumulative yield recorded in “Negret N-9” grafted on “Dundee” rootstock strengthened what was observed during the first study period of the trial (Tous et al., 2009; Rovira et al., 2014).

The rootstock influence on hazelnut eco-physiology was recently confirmed by Ellena et al. (2014); in their trial carried out in Chile, they noticed that the Italian cultivar “Tonda di Giffoni” grafted on the putative rootstock BA5 obtained by clonal selection of cultivar “Chilean Barcelona,” shortened the unproductive stage of the grafted trees, and increased the number of catkins when compared to “Tonda di Giffoni” self-rooted trees. The rootstocks tested in our trial influenced the nut and kernel traits, similarly to what was observed at the early stage of the same planting by Tous et al. (2009) and Rovira et al. (2014), and the same was also noticed in a trial carried out in Northeastern Spain by Tous et al. (1997) that tested some genotypes of C. avellana as rootstocks, nut and kernel weight and kernel size was higher in self-rooted trees. These findings are in contrast with those obtained by Miletic et al. (2009) who, in their test carried out grafting the cultivars “Rimski,” “Istarski Dugi,” “Tonda Gentile Romana,” and “Cosford” on seedlings of Turkish hazel (C. colurna L.), noticed that the nut and kernel weights were higher in the grafted trees compared with self-rooted trees.

Dark kernel skin color and its astringency, which represents an unpleasant trait in hazelnut consumption, seems to be related to high levels of red and low levels of lightness and yellow components, as reported for almonds (Gou et al., 2000). Based on this correlation and according to our findings (Table 4), the kernels of “Negret N-9” harvested from self-rooted trees showed significantly darker skin color than those from grafted trees on “Dundee,” “Newberg,” and “Tonda Bianca,” suggesting that kernels from grafted trees would have more acceptance for consumers.

Significant differences were observed for both oil stability and fatty acid composition. Kernels from trees grafted on “Tonda Bianca” showed the highest oil stability and oleic acid content, whereas kernels from self-rooted trees presented the lowest levels for these characteristics (Table 5). However, such differences represent less than 15% for oil stability and 5% for oleic acid content.

Principal component analysis (Figure 6) aimed to explain 75% of total variability with two principal components. It was pointed out that there is a close relationship among TCSA, oil stability, and lightness (L*), suggesting that the best tree performance shows the highest oil stability.
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FIGURE 6. Principal component analysis. Component 1 explains 50.22% of total variability; Component 2 explains 25.77% of variability. The figure shows the loadings for each quantitative variable.


The low values of stem water potential recorded in the trial, at harvest time, suggested that the trees tended to be affected by water stress. In more detail, “Negret N-9” grafted on “Newberg” rootstock showed the lowest values that reflect on more water stress aptitude (Figure 2). Nevertheless, data obtained from “Negret N-9” grafted on “Dundee” were similar to those recorded for self-rooted trees, and since “Negret N-9” grafted on “Dundee” were more vigorous and productive than self-rooted “Negret,” as shown in Tables 1, 2, it can be deduced that grafted trees on “Dundee” rootstock were less affected by water stress. Apart from these results, further experiments are needed to obtain a clearer pattern of water potential.

In Portugal, values of stem water potential were tested on different irrigation treatments applied to the local cultivar “Grada de Viseu” ranged between −1.4 and −1.6 MPa (Dias et al., 2005), while in a comparative trial between trees trained at single trunk versus multi-stemmed shrubs of the cultivars “Butler” and “Segorbe,” the tested trait ranged between −1.1 and −1.3 MPa without differences among cultivars and training systems (Gonçalves et al., 2009). In addition, in Chile, some studies were conducted comparing the stem water potential of three cvs: “Barcelona,” “Tonda di Giffoni,” and “Tonda Gentile delle Langue” (Grau and Sandoval, 2009), all three cultivars showed a similar trend in the midday water potential, and there were no differences between cultivars. In Italy, some researchers noticed different cultivars tested in the same environment showed different values of stem water potential at the same time of investigation, with the cultivar “Tonda Gentile delle Langhe” that showed mean values of −1.16 MPa, whereas the cv “Tonda di Giffoni” and “Tonda Gentile Romana” had values of −1.01 and −0.84 MPa, respectively (Cincera et al., 2019).

The leaf chlorophyll index is an eco-physiological parameter poorly used in hazelnut, especially for field measurements (Silvestri et al., 2019), whereas it could be effectively related to some leaf monitoring such as early occurrences of iron chlorosis, which frequently affects hazelnut trees. The SPAD measurements carried out on May 21, June 22, and August 28 indicated that leaves of self-rooted “Negret N-9” were less green, as confirmed by lower SPAD values, when compared to those detected for other grafting combinations; this is in contrast to the cultivar “Negret N-9” grafted on “Newberg” rootstock, which showed the highest values (Figure 3). This finding may indicate that grafted trees have a higher leaf chlorophyll content and thus higher photosynthetic potential. In addition, the higher SPAD values recorded for grafted trees on the rootstocks “Newberg,” “Dundee” and “MB-69,” may be related to the higher tolerance to iron chlorosis in comparison to self-rooted trees of “Negret N-9,” such as recently reported by Rovira (2021).

The stomatal conductance (gs) values noticed in our trial agree with those reported by Girona et al. (1994); their trial tested different irrigation regimes applied to “Pauetet” (Spanish cultivar). Comparable outcomes have also been reported by Pasqualotto et al. (2018); they noticed trees of hazelnut cultivars “Ennis” and “Tonda di Giffoni” located in France and Australia, respectively, were characterized by mean gs values of about 200 mmol/m2/s. Considering that in our work the highest values of gs were observed in leaves of “Negret N-9” grafted on “Dundee” (303.9 mmol/m2/s in late spring 2015), it suggests that this grafting combination promote the leaf stomata activity in comparison to other grafting combinations and self-rooted trees of the same cultivar. This hypothesis is also supported by the measurements of stem water potential carried out at the same time as those of gs. Although all plants were well-watered and stem water potential data are quite similar, plants grafted on “Dundee” showed the best values during the season.

From the present trial, we can point out that “Negret N-9” own-rooted YE was higher than “Negret N-9” grafted trees. Nevertheless, the own-rooted trees were small and weak, and they were thus more susceptible to abiotic and biotic stress. Considering the high YE of this cultivar, it could be thought that hazelnut production of grafted trees could be increased by forcing the tree with growing techniques. The implications for the future could be new layouts, different use of water and nutrients, etc. since few pieces of information about “Dundee” and agronomical interventions (fertilization and water supply) are known.

The leaf drop at the end of the growing season over the period of investigation were influenced by the grafting combination and the self-rooted trees showed the earliest leaf drop incidence in the October–December period, and this is in contrast to the trees grafted onto rootstock “Newberg” that were characterized by the slowest loss of leaves. The other grafting combinations showed an intermediate leaf drop rate. This is a relevant trait since the trees with slower leaf drop may maintain the photosynthetic apparatus and their biological functions longer during the growing season, which is reflected in a greater potential for capturing nutrients for a longer time and storing reserves in their root systems, as it has been noticed recently (Rovira, 2021).

Some other trials aiming to develop suitable rootstocks to graft the main hazelnut cultivars starting from pre-selection of C. colurna seedlings, C. avellana seedlings, and hybrids of C. colurna × C. avellana are still in progress in different hazelnut research centers in Chile, Italy, Romania, and Spain. The expected outputs of these trials, together with those obtained in the other few experiments available on the subject, will help to develop a primary hazelnut chain based on the growth of grafted and single-trunk trees replacing bush-trained trees, which is already underway in Spain for new plantings.
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Corylus avellana hard shells, green leafy involucres, leaves, and male flowers have shown to be a source of diarylheptanoids, a class of natural products with promising biological activities. Cyclic diarylheptanoids, named giffonins, were isolated from the Italian cultivar “Tonda di Giffoni.” Even if many efforts have been made to establish the chemistry of these compounds, little is known about their biological properties. Herein, the inhibitory effects of diarylheptanoids isolated from C. avellana byproducts against α-glucosidase enzyme were evaluated. Molecular docking experiments disclosed the establishment of several key interactions between all the screened diarylheptanoids and the protein counterpart, whose model was built through homology modeling procedure, thus rationalizing the detected inhibitory activities. Specifically, the most active compounds giffonin J (10), K (11), and P (16) were able to make both H-bonds and π–π stacking contacts with different residues belonging to the binding site responsible for the catalytic activity of the investigated enzyme. To highlight the occurrence of the bioactive diarylheptanoids in the extracts of C. avellana byproducts obtained by eco-friendly extractions, their LC-MS profiles were analyzed. LC-MS analysis showed how giffonin J (10), K (11), and P (16) occurred in the ethanol extract of the leaves, while in the extracts of shells and green leafy involucres only giffonin P (16) was evident. Moreover, the quantitative analysis of giffonin J (10), K (11), and P (16) in C. avellana byproducts was carried out by an analytical approach based on LC–ESI/QTrap/MS, using the Multiple Reaction Monitoring (MRM) experiment. These results prompt to evaluate C. avellana byproducts, especially the leaves, as a prospective source of bioactive diarylheptanoids for the development of functional ingredients for the treatment of diabetes.
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INTRODUCTION

Corylus avellana L. (Betulaceae), commonly known as hazelnut, represents one of the world’s most famous tree nuts. The nutritional properties of the kernel are mainly due to lipids showing beneficial biological activity. The kernels are usually eaten roasted and are widely employed in the confectionery industry to prepare chocolate, cream, cakes, and other bakery products. The Protected Geographical Indication (PGI) is a European mark attributed to C. avellana, cultivar “Tonda di Giffoni,” which guarantees the quality and reputation to safeguard this agricultural product. The hazelnut “Tonda di Giffoni” is characterized by particular features, physicochemical quality, and organoleptic properties, which can be brought back to its origin (Cerulli et al., 2018b; Bottone et al., 2019).

Our previous investigations focused the attention on the leaves, flowers, shells, green leafy involucres, and kernel of C. avellana cultivar “Tonda di Giffoni,” leading to the isolation of natural compounds belonging to the class of flavonoids, caffeic acids, and diarylheptanoids (Masullo et al., 2015a,b, 2016, 2017; Cerulli et al., 2017, 2018a).

Diarylheptanoids are molecules made up of two phenolic rings linked by a seven carbons chain. A first classification gathers them in linear or cyclic diarylheptanoids. For the latter group, the two phenolic rings of the linear diarylheptanoids can couple by C-C linkage or by C-O linkage, generating the meta, meta-bridged biaryls, or bridged diaryl ethers, respectively, also known as cyclic diarylheptanoids and cyclic diaryletherheptanoids. In our previous investigation, cyclic diarylheptanoids and cyclic diaryletherheptanoids isolated from the Italian cultivar “Tonda di Giffoni” were named giffonins.

The antioxidant activity of some giffonins was evaluated. When tested for their antioxidant ability by TBARS assay, giffonins A–I and K–U caused a lipid peroxidation inhibition at least comparable to curcumin, used as a reference compound (Masullo et al., 2015a,b, 2016, 2021). This assay revealed how giffonins D and H, tested at a concentration of 10 μM, were able to reduce H2O2–and H2O2/Fe2+-induced lipid peroxidation by more than 60 and 50%, respectively (Masullo et al., 2015b). Based on these results, giffonins showing the highest inhibitory activity were further investigated: giffonins K and G at 10 μM resulted in the most active compounds to reduce the oxidation of thiol groups and carbonylation in plasma proteins (Cerulli et al., 2021; Masullo et al., 2021). Some diarylheptanoids from C. avellana were evaluated for the antimicrobial activity against the Gram-positive strains Bacillus cereus and Staphylococcus aureus and the Gram-negative strains Escherichia coli and Pseudomonas aeruginosa. Giffonin U and carpinontriol B at a 40 μg/disk concentration caused zones of inhibition completely comparable to those obtained with tetracycline, used as the positive control (Cerulli et al., 2017).

Considering the previously cited works, even if many efforts were made to establish the chemistry of these compounds, deeper insight into the biological properties of these molecules should be provided. Diarylheptanoids gain an emerging interest due to their considerable biological activities, including anti-inflammatory, pro-apoptotic, anti-influenza, anti-emetic, and estrogenic actions (Jahng and Park, 2018). Along with these activities, they also showed to possess α-glucosidase inhibitory activity; this is the case of the linear diarylheptanoids amomutsaokols A–K, isolated from the fruits of Amomum tsao-ko (He et al., 2020) and the cyclic diarylheptanoids from Alnus sieboldiana (Chiba et al., 2013).

Type 2 diabetes mellitus is a metabolic disorder in which the body does not produce enough insulin or does not respond to it correctly. In this case, individuals with type 2 diabetes mellitus develop hyperglycemia (Brown et al., 2017). One of the strategies for treating this disorder consists in the inhibition of the enzymes that hydrolyze the carbohydrate; in this way, starch molecules are not metabolized to glucose molecules. Enzymes involved in this process are represented by salivary and pancreatic α-amylases, responsible for breaking dietary carbohydrates in oligosaccharides and α-glucosidases which, in the small intestine, metabolize oligosaccharides in single glucose molecules. Therefore, the inhibition of the α-glucosidase enzyme represents an interesting strategy in the treatment of diabetes, since it can retard the uptake of dietary carbohydrates and reduces post-prandial hyperglycemia (Brown et al., 2017).

Herein, the inhibitory effects of diarylheptanoids isolated from C. avellana byproducts against α-glucosidase enzyme were evaluated. Molecular docking experiments were performed for a small library of giffonins to shed light on the molecular basis behind their inhibitory activity against the enzyme.

To explore the potential use of C. avellana byproducts as a source of these biologically active compounds, leaves, male flowers, shells, and green leafy involucres were submitted to extraction by “eco-friendly” procedure using ethanol as extraction solvent. To compare the ethanol extracts of different parts of C. avellana for their content in diarylheptanoids, HPLC–electrospray ionization (ESI)–Orbitrap MS analysis was performed. This is the first report on the analysis of ethanol extracts of C. avellana byproducts. The quantitative analysis of the molecules showing the highest activity was performed by LC–ESI/QTrap/MS, using the Multiple Reaction Monitoring (MRM) mode.

This study provides the first evidence for the valorization and utilization of C. avellana byproducts as a source of bioactive compounds with potential anti-diabetic properties.



MATERIALS AND METHODS


General Experimental Procedures

NMR spectroscopic data were acquired in MeOH-d4 (99.95%, Sigma–Aldrich, Milan, Italy) on a Bruker DRX-600 spectrometer (Bruker BioSpin GmBH, Rheinstetten, Germany) equipped with a Bruker 5 mm TCI CryoProbe at 300 K. The frequency for 1H and 13C were 600 and 150 MHz, respectively. Spectra were referenced using the solvent signal at 3.34 ppm as the chemical shift standard, obtaining good peak alignment. Identification of metabolites was achieved using chemical shifts (ppm). The 1H NMR spectra were collected with a relaxation delay of 1 s, 64 K data points, and a spectral width of 8 ppm. 2D-NMR experiments, including Double Quantum Filter Homonuclear Correlation Spectroscopy (DQF-COSY), Heteronuclear Single-Quantum Correlation Spectroscopy (HSQC), and Heteronuclear Multiple Bond Correlation (HMBC) were implemented permitting the assignment of the existing metabolites. HSQC was obtained with a spectral width of 10 and 160 ppm in the proton and carbon dimensions, respectively, 2 K data points, and a recycle delay of 1 s. HMBC was obtained with a spectral width of 10 and 240 ppm in the proton and carbon dimensions, respectively, 4 K data points, and a recycle delay of 1 s. The COSY was acquired with a spectral width of 10 ppm in both dimensions and 1 K data points. Data processing was carried out with Topspin 3.2 software.

Column chromatography was performed over Sephadex LH-20. HPLC separations were carried out on a Waters 590 system equipped with a Waters R401 refractive index detector, a Waters XTerra Prep MSC18 column (300 mm × 7.8 mm i.d.), and a Rheodyne injector. HRESIMS were carried out on a Thermo Scientific liquid chromatography system constituted of a quaternary Accela 600 pump and an Accela autosampler, connected to a linear trap-Orbitrap hybrid mass spectrometer (LTQ-Orbitrap XL, Thermo Fisher Scientific, Bremen, Germany) with ESI. The α-glucosidase assay was determined with a microplate spectrophotometer (Thermofisher) equipped with a 620 nm filter.



Plant Material

The leaves, male flowers, shells, and green leafy involucres of C. avellana L., cultivar “Tonda di Giffoni” were collected at Giffoni, Salerno, Italy, and identified by Prof. V. De Feo (Department of Pharmacy, University of Salerno, Fisciano, Italy). In particular, the male flowers and the leaves were collected in January and November 2018, respectively; the green leafy involucres and the shells were collected in August 2018.



Extraction, Isolation, and Identification

The leaves, male flowers, shells as well as green leafy involucres of C. avellana were dried in the oven at 40°C and extracted at room temperature using EtOH (3 days, three times). After filtration and evaporation of the solvent to dryness in vacuo, the dried EtOH extract (3 g) of leaves was fractionated on a Sephadex LH-20 (Pharmacia) column (100 mm × 5 cm), using MeOH as mobile phase, affording 86 fractions (8 mL), monitored by TLC. Further purifications were carried out by C18 RP semipreparative HPLC using MeOH-H2O as mobile phase and a flow rate of 2.5 mL/min.

Fractions 28–30 (51.0 mg) were chromatographed by semi-preparative HPLC using MeOH-H2O (3:2) as mobile phase (flow rate 2.5 mL/min) to yield giffonin J (10) (1.6 mg, tR = 9.4 min) and giffonin K (11) (2.5 mg, tR = 10.5 min). Fractions 31–33 (53.7 mg) were chromatographed by semipreparative HPLC using MeOH-H2O (3:2) as mobile phase to yield giffonin B (2) (1.5 mg, tR = 12.0 min), giffonin F (6) (1.7 mg, tR = 20.5 min), giffonin C (3) (2.4 mg, tR = 30.6 min), alnusone (21) (2.3 mg, tR = 36.2 min), and giffonin E (5) (1.2 mg, tR = 53.1 min). Fractions 35–38 (78.2 mg) were chromatographed by semipreparative HPLC using MeOH-H2O (13:7) as mobile phase to yield giffonin H (8) (2.2 mg, tR = 19.8 min), giffonin A (1) (2.1 mg, tR = 20.3 min), giffonin G (7) (3.2 mg, tR = 21.7 min), giffonin D (4) (4.0 mg, tR = 22.3 min), and giffonin V (25) (1.5 mg, tR = 25.6 min). Fractions 39–40 (26.1 mg) were chromatographed by semipreparative HPLC using MeOH-H2O (9:11) as mobile phase to yield giffonin I (9) (1.4 mg, tR = 21.0 min). Fractions 41–44 (29.5 mg) were chromatographed by semi-preparative HPLC using MeOH-H2O (2:3) as mobile phase to yield giffonin N (14) (1.8 mg, tR = 19.3 min). Fractions 45–48 (39.6 mg) were chromatographed by semi-preparative HPLC using MeOH-H2O (2:3) as mobile phase to yield giffonin P (16) (3.1 mg, tR = 10.2 min), giffonin L (12) (2.3 mg, tR = 20.0 min), giffonin O (15) (1.3 mg, tR = 20.4 min), and giffonin M (13) (1.6 mg, tR = 22.2 min). Fractions 49–51 (39.5 mg) were chromatographed by semipreparative HPLC using MeOH-H2O (2:3) as mobile phase (flow rate 2.5 mL/min) to yield giffonin T (22) (1.2 mg, tR = 7.6 min), giffonin U (23) (3.1 mg, tR = 10.5 min), and carpinontriol B (24) (3.8 mg, tR = 21.7 min). Fractions 53–54 (25.3 mg) were chromatographed by semipreparative HPLC using MeOH-H2O (3:2) as mobile phase to obtain oregonin (17) (2.0 mg, tR = 13.3 min).

To isolate giffonins Q, R, and S (18–20), dried EtOH extract (3 g) of male flowers was fractionated on a Sephadex LH-20, affording 55 fractions (8 mL), monitored by TLC. Fractions 18–20 (16.8 mg) were chromatographed by semipreparative HPLC using MeOH-H2O (2:3) as mobile phase (flow rate 2.5 mL/min) to yield giffonin Q (18) (1.6 mg, tR = 35.6 min), giffonin R (19) (1.1 mg, tR = 56.3 min), and giffonin S (20) (1.3 mg, tR = 61.8 min). Subsequently, isolated diarylheptanoids were unambiguously elucidated by 1D- (1H and 13C) and 2D- (HSQC, HMBC, and COSY) NMR experiments (Supplementary Figures 1–25 and Supplementary Tables 1–3). The purity of these compounds (>99%) was determined by HPLC analysis.



α-Glucosidase Inhibition Assay

α-Glucosidase inhibitory activity was evaluated as previously reported (Kilinc et al., 2020). Briefly, 0.1 M phosphate buffer at pH 7.0 (150 μL) was added to each well; successively 10 μL of samples, dissolved in MeOH at different concentrations (200, 300, and 400 μM) were added; at this point, the reaction was initiated by the addition of 15 μL of the α-glucosidase enzyme (from Saccharomyces cerevisiae) (2 U/mL) in each well, and the plate was incubated for 5 min at 37°C; after 5 min 75 μL of the substrate (2.5 mM) 4-nitrophenyl α-D-glucopyranoside were added, and successively the plate was incubated for 10 min at 37°C. The absorbance was measured at 405 nm before (T0′) and after the incubation with the enzyme (T10′). The positive control was acarbose. Negative control absorbance (phosphate buffer in place of the sample) was also recorded. Inhibition of the enzyme was calculated, and the results were expressed as IC50 values. All experiments were carried out in triplicate. IC50 values were calculated through non-linear regression using Graphpad Prism 5 Software and expressed as means ± SD (standard deviation). They were considered statistically significant with values of p < 0.05.



Molecular Modeling

To be consistent with the biological assays performed (see section “α-Glucosidase Inhibition Assay”), the 3D protein model of α-glucosidase from Saccharomyces cerevisiae was built through homology modeling procedure due to the absence of any solved structure in the Protein Data Bank (PDB). The crystal structure of isomaltase (oligo 1,6-glucosidase) from S. cerevisiae available in the (PDB code: 3A47)1 was used as a template because it showed high similarity and the highest amino acid sequence identity [71.89%, as checked with Basic Local Alignment Search Tool (BLAST), (Altschul et al., 1990; McGinnis and Madden, 2004)]2 with α-glucosidase. The protein model was generated using Prime software (Jacobson et al., 2004; Glide, 2021); afterward, the quality of the generated model was assessed through PROCHECK (Supplementary Figure 26; Morris et al., 1992; Laskowski et al., 1993).

On the built 3D protein model of α-glucosidase (Supplementary Table 8) from S. cerevisiae the putative binding sites were identified through SiteMap software (Halgren, 2007, 2009; Glide, 2021), generating a ranking of five possible druggable binding pockets based on the SiteScore parameter (Supplementary Table 9). The best-ranked one was accounted for the subsequent molecular docking experiments (Supplementary Tables 8, 9 and see sections “Results” and “Discussion”). Specifically, starting from Site 1 (Supplementary Table 9) the following coordinates: 30.13 (x), –1.39 (y), 7.32 (z), 10 × 10 × 10 as innerbox, and 30 × 30 × 30 as outerbox were accounted for Glide experiments (vide infra).

The library of investigated diarylheptanoids (see sections “Results” and “Discussion”) was prepared using LigPrep software (Schrodinger Suite) (Glide, 2021), generating all the possible tautomers and protonation states (pH = 7.4 ± 1.0) for each compound. The obtained structures were minimized using the OPLS 2005 force field.

Molecular docking experiments were performed using Glide software (Schrödinger Suite) (Friesner et al., 2004, 2006; Halgren et al., 2004; Glide, 2021), using the Extra Precision (XP) mode. In detail, 10,000 poses were kept in the starting phase of docking for energy minimization, setting the scoring window for keeping the initial poses to 400.0 and a scaling factor of 0.8 related to van der Waals radii, with a partial charge cutoff of 0.15, based on a 0.5 kcal/mol rejection cutoff for the obtained minimized poses. Eventually, 10 maximum number of poses for each compound were saved in the output file.



LC–ESI/(HR)Orbitrap/MS Analysis

The qualitative profiles of the EtOH extract of C. avellana leaves, flowers, shells, and green leafy involucres were obtained by HPLC coupled to multiple-stage linear ion-trap and orbitrap high-resolution MS (LC–ESI/LTQOrbitrap/MS/MSn) (Supplementary Tables 4–6). LC-MS analysis was carried out on Kinetex C18 2.6 μm (100 mm × 2.10 mm) column (Phenomenex, Aschaffenburg, Germany), using a flow rate of 0.2 mL/min and a mobile phase consisting of a combination of A (0.1% formic acid in water, v/v) and B (0.1% formic acid in acetonitrile, v/v); a linear gradient was set to 5% B at 0 min, remained for 5 min at 5% B and then increased to 95% B from 5 to 50 min, holding it for 5 min, before returning to the initial percentage.

The mass spectrometer operated in negative ion mode. ESI source parameters were as follows: capillary voltage –48 V; tube lens voltage –176.47; capillary temperature 280°C; sheath and auxiliary gas flow (N2), 15 and 5, respectively; sweep gas 0; spray voltage 5. MS spectra were acquired by full range acquisition covering m/z 180–1,600 at a resolution of 30,000. For the data-dependent scan, the first and the second most intense ions from the HRMS scan event were selected to offer their tandem mass (MS/MS) product ions with a normalization collision energy at 30%, a minimum signal threshold at 250, and an isolation width at 2.0; multiple-stage tandem mass (MSn with n = 3, 4…) experiments on selected product ions were carried out by the same collision. The molecular formulae were assigned with an accuracy inferior to 6 ppm for all the compounds.



Quantitative Analysis by LC–ESI/QTrap/MS/MS Analysis and Calibration Curves

Quantitative analysis was performed on an LC–ESI/QTrap/MS system, using the MRM mode, operating with a Luna Omega Polar 1.6 μm RP C18 column (Phenomenex, 50 mm × 2.1 mm) kept at 30°C, at a flow rate of 0.30 mL/min; mobile phases consisting of 0.1% HCOOH in water (v/v) and 0.1% HCOOH in acetonitrile (v/v) were used as phase A and B, respectively. A linear gradient from 5 to 95% B in 7.20 min, held to 95% B for 40 s, and from 95 to 5% in 1 min, was used. C. avellana extracts were diluted by using MeOH, and the autosampler was set to inject 4 μL of extract (1.00 mg/mL) in triplicate.

Stock solutions (l mg/mL) of the external standards (ES) 10, 11, and 16 were prepared by dissolving compounds in a solution of MeOH. Stock solutions were diluted with appropriate amounts of MeOH to give solutions containing 0.001, 0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 μg/mL of each standard. To each standard solution, an appropriate amount of internal standard (IS; quercetin) was added to yield a final concentration of 5.0 μg/mL. The instrument operated in the negative ion mode with declustering potential, entrance potential, collision energy, and collision cell exit potential optimized for internal and external standards (Supplementary Table 7).

To validate the LC–ESI/QTrap/MS/MS method, precision (at seven concentrations), for each compound through triplicate intra-day assays and inter-day assays over 3 days was determined. Specificity was defined as the non-interference by other analytes detected in the region of interest. Linearity was evaluated by correlation values of calibration curves; limit of detection (LOD), and limit of quantification (LOQ) were evaluated according to previously described procedures (Masullo et al., 2015c; Cerulli et al., 2021). The LOD for each analyte varied from 0.008 to 0.018 μg/mL and LOQ from 0.024 to 0.059 μg/mL.




RESULTS


Extraction and Isolation

The leaves, male flowers, shells, and green leafy involucres of C. avellana were dried and extracted with ethanol. The extracts were fractionated on a Sephadex column, and successively the obtained fractions were further purified by HPLC analysis. The isolated compounds 1–25 (Figure 1) were identified by analysis of their spectroscopic NMR (1H and 13C NMR, HSQC, HMBC, and COSY experiments) along with ESIMS and HRMS analysis (Supplementary Figures 1–25 and Supplementary Tables 1–3).
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FIGURE 1. Diarylheptanoids isolated from Corylus avellana, cultivar Giffoni, byproducts.




α-Glucosidase Activity of Diarylheptanoids

The inhibitory effects of the diarylheptanoids isolated from C. avellana byproducts against α-glucosidase in comparison with the antidiabetic acarbose used as reference compound were evaluated; the α-glucosidase enzyme is involved in the carbohydrate metabolism and the release of glucose. Therefore, its inhibition is an effective strategy of delaying glucose absorption and lowering the post-prandial blood glucose level, which can potentially suppress the progression of diabetes mellitus (Kumar et al., 2011).

Diarylheptanoids isolated from C. avellana “Tonda di Giffoni” byproducts and positive control (acarbose) were evaluated in the concentration range 200–400 μM (Table 1). Giffonins J, K, and P showed significant activity with IC50 values ranging from 55.3 to 70.0 μM and were more active than the positive control, acarbose (IC50 = 115.1 μM). Giffonins C, D, G–I, M, and carpinontriol B exhibited moderate activity with IC50 values ranging from 104.6 to 113.9 μM, comparable to acarbose, whereas the other compounds were less active.


TABLE 1. α-Glucosidase inhibitory activity of diarylheptanoids isolated by Corylus avellana, cultivar Giffoni, byproducts.
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Molecular Docking Experiments

Since the inhibitory effects of the investigated diarylheptanoids were evaluated in vitro against α-glucosidase from S. cerevisiae and due to the absence of the related solved structure of this protein, the related 3D structure for the subsequent molecular docking was first built through homology modeling procedure (see section “Materials and Methods”) (Jacobson et al., 2004; Prime, 2021). The binding site featuring the highest score (SiteScore value from SiteMap software) (Halgren, 2007, 2009; SiteMap, 2021) corresponded to the protein region already investigated in previous studies (Ma et al., 2015; Jabeen et al., 2016; Milella et al., 2016; Wang et al., 2017) and recognized as that responsible for the catalytic activity of this enzyme.

To rationalize the biological outcomes for the 25 screened diarylheptanoids, output poses from molecular docking experiments (Friesner et al., 2004, 2006; Halgren et al., 2004; Glide, 2021) were then carefully analyzed, selecting those that showed a set of interactions with key residues on the investigated protein and identified in previous studies as responsible for the observed biological activity (Ma et al., 2015; Jabeen et al., 2016; Milella et al., 2016; Wang et al., 2017). In particular, we first checked whether the investigated compounds were able to conveniently interact with the key residues involved in the catalytic activity (D214, E276, and D349, corresponding to D215, E277, and D352 of isomaltase, respectively) (Yamamoto et al., 2010; Jenis et al., 2019). All the investigated compounds were able to establish contacts with these residues, thus representing promising items, as confirmed by the biological outcomes (Table 1). Focusing on the most active compounds giffonin J (10), K (11), and P (16) (Table 1), the careful analysis of the docking poses highlighted a network of interactions with a large number of residues (F157, F158, H239, E304, P309, R312, and Q350) (Jenis et al., 2019). In particular, all these compounds were able to establish different contacts with F157, D214, and an edge-to-face π–π stacking with F157 (Jabeen et al., 2016); moreover, H bonds were detected with E304 (for compound 11), F157, and Q350 (for compound 16) (Figure 2).
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FIGURE 2. Docking poses of (A) giffonin J (10) (colored by atom type: C yellow, O red, polar H light gray), (B) K (11) (colored by atom type: C green, O red, polar H light gray), and (C) P (16) (colored by atom type: C light blue, O red, polar H light gray), showing the most promising inhibitory activity against α-glucosidase from Saccharomyces cerevisiae, built by homology modeling (represented with light gray ribbons; key residues are reported as sticks and colored by atom type: C gray, O red, N blue, S yellow, polar H light gray). H-bond and π–π stacking interactions are represented with dotted green and light blue lines, respectively.




LC-MS Analysis of Secondary Metabolites in Corylus avellana “Green” Extracts of Leaves, Male Flowers, Shells, and Green Leafy Involucres

To define the occurrence of the most active diarylheptanoids in the leaves, male flowers, shells, as well as green leafy involucres of C. avellana, these byproducts were submitted to eco-friendly extraction using ethanol as extraction solvent. The metabolite profiling of the ethanol extracts of the different parts of C. avellana was successfully obtained by HPLC–ESI–Orbitrap MS analysis in negative ionization mode (Figure 3). In particular, LC–(-)ESI/HRMS analyses were performed using the “data-dependent scan” mode. The MS software selected precursor ions corresponding to the most intense peaks in the LC-MS spectrum.


[image: image]

FIGURE 3. LC–ESI/LTQOrbitrap/MS/MSn profile (negative-ion mode) of the EtOH extract of C. avellana, cultivar Giffoni, leaves (A), male flowers (B), shells (C), and green leafy involucres (D).


The careful analysis of accurate masses, characteristic fragmentation patterns, chromatographic behavior, and literature data allowed us to putatively ascertain the occurrence of phenolic derivatives mainly belonging to diarylheptanoid, flavonoid, and neolignan classes (Table 1 and Supplementary Tables 4–6). According to our previous investigations (Masullo et al., 2016, 2017; Napolitano et al., 2018), compounds 1–25 could be promptly identified as diarylheptanoid derivatives. The structural information useful to define the chemistry of diarylheptanoids was obtained by analyzing neutral losses generated in their fragmentation. Typical fragmentation patterns mainly involved the hydroxyl and carbonyl groups located on the heptanoid chain and were characterized by the opening of the diarylheptanoid cycle after the dienone–phenol rearrangement of the [M-H]– pseudomolecular ion. In detail, loss of 18 Da suggested the presence of a hydroxyl group on the heptane chain instead of on the aromatic rings. The elimination of 16 Da indicated the hydroxyl group on the aromatic rings, while the loss of 15 Da suggested the presence of the methoxy group. By neutral losses produced during collision-induced dissociation, the saccharide moieties on the diarylheptanoid could be assumed. If the compound was glycosylated through a hydroxyl group on the C7 chain, the neutral loss of 180 Da referred to a hexose residue (giffonin N). Nevertheless, when the sugar residues were attached to a hydroxyl group on the aromatic rings (e.g., giffonins I and T), the loss of 162 Da corresponding to the hexose moiety was observed.

Furthermore, the LC–(-)ESI/HRMS profiles showed some peaks (27–35) which, based on their molecular formula and fragmentation pattern, could be identified as glycosylated flavonoids with one or two sugar units (Masullo et al., 2016), and myricetin, quercetin, and kaempferol as aglycone. In particular, tandem mass spectra of 27–32 and 35 allowed to assign them as mono-glycosylated flavonoids and gave information about the nature (pentose or hexose) of the sugar linked to the aglycons. In detail, the MS/MS spectra of compounds 27 and 35 showed the main product ion derived by neutral loss of 162 Da ascribable to a hexose unit. Instead, compounds 28–32 were characterized by main product ions originated by the neutral loss of 146 Da, corresponding to a deoxyhexose unit. In the same way, two di-glycosylated flavonoids (33 and 34) were assigned. Moreover, by LC–(-)ESI/HRMS, the occurrence of chlorogenic acid (26) could be defined.

Diarylheptanoids and glycosylated flavonoids characterized EtOH extracts of leaves, flowers, shells, and green leafy involucres (Table 2 and Supplementary Tables 4–6). In contrast, only the EtOH extract of shells showed some peaks (38–47) whose molecular formula and the resulting fragmentation patterns were typical of compounds belonging to the class of neolignans (Masullo et al., 2017).


TABLE 2. Retention times (Rt), Δ ppm, molecular formula, [M-H]–, and MS/MS values of compounds occurring in the EtOH extract of Corylus avellana leaves, cultivar “Tonda di Giffoni PGI,” identified by high-resolution LC–ESI/LTQOrbitrap/MS/MSn (negative ion mode).
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Quantitative Analysis of Giffonins J (10), K (11), and P (16) in Corylus avellana Byproducts

An LC–ESI/QTrap/MS/MS analysis, using the MRM mode, was carried out for the most active compounds. In particular, MRM is a very high selective and sensitive tandem mass spectrometric technique. A specific transition from a precursor ion to a product ion is monitored for each compound. In this way, a quantitative determination of giffonin J (10), K (11), and P (16) has been performed (Table 3). The [M-H]– pseudomolecular ions at m/z 371 and 369, corresponding to giffonin J (10) and giffonin K (11), respectively, showed a main [(M-18)-H]– product ion at m/z 353 and 351, due to the neutral loss of water. The mass tandem spectrum of the [M-H]– pseudomolecular ion at m/z 361 corresponding to giffonin P (16) displayed a very intense product ion at m/z 241 associated with the opening of the diarylheptanoid cycle after the dienone–phenol rearrangement.


TABLE 3. Quantitative results of giffonin J (10), K (11), and P (16) occurring in EtOH extract of Corylus avellana leaves, shells, and green leafy involucres.
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The quantitative results displayed that giffonin P (16) occurred in all the extracts in a concentration ranging from 8.86 to 0.17 mg/100 g dry weight except for male flowers; in fact, the amount of giffonin P (16) in C. avellana flowers was found below the LOD of the applied method. Moreover, following LC–ESI/LTQOrbitrap/MS, which showed giffonin J (10) and K (11) in C. avellana leaves and not in the other byproducts, these two compounds were quantified only in the leaves in a concentration of 0.88 and 1.12 mg/100 g, respectively. In shells, male flowers, as well as in green leafy involucres, giffonin J (10) and K (11) were found below the LOD.




DISCUSSION


Isolation of Diarylheptanoids From Corylus avellana

Previous investigations on C. avellana, cultivar “Tonda di Giffoni” highlighted the presence of natural diarylheptanoid derivatives. Diarylheptanoids are a class of natural compounds with a restricted distribution, found mainly in the plants of the Betulaceae family but so far isolated also in other eight families, such as Aceraceae, Actinidiaceae, Burseraceae, Casuarinaceae, Juglandaceae, Leguminosae, Myricaceae, and Zingiberaceae. The diarylheptanoids isolated from Alnus, Betula, Corylus, Carpinus, Ostrya, and Ostruopsis genus (Betulaceae family) are represented by both linear and cyclized forms (Jahng and Park, 2018). Noteworthy, the diarylheptanoids isolated from C. avellana, cultivar “Tonda di Giffoni,” named giffonins, are cyclized diarylheptanoids and diaryletherheptanoids, differing from the linear compounds reported in other Corylus species, and their potential in terms of biological activity is still unexplored.



α-Glucosidase Activity and Molecular Docking Studies of Diarylheptanoids

Disorders in insulin production or insulin sensitivity and function cause one of the major chronic metabolic diseases, diabetes mellitus, characterized by a dysfunction in the balance of glucose homeostasis. So, hyperglycemia is inevitably correlated to diabetes (Sharma et al., 2021). One of the causes of morbidity and mortality in low- and middle-income countries is represented by diabetes mellitus, which is growing worldwide (Sharma et al., 2021). Data of the International Diabetes Federation (IDF) estimate that people (18–99 years) affected by diabetes mellitus are increasing to 693 million by 2045 (Sharma et al., 2021). For these reasons, the treatment of diabetes, mainly type-2 diabetes more than type-1 diabetes, gets big attention. Type 2 diabetes is considered an avoidable disorder, and its treatment focuses on the reversible inhibition of α-glucosidases. However, antidiabetic drugs have shown side effects when used for a long time, along with specific limitations; for example, acarbose, miglitol, and voglibose have shown unwanted gastrointestinal symptoms as adverse effects (Cakar et al., 2017; Čakar et al., 2018).

In this context, the search for new reversible inhibitors from natural sources is placed. Considering the α-glucosidase inhibitory activity shown by the linear diarylheptanoids amomutsaokols A–K, isolated from the fruits of Amomum tsao-ko (He et al., 2020) and by the cyclic diarylheptanoids found in Alnus sieboldiana (Chiba et al., 2013), giffonins along with the other diarylheptanoids occurring in C. avellana were evaluated as inhibitors of α-glucosidase.

Oregonin (17) is the only linear diarylheptanoid tested. Its IC50 value was found of 143.9 μM, higher with respect to acarbose (IC50 = 115.1 μM). Considering the cyclic diaryletherheptanoids, differences occurring in the aromatic ring seem not to influence the activity: giffonins G (7) and H (8) differed each other for a methoxy group and their IC50 values were comparable (108.1 and 108.5 μM, respectively). The same behavior was observed for giffonins R (19) and S (20) (128.5 and 126.1 μM, respectively). Among all tested compounds, two diaryletherheptanoids, giffonins J (10) and K (11), and a diarylheptanoid giffonin P (16), showed the highest inhibitory activity with IC50 values of 56.6, 70.0, and 55.3 μM, respectively.

Starting from the protein model built by homology modeling, molecular docking experiments highlighted the good accommodation of the investigated diarylheptanoids onto the ligand-binding site. Specifically, all the compounds were placed in a region responsible for the catalytic activity of this enzyme, establishing a network of polar, H-bond, hydrophobic, and π–π stacking interactions. Specifically, the analysis of the binding modes was focused on evaluating the ability of the investigated compounds to interact with the key residues responsible for the catalytic activity of α-glucosidase, namely, D214, E276, H348, and D349. Also, the careful analysis of the most active compounds (10, 11, and 16) disclosed a large pattern of H bond (F157, E304, and Q350) and π–π stacking (F157) contacts stabilizing the ligand–protein predicted complex and corroborating the biological outcomes.



LC-MS Profiles of “Green” Extracts of Corylus avellana Byproducts and Quantification of Giffonins J (10), K (11), and P (16)

The choice of green solvents to replace the use of petrochemical solvents is growing, oriented mainly to ethanol. Ethanol is a solvent coming from the fermentation of sugar-rich material, with attractable features due to its high purity and low price. It is also biodegradable and easily available (Chemat et al., 2012). So far, the chemical profiles of ethanol extracts of C. avellana byproducts were not described. For this reason, LC-MS profiles of the extracts were performed to highlight the occurrence of diarylheptanoids in C. avellana byproducts and provide useful information on the choice of the byproduct. The accurate analysis of LC-(-)ESI/HRMS profiles highlighted how the leaves extract represents a source of cyclic diarylheptanoids richer than the other extracts (Figure 3) since in the leaves all diarylheptanoids tested were identified except giffonins Q–S (18–20). The LC-(-)ESI/HRMS analysis of the ethanol extracts showed the occurrence of giffonins Q–S (18–20), alnusone (21) along with giffonins I (9), M (13), V (24), and carpinontriol B (24) in the hazelnut flowers. Alnusone (21) and carpinontriol B (24) were also identified in the green leafy involucres extract along with giffonins I (9), M (13), N (14), P (16), and T (22). Giffonin V (25), along with giffonins P (16), U (23), and carpinontriol B (24) were found in the hazelnut shells. As evident from the LC-MS profiles (Figure 3), the ethanol extracts, besides diarylheptanoid compounds, were further characterized by the presence of flavonoids and neo-lignan derivatives (Table 1 and Supplementary Tables 4–6).

Focusing on the most active diarylheptanoids, giffonin J (10), K (11), and P (16), LC–MS analysis showed their presence in the ethanol extract of the leaves while in the extracts of shells and green leafy involucres only giffonin P (16) was evident. Their amount was also determined in the green extracts of C. avellana byproducts by an LC–ESI/QTrap/MS/MS method.

The highest amount of giffonin P (16) (8.86 mg/100 g leaves) was first observed in the leaves, then in the green leafy involucres (6.52 mg/100 g green leafy involucres), and finally in the shells (0.17 mg/100 g shells). The amounts of giffonin J (10) and K (11) were found comparable, with a value of 0.88 and 1.12 mg/100 g leaves, respectively. The amount of cited compounds in all the other byproducts was found below the LOD of the applied method.

This study confirms the potential benefits of C. avellana as a rich source of diarylheptanoid derivatives and extends the knowledge of their biological activity. Diarylheptanoids from hazelnut are inhibitors of the α-glucosidase enzyme, but further studies are required to address this point deeper. So, this work represents the first step to promote the use of hazelnut byproducts, in particular the leaves, as a source of functional ingredients for the treatment of diabetes disease.
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Self-incompatibility (SI) protects plants from inbreeding depression due to self-pollination and promotes the outcrossing process to maintain a high degree of heterozygosity during evolution. Corylus is an important woody oil and nut species that shows sporophytic SI (SSI). Yet the molecular mechanism of SI in Corylus remains largely unknown. Here we conducted self- (“Dawei” × “Dawei”) and cross-pollination (“Dawei” × “Liaozhen No. 7”) experiments and then performed an RNA-Seq analysis to investigate the mechanism of pollen–stigma interactions and identify those genes that may be responsible for SSI in Corylus. We uncovered 19,163 up- and 13,314 downregulated genes from the comparison of different pollination treatments. These differentially expressed genes (DEGs) were significantly enriched in plant–pathogen interaction, plant hormone signal transduction, and MAPK signaling pathway–plant. We found many notable genes potentially involved in pollen–stigma interactions and SSI mechanisms, including genes encoding receptor-like protein kinases (RLK), calcium-related genes, disease-resistance genes, and WRKY transcription factors. Four upregulated and five downregulated DEGs were consistently identified in those comparison groups involving self-incompatible pollination, suggesting they had important roles in pollen–pistil interactions. We further identified the S-locus region of the Corylus heterophylla genome based on molecular marker location. This predicted S-locus contains 38 genes, of which 8 share the same functional annotation as the S-locus genes of Corylus avellana: two PIX7 homologous genes (EVM0002129 and EVM0025536), three MIK2 homologous genes (EVM0002422, EVM0005666, and EVM0009820), one aldose 1-epimerase (EVM0002095), one 3-dehydroquinate synthase II (EVM0021283), and one At3g28850 homologous gene (EVM0016149). By characterizing the pistil process during the early postpollination phase via transcriptomic analysis, this study provides new knowledge and lays the foundation for subsequent analyses of pollen-pistil interactions.
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INTRODUCTION

To maintain genetic diversity, species of flowering plants have evolved diverse sexual reproduction modes, such as dichogamy, monoecy, heterostyly, and self-incompatibility (SI) (Nettancourt, 1997). As one of the most elegant reproductive isolation mechanisms, SI prevents self-fertilization and promotes out-crossing (Schopfer et al., 1999), and is common to angiosperms; however, the underlying molecular mechanism of SI is mostly unknown. Four different types of SI have been discovered in flowering plants. Gametophytic SI (GSI), found in most members of the Rosaceae and Solanaceae, is determined by S-RNase from the female parent and the S-locus F-box (SLF/SFB) protein from the male parent, which blocks the growth of incompatible pollen tubes in stylar transmitting tissue (Sijacic et al., 2004; Sassa, 2016). Further, a specific GSI system is found in the Papaveraceae, whereby the programmed cell death of incompatible pollen tubes can be induced by Ca2+-based signaling cascade when the pollen S-receptors match and bind the S-products secreted in the pistil (Franklin-Tong and Franklin, 2003; Thomas and Franklin-Tong, 2004). Sporophytic SI (SSI) in the Brassicaceae is determined by the interaction between stigma-localized S-receptor kinase (SRK) and pollen coat-specific S-locus cysteine-rich protein (SCR/SP11). They mediate the recognition and rejection of incompatible pollen and lead to failed pollen germination or pollen tubes’ penetration on the stigma surface (Hiscock and McInnis, 2003). Additionally, the Amaryllidaceae (Sage et al., 1999) and Theacea (Chen et al., 2012) plants also exhibit late-acting SI (LSI), in which incompatible-pollinated species fail to bear seeds even though their pollen tubes could reach the ovary (Gibbs, 2014).

The molecular mechanism of SSI is well elucidated in Brassica. SCR in pollen coat could induce phosphorylation and activate SRK in the pistil. Then, this phosphorylated SRK can further phosphorylate M-locus protein kinase (MLPK) (Kakita et al., 2007). It is conjectured the mechanism functions is via an E3 ubiquitin ligase pathway (Samuel et al., 2008). Arm repeat-containing 1 (ARC1) can ubiquitinate the exocyst subunit 70 protein (Exo70A1), resulting in the relocation or degradation of Exo70A1 by 26s proteasome, thereby halting secretory vesicle delivery to the pollen contact site by degradation in the vacuole, such that pollen grain hydration is prevented (Samuel et al., 2009; Safavian and Goring, 2013). The SSI system also exists in the genera Ipomoea (Convolvulaceae) and Senecio (Asteraceae). Yet the absence of SRK genes and polymorphic S-alleles in these two genera, suggests an alternative mechanism for the recognition and rejection of incompatible pollen in different plants (Rahman et al., 2007; Allen et al., 2011).

The genus Corylus (hazelnut) belongs to the birch family Betulaceae and is an economically important nut crop worldwide. Corylus exhibits SSI, which is controlled by a single locus (S-locus) with various S-alleles (Mehlenbacher and Thompson, 1988). The operation of SSI in Corylus is still poorly understood and research into it has mainly focused on three aspects: (1) Observing pollen–stigma interactions by fluorescence microscopy to identify the S-alleles and to determine the dominance relationships among them. To date, a total of 33 S-alleles have been identified with dominant hierarchies (whose dominance relationship is linear with 8 levels) (Mehlenbacher, 1997, 2014); (2) developing various types of molecular markers, such as random amplified polymorphic DNA (RAPD), simple sequence repeat (SSR), and high-resolution melting (HRM) ones, to situate the S-locus (Mehlenbacher et al., 2006; Hill et al., 2021). Recently, Hill et al. (2021) places the S-locus on linkage group 5 (LG5) spanning approximately 193.5 kb and containing 18 predicted genes; (3) exploring the SSI molecular mechanism by using molecular biology techniques. For example, Hampson et al. (1996) used the SRK and SLG of Brassica oleracea L. as probes to detect hybridization on hazelnut’s genomic DNA. Irregular hybridization with SRK and weak hybridization with SLG indicated that the S-genes from Brassica are not suitable for exploring SSI in Corylus. Later, Torello Marinoni et al. (2009) applied the differential display technique to investigate gene expression in two developmental stages (i.e., red dot and full bloom) of the style. They found three sequences having high homology with the sequences of kinase receptors; in particular, one showed 61% homology with the transmembrane serine–threonine kinase receptor of B. oleracea. In the other work, two novel SRK homologs, ChaSRK1/2, were successfully cloned from Ping’ou hybrid hazelnut “Dawei” (Li et al., 2020), of which ChaSRK2 is predominantly expressed in mature stigma tissue. However, neither is located on LG5. Recently, also from “Dawei,” Hou et al. (2022) identified five genes (ChaTHL1, ChaTHL2, ChaMLPK, ChaARC1, and ChaEX70A1), homologous to those participating in the downstream SSI response of Brassica. However, the expression and two-hybrid yeast assay analyses suggested the downstream signaling-pathway (SRK–ARC1 interaction) as the Brassica SSI response was not conserved in Corylus. Altogether, these findings suggest Corylus may harbor a novel SSI molecular mechanism that differs from Brassica. The mechanism controlling the pollen–pistil interaction in Corylus remains unclear. Accordingly, robust identification of key genes in its SSI system will contribute to enhancing future breeding of this and similar woody plants.

In hazelnut’s breeding programs, hybrid incompatibility between parental plants is a formidable barrier to produce progeny with desirable traits. Hazelnut production depends to a large extent upon the choice of parental combinations. Therefore, in this study, we aimed to explore the pollen–pistil interaction and the mechanism responsible for SSI in Corylus, and to characterize putative genes related to its SSI system. The pistils from self-incompatible and crosscompatible pollinations were used for transcriptome analysis to identify candidate genes in Ping’ou hybrid hazelnut (Corylus heterophylla Fisch. × Corylus avellana L.). These findings thus provide a significant reference for understanding better early pollination biology and the underlying molecular mechanism of the SSI system in Corylus.



MATERIALS AND METHODS


Plant Materials

Ping’ou hybrid hazelnuts are hybrids with excellent traits bred from several advanced C. heterophylla trees from northeast China and the mixed pollen of several C. avellana seedlings introduced from Italy in the 1980s (Liang et al., 2012). Being the main cultivars of Ping’ou hybrid hazelnut, both “Dawei” (breeding code: 84-254) and “Liaozhen No. 7” (82-11) were grown in the germplasm repository located in Yanqing District, Beijing, China. The specific S-alleles are currently unknown for both the cultivars. Nonetheless, “Dawei” can display SI and exhibits adequate compatibility in reciprocal crosses with “Liaozhen No.7” according to field pollination experiments. Therefore, here we designed experiments for the pollination of self-incompatible (“Dawei” × “Dawei”) and cross-compatible (“Dawei” × “Liaozhen No. 7”) plants to analyze the dynamic change of pollination and to identify the likely possible candidates for the SSI system of Corylus.

One-year-old branches, each ca. 60–80 cm in length, with well-developed male inflorescence (catkins) were collected from “Dawei” and “Liaozhen No.7” trees in February 2021. To avoid contamination, these branches were cultured in water and stored in two air-proofed incubators at ca. 25°C. Pollen grains were carefully collected from the catkins within 48 h of their shedding and stored at −20°C. In addition, another group of branches of “Dawei” was emasculated and water-cultured to boost female flowers at 25°C under 60% relative humidity without any contamination from other pollen. Artificial pollination events were then performed when the styles had protruded 3–4 mm by using a cotton-swab to brush the pollen of “Liaozhen No.7” and “Dawei,” respectively. The styles of the two combinations were collected at 10, 30, and 60 min after each pollination event. In this way, seven kinds of style pools were generated in this experiment: (1) unpollinated styles, serving as the control samples (CK); (2) styles at 10 min after a self-incompatible pollination (IC10); (3) styles at 30 min after self-incompatible pollination (IC30); (4) styles at 60 min after self-incompatible pollination (IC60); (5) styles at 10 min after cross-compatible pollination (C10); (6) styles at 30 min after cross-compatible pollination (C30); (7) styles at 60 min after cross-compatible pollination (C60). Each pool was prepared with three biological replicates. Their styles were carefully dissected from the flower bud, using two fine-tipped tweezers, and these samples were immediately frozen in liquid nitrogen. For each replicate, styles of at least 30 female flowers were mixed together for a total weight of 0.3 g. All the samples were stored at −80°C before their sequencing was carried out.



RNA-Seq and Data Analyses

Total RNA was extracted from the seven style pools’ samples by using a cetyl trimethylammonium bromide (CTAB) method (Gambino et al., 2008). The quality of total RNA was assessed using a NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, United States) and further examined by agarose gel electrophoresis. Construction of cDNA libraries and their respective RNA sequencing were both performed by Biomarker Technologies Co., Ltd. (Beijing, China). The cDNA libraries were constructed using NEBNext Ultra™ RNA Library Prep Kit for Illumina (NEB, San Diego, CA, United States) and following the manufacturer’s recommendations. Sequencing was done on an Illumina NovaSeq sequence analyzer to yield 150-bp paired-end reads. To generate a high-quality clean data set, any reads of low-quality or having adapters or poly-N were first removed using in-house Perl scripts. Next, values of Q20, Q30, GC-content, and sequence duplication level were calculated. The clean reads were then aligned to the reference genome of C. heterophylla (PRJNA655406) (Zhao et al., 2021), using the Hisat2 tool (Kim et al., 2015). Only perfect matches or reads with one mismatched base were included in the subsequent formal analyses. All raw sequencing data have been deposited (accession no. PRJNA763748) into the NCBI Sequence Read Archive1.

Relative expression levels of genes in each sample were estimated by the value of fragments per kilobase of transcript per million fragments mapped (FPKM). Comparisons between 13 groups (Table 1) were made to identify those differentially expressed genes (DEGs) possibly involved in the pollen–pistil interactions of Corylus. DEGs were designated using the edgeR method with dual criteria of a false discovery rate (FDR) ≤ 0.05 and a fold-change ≥ 1.5 (Ma et al., 2018).


TABLE 1. Comparison groups for differential expression analysis.
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Functional enrichment analyses were then performed for these DEGs. The Gene Ontology (GO) analysis was implemented using “Goseq” package for R, which is based on the Wallenius non-central hypergeometric distribution (Young et al., 2010). The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs was conducted using the KOBAS software (2.0) (Mao et al., 2005). Heatmap analysis was performed using BMKCloud2.



Identification of S-Locus and Candidate Genes Involved in Pollen–Pistil Interaction

The S-locus region has been identified in the genome of C. avellana L. It spans 193.5 kb and contains 18 genes, including those encoding three transmembrane receptor-like serine/threonine protein kinases and five leucine-rich repeat receptor-like protein kinases (LRR-RLK) (Hill et al., 2021). Markers (Figure 1) that were previously identified from C. avellana (Gürcan and Mehlenbacher, 2010; Hill et al., 2021) were selected here as targets to perform a local BLAST analysis in the C. heterophylla genome. The regions covered by the start-end location of homologous sequences of markers were considered here as the predicted corresponding S-locus region in the C. heterophylla genome. We focused on screening genes predicted to occur in the homologous S-locus region and analyzing their respective expression levels. Meanwhile, genes expressed inconsistent pattern in comparisons of CK (CK1, CK2, and CK3) vs. IC (IC10, IC30, and IC60) groups and C (C10, C30, and C60) vs. IC (IC10, IC30, and IC60) groups were identified from a Venn diagram analysis.
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FIGURE 1. Mapping result of the S-locus region in Corylus avellana.




Quantitative Real-Time PCR Analysis

A total of 18 DEGs were selected for qRT-PCR to validate the relative expression data generated from RNA-Seq. Their first-strand cDNA was synthesized using a BioRrad iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, United States) and these were used as a template for the qPCR analysis. Each reaction was conducted in a 20-μl total volume mixture according to the manufacturer’s instructions of Bio-Rad iTaq™ Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, United States). Thermal cycler parameters were set at 95°C for 3 min, 95°C for 30 s, then 40 cycles of 95°C for 5 s and 50–60°C for 5 s. The qRT-PCR analysis with three biological replicates was conducted with the Bio-Rad CFX Manager version 3.0 software (Bio-Rad, Hercules, CA, United States). The relative expression level was calculated using the 2–ΔΔCt method (Livak and Schmittgen, 2001) with ChaActin and ChaEF1-α serving as the reference genes (Hou et al., 2021).




RESULTS


Statistics of the Transcriptome Data and Differentially Expressed Genes’ Analysis

Transcriptome sequencing generated 144.95 Gb of high-quality clean reads. Among them, 94.38% had a Q-score larger than the Q30 value. The mapping ratio of each sample against the C. heterophylla reference genome ranged from 87.77 to 88.99%. These results indicated robust sequencing and mapping in our study. Finally, we obtained 27,591 genes annotated in the reference genome and 2,335 novel transcripts without direct annotation. We further evaluated the correlations for different biological replicates, which indicated a high within-group similarity for the samples (Supplementary Figure 1).

Through the comparison of 13 groups, we identified DEGs that met the threshold of FDR ≤ 0.05 and fold-change ≥ 1.5 (Figure 2A). The maximum number of DEGs was obtained in the CK vs. C60 comparison group, while the minimum number of DEGs was found in IC10 vs. IC30. In total, we tallied that 19,163 DEGs were upregulated and 13,314 were downregulated. Then we conducted a global comparison among the unpollinated (CK1, CK2, and CK3), crosscompatible pollination (C10, C30, and C60), and self-incompatible pollination (IC10, IC30, and IC60). The comparison group CK vs. IC generated 4,279 (2,765 upregulated and 1,514 downregulated) DEGs (Figure 2B), these mainly being pollen-specific ones and those induced by self-incompatible pollination. There were 3,927 (2,589 upregulated and 1,338 downregulated) DEGs from the comparison group CK vs. C (Figure 2C), these consisted of pollen-specific DEGs and those induced by cross-compatible pollination. Comparison group C vs. IC yielded 840 DEGs (101 upregulated and 739 downregulated) induced by the difference between incompatible and compatible pollination events (Figure 2D). We performed the analysis of changed expression of DEGs in these three comparison groups (Figure 3). Evidently, there were significant differences among the pollination treatments. Taken together, these results can provide new sources to better understand the pollination process.
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FIGURE 2. The DEG (differentially expressed gene) numbers in the different comparison groups. (A) The DEG numbers in 13 comparison groups. (B) The DEG number in comparison group CK vs. IC. (C) The DEG number in comparison group CK vs. C. (D) The DEG number in comparison group C vs. IC.
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FIGURE 3. Global expression profiles of the different comparison groups (CK vs. IC, CK vs. C, and C vs. IC). CK, C, and IC indicate unpollinated, cross-compatible pollination, and self-incompatible pollination, respectively.




Functional Enrichment for Identified Differentially Expressed Genes

In the GO annotation of all DEGs, the greatest number of enriched genes was for those related to cellular process, metabolic process, membrane, membrane part, binding, and catalytic activity (Figure 4A). We drew a topGO acyclic graph (Figure 4B) to show the 10 most enriched terms for each major category. Among them, we focused on the term “recognition of pollen” (0048544, Figure 4C) containing 71 DEGs, of which 59 are homologous with the G-type lectin S-receptor-like serine/threonine-protein kinase, another 7 DEGs are receptor-like serine/threonine-protein kinase, 3 DEGs are homologous to a putative receptor protein kinase (Zmpk1), 1 DEG is a hypothetical protein FH972_006764 from Carpinus fangiana, and 1 DEG is a DETOXIFICATION 34 (AtDTX34). In the differential comparison groups of CK vs. C (CK vs. C10, CK vs. C30, CK vs. C60), CK vs. IC (CK vs. IC10, CK vs. IC30, CK vs. IC60), and C vs. IC (C10 vs. IC10, C30 vs. IC30, C60 vs. IC60), “recognition of pollen” remained one of the most significantly enriched terms. Likewise, a vast majority of DEGs were also homologous with G-type lectin S-receptor-like serine/threonine-protein kinase. However, another GO term (0009860), “pollen tube growth,” was significantly enriched in the comparison of C and IC groups. It contained five protein kinesin light chain-related 2 (KLCR2) homologous genes, one CRIB domain-containing protein RIC1 (RIC1) homologous gene, two pollen-specific leucine-rich repeat extensin-like protein 3 (PEX3) genes, and one myosin-11 homologous gene.
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FIGURE 4. Functional enrichment of all DEGs (differentially expressed genes) by the Gene Ontology (GO) analysis. (A) GO classification of all DEGs; the x-axis indicates GO terms subsumed under biological process, molecular function, and cellular component categories; on the y-axis is the number of DEGs annotated to a given term (right) and its percentage of that for all DEGs (left). (B) The 10 most enriched terms for each major category in directed acyclic graphs. (C) Directed acyclic graphs for the GO term “recognition of pollen”.


We also carried out the pathway enrichment for all DEGs and respectively those from the comparison groups (CK vs. IC, CK vs. C, and C vs. IC). The plant–pathogen interaction, plant hormone signal transduction, and MAPK signaling pathway-plant were significantly enriched for all DEGs and the DEGs from the comparison of CK vs. C and CK vs. IC (Figure 5A); this suggested the pollination process was mainly associated with those pathways. Furthermore, the pentose and glucuronate interconversions, circadian rhythm-plant, phenylalanine metabolism, and phosphatidylinositol signaling system enriched the largest number of DEGs in the comparisons of C vs. IC (Figure 5B). DEGs involved in these major pathways included but were not limited to pathogenesis- and disease resistance-related genes, various receptor kinases, calcium-related proteins, and WRKY transcription factors. They were upregulated after self-incompatible and compatible pollination (Figure 6).
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FIGURE 5. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of differentially expressed genes (DEGs). (A) Pathway enrichment of all DEGs. (B) Pathway enrichment of DEGs in comparison of C vs. IC. Each dot indicates a KEGG item; along the y-axis are different pathways and on the x-axis is their enrichment factor. A larger enrichment factor indicates a more significant enrichment of that pathway. The dots’ color corresponds to their q-value (adjusted p-value), while their size is proportional to the number of DEGs enriched in a given pathway.
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FIGURE 6. Expression profiles of crucial DEGs from the major enriched pathways.




Differentially Expressed Genes Involved in Self-Incompatible Pollination

To further identify those DEGs associated with self-incompatible pollination in Corylus, we identified DEGs common to every comparison group involved in self-incompatible pollination (i.e., CK vs. IC10, CK vs. IC30, CK vs. IC60, C10 vs. IC10, C30 vs. IC30, and C60 vs. IC60). We designed six combinations of all different comparison groups (Table 2) and from them identified a total of four common upregulated and five common downregulated DEGs. The upregulated DEGs shared by all combinations were EVM0007329, EVM0011085, EVM0012084, and EVM0016921 (Figure 7A); the shared downregulated DEGs for all combinations were EVM0006306, EVM0008280, EVM0010363, EVM0025402, and EVM0025530 (Figure 7B). The expression changes of common genes are shown in Supplementary Figure 2, and their annotation information can be found in Supplementary Table 1. These genes may play a pivotal role in the process of incompatible pollination. However, none of these DEGs were located within the predicted S-locus. Additionally, in Figure 7 can be seen the unique DEGs for each combination.


TABLE 2. Six combinations of different comparison groups for Venn diagram analysis.
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FIGURE 7. The differentially expressed genes (DEGs) shared by all combinations. (A) Upregulated DEGs in all combinations. (B) Downregulated DEGs in all combinations.




Identification of S-Locus and Candidate Genes

A series of molecular markers narrowed the S-locus to 193.5 kb in C. avellana. The S-locus is now flanked by marker RH_SLOC07 on the left and KG847 on the right (Hill et al., 2021). Based on that study, we obtained all molecular markers used for fine-mapping the S-locus in Figure 1. Specifically, we used these molecular markers as targets to perform the local BLAST against the C. heterophylla genome. We then confirmed the ordered location of these molecular markers in the C. heterophylla genome (Supplementary Table 2). The homologous gene for the right-side marker KG847 of the S-locus region was located at 3,722,377–3,723,320 bp on LG05 of C. heterophylla. Yet, we failed to identify the left-side marker RH_SLOC07, in that no significant matches were found, perhaps because of interspecific differences. Finally, the predicted S-locus was located at 3,500,000–3,800,000 bp on LG05 by using the right-side marker KG847 and the left-side marker 846-HRM1. We further identified those genes located in the predicted S-locus in terms of their location, functional annotation, and gene expression intensities (Figure 8). The expression of EVM0026696 and EVM0001920 was zero in all treatments, and they were not included in the heat map analysis. Among S-locus genes, eight genes showed homology with those identified in the S-locus of C. avellana, namely two PIX7s (EVM0002129 and EVM0025536), three MIK2s (EVM0002422, EVM0005666, and EVM0009820), one aldose 1-epimerase (EVM0002095), one 3-dehydroquinate synthase II (EVM0021283), and one At3g28850 homologous gene (EVM0016149). They are the most promising candidate genes for explaining SSI functioning in Corylus.
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FIGURE 8. Heat map of gene expression intensities of S-locus genes in different pollination treatments.


Furthermore, we compared the expression of those eight genes in the different comparison groups, finding no significant differences for EVM0002129 and EVM0021283 in any groups. EVM0025536 showed downregulated expression pattern in the comparisons of CK vs. C60 and CK vs. IC60; however, it had no significant differences in other comparison groups. By contrast, EVM0002422 and EVM0016149 were each upregulated in CK vs. C and CK vs. IC comparison groups, although no difference was found for C vs. IC. For EVM0009820, although it was upregulated in CK vs. IC30/IC60 and CK vs. C30/C60, its expression was negligibly changed in other comparison groups. EVM0005666 showed consistent expression in CK vs. C10 and C vs. IC, but it was downregulated in CK vs. IC10, yet upregulated in CK vs. C30/C60 and CK vs. IC 30/IC60 comparisons. Further, upregulated expression of EVM0002095 was detected in CK vs. C and CK vs. IC, whereas it was downregulated in C vs. IC.

A previous study suggested that MIK2 and PIX7 homologous genes are the most likely candidates in Corylus for studies of its SSI (Hill et al., 2021). Our conserved domain analysis revealed that EVM0025536 had three characteristics. The first domain was homeodomain involved in the transcriptional regulation of key developmental processes (Alonso, 2002), the second domain was homeobox-associated leucine zipper, and the third was catalytic domains of serine/threonine and tyrosine protein kinases (STYKc) (Figure 9A). Yet, EVM0002129 has only a STYKc domain (Figure 9A). The three MIK2 homologous genes (EVM0009820, EVM0005666, and EVM0002422) all harbor leucine-rich repeats (LRR) and have the same STYKc domain that PIX7 has (Figure 9B).
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FIGURE 9. Conserved domains of PIX7 and MIK2. (A) Predicted structural domains for PIX7. (B) Predicted structural domains for MIK2.




Validation of Gene Expression by qRT-PCR

Eighteen DEGs were used for a qRT-PCR analysis to independently check the relative expression levels detected by RNA-Seq. These genes included 8 S-locus genes common to C. heterophylla and C. avellana, EVM0000218 (serine decarboxylase), EVM0000333 (probable xyloglucan endotransglucosylase/hydrolase protein 23), EVM0002634 (Wound-induced protein 1), EVM0002247 (adenylate isopentenyltransferase 3), EVM0000979 (mitochondrial uncoupling protein 5), EVM0000443 (Expansin-B3), EVM0002638 (Cytochrome b561 and DOMON domain-containing protein At3g25290), EVM0008735 (stress-induced protein KIN2-like), EVM0005669 (sphinganine C4-monooxygenase 1 homologous gene), and EVM0000081 (pectate lyase homologous gene). These qPCR results indicated a strong consistency with those from the RNA-Seq analysis (Supplementary Figure 3), thus confirming the reliability of our RNA-sequenced data and its results.




DISCUSSION

Transcriptome sequencing technology is powerful, as it can capture nearly all of the expressed transcripts in a particular tissue sample at one or specific developmental stages and/or treatments. With technological advances and reductions in sequencing costs, transcriptome sequencing has become more effective for identifying and tracking candidate genes in various plant processes, especially for non-model organisms like Corylus. So far, comparative transcriptome analyses have been successfully applied to SI research for different plant species, through which many critical genes associated with SI responses were uncovered (Zhao et al., 2015; Chen et al., 2019). The present study identified numerous significant DEGs after hazelnut underwent self-incompatible and cross-compatible pollination events. The total number of gene changes demonstrated that self- or cross-pollination is a complex process. These findings are consistent with other plant pollination studies. Importantly, we not only identified several common up- and down-regulated genes in comparison group CK vs. IC, but also predicted candidate genes at the S-locus. The availability of this timely transcriptome data will provide a valuable resource to investigate the mechanisms of pollen-pistil interaction in Corylus.


Early Pollination Is Involved in Sporophytic Self-Incompatibility Response

The acceptance of compatible pollen and the rejection of self-incompatible pollen by pistil is an important step for pollen–pistil interactions at a very early stage. Pollen germination occurs within 15 min after pollen grains land on the stigma in Arabidopsis thaliana (Mayfield and Preuss, 2000); pollen germination begins within 2–3 min, and pollen tubes reach the bottom part of the ovary within 4 h in rice (Lan et al., 2004); and pollen grains germinate within 30 min after landing on the stigma in Chinese cabbage (Jiang J. J. et al., 2013). However, researchers did not observe any pollen attachment and pollen-tube growth on the stigma surface at 30 min and even 6 h after SI–pollination in W1 canola; however, pollen tubes could be observed in transmitting tissue at 6 h after compatible pollination, although no pollen attachment was discernible at 30 min (Sankaranarayanan et al., 2013). In contrast in non-heading Chinese cabbage (Brassica campestris ssp. chinensis Makino), a limited number of pollen grains could adhere to the stigmatic surface within 0.25 h after incompatible pollination. Abundant callose was observed in the incompatible stigma epidermal cell, which could prevent pollen tubes from penetrating the stigmatic surface (Wang et al., 2014). These findings are consistent with our recent study on pollen–pistil interaction in Corylus. We observed secretion and pollen adhesion on the stigma surface and blue fluorescence on the papillae within 60 min after compatible and incompatible pollination. While in incompatible pollination, bunched, short, or bulbous pollen tubes which do not penetrate the stigmatic surface were observed after 4 h (Li, 2020; Hou et al., 2022). These observations suggested that pollen adhesion, hydration, and penetration of pollen tube are the earliest steps blocked in self-incompatible pollination. Following the initial adhesive interaction of pollen on the stigmatic surface, there is a latent period of 30 min when signals are exchanged between pollen coat proteins and the stigmatic components (Chapman and Goring, 2010; Sankaranarayanan et al., 2013). Deciphering the transcriptional changes during this period would reveal genes involved in compatible and self-incompatible responses. Therefore, sampling pistil tissue at 10, 30, and 60 min after pollination is deemed crucial to rigorously explore this question through transcriptome analysis, as done in this study for hazelnut (Corylus).



Putative Roles of Several Types of Significant Genes in Regulating the Pollination Process

We found several types of genes, including pathogenesis- and disease resistance-related genes, various receptor kinases, calcium-related proteins and WRKY transcription factors, that were up-regulated expression after self-incompatible and compatible pollination. The role played by these genes in Corylus is not yet known, but they are important candidates for regulating pollination of further studies.

In plants, Ca2+ is an important second messenger functioning during the entire pollination process (Denninger et al., 2014). During the SSI response of Brassica, the direct interaction between the male- and female-determinants, SP11/SCR and SRK results in a drastic increase of Ca2+ in the papilla cell (Iwano et al., 2015). This finding showed that Ca2+ influx into stigma papilla cells mediates SI signaling. In GSI species, for example, Pyrus pyrifolia (Jiang X. T. et al., 2013), calcium is required for the normal growth of pollen tubes. In our study, calcium-related genes were significantly enriched in the major pathway, while many calcium-related proteins were also upregulated after self-incompatible pollination. These results indicated that calcium-related genes could function as potential signal factors in regulating the SI pollination process.

The WRKY transcription factors are essentially integral parts of signaling webs that modulate many plant processes. The WRKY34 transcription factor has been proven to negatively mediate cold sensitivity in mature pollen of Arabidopsis, and the overexpression of WRKY34 and WRKY2 much reduced the pollen viability, pollen germination, and pollen tube growth (Zou et al., 2010; Guan et al., 2014). Cotton WRKY transcription factor, GhWRKY22, acts as a transcriptional repressor to regulate anther/pollen development possibly by modulating the expression of the JAZ genes (Wang et al., 2019).

Receptor-like protein kinases genes are important components of proper plant growth and development, playing key roles in defense against pathogens, morphogenesis of various tissues and organs, signal transduction, and cell-cell recognition (especially in the case of SI). In flowering plants, RLKs are essential not only for the recognition of pollen, but also for the guidance and reception of the pollen tube. In response to pollen adhesion, plants are able to rapidly generate new transcripts, and this generates a highly sensitive compensatory mechanism that can be activated to reject/accept pollen as needed. That there were a considerable number of upregulated RLK genes in our transcriptional analysis highlights the relevance of RLKs in pollen recognition and rejection. In plant species, there is a great diversity and abundance of RLKs, and they contain the well-known leucine-rich repeat (LRR), lysin-motif (LysM), and S-domain (SD) RLKs as potential pattern-recognition receptors (Antolín-Llovera et al., 2012). Some members of SD–RLKs are involved in SI, like the S-locus receptor kinase (SRK) and S-locus glycoprotein (SLG) for the SLG domain, this is a well-proven determinant for SSI in Brassica (Tantikanjana, 1993). Nevertheless, SD-RLKs also occur in species that do not possess SI, wherein they are upregulated in response to wounding, pathogen recognition, or enemy attacks. This suggests that evolution has driven the expansion of specific RLK families to serve multiple roles in different plant physiological processes (Sanabria et al., 2008). Here we found many SD-RLKs enriched in the KEGG pathway of plant–pathogen interaction in our transcriptome results. But these genes are not situated in the S-locus; hence, they may have other potential functions. Three LRR–RLKs and two serine/threonine protein kinases (RLK) were identified in the predicted S-locus. According to the SSI system of model plants, the involvement of RLKs and LRR-RLKs in pollen–pistil interactions might be through the recognition and binding of ligands to initiate both auto- and trans-phosphorylation of itself and other participating proteins.

Pollen–pistil interactions may be analogous to host–pathogen interactions (Wilkins et al., 2014). Plants have evolved unique defense mechanisms enabling them to perceive pathogens and initiate effective defense strategies. Both SI and the immunity system evolved under different selection pressures, namely, the former case prevents inbreeding and the latter parasitism. The recognition and rejection of self-pollen are remarkably similar to the enemy recognition and defense activation in plants. In the SI system, the pistil recognizes and responds to the self-pollen. By contrast, in the immunity system, non-self-ligands from the pathogen are recognized by RLKs. The SI response and plant–pathogen interactions have close similarities, such as the “host” penetration by a tubular cell emanating from a spore-like structure (Hodgkin et al., 1988) and the striking structural similarity between SRK genes and the wheat leaf rust kinase (WLRK) defense gene (Feuillet et al., 1998). Likewise, in our transcriptome analysis, many differential genes mediating the pollen–pistil interaction were also enriched in plant–pathogen interaction, such as numerous pathogenesis- and disease resistance-related genes and the WRKY transcription factor. This is consistent with pollination studies in other species, for example, Arabidopsis (Swanson et al., 2005) and Asteraceae (transcriptomic comparison of self-pollinated and cross-pollinated flowers of Erigeron breviscapus to analyze candidate SI-associated genes). These results indicated that both the immunity system and the SI systems rely on receptors to recognize ligands.



MIK2 and PIX7: Key Genes Predicted in the S-Locus

We identified two PIX7s, three MIK2s, one aldose 1-epimerase, one 3-dehydroquinate synthase II, and one At3g28850 homologous gene in the predicted S-locus of C. heterophylla. These results are consistent with the recent findings of Hill et al. (2021). Initially, we had expected that some of these genes could be upregulated in all differential comparison groups that involved incompatible pollination (i.e., CK vs. IC and C vs. IC). However, transcriptome results for the expression of these genes did not support our original hypothesis. Lack of upregulation of SI-specific genes and downregulation of 19 proteins following self-incompatible pollination were also found in Brassica (Samuel et al., 2011; Sankaranarayanan et al., 2013). Nevertheless, further research is still needed to verify the functioning of those genes.

An aldose 1-epimerase, EVM0002095, is a key enzyme of carbohydrate metabolism; it catalyzes the interconversion of the alpha- and beta-anomers of hexose sugars, such as glucose and galactose. The 3-dehydroquinate synthase II (EVM0021283) was isolated from the archaeon Methanocaldococcus jannaschii and demonstrated to play a key role in an alternative pathway for the biosynthesis of 3-dehydroquinate (DHQ) (White, 2004). EVM0016149 is an At3g28850 homologous gene whose protein product contains a glutaredoxin (GRX) domain. In Arabidopsis, GRXs are involved in petal development and salicylic acid signaling (Rouhier et al., 2008). PIX7 encodes receptor-like cytoplasmic kinases (RLCK) belonging to subfamily VII of receptor-like kinases (RLK), and it is capable of interacting with both wild-type and mutant XopAC forms in a yeast two-hybrid screen (Guy et al., 2013). The leucine-rich-repeat RLK MIK2 is a male perception to the LURE1 peptides for the specific binding between the extracellular domain of MIK2 and LURE1 (Wang et al., 2016). By contrast, tip-focused pollen-specific receptor-like kinase 6 (PRK6) is an important receptor for perceiving the LURE1 (Zhang et al., 2017). Moreover, the C-terminal loop of the LRR domain of AtPRK6 could bind to AtLURE1 (Takeuchi and Higashiyama, 2016). MIK2, being the receptor for the SERINE RICH ENDOGENOUS PEPTIDE (SCOOP) (Rhodes et al., 2021), directly binds with SCOOP12 and triggers a complex formation between BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) and MIK2. Notably, MIK2 fosters immunity against Fusarium pathogens via recognition of Fusarium-derived SCOOP-like sequences. Meanwhile, the serine-rich SCOOP as a MIK2 ligand implies an interaction between MIK2 and PIX7, as the latter also has a serine/threonine domain. These results provide insight into the participation of MIK2 and PIX7 in the SSI system of Corylus. Therefore, it is not surprising to find that those MIK2 and PIX7 homologous genes could be involved in the SSI of Corylus. Yet the respective functions of these genes in Corylus remain unclear. Nevertheless, we propose that they are promising candidates for controlling SSI.



Corylus Possesses an Sporophytic Self-Incompatibility System That Differs From Brassica’s

In Brassica, the S-locus-related glycoprotein 1 (SLR1), a stigma-specific protein, was proved to be responsible for the adhesion of pollen grains to the stigmatic surface. Two SLR1-binding proteins, SLR1-BP1 and SLR1-BP2, were determined to operate as the interacting counterpart of SLR1 in pollen (Takayama et al., 2000). However, none of the sequences showed homology to SLR1 in C. heterophylla’s genome and there was negligible to zero expression of 3 SLR1-BP in every transcriptome sample. EXO70A1 is part of the exocyst complex, carrying out a compatibility function along with annexin and actin in delivering vesicles to the site of pollen attachment. The vesicle contains the majority of resources required for pollen germination. Accordingly, suppression of EXO70A1 and reduced expression of both annexin and actin would be implicated in the SI response, whereby vesicle delivery to the pollen attachment site is inhibited (Samuel et al., 2011). However, no expression of an annexin gene (EVM0010564) was detected in all IC samples, and the expression of an actin gene (EVM0010391) was neither upregulated nor downregulated in all comparison groups. Moreover, our previous study had selected ChaActin as a suitable reference gene to evaluate gene expression patterning for the pollen–pistil interaction in Corylus. Our results provide further compelling evidence that Corylus displays a unique SSI mechanism, and they should prove helpful to investigate this potential mechanism of the SSI system in Corylus spp.

In general, more remains to be explored concerning the plant genes involved in pollen–pistil interactions. Deciphering the underlying molecular mechanisms behind the events pertaining to SSI responses in Corylus and other plants is still a challenging field of research. In this study, a range of candidate genes was obtained from the analyzed transcriptome data, which enhances the essential data available for understanding the Corylus pollen–pistil interaction. Further research will involve whole-sequence analysis, characterization of temporal-spatial expression, and gene–gene interaction analyses.




CONCLUSION

For the first time, transcriptomic analyses of early pollinated pistils (compatible and incompatible pollination) were performed in Corylus. The plant–pathogen interaction, plant hormone signal transduction, and MAPK signaling pathway–plant were significantly enriched in the pollination process. Many notable genes potentially involved in pollen–stigma interactions and SSI mechanisms were found, including those encoding receptor-like protein kinases (RLK) and various transcription factors, as well as calcium-related genes and disease-resistance genes. The S-locus in C. heterophylla genome was further identified, consisting of eight genes with the same functional annotation as the S-locus genes of C. avellana. Moreover, four upregulated and five downregulated genes of likely paramount importance in the interaction between pollen and pistil were uncovered. This study’s findings can assist research aiming to elucidate the pollen–pistil interaction and enhance our knowledge of the molecular mechanism responsible for SSI in Corylus.
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The volatilome of hazelnuts (Corylus avellana L.) encrypts information about phenotype expression as a function of cultivar/origin, post-harvest practices, and their impact on primary metabolome, storage conditions and shelf-life, spoilage, and quality deterioration. Moreover, within the bulk of detectable volatiles, just a few of them play a key role in defining distinctive aroma (i.e., aroma blueprint) and conferring characteristic hedonic profile. In particular, in raw hazelnuts, key-odorants as defined by sensomics are: 2,3-diethyl-5-methylpyrazine (musty and nutty); 2-acetyl-1,4,5,6-tetrahydropyridine (caramel); 2-acetyl-1-pyrroline (popcorn-like); 2-acetyl-3,4,5,6-tetrahydropyridine (roasted, caramel); 3-(methylthio)-propanal (cooked potato); 3-(methylthio)propionaldehyde (musty, earthy); 3,7-dimethylocta-1,6-dien-3-ol/linalool (citrus, floral); 3-methyl-4-heptanone (fruity, nutty); and 5-methyl-(E)-2-hepten-4-one (nutty, fruity). Dry-roasting on hazelnut kernels triggers the formation of additional potent odorants, likely contributing to the pleasant aroma of roasted nuts. Whiting the newly formed aromas, 2,3-pentanedione (buttery); 2-propionyl-1-pyrroline (popcorn-like); 3-methylbutanal; (malty); 4-hydroxy-2,5-dimethyl-3(2H)-furanone (caramel); dimethyl trisulfide (sulfurous, cabbage) are worthy to be mentioned. The review focuses on high-quality hazelnuts adopted as premium primary material by the confectionery industry. Information on primary and secondary/specialized metabolites distribution introduces more specialized sections focused on volatilome chemical dimensions and their correlation to cultivar/origin, post-harvest practices and storage, and spoilage phenomena. Sensory-driven studies, based on sensomic principles, provide insights on the aroma blueprint of raw and roasted hazelnuts while robust correlations between non-volatile precursors and key-aroma compounds pose solid foundations to the conceptualization of aroma potential.

Keywords: Corylus avellana L., key-aroma compounds, metabolomics, chromatographic fingerprinting, hazelnuts volatilome, primary metabolites, volatile organic compounds (V.O.C.)


INTRODUCTION

European hazelnut (Corylus avellana L.) belongs to the Corylus genus, Betulaceae birch family, and is one of the 25 existing hazelnut species (Erdogan and Mehlenbacher, 2000); originally of the Black sea region, C. avellana L. has been cultivated since Roman times (Boccacci and Botta, 2009), but intensive production started to expand in the 1930s in the Langhe region in Piemonte (North-West of Italy) due to the demand from the confectionery industry, and since 1964 in Turkey (Bozoglu, 2005). C. avellana L. is the main species of interest for industrial applications due to high-quality characteristics such as larger kernels and thinner shells (Erdogan and Mehlenbacher, 2000).

Nowadays, hazelnuts represent a relatively small, yet consistent, market portion in constant growth both in developed countries and in emerging economies, which is projected to grow by over 10% in the next 5 years. According to the FAO (2019), during 2019 more than 1 million tons of in-shell hazelnuts were harvested. The global production during 2017-2019 is visually summarized in Figure 1. Turkey is the main producer since it covers more than 67% of the global production, followed by Italy (≈12%), Azerbaijan (≈5%), and the USA (≈4%).


[image: Figure 1]
FIGURE 1. In-shell hazelnut production during the years 2017-2019 according to the FAO.


The Turkish production is mainly located in two areas along the Black Sea: the eastern area, which accounts for 60% and includes the provinces of Samsun, Ordu, Giresun, and Trabzon, and the western area, named Akçakoca, which accounts for the other 40% and includes the provinces of Sakarya, Zonguldak, Bolu, and Düzce. Turkish hazelnuts are usually supplied as a regional blend (e.g., Akçakoca blend and Giresun blend), and depending on the area of interest, different cultivars are more abundant: in the eastern area (Giresun/Ordu) the most prominent cultivars are the Tombul, Çakildak, Mincane, and Palaz, while in the western area (Akçakoca) the leading cultivars are the Karafindik, Mincane, Çakildak, and Foşa (ISLAM, 2018). Among these cultivars, Tombul is the most abundant and has been described as the best Turkish cultivar in terms of overall kernel quality (Balik et al., 2018).

Italy is the second-largest producer with four main production areas: Campania (≈32%), where the cultivars are the Mortarella, San Giovanni, and Tonda di Giffoni; Piemonte (≈30%), with the cultivar Tonda Gentile Trilobata; Lazio (≈25%), with the cultivars Tonda Gentile Romana and Nocchione; and Sicilia (≈11%) where the cultivars are primarily used as fresh products and do not have an industrial interest.

In Azerbaijan, the main cultivar is the Ata-Baba which accounts for about 80% of the total hazelnut production and is concentrated in the Qabala and Qakh districts in the northwest of the country.

In the USA the production is concentrated in Oregon, on the pacific coast, which accounts for ≈99% of the total production. Barcelona is the main cultivar (≈60%), but many cultivars from artificial breeding are continuously developed to improve the resistance to Phytocoptella avellanae, a mite affecting local trees. Table 1 reports a summary of the main cultivars and harvest regions of the four largest producers.


Table 1. Summary of the four main hazelnut producers with the regions of interest and dominant cultivars for each region.
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Table 2 summarizes the main characteristics of the most relevant hazelnut cultivars. It is important to highlight that industrially appealing hazelnut cultivar characteristics include thin shell, easy cuticle removal (high blanching rate), high shelling yield (kernel/nut ratio >45%), globular kernels, and a kernel caliber ideally around 13 mm (Caramiello et al., 2000).


Table 2. List of the most industrially used cultivars and their characteristics.
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This review focuses on the chemistry of the volatilome of high-quality hazelnuts; in particular, it systematically presents information about the distribution of potent odorants and key-aroma compounds in raw and roasted hazelnuts and critically discusses them given the increasing market demand for high-quality products for the confectionery industry.

The impact of post-harvest practices, storage conditions, and roasting (i.e., the key-technological process) is examined for their impact on volatiles signatures and the development of positive and negative sensory attributes. The correlation between primary metabolites and key-odorants signatures, by the aroma potential concept (Cialiè Rosso et al., 2018, 2020, 2021), is also discussed as a new perspective for the application of modern omics strategies to hazelnut research (Miguel et al., 2011; Stilo et al., 2021a).



HAZELNUTS COMPOSITION AND ITS CORRELATION TO SENSORY PROPERTIES

A characteristic composition with a peculiar balance between primary and specialized (formerly referred to as secondary) metabolites is at the basis of the pleasant sensory profile and potential health benefits of hazelnuts. Taste-active components, interacting with chemoreceptors located in the oral cavity, trigger basic taste sensations (i.e., sweet, acid, bitter, salty, and umami); they are generally connoted by lower volatility accompanied by a high polarity and water solubility. In hazelnut, major taste active compounds are free amino acids, sugars, organic acids (i.e., primary metabolites), phenolic acids, and condensed tannins (i.e., specialized plant metabolites) (Alasalvar et al., 2010, 2012b).

Some of these non-volatile constituents belonging to the class of specialized metabolites (i.e., phenolic derivatives in aglycones or glycosides) can also trigger trigeminal sensations (i.e., chemestesis) while eliciting velvety and astringency sensations (Schieberle and Hofmann, 2011).

On the other hand, aroma-active components are characterized by low water solubility, medium-to-low polarity, and molecular weight below 300 Da. The interaction of odor-active volatiles with the array of Olfactory Receptors (ORs) in the olfactory epithelium activates a complex signals pattern, i.e., the Receptor Code (Firestein, 2001; Breer et al., 2006; Audouze et al., 2014; Dunkel et al., 2014). These olfactory stimuli activate the nervous system for cognitive mechanisms of learning and experience, and as the ultimate event the olfactory perception.

Aroma perception alone is responsible for up to 80% of the whole hedonic profile (Dunkel et al., 2014) of food. The synergy between taste and aroma perception, also referred to as flavor (Schieberle and Hofmann, 2011), is at the basis of positive consumer experience and of the hedonic quality of hazelnuts.

This review has hazelnut volatilome as a primary focus and, within the bulk of its detectable volatiles, those potent odorants capable of eliciting positive or negative sensations perceivable during hazelnut consumption.

The next section briefly summarizes the bulk composition of raw hazelnuts by presenting major primary and specialized metabolites classes with a focus on those components that are also potent odorant precursors.


Primary Metabolites

Hazelnuts are an all-round source of nutrients; in this perspective, the lipid fraction is the most abundant, it accounts for 50–73% of the total composition (Köksal et al., 2006), followed by 10–22% of carbohydrates and 10–24% of proteins; moisture (≈5%) and ashes (≈3%) complete the profile.



Lipids

The lipid fraction is characterized by a saponifiable portion further classified in a polar fraction that accounts for 1.2% of the total amount and is represented by phosphatidylcoline, phosphatidylethanolamine, and phosphatidylinositol (Alasalvar et al., 2003b), and an apolar fraction of about 98.8%, consisting of triacylglycerols of which the principal contributor is oleic acid (18:1ω9) with 77.5–82.95%, followed by linoleic acid (18:2ω6) that is responsible for the 7.55–13.69% and by palmitic acid (16:0) that constitutes the 4.85–5.79% of the total. A summary of the most abundant fatty acids present in 16 varieties/cultivars are illustrated in Table 3 (Köksal et al., 2006).


Table 3. Fatty acid composition of 16 hazelnut varieties, data expressed in g/100g.
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The unsaponifiable fraction is mostly characterized by sterols, which differ in composition between cultivars and geographical origin, and decreases along with the shelf-life (Amaral et al., 2006; Ilyasoglu, 2015; Ghisoni et al., 2020). The three most abundant sterols are β-sitosterol, accounting for 85% of the total content, campesterol at 5–7%, and Δ5-avenasterol, which achieves on average 2–4% of the total composition (Ilyasoglu, 2015). The sterol fraction plays an important role in authentication and frauds counteraction, it is used to identify olive oils adulterated with hazelnut oils of lower quality (Parcerisa et al., 1999; Zabaras and Gordon, 2004), as it might be further used in the discrimination of different hazelnut cultivars (Ghisoni et al., 2020).

The lipid fraction is at the basis of major sensory defects developed during hazelnut storage (Kinderlerer and Johnson, 1992; Alasalvar et al., 2003b; Azarbad and Jeleń, 2015; Ghirardello et al., 2016; Cialiè Rosso et al., 2018); unsaturated fatty acids are prone to autoxidation forming hydroperoxides derivatives further degraded in secondary products with lower polarity, molecular weight and odor threshold (OT) (Belitz et al., 2009). Moreover, TAGs are hydrolyzed and free fatty acids (FFAs) are more easily oxidized by the enzymatic activity, mainly promoted by endogenous esterases and lipases (Cialiè Rosso et al., 2021).



Proteins and Free Amino Acids

The hazelnut protein content is on average 18% in weight (Kamal-Eldin and Moreau, 2009). Proteins can be classified into two main groups: albumins and globulins with an aminoacidic composition where glutamic acid (2.84–3.71 g/100 g), arginine (1.87–2.21 g/100 g), and aspartic acid (1.33–1.68 g/100 g) are the more abundant reaching 30% of the total fraction (Durak et al., 1999; Köksal et al., 2006; Ramalhosa et al., 2011). Table 4 shows in more detail the free amino acid profiles of hazelnuts from different geographical areas.


Table 4. Amino acids composition (g/100g) of hazelnuts from different geographical origin.
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Caligiani et al. (2014) mapped the primary metabolome of selected raw and roasted hazelnuts from Tonda Gentile Trilobata (Piemonte TGT, Italy), Tonda Giffoni (Lazio, Italy), and Turkish varieties (Caligiani et al., 2014) by nuclear magnetic resonance (NMR) spectroscopy. Tryptophan was the discriminant marker for the Turkish hazelnuts while higher concentrations of choline and acetic acid characterized TGT samples.

Besides their role as markers for authentication, amino acids are also non-volatile precursors of several potent odorants responsible for pleasant notes in roasted hazelnuts. In a recent study, Cialiè Rosso et al. (2020, 2021) investigated the amino acidic patterns in raw and roasted hazelnuts while observing linear correlations between aroma precursors in raw hazelnuts and potent odorants in lab-scale roasted hazelnuts.



Carbohydrates

Carbohydrates can reach 26% of the total composition; they can be further divided into dietary fiber, sugars, and starch (Coelho et al., 2007; Alasalvar and Shahidi, 2008). In unroasted hazelnuts, the percentage of total non-resistant and resistant starch expressed as % on a dry basis (d.b.), is 2.71 ± 0.08, 1.190 ± 0.07, and 1.52 ± 0.01, respectively (Alasalvar and Shahidi, 2008).

Sugars reach 17% of the total composition; they include di-saccharides (sucrose, stachyose, raffinose), monosaccharides (glucose and fructose), and polyalcohols (myo-inositol). The total sugar content of hazelnut is, on average, around 3.58 g/100 g, and the sucrose achieves about 74% of the total (Alasalvar and Shahidi, 2008; Sciubba et al., 2014). Sugars contribute directly and indirectly to hazelnut sensorial profile: they are responsible for the sweet taste of raw nuts and represent fundamental precursors of aroma active compounds since they react within the Maillard reaction framework and degrade during roasting (Cristofori et al., 2008; Kiefl, 2013; Kiefl and Schieberle, 2013; Taş and Gökmen, 2018).

Bonvehí and Coll (1993) studied the carbohydrates fraction and its variations as a function of varieties/cultivar and harvest region; their findings indicated that starch and fiber were almost stable while soluble sugars were highly variable within varieties, with the mountain harvested varieties containing a higher sucrose amount.



Specialized Metabolites

Phenolic derivatives are the most abundant compounds in hazelnut kernels amongst specialized metabolites (Shahidi et al., 2007; Alasalvar and Shahidi, 2008; Alasalvar and Bolling, 2015; Bottone et al., 2019). Among them, phenolic acids of the hydroxybenzoic acid series are represented by gallic acid, the most abundant, followed by p-hydroxybenzoic acid, salicylic acid, 4-hydroxysalicylic acid, vanillic acid, and syringic acid. Among the hydroxycinnamic derivatives, o- and p-coumaric acid, caffeic acid, ferulic and isoferulic acid, and sinapic acid were identified in hazelnut kernels (Yuan et al., 2018).

Polyphenols are instead represented by quercetin, myricetin, and rutin, present in kernels as aglycones and/or as O-glycosides (e.g., quercetin 3-rhamnoside, quercetin-3-glucoside, and myricetin 3-rhamnoside) (Bottone et al., 2019). Among flavonoids, catechin, epicatechin, and epigallocatechin were identified in kernels (Prosperini et al., 2009; Fanali et al., 2018) accompanied by a complex fraction of their polymers (i.e., proanthocyanidins and condensed tannins) with procyanidins A2, B1, and B2 as major congeners (Fanali et al., 2018; Bottone et al., 2019).

Phenol signatures were effectively exploited for cultivar discrimination by Ciarmiello et al. (2014) who analyzed 29 European cultivars and, based on the total polyphenolic content and the qualitative composition, defined some potential markers for quality control.

Recently, by untargeted metabolomic investigation based on liquid chromatography and high-resolution mass spectrometry (LC-ESI-qTOF MS), Ghisoni et al. (2020) profiled six hazelnut cultivars harvested in Chile, Georgia, Italy, and Turkey. More than 1,000 polyphenols and sterols were annotated and tracked among samples. Flavonoids (anthocyanins, flavanols, and flavonols), phenolic acids (mainly hydroxycinnamics) together with sterols (i.e., cholesterol, ergosterol, and stigmasterol derivatives) were defined as putative markers for geographical origin discrimination.

Phenols and polyphenols, also present in hazelnut perisperm cuticle, are responsible for the taste and chemesthetic attributes (bitterness, astringency, velvety sensations), and during roasting may form phenolic volatiles eliciting smoky and phenolic odors, the latter being distinctive of high-quality cultivars (Burdack-Freitag and Schieberle, 2012; Kiefl et al., 2013).

Another class of specialized metabolites is that of monoterpenoids: they are biosynthesized from C5 precursors (i.e., dimethyl allyl pyrophosphate and isopentenyl pyrophosphate) in plants and are present in raw and roasted hazelnut kernels as distinctive native signatures. The most reported are pinenes (α-pinene and β-pinene) (Alasalvar et al., 2003a; Cordero et al., 2010; Burdack-Freitag and Schieberle, 2012; Kiefl, 2013; Cialiè Rosso et al., 2018), linalool and limonene (Burdack-Freitag and Schieberle, 2012; Cialiè Rosso et al., 2018), δ-3-carene (Alasalvar et al., 2003a), and β-caryophyllene, a sesquiterpenoid detected in Turkish Tombul hazelnuts (Alasalvar et al., 2003a).

Recently, by applying comprehensive two-dimensional gas chromatography (GC×GC), which enables highly effective fingerprinting of volatiles in many foods, a detailed signature of terpenoids was delineated. It includes α-pinene, β-pinene, (E)-p-2-menthen-1-ol, camphene, δ-3-carene, α-thujene, γ-terpinene, sabinene, limonene, cis-sabinene hydrate, α-terpinolene, β-phellandrene, and p-cymene (Kiefl, 2013; Kiefl et al., 2013; Nicolotti et al., 2013b; Cialiè Rosso et al., 2018). In particular with specialized metabolites, α-damascone and (E)-β-damascenone, nor-isoprenoids formed by oxidative cleavage of carotenoids, are of relevance for hazelnut aroma (Burdack-Freitag and Schieberle, 2010).




HAZELNUT VOLATILOME

The volatilome, also referred to as volatome (Phillips et al., 2013; Broza et al., 2015), “contains all of the volatile metabolites as well as other volatile organic and inorganic compounds that originate from an organism” (Amann et al., 2014), super-organism, or ecosystem. In line with this definition, all volatile metabolites present in the volatilome belongs to the sample's metabolome, although in this complex fraction it could be present degradation components or exogenously formed compounds not generated by plant metabolic processes [e.g., environmental contaminants, compounds formed by bacteria and molds metabolic processes- microbial cloud (Meadow et al., 2015), etc.].

The volatilome is therefore a distinct entity from the metabolome, it gives access to a higher level of information about many biological phenomena related to plant and food quality through its multiple chemical dimensions (Giddings, 1995). The ultimate analytical solutions to investigate food volatilome are those adopting high-resolution separations (e.g., mono-dimensional gas chromatography−1DGC; heart-cut two-dimensional gas chromatography –H/C-2DGC; or comprehensive two-dimensional gas chromatography - GC×GC) combined to low-resolution or high-resolution mass spectrometry (MS). Insights on analytical strategies for comprehensive investigations of food volatiles are outside the scope of this review; however, for interested readers, here follow some reference papers of interest (Sides et al., 2000; Tranchida et al., 2013; Cordero et al., 2015, 2019; Franchina et al., 2016; Pedrotti et al., 2021; Stilo et al., 2021a).

The food volatilome is a complex mixture of volatiles belonging to several different chemical classes as a function of the main metabolisms and reactions contributing to its expression. Regarding hazelnuts, native volatiles are those formed along with the terpenoid biosynthesis, from isopentenyl pyrophosphate and dimethyl allyl pyrophosphate as precursors (Dewick, 1986). They are a direct expression of the plant phenotype although recent findings correlated their presence to bacteria and mold development during storage (Stilo et al., 2021b).

Other important volatiles present in the hazelnut volatilome are secondary products of lipid oxidation. They are degradation products (β-scission and hydroperoxide epi-dioxide decomposition) of fatty acids hydroperoxides formed by lipids autoxidation. Within this group, several low molecular weight carbonyl derivatives (linear saturated aldehydes, unsaturated aldehydes, methyl-ketones), hydrocarbons, alcohols, and short-chain fatty acids can be found (Kinderlerer and Johnson, 1992; Belitz et al., 2009). When post-harvest practices do not properly stabilize kernels before storage, fruit germination might occur as well as bacteria and molds could find optimal conditions to grow (water activity – aw, temperature, and substrates availability) increasing volatilome chemical complexity. As a consequence, primary and secondary alcohols, carboxylic acids from fermentation reactions (Cialiè Rosso et al., 2018), lactones by cyclization of hydroxyl substituted fatty acids, furans by glucose and reducing sugars degradation, and some aromatic derivatives (benzaldehyde, phenyl ethyl alcohol, phenyl ethyl acetaldehyde, alkylated phenol derivatives) by non-volatile precursors like amino acids and phenolic compounds can be found (Cialiè Rosso et al., 2018).

Industrial processing has its impact on primary food materials and is generally designed to obtain optimal hedonic properties including desirable flavor, texture, and color (Alasalvar et al., 2003a, 2006; Nicolotti et al., 2013a). Specifically, for hazelnuts, industrial roasting promotes the formation of a complex array of volatile compounds that concur with the volatilome complexity. Medium-polarity, low-molecular-weight technological markers belong to many different classes: alcohols, Strecker aldehydes, ketones, and di-carbonyls formed within the Maillard reaction framework (Cordero et al., 2008, 2010; Kiefl et al., 2013), acids, esters, lactones, sulfur derivatives, and alkylated heterocycles (furans, pyrazines, pyrroles, thiophenes, aromatic compounds, phenols, pyridines, thiazoles, oxazoles) (Saklar et al., 2001; Alasalvar et al., 2003a; Seyhan et al., 2007; Burdack-Freitag and Schieberle, 2010, 2012; Kiefl et al., 2012, 2013; Kiefl, 2013).

The next paragraphs report and discuss major findings of the hazelnut volatilome by focusing on specific functional variables with a strong correlation to sensory quality.


Cultivar/Origin Signatures in the Hazelnut Volatilome

Alasalvar et al. (2004, 2012a) dedicated several research projects to delineate distinctive signatures of potent odorants in high-quality hazelnuts from Turkey. In a study on Giresun and Tombul hazelnuts (harvest year 2001), authors applied dynamic headspace analysis (DHA) combined with gas chromatography coupled with mass spectrometry (GC-MS) for high informative profiling of volatiles. A total of 79 volatile compounds were identified by matching linear retention index (IT) and EI-MS spectral signatures with authentic standards and/or data from commercial databases. A total of 39 compounds were detected in raw hazelnuts; of them, 32 were identified as ketones (10), aldehydes (8), alcohols (5), aromatic hydrocarbons (5), and furans (4). Some of these components, as potent odorants, were positively correlated with specific and peculiar odor qualities revealed by descriptive sensory analysis (DSA) run by a trained panel.

Of these compounds, within ketones, the most odor impacting was 5-methyl-(E)-2-hepten-4-one (i.e., filbertone) with a typical nutty and hazelnut-like aroma. (E)-3-penten-2-one was correlated to a fruity odor while 2,3-pentanedione to sweet, buttery, and caramel-like notes. In the aldehydes class, eight congeners were found in raw kernels, 2-methylpropanal, 2- and 3-methylbutanal were reported to be responsible for fruity, malty, nutty, and chocolate-like odors. In addition, linear saturated and monounsaturated aldehydes (i.e., hexanal, heptanal, nonanal, (E)-2-hexanal, and (E,E)-2,4-hexadienal) were responsible for perceivable green, fatty, sweet floral, and fruity notes. They are strongly correlated to lipid autoxidation and have a role in the sensorial quality degradation of kernels along with shelf-life (Cialiè Rosso et al., 2018).

Five alcohols were detected by dynamic headspace (DHS-)GC-MS in raw hazelnuts: 3-methyl-1-butanol was correlated to dark chocolate, pungent, and sweet odors while 1-pentanol was correlated with rancid, burnt, wine-like notes, 1-hexanol typical of green and fatty smells, 1-octanol and 1-octen-3-ol, most probably formed by fatty acids hydroperoxide decomposition, were connoted by musty and mushroom-like odors.

Aromatic hydrocarbons, like toluene, 1,2,4-trimethylbenzene, and 1,2,3-trimethylbenzene were more abundant in roasted kernels although their presence was above the method limit of detection (LOD) for raw hazelnuts.

Raw hazelnut volatilome mapping greatly improved, in terms of the number of volatiles detected and the method's sensitivity, with the application of GC×GC-TOF MS combined with high concentration capacity (HCC) sampling (Bicchi et al., 2004). Cialiè Rosso et al. reported the reliable identification of 133 volatiles in raw hazelnuts from Ordu (Turkey), and Lazio (Tonda Gentile Romana, Italy); most of them were already cross-mapped in other cultivars/origins (e.g., Tonda Giffoni, Tonda Gentile Trilobata, Mortarella, Akçakoca, Giresun, Trabzon, and Chile) by GC×GC-qMS (Cordero et al., 2010; Nicolotti et al., 2013a). Table 5 reports a consensus list of characteristic volatiles together with their experimental IT on polar columns, odor qualities, and OTs in oil or air.


Table 5. Volatilome composition detected in raw and roasted hazelnut samples.
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Effect of Post-harvest and Storage on Volatilome Signatures

The evolution of raw hazelnut volatilome along shelf-life was explored by Cialiè Rosso et al. (2018) in a study on commercial samples of Tonda Gentile Romana and on Ordu hazelnuts harvested in 2014. Samples were subjected to traditional sun-drying (D1 - ≈30/35°C) or artificial drying (D2) at low temperatures (≈18/20°C) in industrial plants. To study the effect of storage conditions, 5° and 18°C ± 0.1 were tested in combination with atmosphere composition as regular (NA: 78% N2-21% O2) or modified (MA 99% N2-1% O2).

Volatiles and potent odorants were sampled by headspace solid-phase microextraction (HS-SPME) and analyzed by GC×GC-TOF MS equipped with a thermal modulator. Analytical conditions enabled a suitable sensitivity by including in the fingerprinting/profiling process potent odorants and several key-aroma compounds (Burdack-Freitag and Schieberle, 2012; Kiefl et al., 2013).

The pattern of 133 known analytes, identified by matching EI-MS fragmentation patterns with those collected in commercial and in-house databases and IT calculated on the 1D (±15 units of tolerance), was explored by multivariate statistics to highlight relevant features (i.e., components) with meaningful variations along storage time and as a function of storage conditions.

Explorative Principal Component Analysis (PCA) on analytes' response data indicated a natural conformation of sample groups according to cultivar/geographical origin, followed by the impact of a secondary variable, post-harvest drying conditions. Supervised univariate analysis by Fisher ratio (F), highlighted as relevant variables for post-harvest a series of linear and branched alcohols (2-heptanol, 2-methyl-1-propanol, 3-methyl-1-butanol, 2-ethyl-1-hexanol, benzyl alcohol), several esters (ethyl acetate, butyl butanoate, 2-methyl-butyl propanoate), and acetic acid. Most of them were already associated with nut ripening or fermentation (Zhou et al., 2013). Of interest, 3-methyl-1-butanol (i.e., isoamyl alcohol), a well-known fermentation product in must and wines, is formed from L-leucine. 2-methyl-1-propanol has instead L-valine as a precursor, while 2-heptanol is formed in tomatoes during ripening by β-ketoacids hydrolysis and subsequent decarboxylation (Fridman, 2005), and 2-ethyl-1-hexanol has been found in fermented soybean (Han et al., 2001).

By observing the evolution of 37 potent odorants within the detectable volatilome, Cialiè Rosso et al. (2018) confirmed the dominant role of drying conditions above cultivar/origin. Moreover, most potent odorants, with OTs up to 2,500 μg/L, were closely correlated (r > 0.800) to storage time. Of them, 1-heptanol (green, chemical), 2-octanol (metal, burnt), 1-octen-3-ol (mushroom), (E)-2-heptenal (fatty, almond), hexanal (leaf-like, green), heptanal (fatty), octanal (fatty), and nonanal (tallowy, fruity) are of great interest, since they might impart unpleasant notes in hazelnuts stored within 12 months. Some of the selected potent odorants showed increasing trends over time, achieving their maximum abundance at 12 months of storage. Those correlated to lipid oxidation, i.e., degradation products of fatty acids hydroperoxides (i.e., hexanal, octanal and (E)-2-heptanal) eliciting fatty and green-leafy notes (Pastorelli et al., 2007; Ghirardello et al., 2013), had a marked increase over time with higher relative ratios in samples subjected to sun drying. For those samples dried at lower temperatures in industrial plants, i.e., Tonda Gentile Romana, limited oxidation was detected, with amounts of hexanal and octanal at 2.6 and 2.8 times lower compared to standard drying conditions.

Moreover, 2-octanol and 1-octen-3-ol, formed by linoleic acid hydroperoxides cleavage promoted by fungal lipoxygenase/hydroperoxide lyase enzymes (Hung et al., 2014), are likely responsible for the metallic and mushroom-like notes. Their relative abundance was higher in Ordu samples accompanied by a marked increase with storage conducted in less protective conditions (18°C and NA 78% N2-21% O2). On the other hand, the same analytes were below method LOD in Tonda Gentile Romana hazelnuts dried at low temperatures.

Results on oxidative stability/instability are likely correlated to hazelnuts fatty acids profiles reported in several studies (Kinderlerer and Johnson, 1992; ÖZDEMIR, 1998; Özdemir et al., 2001; Koyuncu et al., 2005; Locatelli et al., 2015; Ghirardello et al., 2016; Belviso et al., 2017; Memoli et al., 2017; Momchilova et al., 2017; Turan, 2018; Pedrotti et al., 2021), where storage and processing were investigated for their impact on the fatty fraction.

However, recent findings on the evolution of FFAs along with shelf-life (Cialiè Rosso et al., 2021) suggest that post-harvest has a decisive impact on esterases/lipases activity; FFAs are more prone to oxidation than those esterified in TAGs, registering 10 times faster oxidation kinetics (Frega et al., 1999).

Potent odorants profiling indicated the decisive effect of post-harvest drying in preserving hazelnut quality and oxidation status; moreover, the marked development of potent odorants with unpleasant notes, formed by autoxidation of essential fatty acids, interestingly evokes the hypothesis that key flavor-related volatiles in vegetable food are generated from essential nutrients and health-promoting components (e.g., amino acids, fatty acids, and carotenoids), while informing the actual nutritional value of the product (Goff and Klee, 2006).



Hazelnut Spoilage Volatiles Signatures

Hazelnuts quality might be degraded during growing, harvesting, and storage (Giraudo et al., 2018), resulting in some physical and sensorial defects. The industry implements several quality control procedures for incoming batches to check for physical damage: insect-damaged, rotten, twin, and yellowed hazelnut kernels (Mehlenbacher et al., 1993; Caligiani et al., 2014; Belviso et al., 2017; Göncüoglu Taş and Gökmen, 2017; Yuan et al., 2018). Visual inspection by trained staff on representative samples is, nowadays, the quality control procedure of choice in the hazelnut value chain. This approach, highly time-consuming, might be strongly influenced by the level of experience and sensibility of the operator (Giraudo et al., 2018).

Complex carbohydrates undergo enzymatic hydrolysis when attacked by worms, bacteria, or molds, to provide them an available source of metabolic energy. The autocatalytic oxidation of unsaturated fatty acids and the hydrolysis of lipids in free fatty acids are also triggered. These reactions result in a negatively altered aroma and taste, i.e., the rotten defect of the fruits (Giraudo et al., 2018). Physical damage, such as dark kernels with white/brown spots, arises from insect bites that transfer saliva enzymes to the nut (e.g., proteinases, esterases, lipases, and amylases). Furthermore, damaged fruit can be more easily attacked by Aspergillus and Penicillium species, the most common fungi found after rainy seasons (Pscheidt et al., 2019), whose metabolic activity might negatively impact the sensory properties of the nut.

Amrein et al. (2010, 2014) identified prenyl ethyl ether (PRE) as the cause of a solvent off-note in ground-haversted hazelnuts. The authors applied a sensory-oriented strategy based on olfactometry coupled to GC (i.e., GC-O), followed by odor value calculation and spiking experiments.

Solid-phase microextraction (SPME) and simultaneous distillation–extraction (SDE) were adopted to extract and isolate volatiles from hazelnut batches showing the solvent off-note. Based on GC-O, performed by a trained panel, an odor active region showing a metallic solvent-like aroma impression was identified. The presence of prenyl ethyl ether was confirmed by GC-MS and retention data.

Quantification results on a series of major volatiles referred that linear saturated aldehydes (hexanal, octanal, and nonanal), reported in many studies as responsible for rancid off-notes, did not show meaningful differences between defective and control samples. Interestingly, in defective samples that reported higher amounts of prenyl ethyl ether, several terpenes (myrcene, limonene, and valencene) were also present in high concentrations.

The authors went ahead to find the possible formation pathway for prenyl ethyl ether. Prenyl alcohols can be formed by Aspergillus, Rhizopus, Penicillium, Eurotium, Mucor, and Fusarium, therefore model experiments with contamination of hazelnuts with the abovementioned molds were conducted, unfortunately without success. To date, it is assumed that this solvent metallic component might be formed as a consequence of mold contamination in presence of unknown co-factors that play a key role in triggering metabolism activation (Amrein et al., 2010, 2014).

Although the cause route of many spoilage defects is still unknown, instrumental methods capable of detecting odorant patterns responsible for perceivable off-odor are of great interest. Moreover, by the implementation of quantitative analytical workflows, quality screening is more objective, and highly-informative chemical analysis can comprehensively cover many needs, e.g., spoilage detection, rancidity, and authentication markers (Cordero et al., 2010; Kiefl et al., 2012; Cialiè Rosso et al., 2018).

Stilo et al. (2021b) developed an effective strategy to detect odorant patterns in selected spoiled hazelnuts showing perceivable defects. A sensory panel screened by flash profiling (FP) (Dairou and Sieffermann, 2002; Delarue and Sieffermann, 2004) Ordu and Akçakoca samples, harvested in 2015 and 2016, at different shelf-life stages. Samples (n = 29) were therefore classified into seven sensory classes: “good quality” (OK samples) were those eliciting positive attributes and none of the negative attributes arising from the consensus list; “Defected” samples were sub-classified in five different groups based on the predominant off-flavor perceived: Mold, Mold-rancid-solvent, Rancid, Rancid-stale, Rancid-solvent, and Uncoded KO.

Volatiles were extracted and analyzed with high resolution fingerprinting by HS-SPME followed by GC×GC-TOF MS; 350 untargeted and targeted features were tracked and aligned over all the samples. By unsupervised statistics, i.e., hierarchical clustering based on Pearson correlation, a series of informative volatiles showed a strong correlation with Mold and Mold-rancid-solvent classes. Volatile fatty acids (hexanoic, heptanoic, octanoic, and nonanoic acid), lactones (γ-hexalactone, δ-heptalactone, γ-heptalactone γ-octalactone, γ-nonalactone), 1-nonanol, and 3-nonen-2-one were distinctive and enabled independent clustering of spoiled hazelnuts from good (OK) samples. On the other hand, OK samples were connoted by higher amounts of short-chain linear alcohols (2-pentanol and 2-heptanol), butyl ether, butyl benzoate, and 4-heptanone, odorants mainly correlated to positive attributes of balsamic, fruity, and herbal notes.

Results on up- or down-regulation of specific volatiles between spoiled and OK samples are illustrated on histograms in Figure 2. Mold and Mold-rancid-solvent samples were characterized by higher amounts of saturated and unsaturated aldehydes, linear alcohols, and carboxylic acids. Butanal, decanal, and lactones were higher in Mold, while pentanoic acid was more abundant in the Mold-rancid-solvent. In addition, Mold-rancid-solvent class exhibited higher amounts of 3-penten-2-one and 3-octen-2-one, responsible for earthy and musty notes.
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FIGURE 2. Histograms illustrating the % response ratios for analytes with larger variation between spoiled hazelnuts class-image pairs. OK samples are adopted as reference classes for comparisons. Error bars correspond to ± SD over analytical replicates.


The Rancid, Rancid-solvent, and Rancid-stale classes had common chemical patterns: higher amounts of linear saturated aldehydes (from C4 to C14) likely informing about the extent of lipid oxidation probably triggered by differential activation of autocatalytic and enzymatic processes (Kinderlerer and Johnson, 1992; Ghirardello et al., 2016; Cialiè Rosso et al., 2018). Moreover, Rancid-solvent samples were also connoted by the up-regulation (compared to OK samples) of several primary alcohols (1-nonanol, 1-decanol, 1-dodecanol, and 1-tetradecanol), and Rancid with higher amounts of 3-penten-2-one and 3-undecanone, while Rancid-stale of 2-pentanone and 2-heptanone.

Fatty acids and lactones dominate the differential distribution in Mold and Mold-rancid-solvent samples: these chemical classes are correlated to the fatty acid degradation promoted by different mold genus (e.g. Aspergillus, Penicillium, Rhizopus, Fusarium etc.), developed during post-harvest (Memoli et al., 2017). Lactones are formed by fatty acid hydroxylation in odd or even positions, followed by β-oxidation and chain reduction. As a function of hydroxyl group position, lactonization results in γ-, δ- or ε-lactones (Romero-Guido et al., 2011). Their presence in moldy samples, likely contaminated by fungi, is in keeping with literature data; molds produce lactones by enzymatic catalysis with the degradation of hydroxyl fatty acids; when the native substrate is not available, they implement the hydroxylation step (Romero-Guido et al., 2011) to enable lactones formation. Moreover, molds produce lipolytic enzymes (i.e., lipases and esterase) to promote TAGs hydrolysis resulting in a higher amount of high molecular weight lactones produced by higher homologs released from TAGs (Memoli et al., 2017).

Another critical defect is associated with the bug damage, by species like Palomena prasina L., Gonocerus acuteangulatus G., and Piezodorus lituratus F., determining tissue necrosis and decreasing the overall quality of the hazelnut kernel due to off-flavors and bitterness (Singldinger et al., 2018). Singldinger et al. (2018) identified, through a sensory-guided investigation, bitter-tasting diarylheptanoids: asadanin, giffonin P, and other congeners (i.e., (E)-7,9,10,13-tetrahydroxy-1,7-bis(2-hydroxyphenyl)hept-9-en-11-one; 4,12,16-trihydroxy-2-oxatricyclo[13.3.1.13,7]-nonadeca-1(18),3,5,7(20),8,15,17-heptaen; 2-(3-hydroxy-2-oxoindolin-3-yl) acetic acid 3-O-6′-galactopyranosyl-2″-(2″oxoindolin-3″yl) acetate and 3-(O-β-d-glycosyl) dioxindole-3-acetic acid) with bitter and astringent taste qualities in cimiciato-infected hazelnuts. Although non-volatiles, these sensory active compounds have a detrimental effect on hazelnut sensory quality and might also exert some sensorial synergy with potent odorants responsible for aroma off-notes.




POTENT ODORANTS AND KEY-AROMA COMPOUNDS RESPONSIBLE FOR HAZELNUTS AROMA QUALITY

In the conceptualization of molecular sensory science, i.e., sensomics (Schieberle and Hofmann, 2011), key-odorants are those odor active compounds whose amount in the sample exceeds their OT (OAV > 1), and for which omission in aroma recombination experiments confirm the key-role in eliciting the distinctive aroma, i.e., the aroma blueprint, of the original product. It has to be noted that recent findings did not exclude that so-called interferents, i.e., volatiles with lower or marginal odor activity, might play a role in modulating key-odorants perception while contributing to the overall aroma (Charve et al., 2011; Cordero et al., 2019; Bressanello et al., 2021).

In keeping with these observations, the next paragraphs report major research findings dealing with the identification of potent odorant patterns in raw and roasted hazelnuts. By literature selection, sensory-driven investigations were prioritized because of the intrinsic biological validation they offer concerning the complex phenomenon of olfactory perception.


Raw Hazelnuts Aroma

Raw hazelnut aroma elicits some specific notes as reported by sensory experiments (descriptive sensory analysis – DSA and quantitative descriptive analysis – QDA): fruity, fatty, nutty, green, rancid, citrus-like, earthy, flowery, malty, popcorn-like, potato-like, sour, woody, and phenolic (Burdack-Freitag and Schieberle, 2010; Alasalvar et al., 2012a).

These odor notes were explored by Alasalvar et al. (2003a, 2010, 2012a) in many different cultivars grown in Turkey (Aci, Cavcava, Çakildak, Foşa, Ham, Incekara, Kalinkara, Kan, Karafindik, Kargalak, Kuş, Mincane, Palaz, Sivri, Tombul, Uzunmusa, Yassi Badem, and Yuvarlak Badem). By correlating DSA profiles, GC-O results, and quantitative data on chemical patterns (Alasalvar et al., 2003a), the role of some potent odorants eliciting characteristic aroma was established. However, without the validation step by recombination and omission experiments, it was not possible to define key-aroma compounds (Dunkel et al., 2014) over the group of odorants.

The application of sensomic concepts was successful in this direction, Burdack-Freitag and Schieberle (2010, 2012), Kiefl and Schieberle (2013), and Kiefl et al. (2013) unraveled the aroma code of hazelnuts (raw and roasted) by focusing on different cultivars/origins. They covered the Italian production by studying Tonda Gentile Romana (Lazio, Italy), Tonda Gentile Trilobata (Piemonte, Italy), Tonda Giffoni (Campania, Italy), and Turkey high-quality blend from the Akçakoca region.

Burdack-Freitag and Schieberle (2010, 2012) pre-screened potent odorants by GC-O, performed as aroma extract dilution analysis (AEDA). The distillate/extract obtained by solvent-assisted flavor evaporation (SAFE) of raw hazelnuts extracts, was further fractionated in a neutral-basic fraction (NBF) and the acidic fraction (AF). In the NBF, 37 odor-active zones were detected with a flavor dilution factor (FD) range of 4–4096. Six odorants dominated for their prevalence in the SAFE extracts screening: 2-methoxy-3-isopropylpyrazine elicited an intense bell pepper-like odor; 5-methyl-4-heptanone had a fruity hazelnut-like note; 2-methoxy-3,5-dimethylpyrazine showed an earthy odor; ethyl 2-methylbutanoate, with a fruity note; 5-methyl-(E)-2-hepten-4-one with fruity, hazelnut-like aroma; and 2-methoxy-3-isobutylpyrazine showing a bell pepper-like attribute. Interestingly, the fruity hazelnut-like ketone, 5-methyl-4-heptanone, was characterized for the first time in raw hazelnuts: its very low OT (i.e., 0.05 μg/L in water) is comparable to that of the nutty ketone, 5-methyl-(E)-2-hepten-4-one (i.e., filbertone).

High relevance was also confirmed for linalool, (E)-β-damascenone, and 4-methylphenol (flowery, boiled apple-like, and smoky notes respectively). Within the acidic fraction, acetic acid (sour), 2- and 3-methylbutanoic acid (sweaty), and 4-hydroxy-2,5-dimethyl-3(2H)-furanone (caramel-like) were identified.

Accurate quantification by stable isotope dilution analysis (SIDA) (Burdack-Freitag and Schieberle, 2012) identified, within odorants screened by GC-O and AEDA, those exceeding their OT (i.e., OAV > 1). They are listed in Table 6; among them, in raw hazelnuts linalool, 5-methyl-4-heptanone, and 2-methoxy-3,5-dimethylpyrazine showed OAVs > 100 likely dominating the overall aroma of raw kernels. An aroma recombinant including all odorants with OAV >1 conferred a quite high similarity to the aroma profile of raw hazelnuts, with fruity-nutty, fatty, popcorn-like, flowery, bell-pepper-like, malty, and potato-like considered almost equivalent to the natural aroma profile.


Table 6. Key-aroma compounds are defined through the sensomics approach in raw and roasted hazelnut samples from cultivars Tonda Gentile Trilobata (G), Tonda Gentile Romana (R), and Akçakoca blend (A).
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Kiefl and Schieberle (2013) and Kiefl et al. (2013) further explored the aroma code of hazelnuts by extending the investigation to high-quality cultivars from the two major production areas (Turkey and Italy). Additional odorants, with high OAVs, characterizing raw hazelnuts were identified in 2-propionyl-1-pyrroline, 2-acetyl-1,4,5,6-tetrahydropyridine, and 2-acetyl-3,4,5,6-tetrahydropridine all eliciting popcorn-like, roasty notes.

Sensomic studies on hazelnut sensometabolome (Kiefl, 2013), inspired the definition of a performance parameter known as Limit of Odor Activity Value (LOAV), defined as the ratio of the respective OT and the analytical limit of quantification (LOQ). This concept, applied to aroma compounds of Tonda Gentile Trilobata hazelnuts, enabled the evaluation of the method's ability in detecting all key odorants screened by GC-O and AEDA. In particular, in the reference study (Kiefl et al., 2013), authors were able to quantify 30 potent odorants by SIDA with GC×GC-TOF MS, although just 15 of them achieved a LOAV ≥ 1, meaning that the method was unable to assign the appropriate relevance (i.e., key-odorant ranking) to some analytes present at a sub-ppb level. Examples are 2-isopropyl-3-methoxypyrazine, eliciting green bell pepper-like notes that showed a LOAV = 0.02 and 2-acetyl-1-pyrroline with a roasty popcorn-like smell, with a LOAV = 0.04.



Roasted Hazelnuts Aroma

While raw hazelnuts are characterized by a general weak aroma (Kiefl and Schieberle, 2013), the roasting process enhances many existing odor notes (e.g., nutty-fruity, sweet-caramel, and malty) by triggering several reactions on non-volatile precursors and primary metabolites, while generating new, yet intense, sensations like roasty, pop-corn like, and coffee-sulfuric (Kiefl and Schieberle, 2013).

The chemical reactions triggered by the thermal treatment produces common chemical patterns in many foods; Dunkel et al. (2014) for example, revising the combinatorial odor codes of many foods, identified a strong network structure based on processing technologies (e.g., dry-roasting, fermentation, etc.). Volatiles patterns and odor codes of dry thermally processed foods (roasted, deep-fried, baked) have in common many traits due to the activation of the Maillard reaction (Hofmann and Schieberle, 1998; Van Boekel, 2006; Göncüoglu Taş and Gökmen, 2017), which occurs between reducing sugars and amino acids, and sugars degradation (i.e., caramelization).

As an example, alkyl-pyrazines, characterized by low odor thresholds for humans (e.g., 0.007–0.018 μg L−1 in water), are responsible for the earthy and baked potato-like odors; of them, 2-ethyl-3,5-dimethylpyrazine, 2-ethenyl-3,5-dimethylpyrazine, and 2,3-diethyl-5-methylpyrazine are frequently detected as KFOs in thermally processed foods such as for example, roasted coffee (Blank et al., 1992), French fries (Grosch, 2001), chocolate (Schnermann and Schieberle, 1997), cocoa (Frauendorfer and Schieberle, 2008; Magagna et al., 2018), and peanuts (Chetschik et al., 2010).

In hazelnuts, the complex reaction framework of Maillard reaction, arising by the intersection of many pathways, generates key-odorants impacting on hazelnuts' aroma. They are alkyl methoxy-pyrazines (e.g., roasty, 3,5-dimethyl-2-ethylpyrazine/ earthy; 2,3,5-trimethylpyrazine/earthy; 2,3-diethyl-5-methylpyrazine/earthy; 2-isopropyl-3-methoxypyrazine/ pea-like and green pepper-like); Strecker aldehydes (2- and 3-methylbutanal/malty; phenylacetaldehyde/flowery and honey-like); ketones (2,3-butanedione and 2,3-pentanedione/buttery; 3-methyl-4-heptanone/fruity and nutty); and heterocycles formed by deoxyosones dehydration in presence of ammonia (e.g., 4-hydroxy-2,5-dimethyl-3(2H)-furanone/caramel-like and sweet; 2-acetyl-1-pyrroline and 2-propionyl-1-pyrroline/popcorn-like, roasty) (Alasalvar et al., 2004; Seyhan et al., 2007; Burdack-Freitag and Schieberle, 2012; Kiefl and Schieberle, 2013). Unpleasant notes generated by thermal reactions are those elicited by alkyl-pyridines generally connoted by burnt and astringent aroma (Van Boekel, 2006).

The role of roasting was the object of many studies aimed at a better understanding of optimal conditions responsible for the generation of pleasant aroma, crunchy texture, and color (Saklar et al., 2001, 2003; Alasalvar et al., 2003a; Alamprese et al., 2009; Cordero et al., 2010; Ciarmiello et al., 2013; Donno et al., 2013; Kiefl and Schieberle, 2013; Belviso et al., 2017; Artik et al., 2021). It was demonstrated that cultivar/origin and storage conditions along shelf-life had a great impact on volatiles generation. Nicolotti et al. (2013a) compared volatiles fingerprints from industrially roasted hazelnuts (Tonda Gentile Trilobata – Piedmont Italy and Ordu – Turkey) to those obtained in lab-scale with specific time/temperature profiles. Authors identified robust markers of roasting namely 5-methylfurfural, 1(H)-pyrrole, furfuryl alcohol, 1(H)-pyrrole-2-carboxaldehyde, 1-hydroxy-2-propanone, dihydro-2(3H)-furanone, acetic acid, pyridine, furfural, pyrazine, and several alkyl-pyrazines; and related indices/ratios whose % increment along roasting kinetic showed great stability among cultivars 5-methylfurfural/ 2,5-dimethylpyrazine; 5-methylfurfural/2-methylpyrazine; and 2,5-dimethylpyrazine/2,3-dimethyl-pyrazine. Interestingly, the key-odorant 5-methyl-(E)-2-hepten-4-one showed a strong cultivar/origin-related increment with Italian Tonda Gentile Trilobata showing an early increase of this potent odorant at mild roasting conditions.

The application of sensomics to roasted hazelnuts unrevealed their aroma blueprint; studies are indicating the presence of some generalist key-odorants in combination with others with a more distinctive and peculiar impact on the overall perception (i.e., individualists) (Dunkel et al., 2014).

Burdack-Freitag and Schieberle (2010, 2012) for Tonda Gentile Romana hazelnut paste validated the pre-eminent role of several key-odorants here listed in descending order of OAV: 3-methylbutanal/malty/OAV 1330; 2,3-pentanedione/caramel/OAV 1140; 2-acetyl-1-pyrroline/popcorn-like/OAV 360; (Z)-2-nonenal/tallow/OAV 300; dimethyl trisulfide/sulfury, cabbage/OAV 164; 2-furfurylthiol/coffee-like/OAV 86; 2,3-butanedione/buttery/OAV 85; 4-hydroxy-2,5-dimethyl-3(2H)-furanone/caramel/OAV 77; 5-methyl-4-heptanone/nutty, fruity/OAV 66; 3-(methylthio)propanal/cooked potato/OAV 45; 2-methylbutanal/malty/OAV 36; octanal/soapy/OAV 28; 2-thenylthiol/coffee-like/OAV 27; 2-ethyl-3,5-dimethylpyrazine/roasted potato/OAV 21; 5-methyl-(E)-2-hepten-4-one/nutty, fruity/OAV 13; (E,E)-2,4-nonadienal/deep-fried/OAV 11; (E,E)-2,4-decadienal/deep-fried/OAV 10.

Later, Kiefl and Schieberle (2013) and Kiefl et al. (2013), extended the knowledge about high-quality hazelnuts aroma blueprint by elucidating the role of several additional odorants all present at OAVs > 1. They were: 2,3-diethyl-5-methylpyrazine/earthy, roasty; 2-acetyl-3,4,5,6-tetrahydropyridine/popcorn-like, roasty; phenylacetaldehyde/honey, flowery; 2-propionyl-1-pyrroline/popcorn-like, roasty; 4-hydroxy-3-methoxybenzaldehyde/vanillic, sweet; and dimethyl trisulfide/sulfury.

Moreover, by applying sensomic principles on roasting kinetics (Kiefl et al., 2012; Kiefl and Schieberle, 2013), further insights on the hedonic role of odorant patterns were added. Hazelnuts were submitted to lab-scale roasting in a ventilated oven at 160°C for 12, 23, or 30 min. Cultivars/origin selected were Tonda Gentile Trilobata (G) from Piedmont, Italy; Tonda Gentile Romana (R) from Lazio, Italy; Tonda Giffoni (Gi) from Campania, Italy; Akçakoca blend from Turkey.

Sensory tests were conducted with a trained panel with 24 judges (details in Kiefl and Schieberle, 2013). A QDA and projective mapping experiments were performed on raw and 23 min. roasted samples to evaluate similarities and differences among samples. QDA evaluated the aroma intensity of eight attributes (coffee-like, sulfury; nutty, fruity; smoky, phenolic; malty; sweet, caramel-like; roasty, popcorn-like; fatty; earthy, green) by a seven-point scale in a range between 0-3. For the projective mapping, panelists were instructed as follows: “Two samples should be placed very near if they seem identical, and two samples should be placed distant to one another if they seem different to you; this should be done according to your own criteria; do not hesitate to express strongly the differences you perceive by using the most part of the screen (total space)” (Kiefl and Schieberle, 2013).

Aroma profiles of raw hazelnuts, as shown by the spider-graph resulting from the QDA (Figure 3A), were very similar, as also stated by other authors (Seyhan et al., 2007). On the other hand, roasted samples showed some meaningful intensity differences. The roasted Tonda Gentile Trilobata from Piedmont (G), reported weaker coffee-like and roasty odor notes (Figure 3B) accompanied by an intense nutty perception. However, by comparing concentration profiles for key-odorants among all analyzed samples (Table 4), sensory differences and odorant patterns could not be easily correlated.


[image: Figure 3]
FIGURE 3. Qualitative sensory analysis results illustrated as spider graphs and corresponding to four hazelnuts cultivars/blends as raw (A) and roasted (B) [23 min at 160°C] kernels. Figure from Kiefl and Schieberle (2013).


Some analytes, most sensitive to roasting conditions (Kiefl et al., 2012; Nicolotti et al., 2013a), had a 100-fold increase from raw (0) to 30 min; They were identified as: 5-methyl-(E)-2-hepten-4-one; 2-acetyl-1-pyrroline; 2-propionyl-1-pyrroline; 2-acetyl-1,4,5,6-tetrahydropyridine; 2-acetyl-3,4,5,6-tetrahydropyridine; 2-acetylpyridine,3,6-dimethyl-2-ethylpyrazine; 3-(methylthio)propionaldehyde; 2-phenylacetaldehyde; 3,5-dimethyl-2-ethylpyrazine; and 2,3-diethyl-5-methylpyrazine.

Projective mapping experiments showed great correlation, as a primary variable, to the roasting degree, resulting in three main clusters defined by raw hazelnuts, mild-to-optimal roasting, and over-roasting conditions. Moreover, some samples were classified into separate groups. Assessors intuitively ordered samples according to the roasting degree along the first dimension (i.e., horizontal axis) of the project map while using the second dimension (i.e., the vertical axis) to discriminate hazelnuts by a hedonic scale. Further experiments, recombining odorant patterns for optimally roasted hazelnuts in a sunflower oil medium, confirmed the pre-eminent role of identified key odorants and suggested some synergies and suppression phenomena between them.

The perceptual pattern obtained with aroma recombinants shared a high degree of similarity with those obtained by real samples. Authors stated that eight key-odorants were fundamental to reconstruct the hazelnut aroma blueprint: 3-methyl-4-heptanone elicits the weak nutty aroma of raw hazelnuts, while the pattern of 5-methyl-(E)-2-hepten-4-one, 2-acetyl-1-pyrroline, 2-propionyl-1-pyrroline, 3,6-dimethyl-2-ethylpyrazine, 3,5-dimethyl-2-ethylpyrazine, 2,3-diethyl-5-methylpyrazine elicits a nutty, roasty aroma; high amounts of 2-furfuryl mercaptan impart roasty and coffee-like odor in over-roasted samples.

Accurate quantification of aroma compounds by SIDA, or suitable approaches (Sgorbini et al., 2019), combined with GC×GC-TOF MS proved to be highly effective to decode the aroma blueprint at a molecular level due to the very low LOAVs achievable (Kiefl et al., 2013; Nicolotti et al., 2013b). However, besides the distinctive patterns of key odorants that clearly evoke hazelnut aroma qualities, to date researchers did not find any other volatile capable of consistently explaining hedonic differences across different cultivars. Sensory-oriented strategies, accompanied by high-resolution separations (i.e., multidimensional analytical approaches) and data mining represent the ultimate solution to unravel the combinatorial code of olfaction behind food sensory perception.

The role of so called interferent volatiles (Cordero et al., 2019) should be better elucidated since they can modulate odorant pattern perception, enabling differential activation of the Receptor Code. Moreover, the presence of chiral odorants in enantiomeric excess or distinctive ratios might influence the hedonic profile; for example, 5-methyl-(E)-2-hepten-4-one (i.e., filbertone) enantiomers are characterized by different odor qualities and OTs. The next paragraph reports some insights on filbertone chiral recognition and functional properties.



Filbertone as Hazelnuts Individualist Key-Odorant

The molecule configuration is crucial in determining its aroma perception: enantiomers may differ in the aroma intensity, as it is the case of menthol and camphor, or even in the flavor itself, as it is for 3-methylthiobutanal (i.e., methional) where the (R)-configured molecule elicits the typical odor of cooked potatoes, while the (S)-configured stereoisomer is odorless (Weber and Mosandl, 1997; Zawirska-wojtasiak, 2006). Such characteristic is fundamental with hazelnuts too since filbertone (i.e., 5-methyl-(E)-2-hepten-4-one), the key-odorant contributing to the nutty aroma (Jauch et al., 1989; Alasalvar et al., 2004; Burdack-Freitag and Schieberle, 2012; Kiefl et al., 2013), might be present as R or S enantiomer(s) on the chiral center on C5 (Puchl'ová and Szolcsányi, 2018).

Filbertone amounts greatly vary among cultivars, higher levels were reported for Tonda Gentile Trilobata cultivar independently by harvest area (Piedmont Italy vs. Georgia) (Cialiè Rosso, 2020), justifying the fact that this cultivar is particularly appreciated by consumers and defined as the gold standard in the confectionery industry.

Jauch et al. (1989) were the first that effectively discriminated by enantioselective GC (ES-GC) the R- and S-filbertone while also describing marked olfactory differences in terms of odor intensity and quality, with the S- enantiomer characterized by metallic, fatty, and pyridine perceptions, while the R- one by buttery and chocolate-like notes; moreover, the R- enantiomer has a 10-fold lower odor threshold. The R- and S- enantiomers are not equally abundant in the kernel: Ruiz del Castillo et al. (2003) investigated the enantiomeric distribution in both raw and roasted hazelnuts obtaining between 70 and 90% of enantiomeric excess (ee) for the S-filbertone depending on the variety regarding raw hazelnuts (e.g., Turkish hazelnuts showed 54–56% ee, whereas Italian ones revealed 62–63% ee) (Jauch et al., 1989). Roasted samples, instead exhibited an ee of only 17% for the S-enantiomer. Nevertheless, the filbertone concentration increased by 35-fold during roasting. The differential increase of the R-enantiomer during roasting could be likely due to a thermal pathway (Güntert et al., 1991; Blanch and Jauch, 1998) whose precursors are still unknown.




CORRELATIONS BETWEEN PRIMARY METABOLITES AND AROMA COMPOUNDS: THE CONCEPT OF AROMA POTENTIAL

The concept of aroma potential was firstly introduced by Cialiè Rosso et al. (2018) in a study focused on hazelnut volatilome evolution along with shelf-life. The concept arose by the observation that post-harvest drying conditions appeared fundamental to inactivate exogenous and endogenous enzymes, providing more stable kernels throughout their shelf-life, independently of storage conditions (e.g., atmosphere composition, temperature, and time). Volatile patterns evolution indicated that lipid oxidation and spoilage occurred more decisively on those samples exposed to a less efficient drying (i.e., sun-drying vs. industrial drying at low temperatures), stored at normal atmosphere and ambient temperature.

Researchers analyzed volatiles patterns from hazelnuts roasted at lab-scale (160°C-15 min) after storage in specified conditions (see Section Effect of Post-Harvest and Storage on Volatilome Signatures) (Cialiè Rosso et al., 2018). Secondary products of hydroperoxide cleavage (i.e., linear saturated aldehydes –from C5 to C10-, unsaturated aldehydes - (E)-2-heptenal, (E)-2 octenal ad (E)-2 decenal, short-chain fatty acids - pentanoic, octanoic, and nonanoic acid, and linear alcohols – from C5 to C8) were close to the method LOD in freshly roasted hazelnuts (T0) or in those stored in a modified atmosphere. An increasing trend over storage time was also observed for kernels stored in a normal atmosphere as a function of temperature (5 or 18°C), as additional stress factors.

Of interest was the trend for some key-odorants responsible for the malty and buttery (2- and 3-methylbutanal, 2,3-butanedione, and 2,3-pentanedione), earthy (methylpyrazine, 2-ethyl-5-methyl pyrazine, and 3-ethyl-2,5-dimethyl pyrazine) and caramel-like (2,5-dimethyl-4-hydroxy-3(2H)-furanone) and musty (acetyl pyrrole) notes. Storage at lower temperatures (5°C) and low-temperature drying preserved their amount in both cultivars/origin (i.e., Tonda Gentile Romana and Ordu) along with shelf-life. The authors argued that there was a fairly stable distribution of their precursors along with shelf-life.

These results suggested the correlation of non-volatile precursors with potent odorants characterizing roasted hazelnut aroma; as for lipid fraction, degradation reactions and kernel viability would have had an impact on primary metabolites known to form under roasting conditions key-aroma substances.

The Pearson correlation coefficient (r) was adopted to evaluate positive or negative correlations between primary metabolites and key-informative volatiles. The study applied advanced fingerprinting strategies combining untargeted and targeted features information from GC×GC-TOF MS analyses of hazelnut polar extracts followed by oximation-silylation on amino acids, reducing sugars, polyols, and organic acids (Cialiè Rosso et al., 2020, 2021). Samples analyzed were from Tonda Gentile Trilobata, Tonda Gentile Romana, and Ordu.

Results showed good correlations (p-values <0.05) within primary metabolites, also indicating that Tonda Gentile Trilobata and Tonda Gentile Romana samples showed a higher amount of some non-volatile precursors and primary metabolites compared to the Ordu blend. On the other hand, interesting correlations were established between primary metabolites and volatiles eliciting aroma qualities. These correlations were further explored and tested for their linearity. The coefficients of determination (R2) of the linear regression were estimated for the relation between the precursor(s) as the independent variable (x) and key-volatiles as the dependent variable (y). Figure 4 reports regression functions between 3-methylbutanal and leucine-Leu (R2 0.9577), 2-methylbutanal and Isoleucine-Ile (R2 0.9284), 2,3-butanedione and 2,3-pentanedione and fructose/glucose derivatives (R2 0.8543 and 0.8860), between 2,5-dimethylpyrazine and alanine-Ala (R2 0.8822), and pyrroles and the sum of ornithine-Orn and Alanine-Ala (R2 0.8604).


[image: Figure 4]
FIGURE 4. Linear regression functions (confidence interval 95%) between primary metabolites and/or precursors with corresponding key-odorants in roasted kernels. (A) 3-Methylbutanal with Leucine (R2 0.9577), (B) 2-Methylbutanal and Isoleucine (R2 0.9284), (C) 2,3-Butanedione and (D) 2,3-Pentanedione and the sum of fructose (syn- and anti- forms) and glucose (glucopyranose and glucose) (R2 0.8543 and 0.8860), (E) 2,5-Dimethylpyrazine and Alanine (R2 0.8822), and (F) pyrroles and the sum of Ornithine and Alanine (R2 0.8604) (from Cialiè Rosso et al., 2020).


Results, although preliminary due to the limited sample set available, posed a solid foundation for the aroma potential concept; a comprehensive yet quantitative fingerprinting of hazelnut primary metabolome could be used as an effective tool to predict the aroma potential of hazelnuts (Cialiè Rosso et al., 2018).



CONCLUSIONS AND FUTURE PERSPECTIVES

Modern investigation approaches inspired by “omics” strategies have the potentials to address most of the challenges posed by the study of complex food metabolome/volatilome in relation to biological phenomena (Miguel et al., 2011; Capozzi and Bordoni, 2013). In the case of hazelnuts, the effect of functional variables at the basis of phenotype expression, reaction to extreme climate events and local pedo-climatic conditions, changes during storage, odor quality, and hedonic profile have been observed, interpreted, and in several cases rationally modeled after effective and reliable exploration of the compositional complexity of entire volatilome.

Sensory guided strategies have identified key-aroma patterns evoking the unique and distinctive hazelnut flavor (Hofmann and Schieberle, 1995). However, it is still underexplored the role of ancillary odorants, i.e., those that do not exceed their odor perception threshold in the sample, that by interacting with ORs in the olfactory epithelium, might modulate the overall aroma perception with effects on hedonic properties (Cordero et al., 2019).

Moreover, efforts are needed to better understand the volatilome expression under the effect of key-functional variables, known to have a negative impact on sensory quality. Besides the autoxidation of lipids, responsible for the generation of potent odorants with unpleasant notes [e.g., (E,E)-2,4-nonadienal and (E,E)-2,4-decadienal – deep-fried; (Z)-2-octenal and (Z)-2-nonenal – fatty; hexanal – green; octanal – fatty, soapy], insights are expected on enzymatic degradation of lipids. The evolution of free and esterified fatty acids along shelf life might have an impact on lipid oxidation stability. A better understanding of lipase/esterase activity could guide targeted actions to inhibit enzymes activity during post-harvest and storage (Cialiè Rosso et al., 2021).

The interconnection between primary and specialized non-volatile metabolites patterns and volatiles generated during storage and industrial processing (i.e., dry-roasting), should be better explored. In this context, interesting outcomes could support the development of predictive models for odorant formation and aroma potential expression (Cialiè Rosso et al., 2018, 2020) to be used as decision-makers at an industry level.

The industrial need for effective solutions to practical problems related to hazelnut quality management urges the adoption of multidisciplinary yet systemic approaches [i.e., omics strategies (Wishart, 2008; Ulaszewska et al., 2019)] giving access to a higher level of information closer to a better understanding of complex phenomena (Nanda and Das, 2011).
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The quality defects of hazelnut fruits comprise changes in morphology and taste, and their intensity mainly depends on seasonal environmental conditions. The strongest off-flavor of hazelnuts is known as rotten defect, whose candidate causal agents are a complex of fungal pathogens, with Diaporthe as the dominant genus. Timely indications on the expected incidence of rotten defect would be essential for buyers to identify areas where hazelnut quality will be superior, other than being useful for farmers to have the timely indications of the risk of pathogens infection. Here, we propose a rotten defect forecasting model, and we apply it in the seven main hazelnut producing municipalities in Turkey. We modulate plant susceptibility to fungal infection according to simulated hazelnut phenology, and we reproduce the key components of the Diaporthe spp. epidemiological cycle via a process-based simulation model. A model sensitivity analysis has been performed under contrasting weather conditions to select most relevant parameters for calibration, which relied on weekly phenological observations and the post-harvest analyses of rotten incidence in the period 2016–2019, conducted in 22 orchards. The rotten simulation model reproduced rotten incidence data in calibration and validation datasets with a mean absolute error below 1.8%. The dataset used for model validation (321 additional sampling locations) has been characterized by large variability of rotten incidence, in turn contributing to decrease the correlation between reference and simulated data (R2 = 0.4 and 0.21 in West and East Black Sea region, respectively). This denotes the key effect of other environmental and agronomic factors on rotten incidence, which are not yet taken into account by the predictive workflow and will be considered in further improvements. When applied in spatially distributed simulations, the model differentiated the rotten incidence across municipalities, and reproduced the interannual variability of rotten incidence. Our results confirmed that the rotten defect is strictly dependent on precipitation amount and timing, and that plant susceptibility is crucial to trigger fungal infections. Future steps will envisage the application of the rotten simulation model to other hazelnut producing regions, before being operationally used for in-season forecasting activities.
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INTRODUCTION

Crop quality is the major determinant of the economic and nutritional value of agricultural products, as it influences their purchase attractiveness by consumers and their acceptability to buyers (Cappelli et al., 2014; Melovic et al., 2020). Quality defects induce indirect yield losses, as the consequence of non-compliance with required quality standards (Battilani et al., 2018), which are needed to gain a competitive advantage in the domestic and export market. In the case of hazelnuts, high quality in-shelled fruits are increasingly requested by the confectionary industry (Cristofori et al., 2008), especially from Turkey, the world leader of production and export (FAO, 2019). However, hazelnut fruits are often affected by quality defects associated with off-flavors (Pscheidt and Ocamb, 2017), which decrease their usability in industrial products. The detection of externally visible and asymptomatic defects after kernel cutting is one of the main determinants of hazelnut quality (Battilani et al., 2018).

We focus here on the rotten defect, the strongest sensory off-note of hazelnut fruits, which annually threatens kernel availability and marketability (Arciuolo et al., 2020). The term “rotten hazelnuts” derives from the industrial jargon and refers to fruits with necrotic spots and/or internal browning, resulting in a black kernel in the worst case. The incidence of rotten defect on harvested nuts usually fluctuates in the range of 1–15% (Arciuolo et al., 2020), but even a small presence of damaged fruits could be detrimental for organoleptic properties. So far, few studies focused on the identification of the causes of hazelnut rotten defect and the etiological agents have not been unanimously defined yet. Battilani et al. (2018) conducted a 4-year experimental study in the Caucasian region, concluding that Diaporthe was the dominant genus in defected kernels, among many other fungal species associated with rotten hazelnuts (i.e., Alternaria spp., Cladosporium spp., Fusarium spp., and Colletotrichum spp.). Further, same authors observed a positive correlation between the precipitation amount during the growing season and the incidence of rotten defect.

Process-based simulation models are needed to extrapolate the experimental results from one site to another, thus enabling the development of early warning systems, to either optimize the chemical control of plant diseases or perform scenario analyses on pathogen suitability over large areas (Gillespie and Sentelhas, 2008). In addition, plant disease models are increasingly requested by private and public stakeholders to timely identify critical situations and quantify the expected impacts on yield and quality (Bregaglio et al., 2016; Valeriano et al., 2021). With these premises, we developed a new simulation model to predict the incidence of the rotten defect on hazelnuts. We followed the underlying hypothesis that Diaporthe spp. are the main causal agents of rotten hazelnuts; however, the new model is composed by generic sub-models, which can be distinctly parameterized according to thermal and moisture requirements of different fungal pathogens. A sensitivity analysis was performed to gain insights into the model plasticity across contrasting climatic conditions (Confalonieri et al., 2012) and to highlight the most relevant parameters to be adjusted to increase the prediction accuracy (Ruget et al., 2002; Vazques-Cruz et al., 2014). The model was then coupled with an automatic optimization tool, and key parameters were calibrated within their biological meaningful ranges to modulate the response of different epidemiological processes to environmental conditions (Angulo et al., 2013). The model evaluation has been performed with independent and additional field datasets from the seven main hazelnut producing municipalities in Turkey. This work lays the basis to set up a digital decision support system, enabling an early prediction of the environmental suitability of fungal pathogens associated with the occurrence of rotten hazelnuts. The fields of application of such a system comprise in-season prediction to timely identify areas where hazelnut quality is predicted to be higher.



MATERIALS AND METHODS


Overview of the Study

The workflow of this study is articulated in four steps (Figure 1). Historical weather series (1984–2018) in the study area were processed to compute agrometeorological indices, which were used to identify the clusters of hazelnut growing seasons sharing similar climatic conditions via multivariate analyses (step 1). A process-based simulation model to estimate the incidence of rotten hazelnuts was developed using available knowledge on Diaporthe spp. (Emmett et al., 1992; Erincik et al., 2003; Anco et al., 2013): the main components of the epidemiological cycle were formalized in sub-models driven by hourly weather variables and biologically meaningful parameters (step 2). The new model was subjected to a global sensitivity analysis to identify the most relevant parameters in modulating the key outputs, also considering their uncertainty under contrasting climatic conditions from step 1 (step 3). The most relevant parameters were then calibrated using the ground truth data of rotten incidence from post-harvest analysis and phenological observations collected in 22 orchards; the model evaluation was carried out on independent and additional 321 datasets, before running spatially distributed simulations over the whole hazelnut producing area in Turkey (step 4).
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FIGURE 1. Workflow of the study. Input data sources (weather data, phenological observations, and rotten incidence data) were used (i) to perform a climatic characterization of the study area, (ii) to develop a process-based simulation model of rotten hazelnuts, which was then subjected to (iii) an uncertainty and sensitivity analysis to understand the model behavior across climatic conditions. Finally, (iv) the model was calibrated and evaluated using field data and applied over the Turkish hazelnut area.




Input Data Sources for the Modeling Activities

The input weather data for the modeling activities obtained from the National Aeronautics and Space Administration (NASA) Langley Research Center (LaRC) Prediction of Worldwide Energy Resource (POWER) Project funded through the NASA Earth Science/Applied Science Program, which provides daily meteorological variables at 0.5° × 0.5° resolution grid. We used here maximum and minimum air temperature (°C), dew point temperature (°C), relative humidity (%), and average wind speed (m s–1). Hourly air temperature was estimated from daily maximum and minimum air temperature, according to Campbell (1985), whereas air relative humidity was derived according to Bregaglio et al. (2010), based on the models proposed by Linacre (1992), Allen and FAO (1998), and Hahn et al. (1998). Hourly leaf wetness was estimated from hourly air temperature, dew point temperature, wind and relative humidity, according to Kim et al. (2002). In total, 27 NASA-POWER grid cells have been selected to cover the main hazelnut producing regions of Turkey (Figure 2).
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FIGURE 2. The seven main municipalities where hazelnuts are cultivated in Turkey (A). The locations of the 22 orchards where phenological observations were performed on a weekly basis in the Western (B) and Eastern (C) Black Sea are overlapped with NASA-POWER grids (27 grid cells).


The hazelnut rotten simulation model was calibrated using phenological observations and post-harvest rotten incidence data collected in 22 hazelnut orchards located in the municipalities of Samsun, Ordu, Giresun, and Trabzon (Eastern Black Sea area), and Duzce, Sakarya, and Zonguldak (Western Black Sea area) (Figure 2). Phenological observations were collected weekly in these orchards in the 2018 and 2019 growing seasons, whereas the post-harvest analyses of rotten incidence were carried out in the period of 2016–2019 (4 years). The model evaluation was carried out on 321 additional locations where post-harvest analyses on hazelnuts samples were available in the same reference period (2016–2019, as shown in Arciuolo et al., 2020, this special issue). In all datasets, hazelnuts were collected at full ripening (phase R13, as shown in Supplementary Table 2) on 100 trees per orchard (30 hazelnuts per tree), when average kernel humidity was about 10%, to obtain approximately 15 kg of hazelnuts sample–1 (about 3,000 hazelnuts). Hazelnut fruits were dried on pallets to facilitate the husk removal and mechanical dehusking; after a second drying period to ease the cracking procedure, they were manually shelled and observed for defects after cutting kernels in two halves. The percentage incidence of rotten hazelnuts with visible and invisible defects was determined in laboratory and used as reference data to evaluate model performances.

The 22 orchards where calibration activities were performed are located in 13 out of the 27 NASA grid cells covering the whole hazelnut producing area in Turkey. Therefore weather data from these 13 grid cells were used for model calibration. The model was then evaluated comparing simulation results obtained on all 27 grid cells with median rotten hazelnuts incidence from the additional 321 sampling locations, after averaging them based on the NASA-POWER grid cell they fall in.



Model Development

Differently from other plant diseases whose etiological agent is well known, several genera (Diaporthe, Alternaria, Cladosporium, Fusarium, and Colletotrichum) are associated with rotten hazelnut defects. Diaporthe spp. emerged as candidate pathogens in the Caucasian region (Battilani et al., 2018). Based on this work, the rotten simulation model presented here is composed by two modules: a process-based model to simulate the epidemiological processes of the Diaporthe spp. cycle, coupled with the reproduction of the susceptibility of hazelnuts to fungal infections as modulated by their phenological development. The large uncertainty associated with the causal agent and the heterogeneity of Diaporthe strains isolated on rotten hazelnuts in Turkey (Arciuolo et al., 2020) led us to develop a hybrid approach, where the indicators of the suitability of weather conditions to generic fungal pathogens are derived from long-term simulations (climatic norm, 30 years over whole Turkey, 1988–2018).

The workflow of the rotten hazelnut simulation model is presented in Figure 3. Model simulations start on October 1, defined as the starting date of the hazelnut growing season. The simulation of the hazelnut reproductive phases is performed according to Bregaglio et al. (2016, 2020, 2021), this special issue. Eight phenological phases were simulated for female reproductive development, from flowering to nut dropping. The simulation of the suitability of weather conditions to rotten increase starts with the formation of pycnidia, i.e., suitable structures for the overwintering of the pathogen (Arciuolo et al., 2021), as driven by air temperature and relative humidity. When pycnidia are formed and mature, they produce cirrhi where conidia develop, i.e., the asexual form of the pathogen (Pscheidt and Pearson, 1991). The model considers that conidia can spread based on the rainfall intensity and duration. Once the plant susceptibility period is reached, the flowers are receptive for the fungal spores. Fungal infection is simulated when conidia are spread, with suitable leaf wetness duration and temperature. The simulated rotten incidence (%) is defined by the following variables: the number of hours suitable for infection events in the current season, the cumulated rainfall in January, and the number of hours suitable for conidia spread in the previous season, to consider the carry over effect of the inoculum load from 1 year to the next.
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FIGURE 3. A flowchart of the rotten incidence simulation model. Decisions are indicated as rhombi, parameters are reported in green boxes and model outputs/events are indicated as white boxes. The acronym, description, and units of the parameters are reported in Table 2.


At each time step, when hourly air relative humidity is higher than a threshold (RHthresholdPC) and temperature is within the minimum and maximum for pycnidia formation (TmaxPF, TminPF), hourly temperature is cumulated. Once the cumulated hourly temperature (CumT, °C) reaches a given threshold (ThresholdPF), pycnidia start to form (PycnidiaFormation, 0-1, Eq. 1).

[image: image]

Conidia are spread (ConidiaSpread, 0-1, Eq. 2) when both cumulated rainfall (CumHourlyRain, mm) and consecutive rainy hours (RainyHours, h) exceed a threshold (RainStartCS; HoursStartCS).

[image: image]

The number of suitable hours for conidia spread (CumCS) is used as a proxy of the inoculum load for the following year and to modulate the increase of rotten incidence (%, IncreaseR, Eq. 3) associated with each infection event. IncreaseR depends on the maximum rotten incidence increase (IP, %), modulated by the normalization of CumCS according to the median of simulated hours when conidia were spread in the period 1984–2018 ([image: image], Eq. 3).
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The plant susceptibility (PS, 0-1, Eq. 4) is activated when female flowers are receptive for fungal spores (DVSstart). The codes and description of the phenological phases are reported in Supplementary Table 2. The optimum susceptibility and the end of the susceptible period are driven by the parameters DVSopt and DVSend.
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The infection events are simulated as a function of leaf wetness, which is cumulated (CumLW) when hourly air temperature (T, °C) is in the range between the minimum (TminCI, °C) and the maximum (TmaxCI, °C) for infection. Once CumLW and temperature are conducive, a moisture function [f(M), 0-1, Eq. 5] triggers the infection events (Infections, 0-1, Eq. 7). A dry period, i.e., no leaf wetness, terminates the infection when its duration exceeds a threshold (LW50CI):
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Where ToptCI is the optimum temperature for infection. Each infection event contributes increasing rotten incidence (Eq. 8). The parameter RottenCoefficient (Eq. 9) is modulated by the inoculum load from the previous year (IncreaseR, Eq. 3) and by the cumulated rainfall in January (CumR), normalized considering the median of the period 1984–2018 ([image: image]):
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The rotten model was developed as a BioMA component in Microsoft C#, following the guidelines of the Diseases components (Bregaglio and Donatelli, 2015; Valeriano et al., 2021; Wang et al., 2021).



Sensitivity and Uncertainty Analysis


Analyzing the Weather Variability in the Study Area

The clusters of similarity in climatic conditions were identified computing agrometeorological indices (Table 1) in the period 1984–2018, centered in the hazelnut growing season (from October to October). Input data referred to each NASA-POWER grid cell in the Turkish hazelnut growing area.


TABLE 1. Agrometeorological indices computed on historical weather time series (1984–2018) in the Turkish hazelnut growing area.

[image: Table 1]
A principal component analysis (PCA) was performed using these agrometeorological indices as active variables. Principal components (PCs) were obtained on centered and scaled variables, through the diagonalization of the correlation matrix and extraction of the associated eigenvectors and eigenvalues. A hierarchical clustering on principal components (HCPC) was then applied to identify the groups of years × NASA grid cells with similar climatic characteristics, using the Euclidean distance and Ward’s clustering algorithm (Giuliani et al., 2019).

For each cluster, ten NASA grid cells × year combinations were selected, i.e., the five most representative and the five most extreme considering the distance from their corresponding cluster centroid, to maximize the heterogeneity of the explored climatic variability. Simulations were performed on these situations, and results were aggregated at cluster level using mean and standard deviation (SD). A v-test (Lebart et al., 1995) was calculated on quantitative variables, under the null hypothesis (H0) that the cluster average did not differ from the overall average, with the sign of the test statistic indicating a lower (−) or greater (+) cluster mean than the overall mean. PCA and cluster analyses were performed using the FactoMineR R package (Husson et al., 2011).



Sensitivity Analysis Method

The sensitivity of the rotten simulation model to parameters variability was tested using the global sensitivity method by Sobol (1993) as improved by Saltelli (2002). This method is widely used in agroecological modeling studies, thanks to its robustness in identifying the parameters’ ranking and its capability of exploring the entire parameter space (DeJonge et al., 2012). This method decomposes the output variance into the terms of increasing dimension (i.e., partial variances), which represent the contribution of single parameters and of their combinations to the overall model outputs uncertainty (Eq. 10):
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Where D is the total output variance, Di is the partial variance associated with the main effect of input factor (i), Dij is the partial variance associated with the interaction between i and j, and D1,2,..,k is the interaction among k factors.

We used here the Sobol total sensitivity index (STI) to quantify the contribution of each parameter to output variability including all its interactions with other parameters (Homma and Saltelli, 1996). This index is computed as the sum of all sensitivity indices of different order (Eq. 11), which are calculated by dividing the partial variance of each parameter by the total variance of model outputs (D) (Eq. 12):
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Where Si provides the first-order contribution from the i-th input parameter to the output variance, Si,j is the second-order contribution from the interaction between the i-th and the j-th parameters, and S1,2,…k is the contribution from the interaction among all k parameters.

The target outputs of the sensitivity analysis were the number of suitable hours for (a) pycnidia formation, (b) conidia spread, (c) infection, and (d) the rotten incidence (%). The latter was then directly compared with field samples in calibration and evaluation. All 16 parameters of the process-based models were included in the sensitivity analysis (Table 2). Given that no information is available on the thermal and moisture requirements of the Diaporthe spp. strains associated with hazelnut rotten defects, the default values of model parameters were set according to the biological requirements of Phomopsis viticola, i.e., anamorph of Diaporthe viticola and a causal agent of grapevine cane and leaf spot (Erincik et al., 2003; Anco et al., 2013). The random samples of model parameters were generated and 18,000 simulations were performed for each sensitivity analysis assessment. Simulation results were stored at daily temporal resolution and analyzed via boxplots to explore the uncertainty of the outputs. The sensitivity analysis was performed using the SALib package in Python (Herman and Usher, 2017).


TABLE 2. Acronym, units, and description of the parameters of the model of rotten incidence.

[image: Table 2]



Model Calibration and Evaluation

The seven most relevant parameters explaining the variability of the outputs from the sensitivity analysis assessment were adjusted via automatic calibration, moving their values within their biological ranges (Table 2). The remaining 11 parameters were set as their default values (Table 2). Ground-truth data from the 22 orchards where weekly phenological observations in 2018–2019 and rotten incidence in 2016–2019 were available and were used for model calibration. The rotten incidence model was coupled with a multi-start downhill simplex algorithm (Nelder and Mead, 1965) to perform automatic calibration, setting a weighted root mean square error (RMSE, 0.5) and Pearson’s correlation coefficient (r, 0.5) as objective function to maximize both accuracy and correlations with reference data. We used 10 simplexes and 1,000 iterations, setting 0.001 as the tolerance value (Giuliani et al., 2019). After calibration, the model was applied on an independent dataset of 321 orchards, whose data were aggregated according to the respective NASA-POWER grid cell used as the source of weather data. Model performances were then assessed at municipality level, by taking the median of model results from all the NASA-POWER grid cells of interest. Model accuracy was assessed via mean absolute error (MAE, %), RMSE (%), Pearson’s r, and the coefficient of determination (R2).




RESULTS


Sensitivity and Uncertainty Analysis


Assessing the Climatic Variability in the Study Area

The results of the PCA and HCPC conducted on the agrometeorological indices are shown in Figure 4, whereas PCA loadings are reported in Table 3. The first two components, explaining 59% of the total variance, were selected for data interpretation. The first component (PC1) was mostly related to moisture conditions, as proved by its strong correlation with annual precipitation (RainY, r = 0.80), the number of wet days (WetDaysN, r = 0.80), the ratio between total annual precipitation and evapotranspiration (Deser, r = 0.92) and the Modified Fournier index (ModFournier, r = 0.77). The second component (PC2) depicted a thermal gradient, as it was positively correlated with mean yearly air temperature (AirTMY, r = −0.86), and negatively with the number of frost days (AirFY, r = 0.87).
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FIGURE 4. Biplot showing the agrometeorological indices in the principal component (PC) space, as well as the three clusters extracted in the first two PCs. The acronyms of the agrometeorological indices are reported in Table 1.



TABLE 3. Principal component analysis (PCA) correlation and loadings of the first two principal components (PCs).
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The HCPC identified three clusters of similarities in climatic conditions (Figure 4). Cluster 1 (C1) was characterized by dry weather conditions and high daily thermal excursion (average maximum and minimum temperature equal to 16.5 and 5.3°C, respectively). The main representative agrometeorological indices in the characterization of this cluster were Dry (v = 18.89, p < 0.001), HotDaysN (v = 15.63, p < 0.001), EmbergerC (v = 11.59, p < 0.001), DryS (v = 11.29, p < 0.001), and HW (v = 7.25, p < 0.001). Cluster 2 (C2) identified years with the highest amount of average annual rainfall (823 mm). This cluster corresponded to cold temperatures with high daily excursion, with maximum and minimum temperature equal to 14.3 and 6.0°C, respectively. The main representative agrometeorological indices in C2 were AirFY (v = 11.59, p < 0.001), RainY (v = 12.42, p < 0.001), and EmbergerC (v = 12.33, p < 0.001). Cluster 3 (C3) emerged as a representative of a warm and wet environment (average annual rainfall = 792 mm). Differently from C1 and C2, this cluster was characterized by a narrow daily thermal excursion (16.17 and 11.85°C for maximum and minimum temperature, respectively). The main representative agrometeorological indices in C3 were AirTMY (v = 20.96, p < 0.001), Deser (v = 17.86, p < 0.001), and WetDaysN (v = 10.01, p < 0.001). The v-tests results for all active variables in the three clusters are listed in Supplementary Tables 3–5.



Exploring Model Plasticity in Different Climatic Conditions

Simulations conducted with weather data from C3 led to the highest number of suitable hours for pycnidia formation, followed by C2 and C1 (Figure 5A). This was mainly due to the higher minimum temperature in C3, which led to the longer favorable period for pycnidia formation. The number of hours, when conidia spread was simulated, was higher in C2, followed by C3 and C1 (Figure 5B), in agreement with larger precipitation amounts. C3 led to the highest number of infection hours (Figure 5C), mainly due to more favorable thermal conditions. Simulated rotten incidence was higher in C2 (3.82%), followed by C3 (2.33%) and C1 (1.94%, Figure 5D). As described in section “Model Development,” the simulated rotten incidence is affected by the number of infection events during the growing season and modulated by cumulated rainfall in January, which was higher in C2 (88.6 mm). C3, on the other hand, was associated with the lowest cumulated rainfall in January, but led to higher rotten incidence than C1 due to the higher number of simulated infections.
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FIGURE 5. Model outputs from sensitivity analysis. (A) Hours for pycnidia formation (solid lines) and minimum temperature (°C; dotted lines); (B) hours of conidia spread (solid lines) and cumulated rainfall (dotted lines); (C) infection hours (solid lines) and minimum temperature (°C; dotted lines); (D) simulated rotten incidence (%, solid lines) and cumulated rainfall in January (bars). The ranges of suitable temperature are indicated as shades in panels (A,C).


The values of Sobol total-order index computed on model parameters after sensitivity analysis are presented as a boxplot in Figure 6, considering the number of suitable hours for pycnidia formation, conidia spread, infection, and the rotten incidence.
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FIGURE 6. Sobol total sensitivity index (STI) from Sobol sensitivity analysis considering main model outputs. The description of the parameters is presented in Table 3.


The most relevant parameters from the sensitivity analysis were subjected to automatic calibration. They were the phases of start, maximum, and end susceptibility (DVSstart, STI = 0.22 ± 0.13; DVSopt, STI = 0.31 ± 0.04; and DVSend, STI = 0.58 ± 0.14); the rainfall amount triggering conidia spread (RainStartCS, STI = 0.26 ± 0.13); the minimum temperature and threshold of air relative humidity for pycnidia formation (TminPF, STI = 0.07 ± 0.05; RHthresholdPF, STI = 0.05 ± 0.03); and the maximum increase of rotten incidence (IP, STI = 0.31 ± 0.03).

The RHthresholdPC and TminPF have mostly contributed to the variability in the number of suitable hours for pycnidia formation, given that this process is mainly driven by temperature and relative humidity. RainStartCS was the most relevant parameter influencing the number of suitable hours for conidia spread, which are entirely dependent on rainfall. The number of favorable hours for infections resulted mainly dependent on IP and plant susceptibility, as proved by the top-ranked parameters, which were the ones related to the period of plant susceptibility.




Rotten Simulation Model Calibration and Evaluation

Model performances in calibration are reported in Table 4 as aggregated to the municipality level, considering the location of the 22 orchards where weekly phenological observations and rotten incidence data were available (Figure 2). In the Western Black Sea region, RMSE in predicting rotten incidence was always below 2.00%, and MAE ranged between 0.50% in Duzce and 1.40% in Zonguldak. Pearson’s correlation coefficient was higher than 0.50 in all municipalities, even if significant values were reached only in Sakarya, due to the low number of orchards in each municipality. In the Eastern Black Sea region, model accuracy was slightly lower, with RMSE in predicting rotten incidence between 1.26% in Trabzon and 2.55% in Samsun, the latter municipality leading to a MAE higher than 2.00%. Trabzon was the only municipality where Pearson’s correlation coefficient was significant. However, when considering all orchards in the same region, Pearson’s r was significant both in Western (r = 0.72) and Eastern (r = 0.45) region, as well as when evaluation metrics were computed on the whole calibration dataset. Model performances in calibration at the country level denoted a good model accuracy (RMSE = 1.26% and MAE = 0.99%) and a significant correlation (r = 0.58) with field observations.


TABLE 4. Model performances in reproducing rotten incidence in calibration.
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The model accuracy in reproducing reference data coming from an independent dataset of 321 additional orchards are presented in Figure 7. The histogram analysis highlights that the model correctly reproduced a very high rotten incidence in 2016 in the Western Black Sea region, even if the exceptional rotten incidence in Duzce (>13.00%) was underestimated. Coherently with field observations, the model simulated lower rotten incidence in the period of 2017–2019 in all Western municipalities, with average model errors lower than 2.00% in all cases. In the Eastern Black Sea region, the model was able to reproduce an overall higher rotten incidence than in the Western region, as well as to match the higher observed rotten incidence in 2016–2018, especially in Giresun, Ordu, and Trabzon, whereas in Samsun the model underestimated the reference data. Simulations in 2019 highlighted low rotten incidence in all the municipalities of the Eastern region, in agreement with field data. The evaluation metrics computed on the validation dataset denoted slightly lower performances than in calibration, with RMSE comprised between 2.04% in the Eastern and 2.94% in the Western Black Sea region, and MAE lower than 2.00% in all cases. Pearson’s correlation coefficient computed at municipality level ranged between 0.46 in the Eastern and 0.63 in the Western Black Sea, with corresponding R2 of 0.26 at country level.
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FIGURE 7. Comparison between simulated (gray bars) and observed rotten incidence (%) in 2016–2019 in the seven main hazelnut growing municipalities in the Western (green bars) and Eastern (orange bars) Black Sea region. The variability associated with field surveys are presented by the standard error (SE) (error bars). Statistical metrics quantifying the model accuracy in the evaluation dataset are reported at country and regional level.





DISCUSSION

One of the main determinants of hazelnuts price is the incidence of rotten defect, a major concern for the confectionary industry. The identification of its causal agents has been debated in the last years. Recently, Diaporthe spp. were identified as candidate etiological pathogens in the Caucasian region by Battilani et al. (2018) and in Turkey by Arciuolo et al. (2021). The rationale behind the development of the process-based model presented here lays the pieces of evidence from these studies, which found a significant correlation between Diaporthe spp. and the incidence of rotten defect in similar hazelnut cultivation areas. However, the same authors found other fungal species associated with damaged kernels, and new field experiments and molecular analyses are ongoing to gain new insights on the actual etiology of this defect. On these premises, we decided to target the main components of the epidemiological cycle of Diaporthe spp. using a generic modeling approach, which is grounded on the Diaporthe lifecycle, but also customizable to other pathogens both via parameterization or the substitution of specific (sub-) models when new information is available.

The workflow for the model development comprised an uncertainty and sensitivity analysis to rank the most relevant parameters in modulating model outputs, whose results were used as input for an automatic model calibration, using in-field rotten incidence as reference data (Bregaglio et al., 2020). The cardinal optimum, maximum, and minimum temperature for infection and latency were set to 14, 32, and 6°C, respectively. This agrees with Erincik et al. (2003) and Anco et al. (2013), who analyzed temperature and wetness duration requirements for grape leaf and cane infection by P. viticola (same genus as Diaporthe). The positive correlation between the incidence/severity of plant fungal diseases and warm and humid weather conditions is well known (Rotem and Palti, 1969; Colhoun, 1973; Café-Filho et al., 2019). The uncertainty analysis highlighted that a wet and warm environment with a small temperature variability (Cluster 3) is more suitable for the infection process. This result can be mostly attributed to more humid conditions in C3, which was also associated with small limitations in thermal requirements for fungal infections. Anco et al. (2013) stated that once sporulation occurs, infections would also follow shortly thereafter, provided that the leaf wetness lasts and temperature does not drastically change. Therefore, the other two clusters from the HCPC analysis, where temperature variability was larger, were associated with higher limitations to the fulfillment of plant susceptibility, and in turn, the number of suitable hours for infection.

The main purpose of the sensitivity analysis was the identification of parameters with high influence on the variability of the outputs (Specka et al., 2019), to select a subset of parameters for the subsequent calibration (Makowski et al., 2011). The rotten simulation model showed to be sensitive to parameters related to plant susceptibility, with DVSend accounting for the highest variability in simulated rotten incidence. This underlines the importance of the accurate simulation of hazelnut reproductive phenology, given that the plant is mostly susceptible to fungal infections during female flowering. The simulation model was able to reproduce the observed trends of rotten incidence in the main hazelnut areas in Turkey, and to simulate the highest rotten incidence in 2016. These results agree with Battilani et al. (2018), who noticed severe symptoms of black, completely decayed rotten nuts in 2016 in the Caucasus region.

Overall, inter-annual variability of the rotten incidence was adequately reproduced by the model, which responded to environmental conditions, such as rainfall and temperature (Erincik et al., 2003; Huber et al., 2006; Nita et al., 2008). In particular, rainfall is crucial for fungal dissemination (Erincik et al., 2003). In addition, Battilani et al. (2018) reported large precipitation amount in 2016 in the Caucasian region. However, the model validation revealed that, in its current form, the model partially failed in reproducing exceptionally high values of rotten incidence (e.g., in Duzce, 2016). The huge variability of rotten incidence within the same growing season in the validation dataset, constituted by 321 additional sampling locations, denote a major effect of agronomic and pedo-climatic conditions that are not currently take into account in the predictive workflow. This is the main reason contributing to explain the low correlation of reference and simulated rotten incidence in the Eastern Black Sea region, where hazelnut orchards management techniques are generally less advanced and soil conditions are much more variable than in the Western region (Erdogan, 2018). Other reasons which could contribute to explain this poor agreement with field observations lie in instrumental, procedural, and human errors in laboratory analyses. The most important limitation, however, is the spatial resolution of the input gridded weather data, which were available at a granularity of 0.5° × 0.5° resolution, corresponding to approximately 3,000 km2 on the ground. This study would have been benefited from the availability of either gridded weather datasets at a higher resolution (e.g., ERA5-Land from Copernicus), or from weather stations placed close to the fields, which would have allowed us to gain more insights into the meso- and microclimatic conditions especially of the Eastern Black Sea area. We highlight that the model presented here is in a prototypal form and would benefit from a set of detailed laboratory experiments to test the response of epidemiological processes to the varying moisture/thermal conditions, as well as from field trials where alternative management practices and weather conditions are tested ad hoc to extrapolate specific response functions. The availability of additional knowledge on the actual etiology of rotten hazelnuts coming from laboratory and field experiments will be fundamental to revise part of the modeling framework presented in this paper, by ad hoc functions targeting key components of the epidemiological cycle of specific fungal pathogens. Eventually, the model performances shall be evaluated in other hazelnut cultivation regions, to assess the model scalability in predicting rotten incidence in different environments.



CONCLUSION

The reliable process-based models to predict quality defects caused by plant pathogens are requested to the modeling community. The model presented here is the first building block of a decision support system to support the tactical decisions of plant protection in hazelnut orchards, such as the application of agrochemicals, and to forecast the expected impact of rotten incidence at the end of the growing season. The operational execution of this model will require the use of seasonal weather forecasts as model input to anticipate expected trends in rotten hazelnuts some weeks before harvest. The spatially distributed application of the model in the main hazelnut producing municipalities of Turkey is a preliminary step toward the extension of the same procedure to other environments, provided that sufficient input data are available. Such possibility will open new perspectives for hazelnuts buyers, who need support to optimize their purchase strategies in the different regions of the globe.
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The volatile fraction of plant-based foods provides useful functional information concerning sample-related variables such as plant genotype and phenotype expression, pedoclimatic and harvest conditions, transformation/processing technologies, and can be informative about the sensory quality. In this respect, the enantiomeric recognition of the chiral compounds increases the level of information in profiling studies, being the biosynthesis of native compounds often stereo-guided. Chiral native volatiles mostly show an enantiomeric excess that enables origin authentication or support correlation studies between chemical patterns and sensory profiles. This study focuses, for the first time, on the enantiomeric composition of a large set of chiral compounds within the complex volatilome of Corylus avellana L. belonging to different cultivars (Tonda Gentile Romana, Tonda Gentile Trilobata, Anakliuri) and harvested in different geographical areas (Italian and Georgian). Besides native components profiled in raw kernels, volatiles formed after technological treatment (i.e., roasting) are also considered. Headspace solid-phase microextraction combined with enantioselective gas chromatography–mass spectrometry enables the accurate tracking and annotation of about 150 compounds across many samples. The results show that chiral compounds have diagnostic distribution patterns within hazelnut volatilome with cultivar and harvest region playing the major role. Moreover, being some of these chiral molecules also key-aromas, their distribution has a decisive impact on the sensory properties of the product. In particular, the enantiomeric composition of (E)-5-methyl-2-hepten-4-one (filbertone) resulted to be discriminant for origin authentication. The enantiomeric distribution showed, according to literature, an excess of the (S)-enantiomer in both raw and roasted samples volatilome with larger differences in raw samples. The amount of both (R) and (S)-filbertone increases during roasting; the most marked increase for (R)-enantiomer is observed in Italian samples, thus supporting evidence of better hedonic properties and more pleasant odor and aroma.

Keywords: Corylus avellana L. hazelnut fruits, chiral natural signature, native chiral volatiles, key-aroma compounds, hazelnuts volatilome


INTRODUCTION

The volatile fraction of a plant, also referred to as volatilome (Maffei et al., 2011; Bicchi and Maffei, 2012), is characterized by a complex mixture of compounds belonging to different chemical classes. These volatiles, mainly terpenoids, fatty acid degradation products, phenylpropanoids, and amino acid-derived products, show molecular weights generally below 350 Da, are characterized by medium-to-high log Ko/w, and are readily released or vaporized from the condensed phase (solid or liquid) under suitable conditions (temperature, pressure, solubility in the medium, ion strength, etc.). They play a fundamental role in defending against herbivores and pathogens, attracting pollinators and seed dispersers, and acting as signals in plant-plant communication (Cagliero et al., 2021b). Besides their role for the plant, volatiles play a wide range of biological activities for humans. In particular, in the food field, volatiles confer typical aroma properties and their study can be informative about the sensory quality of a given product (Dunkel et al., 2014; Cordero et al., 2015, 2019). The volatile fraction of foods also provides useful functional information concerning sample-related variables such as plant genotype and phenotype expression, pedoclimatic and harvest conditions, postharvest processing and treatments, shelf-life storage conditions, and the effects of transformation/processing technologies (Cialiè Rosso et al., 2018; Sgorbini et al., 2019a).

In addition, it is important to consider that the biosynthesis of some key odorants is very often stereo-guided and usually results in chiral components with a more or less marked enantiomeric excess. At the same time, the interaction of the odorants with olfactory receptors is mainly stereoselective, meaning that the enantiomers of a chiral molecule might present different organoleptic properties while eliciting different odor sensations and/or intensities (Koppenhoefer et al., 1994; Brenna et al., 2003; Cagliero et al., 2017).

Enantiomeric recognition of chiral components and enantiomeric excess and/or ratio determinations are therefore important aspects not only to correlate chemical patterns to the sensory profile of food, but also to authenticate geographical origin for quality assurance purposes. Moreover, enantiomeric recognition enables conformity monitoring vs. legal requirements while objectively supporting fraud/adulteration counteractions (Marchelli et al., 1996; Cagliero et al., 2016; Langen et al., 2016; Zhu et al., 2017; Sgorbini et al., 2019b).

European hazelnut (Corylus avellana L.) is a diploid (2n = 2x = 22), monoecious, open-pollinated tree. It is one of the most cultivated nut crops worldwide. This species spreads from Asia Minor and Caucasus regions to Europe and North Africa; it includes several cultivars, biotypes, and accessions that show a high level of genetic diversity for traits such as vigor, growth habits, suckering, nut size and shape, and shell thickness. In particular, hazelnut kernels have a relevant role in agroindustry due to their nutritional, unique, and distinctive flavor which makes them appreciated as an ingredient in a variety of dairy, bakery, confectionery, candy, and chocolate products. A minor part of the nut crop is consumed as such, whereas the major part of the harvest undergoes the roasting process. Roasting improves its color, crunchy, and crispy texture and enriches the flavor of burnt, coffee-chocolate-like, and roasty notes thanks to the formation of odor active compounds belonging to ketones, aldehydes, acids, alcohols, heterocycles (pyrazines, furans, pyrroles), and aromatics (Nicolotti et al., 2013a,b; Göncüoğlu Taş and Gökmen, 2017; Marzocchi et al., 2017; Taş and Gökmen, 2019).

Hazelnuts market standards imply severe quality control procedures to comply with the desirable hedonic profile of finished products. The cultivar, cultural techniques, geographical origin, harvesting time, post-harvest management and processing, shelf-life storage conditions, and morphological aspect are the major variables influencing the phytochemical profile of the nuts and, thereby, their aroma, which makes them the main parameters monitored in the final hazelnut quality assessment (Locatelli et al., 2011; Ciarmiello et al., 2014; Klockmann et al., 2017; Pedrotti et al., 2021).

The hazelnut volatile fraction has been widely investigated in particular in sensomic studies aiming to correlate the odorants pattern of raw and roasted samples to their aroma (Alasalvar et al., 2003a; Burdack-Freitag and Schieberle, 2010, 2012; Kiefl et al., 2012, 2013; Pedrotti et al., 2021) and also to discriminate between different cultivars and/or geographical origins (Alasalvar et al., 2006; Cordero et al., 2008, 2010; Kiefl and Schieberle, 2013).

However, information is lacking concerning the enantiomeric recognition of many known aroma compounds. In this regard, the attention has been mainly focused on the enantiomeric characterization of the hazelnut’s key-odorant, (E)-5-methyl-2-hepten-4-one (i.e., filbertone), and of its geometrical isomer, (Z)-5-methyl-2-hepten-4-one, since the four diastereoisomers are characterized by different sensory properties (Güntert et al., 1991; Puchl’ová and Szolcsányi, 2018). Güntert et al. (1991) performed a full assessment and olfactory comparison of all four possible stereoisomers showing that the (+)-(5S)-(E)-5-methyl-2-hepten-4-one has hazelnut, fatty, metallic, balsamic notes, the (-)-(5R)-(E)- and (-)-(5R)-(Z)-isomers show hazelnut and woody odors, and the (+)-(5S)-(Z)-5-methyl-2-hepten-4-one has hazelnut, woody, fatty, metallic notes. In addition, the odor threshold of (S)-(E)-filbertone has been estimated as 10-fold lower than the (R)-(E)-enantiomer and threefold lower than the (+)-(S)-(Z)-5-methyl-2-hepten-4-one (Güntert et al., 1991). In the same study, the flavor perception of the two enantiomers of filbertone was evaluated showing a stronger metallic, fatty, pyridine impact for the (S)-enantiomer and a weaker soft, butter, chocolate impact for the (R)-enantiomer (Güntert et al., 1991).

Naturally occurring filbertone in hazelnuts exhibits low-to-medium enantiomeric excess, with a higher amount of (S)-enantiomer compared to the opposite enantiomer. The ratio between the two enantiomers is variable and depends on the origin of the hazelnuts, thermal treatment, analytical sample collection, and technological processing (Jauch et al., 1989; Güntert et al., 1991; Puchl’ová and Szolcsányi, 2018). There is also a remarkable difference between the enantiomeric excess of raw and roasted hazelnuts since, although the absolute amount of filbertone increases about 10-fold in roasted hazelnut compared to raw hazelnut (Pfnuer et al., 1999), the relative difference between the two enantiomers drop-down to lower enantiomeric excess for the (S)-filbertone (Güntert et al., 1991; Blanch and Jauch, 1998; Puchl’ová and Szolcsányi, 2018). Very interestingly, the racemization of (S)-filbertone is observed only after the thermal treatment of the kernels, while it does not occur when the pure standard compound is submitted to high temperatures, thus indicating that a precursor in hazelnut, hitherto not known, may form racemic filbertone by a non-stereoselective mechanism, thus increasing the relative amount of (R)-filbertone (Blanch and Jauch, 1998).

The aim of this study is therefore to evaluate the natural signature of native chiral volatiles and marker odorants in hazelnuts, focusing on the influence of functional variables, such as cultivar and harvest region (i.e., origin). Insights on the impact of the roasting process are also tackled by extending the profiling to newly formed components. The filbertone enantiomeric ratio is investigated to evaluate whether its chiral composition might be influenced by environmental factors, giving rise to a diagnostic chiral signature useful for authentication and quality assessment.

In this perspective, samples belonging to different cultivars and harvested in different geographical areas are here profiled to better understand the impact of external variables on the chiral natural signature. Headspace solid-phase microextraction (SPME) (HS-SPME) combined with enantioselective (ES) gas chromatography (GC) – mass spectrometry (MS) (ES-GC–MS) is adopted; the approach demonstrated good information potential and sampling reliability for quali/quantification and enantiomeric recognition of chiral analytes in food and plant-derived products (Cagliero et al., 2012; El-Dairi et al., 2012; Sgorbini et al., 2019b). Moreover, the headspace sampling limits the risk of racemization due to sample preparation, as already observed also for filbertone (Blanch and Jauch, 1998).



MATERIALS AND METHODS


Hazelnut Samples

Hazelnut samples of industrial interest were from the 2017 harvest and characterized by homogeneous caliber (i.e., 13 mm) and suitable quality as confirmed by their disclosure after industrial quality control check. The samples were provided by Soremartec Italia Srl (Alba, CN Italy).

The samples’ selection was designed to cover:


•Cultivars: Tonda Gentile Trilobata—T is connoted by good attitudes for confectionery and has an excellent flavor profile, while Anakliuri—AN, a Georgian native cultivar, is of interest for its yields and good adaptation to specific pedo-climatic conditions. In addition, Tonda Gentile Romana—R, another Italian mono-cultivar was also analyzed to capture the enantiomeric distribution of some key odorants.

•Geographical area: each cultivar is harvested in its native territory (i.e., Tonda Gentile Romana in Italy—IT and Anakliuri in Georgia—GE), except for Tonda Gentile Trilobata, which was both harvested in Italy and implanted in Georgia to evaluate how pedoclimatic conditions would affect flavor potential.



Analyzed batches (n = 14) were obtained by industrial sampling protocols adopted for the safety and quality controls applied to all incoming raw materials. In particular, each sample was representative of a 1.00 tons batch; from each batch, three aliquots of 20 kg were further sampled and portioned (3 kg sub-aliquots) for grinding.

The analyses were conducted as 3 analytical replicates on finely grounded hazelnut powder obtained from the batch representative aliquots. Results reported in this study correspond to mean values of the 9 chromatogram profiles (n = 3 × 3) obtained for each incoming batch.

For Italian Tonda Gentile Trilobata (IT-T), Georgian Tonda Gentile Trilobata (GE-T), and Georgian Anakliuri (GE-AN), a total of 4 industrial batches/per origin were considered, while the Italian Tonda Gentile Romana (IT-R) was analyzed over 2 industrial batches.



Reference Compounds and Solvents

Pure reference standards of (E)-5-methyl-2-hepten-4-one (filbertone), ethyl-2-methylbutyrate, α-pinene, linalool, and limonene used for identity confirmation were supplied by Merck (Milan, Italy). Working solutions were prepared in cyclohexane at a final concentration of 100 mg/L.

n-Alkanes (n-C9 to n-C25), adopted for linear retention indices (IT) calibration, were from Merck (Milan, Italy): the test mixture was prepared in cyclohexane at a final concentration of 100 mg/L.



Volatiles Extraction by Headspace Solid-Phase Microextraction: Devices and Experimental Conditions

Headspace SPME sampling was done by the MPS-2 multipurpose auto-sampler by Gerstel GmbH & Co (Mülheim an der Ruhr, Germany). The extraction polymer was chosen according to previous studies (Cordero et al., 2008; Nicolotti et al., 2013a; Cialiè Rosso et al., 2018; Stilo et al., 2021) and consisted of a Divinylbenzene/Carboxen/Polydimethylsyloxane (DVB/CAR/PDMS) 50/30 μm film thickness—2 cm length from Merck (Milan, Italy). Before use, SPME fibers were conditioned at 270°C for 30 min as indicated by the manufacturer.

The hazelnuts were analyzed both raw and roasted. The roasting was carried out following a standardized lab-scale protocol (Cialiè Rosso et al., 2018; Rosso et al., 2021) in a laboratory ventilated oven on 100 g aliquots at 160°C for 15 min. Hazelnuts were then ground in a mortar in presence of liquid nitrogen to avoid over-heating and to keep the oily fraction in a condensed phase. The resulting powder, visually checked for uniform particle distribution, was then weighted up to 0.500 g in headspace vials of 20 ml volume. Sampling was carried out at 50°C under constant agitation (250 rpm) for 50 min.



Enantioselective Gas Chromatography—Mass Spectrometry and Enantioselective Gas Chromatography-Flame Ionization Detector Platforms—Configuration and Settings

Gas chromatography-MS analyses were conducted on an Agilent 7890B gas chromatographic unit (Agilent Technologies, Wilmington, DE, United States) coupled with a single quadrupole MS Agilent 5977B equipped with a High-Efficiency Source (HES) and a high-frequency acquisition FID. The ionization voltage was set at 70 eV; the MS source was kept at 250°C and the MS quad at 150°C. The MS scan range was between 40 and 350 m/z with a scanning rate of 1,000 amu/s. The transfer line was set at 230°C and an HES-Tune option was used.


Chiral Stationary Phases Based on Cyclodextrin Derivatives

The following capillary GC columns were tested to select the best chiral selector for accurate profiling of volatiles and to assess the natural signature of selected chiral key-odorants: (a) 30% 2-O-methyl-3-O-methyl-6-O-tert-butyldimethylsilyl-β-cyclodextrin (MeMe-TBDMS β-CD) in PS-086; (b) 30% 2-O-acetyl-3-O- acetyl-6-O-tert-butyldimethylsilyl-β-cyclodextrin (AcAc- TBDMS-β-CD) in PS-086; (c) 30% 2-O-methyl-3-O-acetyl-6-O- tert-butyldimethylsilyl-β-cyclodextrin (MeAc-TBDMS-β-CD) in PS-086.

All columns’ dimensions were 25 m × 0.25 mm dc, 0.25 μm df. and manufactured by MEGA S.r.l. (Legnano, Milan, Italy).




Enantioselective Gas Chromatography Instrumental Settings

Solid-phase microextraction thermal desorption into the GC injector port was under the following conditions: split/splitless injector in pulsed splitless mode; pressure pulse of 35.67 kPa. The carrier gas was helium at a constant flow of 1.0 ml/min. The oven temperature program used with chiral selectors was chosen to ensure enantio-separation of the target chiral compounds and the higher resolution for (E)-5-methyl-2-hepten-4-one and was set as follows: from 40°C (1 min) to 180°C (4 min) at 2°C/min.

The n-alkanes liquid sample solution (100 mg/L each) for IT calibration and the standard reference solutions of chiral test and key-odorants were analyzed under the same temperature and flow rate programs and the following injection conditions: split/splitless injector in split mode, split ratio 1:50, injector temperature 240°C, injection volume 1 μl.



Method Performance Parameters

Repeatability was evaluated on response data obtained by extracting selected m/z signals for targeted analytes. Percent (%) relative SD (RSD) was calculated across analytical replicates of a test sample (IT-R) analyzed every 2 days over the 2-week study (n = 21). The results are reported in Supplementary Table 1, the mean % RSD was 5.12% with maximum values for 2-phenyl-2-butenal (18.14%) and minimum for trimethyl pyrazine (0.03%).



Data Acquisition and Data Processing

Data were acquired by Mass Hunter (Agilent Technologies, Wilmington, DE, United States) and processed by MSD ChemStation (Agilent Technologies, Wilmington, DE, United States). Statistical analysis and chemometrics were by XLSTAT statistical and data analysis solution (Addinsoft 2021, New York, United States), while heatmap visualization and Hierarchical Clustering (HC) were by Gene-E1 and Box-Plots by GraphPad Prism 9.3.0.463 (GraphPad Software, LLC, United States).




RESULTS AND DISCUSSION

This section was developed by following a rational workflow composed of different steps.

The first step included the selection of the more suitable and best performing chiral selector capable of separating the enantiomers of the chiral markers in hazelnuts, with a particular focus on (E)-5-methyl-2-hepten-4-one (or filbertone). Then, the composition of the volatile signature of raw and roasted hazelnuts was described, with insights on chiral compounds.

Data analysis was done by unsupervised and supervised methods to highlight the influence of the cultivar and harvest region on both, raw and roasted hazelnuts chiral volatilome. Moreover, the evolution of the volatiles pattern during roasting offered interesting insights on the formation/degradation pathways of the key components from their non-volatile precursors.

Finally, the added value of the chiral signature was explored by assessing the distribution of chiral compounds, with a particular emphasis on filbertone enantiomers.


Selection of the Best Performing Chiral Selector

The first step of the study consisted of the selection of the best chiral selector capable of separating informative enantiomers in raw and roasted hazelnut volatilome, with a specific focus on filbertone. In particular, the chromatographic parameter adopted to guide the selection process was the resolution (Rs) between the two enantiomers of filbertone and its isomer (Z)-5-methyl-2-hepten-4-one. Further performance evaluations were on other pairs of potent odorants (i.e., limonene, linalool, α-pinene, ethyl-2-methylbutyrate, γ-Pentalactone, γ-Hexalactone, γ-Heptalactone, γ-octalactone, γ-Nonalactone, and δ-Hexalactone). The three Enantioselective-GC (Es-GC) columns tested, selected on the basis of the existing literature, were: (a) MeMe-TBDMS-β-CD, (b) AcAc-TBDMS-β-CD (Liberto et al., 2008; Cagliero et al., 2021a), and (c) MeAc-TBDMS-β-CD.

Filbertone enantiomers were separated with a resolution of 9.00 by MeMe-TBDMS-β-CD; 7.65 with AcAc-TBDMS-β-CD; 14.34 with MeAc-TBDMS-β-C. Moreover, the asymmetric column (i.e., MeAc-TBDMS-β-C) was able to separate geometrical isomer (i.e., (Z)-5-methyl-2-hepten-4-one) and other targeted odorants of interest, thus resulting in the chiral selector of choice. Supplementary Table 2 lists the experimental IT and Rs for the chiral targeted volatiles above indicated, while Supplementary Figure 1 shows the chromatographic profiles obtained by analyzing the reference standards of 5-methyl-2-hepten-4-one four diastereoisomers.



Capture of the Natural Signature of Hazelnuts Volatilome

The hazelnut’s volatilome is connoted by great complexity, including hundreds of detectable compounds belonging to different chemical classes (Cordero et al., 2010; Kiefl et al., 2012; Nicolotti et al., 2013a; Cialiè Rosso et al., 2018; Stilo et al., 2021). When the adopted analytical approach enables the further exploration of chemical dimensions, as in the case of ES-GC, the complexity and consequent chemical dimensionality increase (Giddings, 1995). Moreover, roasting promotes several chemical reactions on non-volatile primary metabolites resulting in the formation of new volatiles. On average, the number of detectable peaks, above a fixed signal-to-noise ratio (S/N) threshold value of 20, reached 100 for raw and 150 for roasted hazelnuts.

Supplementary Table 1 lists targeted analytes putatively identified in raw and roasted samples on the MeAc-TBDM-β-CD column, together with their experimental IT and targeted ion (m/z) adopted for profiling purposes. The identification was by spectral similarity match above 95% (Agilent PBM algorithm) estimated over commercial and in-house databases, and IT comparison with the in-house database of retention indexes when available (Liberto et al., 2008; Cagliero et al., 2017). Additional information on spectral data and ITs standard stationary phases can be retrieved in Supplementary Table 3 where chemical formulae and National Institute of Standard and Technology (NIST) database links are provided.

The elution order of the enantiomeric pairs of chiral compounds was used to assign the enantiomeric configuration: the ITs of unknown isomers were compared to those recorded in an in-house chiral library (Liberto et al., 2008) or with the IT of reference standards of enantiomeric pure compounds, when available. For the chiral compounds for which data were not available about the enantiomeric elution order, the configuration was not assigned and they were denoted by (X) and (Y).

Table 1 lists potent odorants and key-aroma compounds together with their aroma quality, odor threshold (OT), and estimated odor activity values (OAVs) reported in the reference literature for raw and roasted Tonda Gentile Romana hazelnuts (Burdack-Freitag and Schieberle, 2010, 2012; Kiefl, 2013; Kiefl et al., 2013). As can be seen, many aroma compounds show a chiral center; the chirality of these molecules is conventionally not considered when evaluating their sensory properties, thus resulting in a single odor threshold and odor descriptor. However, as highlighted in Supplementary Table 4, the sensory properties of the two enantiomers of the main hazelnuts chiral aroma compounds and potent odorants, as well as their limits of odor detection, may substantially differ. The evaluation of the enantiomeric ratio of the chiral markers is therefore of fundamental importance to correlate the chemical composition of the hazelnut volatilome to their aroma profile.


TABLE 1. Potent odorants identified in raw and roasted Italian hazelnuts (cultivar Tonda Gentile Romana; Burdack-Freitag and Schieberle, 2010) with estimated OAVs according to Kiefl and Schieberle (Kiefl and Schieberle, 2013; Kiefl et al., 2013).
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Raw Hazelnuts—Cultivar and Geographical Origin Volatiles Signature

The targeted profiling evaluates the response data from selected m/z for each compound (Supplementary Table 1); it was applied on all raw hazelnuts’ analyses. The data matrix dimensioned 42 × 91 consisted of mean response values from replicated runs [(14 batches × 3 aliquots)] × 91 targeted compounds. Data were explored through unsupervised and supervised statistics. Averaged responses corresponding to the 14 batches analyzed are provided in Supplementary Table 5.

The unsupervised investigation by HC, based on Pearson correlation and the response data normalized by Z-score, was performed to reveal the natural groupings existing between samples. Heat-map visualization of HC results is reported in Figure 1 (to note, to simplify the visualization, samples’ response data are reported as mean values). In particular, the interest was on the influence of cultivar and/or geographical origin in delineating diagnostic/discriminant signatures. The HC results show a natural clustering of samples mainly influenced by the cultivar, with the harvesting region being a confounding variable (i.e., some Tonda Gentile Trilobata from Georgia clustered together with Georgian Anakliuri).
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FIGURE 1. Hierarchical clustering based on Euclidean distances of the raw Tonda Gentile Trilobata, Tonda Gentile Romana, and Anakliuri samples harvested in Italy and Georgia. The response data obtained by averaging batch replicates were log2 normalized; heat-map visualization is in a color scale from blue to green.


Supervised statistics, in the form of partial least square discriminant analysis (PLS-DA), was then adopted to highlight variables with a higher informative role in describing genetic differences or pedoclimatic conditions on volatiles chiral signatures. Figure 2 shows the plots resulting from the application of the PLS-DA model to the classification of hazelnuts belonging to different cultivars (Figure 2A) while in Figure 2B the model refers to harvest regions.
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FIGURE 2. The partial least square discriminant analysis (PLS-DA) of Tonda Gentile Trilobata, Tonda Gentile Romana, and Anakliuri samples harvested in Italy and Georgia focusing on (A) cultivar and (B) origin on raw samples.


About cultivars, PLS-DA modeling is coherent with the HC results shown in Figure 1, highlighting that cultivar is the major functional variable impacting on volatiles signature. About origin, Figure 2B shows that within volatiles, some informative markers help in discriminating hazelnuts harvested in Italy from those from Georgia. This discrimination is even more pronounced for the Tonda Gentile Trilobata; samples harvested in their native area (T-Italy) have a different fingerprint of those implanted in Georgia (T-Georgia) (Supplementary Figure 2A). This suggests that the phenotype expression of targeted volatiles (see below) is also influenced by pedoclimatic conditions. Figures of merit for the PLS-DA model provided the best performances in terms of accuracy (100%), sensitivity (100%), and specificity (100%) for all the considered classifications.

Then, Variable Importance in Projection (VIPS) was used as a feature selection strategy to recognize the predictors that mostly discriminate cultivars and origins: compounds having VIP value ± SD higher than 1 were considered significant (Supplementary Figure 3). The list of analytes discriminating the different cultivar includes both chiral (γ-pentalactone, γ-heptalactone, 3-hydroxy-2-butanone, α-pinene) and non-chiral compounds (2-pentanone, 2-heptanone, 2-undecanone, ethanol, acetic acid, acetaldeide, decanal, benzaldehyde, and octanenitrile). Among these, (R)-γ-heptalactone (characterized by creamy, coconut, and woody notes; see Supplementary Table 4) was detected in a higher amount in the Tonda Gentile Romana (R) cultivar compared to the Tonda Gentile Trilobata (T) and Anakliuri (AN) cultivars. Similar behavior was noticed for (S)-α-pinene that shows harsh, terpene-like, coniferous notes; for (R)-γ-pentalactone; and for the two enantiomers of 3-hydroxy-2-butanone (buttery notes). 2-Pentanone, decanal, octanenitrile, and ethyl octanoate were below the method’s limit of detection (LoD) in raw R samples.

About geographical origin discrimination, the list of compounds having a VIP value ± SD higher than 1 included both enantiomers of filbertone, 2-heptanone, 2-nonanone, sabinene, (E)-2-hexenal, (E)-2-octenal, and (E)-2-nonenal. Despite the lower number of discriminating compounds, better differentiation between the two groups can be noticed with a higher amount of ketones (filbertone, 2-heptanone, 2-nonanone) in the samples harvested in Italy and an opposite behavior for the aldehydes [(E)-2-hexenal, (E)-2-octenal and (E)-2-nonenal]. The latter group is informative of rancidity status (Cialiè Rosso et al., 2018).



Roasted Hazelnuts—Technological Evolution of the Volatiles Chemical Fingerprinting

It is well known that the roasting process impacts the primary and specialized metabolites of hazelnuts (Kiefl, 2013; Kiefl et al., 2013; Göncüoğlu Taş and Gökmen, 2017; Cialiè Rosso et al., 2018, 2020; Taş and Gökmen, 2019; Rosso et al., 2021). Thermal reactions, triggered by dry-roasting, generate both non-volatile products (melanoidins, deoxyosones, and reductones) and volatiles, including carbonyl derivatives, alcohols, furanones, pyranones, pyrazines, etc. (Belitz et al., 2009).

Lab-scale roasting, carried out on a traditional ventilated oven, was designed to develop a desirable sensory profile matching industrial standards, due to the development of optimal color, texture, and flavor, confirmed by the strong negative correlation observed between key-odorants and precursors distribution under roasting conditions (Cialiè Rosso et al., 2018, 2020; Rosso et al., 2021). Targeted volatiles profiling was therefore applied on all raw and roasted hazelnuts’ samples, with a consequent increase of the number of samples accounted and the compounds monitored, resulting in an 84 × 150 data matrix [(14 batches × 3 aliquots) × 2 processing steps × 150 targeted volatiles].

Unsupervised analysis by HC was performed to reveal the natural groupings existing between the samples, characterized by common trends of measured chemical variables. Figure 3 shows the results by the heat-map visualization and the HC based on Pearson correlation after the Z-score normalization of raw response data. The results highlight the major impact of dry-roasting on the volatiles signatures. Cluster a, in green, includes all raw hazelnuts, while cluster b, in orange, roasted samples. The different height of the branches composing the two clusters indicates that the dry-roasting process increases the variability within the hazelnuts set.
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FIGURE 3. Hierarchical clustering based Pearson’s correlation for raw (B) and roasted (A) samples. Response data obtained by averaging batch replicates were Z-score normalized; heat-map visualization is in a color scale from green to red.


To better investigate the variability between the roasted samples and to understand how roasting differently impacts the natural volatile signature, a further PLS-DA model was developed on a 42 × 117 data matrix [(14 batches × 3 aliquots) × 150 targeted volatiles].

The results are reported in Supplementary Figure 4 with Supplementary Figure 4A showing the score plot resulting from the application of the PLS-DA model on different cultivars, and Supplementary Figure 4B investigating the impact of harvest regions. Results on the cultivars show slightly better discrimination than that obtained on raw samples, showing that the roasting process has a major role in delineating distinctive volatiles signature with a fairly impact on the resulting aroma perception. The impact of roasting has a foundation on the diverse primary metabolites fingerprints and aroma precursors distribution among cultivars (Cialiè Rosso et al., 2018, 2020; Rosso et al., 2021).

The main compounds responsible for this discrimination (VIP value ± standard deviation higher than 1) include the chiral 3-penten-2-one, 3-methyl-4-heptanone, 2,4-pentanediol, pantolactone, and the not chiral (E)-2-heptenal, pyrazine, 1,3-cyclopentadiene, 2-methylfuran, and butanal (Figure 4A). Within these compounds, of particular relevance is 3-methyl-4-heptanone, more abundant in T and AN cultivars than in R samples, it is characterized by fruity and nutty notes, and was considered a key-odorant for roasted hazelnuts (Kiefl et al., 2013). At the same time, (E)-2-heptenal (fatty, almond) is higher in AN samples followed by R and T, while 2-methylfuran and butanal discriminate T samples from the other two cultivars for higher absolute amounts.
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FIGURE 4. Variable importance in projection (VIP) scores deriving from the PLS-DA based on classification model for roasted samples discriminated for cultivars (A,B) origin. Only VIP ± SD > 1 are reported. Bar coloring in (A) relates to variables discriminating along the first component (t1-plain color) or along the second (t2—shaded color).


The PLS-DA model, applied to the classification of hazelnuts harvested in different regions (Supplementary Figure 4B), again provides proofs of the impact of pedoclimatic conditions on phenotype expression including also primary metabolites (Supplementary Figure 2B; Alasalvar et al., 2003b; Cialiè Rosso et al., 2020). In this case, the compounds showing a higher informative role include the two enantiomers of filbertone together with those of 3-methyl-4-heptanone and 3-penten-2-one, (R)-γ-heptalactone, and the achiral pyrazine and hexanal (Figure 4B). Again, 3-methyl-4-heptanone, together with filbertone, have a role in the discrimination and, being these compounds key-odorants in the roasted hazelnut, this difference can have a strong impact on the aroma perception of roasted products (Kiefl et al., 2013). Indeed, the two enantiomers of both compounds show higher abundance in Italian samples, thus suggesting more intense fruity and nutty notes in these samples. In particular, the behavior of filbertone is in agreement with the results reported by Nicolotti et al. (2013a) who observed a strong cultivar/origin-related increment of 5-methyl-(E)-2-hepten-4-one with Italian Tonda Gentile Trilobata with an early increase of this potent odorant at mild roasting conditions. Conversely, the Georgian samples show a higher abundance of hexanal, which is characterized by fatty and green-leafy notes (Pastorelli et al., 2007; Ghirardello et al., 2016) thus eliciting possible off-flavors.



Chiral Signature and Filbertone Enantiomers Distribution

As previously mentioned, chiral components are a relevant part not only of the compounds having an important impact on the hazelnut aroma but also of those showing abundance differences depending on cultivar and pedoclimatic factors and in the comparison between raw and roasted hazelnuts. Moreover, the roasting process might not influence the enantiomeric ratio of some chiral compounds, although the non-stereospecific thermal treatment could differently impact the enantiomeric ratio. In fact, the native enantiomer ratio could change because the probability to form (R) or (S) forms is univariate unless other enzymatic or additional factors take part in the process. In this perspective, this paragraph deals with the evaluation of the enantiomeric signature of the main hazelnut chiral compounds focusing on the changes and evolution of the enantiomeric ratio in samples after roasting. To note, within the sample set, shelf-life was not examined although represented. However, its influence might not be negligible as suggested by the enantiomeric composition (EC) ranges (see Table 2) that show larger differences for some chiral markers. A particular emphasis will be devoted to the distribution of filbertone enantiomers because of the relevance of this compound not only in determining the hazelnut raw and roasted aroma quality (Kiefl and Schieberle, 2013; Kiefl et al., 2013) but also because its amount is strongly related to the harvesting origin.


TABLE 2. Percentage enantiomeric composition of the main chiral markers of the hazelnut volatilome.
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Table 2 reports the enantiomeric distribution of the main markers of the hazelnut volatilome in the investigated samples expressed in terms of the range of percentage enantiomeric composition:
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where E1 and E2 are the chromatographic areas (i.e., absolute responses) of the two enantiomers.

The enantiomeric distribution of native terpenes represents a natural signature of the plant since their biosynthetic pathway follows an enzymatic pathway from C5 precursors. Their biosynthesis is therefore often stereo-guided and results in an enantiomeric excess of one of the two enantiomers. In addition, as reported in Supplementary Table 4, the relative abundance of the two enantiomers can impact the overall aroma perception of hazelnut since the odor quality of the two enantiomers can substantially differ. For α-pinene and limonene, a higher abundance of the (S) enantiomer can be noted in all the investigated samples with no substantial differences between raw and roasted nuts. α-Phellandrene was detected only in raw samples (apart IT-T) always with a strong enantiomeric excess for the (R) enantiomer. Particular attention should be paid to the enantiomeric composition of linalool since it is considered one of the most impacting odorants of raw hazelnuts (Burdack-Freitag and Schieberle, 2010, 2012), with the two enantiomers eliciting different notes [i.e., floral, woody lavender for the (R)-linalool and sweet, floral for the (S) enantiomer]. Linalool was detected in raw and roasted samples, with the exception of the Tonda Gentile Romana available for this study. Due to the critical resolution achieved for linalool enantiomers, the enantiomeric composition should be confirmed by adopting a different GC chiral selector. However, an excess of the (R)-enantiomer is reasonably correlated to the intense floral perception in the raw hazelnut aroma accompanied by woody notes (Burdack-Freitag and Schieberle, 2010, 2012).

Ethyl 2-methylbutanoate is also reported as a key-aroma compound in raw hazelnuts; it was detected in Tonda Gentile Trilobata samples with a higher abundance for the (R)-enantiomer that is characterized by a fruity-sweet note as reported also by Burdack-Freitag and Schieberle (2010, 2012).

Lactones are other important chiral markers of the hazelnut volatilome and also show different odor attributes depending on their configuration. Biosynthesis can follow a chemical or enzymatic pathway (Romero-Guido et al., 2011). The distribution of lactones within the investigated raw samples varies in a quite wide range from almost racemic to high abundance of one enantiomer (in particular for γ-hexalactone). As it is known, lactones can be enzymatically formed after yeast and/or fungi attack (Romero-Guido et al., 2011), it would be therefore interesting to further evaluate if the change in the enantiomeric composition should be correlated to spoilage (Stilo et al., 2021). In addition, it should be noted that in most cases, the lactones cannot be detected in roasted samples; however, γ-pentalactone shows an increase of the (S)- enantiomer and angelica lactone (i.e., 5-methyl-2 (3H)-furanone) can be detected only in roasted samples; its racemic distribution allows to hypothesize a chemical pathway of formation during the thermal treatment.

Among the other chiral compounds (chiefly alcohols and ketones), particular attention should be focused on filbertone and 3-methyl-4-heptanone since they are key-aroma compounds and, as highlighted in the previous paragraph, their abundance considerably changes according to the cultivar and/or origin. 3-Methyl-4-heptanone is a key odorant in roasted hazelnut and shows an enantiomeric excess of one of the two enantiomers. However, it was not possible to assign the configuration because of the lack of pure enantiomeric standards. In addition, the odor properties of the single isomers have not yet been investigated, meaning that it is not possible to establish if the perception of this compound can be related to its enantiomeric distribution. Further investigations are underway in this respect.

Figure 5A reports the box-plot visualization of the percentage enantiomeric composition of (S)-filbertone for the investigated samples. The graphs show that (S)-filbertone is the more abundant isomer in all samples with quite high and uniform enantiomeric excess in raw hazelnuts (percentage enantiomeric composition between 83 and 95%). The relative difference between the two enantiomers drops down to lower enantiomeric excess after roasting and in all samples, as already reported in the literature (Güntert et al., 1991; Blanch and Jauch, 1998; Puchl’ová and Szolcsányi, 2018), with a higher difference for Italian samples. To better investigate the relative amount of the two enantiomers in the investigated cultivars, violin plots reporting the distribution of their absolute abundances were created (Figure 5B). The graphs show a bimodal distribution of the abundance of both enantiomers, higher values are observed in all cases after roasting. This result is in keeping with the reference research by Pfnuer et al. (1999). Interestingly the increment is more pronounced for the (R)-enantiomer than the (S)-enantiomer. It can be also noticed that, as already observed, the hazelnuts harvested in Italy show higher amounts of both filbertone enantiomers compared to the Georgian samples. This difference is particularly marked for (R)-filbertone and results in the lower enantiomeric excess (see above). This distribution impacts on the aroma perception since it is known that the (-)-(R)-(E)- 5-methyl-2-hepten-4-one has more pleasant hazelnut and woody odor notes and a soft, butter, chocolate flavor impact (Güntert et al., 1991). Its higher abundance in the Italian samples (in particular for the Tonda Gentile Trilobata) supports its characteristic nutty-fruity notes (Kiefl and Schieberle, 2013) and the higher perceived appreciation by the consumers that makes this cultivar the highest quality standard for confectionery industries.
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FIGURE 5. (A) Percentage enantiomeric composition of (S)-Filbertone in raw and roasted hazelnut from Tonda Gentile Trilobata harvested in Italy and Georgia (IT-T and GE-T), Tonda Gentile Romana harvested in Italy (IT-R), and Anakliuri harvested in Georgia (GE-AN). (B) Violin plot of raw areas of (R) and (S) Filbertone (blue and red, respectively) in raw and roasted samples.





CONCLUSION

The present study evaluated, for the first time, the hazelnut volatilome with the perspective of providing insights into the enantiomeric distribution of native and newly formed chiral components. The attention was focused in particular on the influence of functional variables, such as cultivar and pedoclimatic conditions, and the technological impact exerted by the roasting process. The results showed that chiral volatile patterns of hazelnuts belonging to different cultivars and harvested in different regions compounds have distinctive signatures. Moreover, being chiral molecules often key-aroma compounds, their distribution can have a strong impact on the sensory properties since the enantiomers of the same molecules can substantially differ in terms of odor descriptors and/or threshold.

In this sense, the chiral recognition of the two enantiomers of the key-aroma (E)-5-methyl-2-hepten-4-one (filbertone) provides fundamental insights for cultivar and geographical authentication, while suggesting differential organoleptic properties. The results showed that the synthesis of the (R)- and (S)-filbertone is affected not only by genetic (cultivar) factors but also by environmental pressure. As a consequence, the higher amount of the (R)-enantiomer for hazelnuts harvested in Italy results in a more appreciated nutty aroma if compared with other samples.

To disclose the real potential of the chiral volatilome, further studies are required to extend the evaluation to a wider range of cultivars and origins and to deepen the impact of shelf-life/storage. Moreover, the odor properties and the distribution of chiral markers (such as 3-methyl-4-heptanone), not yet evaluated in terms of single enantiomers, deserve a more in-depth investigation that would be helpful to correlate the hazelnuts chemical fingerprint to the hedonic profile. In an omic approach, the enantiomeric recognition of a plant/food volatilome increases the level of information to a further step enabling, at the same time, to better disclose the influence of functional variables on the matrix chemical pattern and metabolic pathway, and to better relate it to the sensory perception.
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1219.032
Field 26 19 101 1,000 0.296
Pooled data 73 81 111 0.416 0519
Heterogeneity - - 3.261 0353
(=29
11027 0SU 1197.118 x OSU C. americana Structure 30 30 101 0.000 1.000
1172.001 "Winkler'
Field 16 20 111 0.440 0500
Pooled data 46 50 111 0.160 0.690
Heterogeneity - - 111 0.280 0.600
11032 OSU 955.028 x OSU C. americanaOSU  Structure 29 29 111 0.000 1.000
1213.088 366.060
11029 OSU 889.084 x OSU Bauman hybrid Structure 18 14 111 0500 0.480
1155.009 0SU 401.014
Field 28 20 111 1.330 0250
Pooled data 46 34 111 1.800 0.180
Heterogeneity = - 101 0.030 0.860

Ratios for the two progenies segregating for resistance from Farris OSU 533.029 fit a 3:1 ratio, but SSR markers indicated a total of 19 seedlings free of disease had
escaped infection.
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Marker GenBank accession no. Motif Size n Ho He PIC F(null) LG Contig

GK1.05 MK913590 (TC)g 127 9 0.94 0.85 0.82 —0.054 1 42F
GK1.09 MT670379 (CTha 124 9 0.33 0.79 0.75 0.406 1 42F
GK1.10 MK913591 (AC)12 290 11 0.35 0.80 0.77 0.386 1 42F
GK1.12 MK913592 (TC)13 127 15 0.77 0.85 0.83 0.049 1 42F
GK1.17 MT670380 (GA)17 124 12 0.96 0.89 0.87 —0.046 1 42F
GK1.18 MT670381 (CMhs 176 12 0.93 0.87 0.86 —0.042 1 42F
GK1.20 MK913593 (AG)g 173 9 0.756 0.74 0.70 —0.018 1 42F
GK1.21 MT670382 (GAM0 179 5 0.52 0.49 0.46 —0.028 1 42F
GK1.24 MT670383 (AG)11 310 6 0.73 0.65 0.60 —0.065 1 42F
GK1.25 MT670384 (TC)2s 216 18 0.90 0.89 0.86 —0.013 1 42F
GK1.30 MK913594 (AG)17 200 8 0.85 0.80 0.76 —0.039 1 42F
GK1.35 MT670385 (CT1s 110 19 0.81 0.88 0.86 0.021 1 56F
GK1.36 MT670386 Chs 124 6 0.85 0.80 0.76 —0.051 1 56F
GK1.38 MK913595 (TC)e 135 9 1.00 0.82 0.79 —-0.112 1 56F
GK1.39 MT670387 (TC)s 302 15 0.58 0.70 0.68 0.131 1 56F
GK1.40 MK913596 (TO)13 368 11 0.60 0.71 0.66 0.087 1 56F
GK1.41 MK913597 (CT4 244 14 0.79 0.85 0.82 0.032 1 56F
GK1.43 MT670388 (AG)13 132 9 0.77 0.77 0.73 —0.002 1 56F
GK1.44 MK913598 (AG)15 308 8 0.75 0.74 0.69 —0.008 1 56F
GK1.45 MK913599 (TG)12 204 13 0.562 0.79 0.77 0.206 1 56F
GK1.46 MT670389 (CM1s 164 9 0.46 0.87 0.85 0.307 1 56F
GK1.49 MT670390 (GAG)g 110 13 0.58 0.74 0.69 0.109 1 56F
GK6.58 MT670391 (TO)10 319 11 0.77 0.83 0.80 0.035 6 77E
GK6.61 MK913600 (TO)12 110 10 0.83 0.76 0.72 —0.055 6 77F
GK6.62 MT670392 (TC)g 148 9 0.79 0.74 0.69 —0.048 6 77F
GK6.63 MK913601 (GA)18 102 11 0.96 0.87 0.84 —0.058 6 77F
GK6.70 MT670393 (GA)7 184 8 0.85 0.70 0.65 —-0.121 6 T7F
GK6.71 MT670394 (GA)13 97 9 0.90 0.85 0.82 —0.036 6 T77F
GK6.76 MT670395 (TC)g 155 4 0.27 0.67 0.61 0.415 6 95F
GKe.77 MK913602 (AG)12 177 6 0.77 0.73 0.68 —0.032 6 95F
GK6.80 MT670396 (CMhs 185 14 0.83 0.86 0.84 0.011 6 95F
GKe6.81 MK913603 (GA)13 102 9 1.00 0.84 0.81 —0.099 6 95F
GK6.82 MT670397 (TO)15 206 10 0.98 0.83 0.80 —0.090 6 95F
GK6.83 MT670398 (CM1s 256 17 0.45 0.82 0.80 0.294 6 95F
GK6.84 MK913604 (TO)15 296 8 0.24 0.28 0.71 0.473 6 95F
GK6.89 MK913605 (AC)12 235 18 0.88 0.91 0.89 0.011 6 95F
GK6.90 MK913606 (TO12 191 11 0.90 0.84 0.81 —0.040 6 95F
GK6.91 MT670399 (TC)g 128 6 0.75 0.69 0.64 —0.055 6 95F
GK6.92 MK913607 (TC)1s 196 10 0.83 0.78 0.74 —0.045 6 95F
GK6.94 MK913608 (GA)12 170 13 1.00 0.86 0.83 —0.087 6 95F
GK6.95 MT670400 (AG)12 191 10 0.75 0.78 0.74 0.006 6 95F
GK6.97 MT670401 (TCTT)e 266 17 0.44 0.77 0.74 0.301 6 95F
Mean 10.74 0.737 0.778 0.756 0.049

Size (bp) in V2 genome sequence, n number of alleles, Ho observed heterozygosity, He expected heterozygosity, PIC polymorphism information content, F(null) frequency
of null alleles, LG linkage group.
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Region Variable Unit Period Use Data MAE RRMSE EF CRM R2

All municipalities Catkin development days 20182019 ¢} 70 1856 = 0.98 —0.01 0.98
Female flowers/fruits days 20182019 ¢} 112 111 = 0.96 0.02 0.96

Vegetative phases days 20182019 C 87 15.6 - 0.86 —0.09 0.91

Yield tha=? 2004-2019 C 88 0.19 28.6% 0.55 —0.11 0.65

E 88 0.16 27.2% 0.56 —0.11 0.68

East Catkin development days 2018-2019 C 45 18.4 - 0.98 —0.01 0.98
Female flowers/fruits days 2018-2019 C 61 10.5 = 0.96 —0.04 0.96

Vegetative phases days 20182019 C 47 21.8 - 0.76 —-0.14 0.85

Yield tha™' 2004-2019 C 47 0.19 34.5% 0.41 —0.09 0.48

E 49 0.13 26.4% 0.59 —0.04 0.62

West Catkin development days 20182019 C 25 101 — 0.29 —0.02 0.99
Female flowers/fruits days 20182019 C 51 11.8 - 0.97 0.09 0.98

Vegetative phases days 20182019 ¢} 40 8.6 = 0.96 —0.01 0.98

Yield tha™' 2004-2019 C 41 0.19 22.6% 0.49 —0.11 0.61

E 39 0.19 23.8% 0.25 —0.13 0.51

Statistical metrics quantifying model accuracy are synthesized for all main hazelnut growing municipalities and separately for Eastern and Western region. C, calibration
dataset; E, evaluation dataset; MAE, mean absolute error; RRMSE, relative root mean square error; CRM, coefficient of residual mass.
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Region Use MAE (t ha-1) RRMSE (%) EF (-) CRM (-) R2 (-)

All municipalities C 0.15 19.78 0.73 0.00 0.72
Y 0.15 19.84 0.73 0.00 0.75
East C 0.14 23.39 0.60 —0.05 0.62
\ 0.14 23.40 0.60 —0.04 0.62
West C 0.15 16.72 0.49 0.04 0.51
\ 0.15 16.80 0.48 0.03 0.50

Statistical metrics quantifying model accuracy are synthesized for all main hazelnut growing municipalities and separately for East and West. C, Cross-validated perfor-
mance in calibration; V, Median model performance in validation;, MAE, mean absolute error; EF, Nash-Sutcliffe modeling efficiency; RRMSE, relative root mean square
error; CRM, coefficient of residual mass.
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Year Cultivars/Clones Plant Height (cm) oV (%) Plant Diameter (mm) oV (%)

TGDL 168+10b 6 19x2de 13
Clone MT4 170490 5 17236 16
Clone MTs 168211 6 21220 10
Clone AD17 184210 5 24:2a0 7
Glone PDB 1674150 o 20430 14
2020 TeR 166:13b 8 1952de 10
Clone 1 173z11ab 6 23x2a—c 9
Glone 3 1694100 6 22:20d 8
G 1724110 6 22:20d 10
Glone TOMBES! 1772920 5 24:2a0 s
TaoL 172410 6 20:30-¢ 1
Clone MT4 174£10ab 5 22+3b-d 13
Clone MT5 172z11ab 6 23x2ac 9
Clone AD17 1894102 5 27:2a 6
Clone PD6 1712158 9 22:3b-d 1
ol TeR 170£13b 8 22:2b-d 9
Clone 1 1775118 6 23:2a< 10
Gione 3 173210 6 23222 8
TDG 176+11ab 6 24x2ab 9
Glone TOMBES! 182410 5 26:2a 8
TenL 170598 5 20:2D ]
Clone MT4 172498 5 20:2D 1
Clone MTs 1705118 6 22:20 8
Clone AD17 187+10A 5 26+1A 5
Clone PD6 169+158B 9 21£1CD 7
Averege 2OEOR1) TeR 1682138 8 215100 5
Clone 1 1755118 6 232280 9
Glone 3 1712108 6 232280 7
DG 174£11 AB 6 23+£1BC 5
Clone TOMBESI 180+10 AB 5 25+1AB 4
Average (2020) 171:11A 6 21:38 14
Average (2021) 1761114 6 23:3A 12
Overall Mean 178 = 2 =

*Mean value + Standard deviation (SD). Means followed by different letter(s) are significantly different at P < 0.05 according to Duncan’s multiple range test.
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Source df. Plant Height Plant Diameter

mMs F Pr>F s F Pr>F
Model 19 147.075 1198 0.290 22.853 4633 <0.0001
¥ 1 380772 3.101 0.083 88.200 17.883 <0.0001
c 9 268.110 2.183 0.036 34.689 7.033 <0.0001
YxC 9 0074 0.001 1.000 3.756 0761 0652
Eror 60 122.802 - - 4.932 - -

Total 79 - - - - - -

+*ANOVA, Analysis of variance involving basic parameters: d.f, Degrees of freedom; MS, Mean squares; ; Variance ratio (F test); Pr, Probabilty value coresponding to a variance
ratio.
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Year

2020

2021

Average (2020/21)

Average (2020)
Average (2021)

Overall Mean

Cultivars/Clones.

TGDL

Clone MT4
Clone MT5
Clone AD17
Clone PD6
TGR

Clone 1

Clone 3

6

Clone TOMBES!
TGDL

Clone MT4
Clone MT5
Clone AD17
Clone PD6
TGR

Clone 1

Clone 3

G

Clone TOMBES!
TGDL

Clone MT4
Clone MT5
Clone AD17
Clone PD6
TGR

Clone 1

Clone 3

G

Clone TOMBES!

Grafting Success (%)

74.18+1504 a-e
83.86213.93a¢
80.70+14.34 a¢
85.80+14.142
69.40+12.82a-¢
66.50214.72b-¢
76.85+12.02a-¢
739421289 a-¢
782421525a-¢
84.10+13.93 ab
61.30213.55 ¢
79.36+13.62a-¢
81.56214.02a-d
85.23+13.95a
72.99:14.12a-¢
63.56214.74 d-¢
64.40+12.04 ¢
73.99213.18a-¢
73.00+15.91 ac
82.68+13.60 a-d
67.74212.81 CD
81.61212.46 A-C
81.1328.34 A-C
85.52+6.75 A
71.20+3.41 B-D
64.53+13.13D
70.63+9.48 B-D
73.97+4.57 A-D
75.62213.23 A-D.
83.39+6.97 AB
77.26+13.79A
73.81214.68 A
7553

oV (%)

203
166
178
165
185
225
156
174
195
166
221
172
172
164
193
232
187
178
218
164
189
153
103

79

a8
204
134

62
175

84
179
199

Young plants of Class
1(%)

73+90d
78x12ad
7427 bd
84z10a—<
80:10a-d
76210b-d
7627 b-d
8129ad
78211 a-d
85:6a-c
69:10d
81:10a-d
86:10a-c
88x12ab
80:10a-d
76x12b-d
84x13a-c
81x10a-d
81x10a-d
91z5a
713G
79:+9A-C
8028A-C
86+11AB
8026 A-C
76+11BC
80x7 A-C
817 A-C
80x1A-C
8822 A
7829 A
82x11A
80

oV (%)

123
153
90
120
125
137
95
109
136
70
144
123
13
137
125
153
157
127
121
52
38
10
98
124
80
141
83
88
16
27
1.4
133

*Mean value + Standard deviation (SD). Means followed by different letter(s) are significantly different at P<0.05 according to Fishers least significant difference (LSD) test.
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Source df. ss Ms F Pr>F

Model 19 2188213 112538 1.170 0312
Y 1 207471 227471 2362 0130
c 9 1501.636 166,848 1.735 0101
YxC 9 400407 45490 0473 0.887
Enor 60 5771201 96.187 - -
Total 79 7909.414 - - -

*ANOVA, Analysis of variance involving basic parameters: d.f,, Degrees of freedom; SS,
Sum of squares; IS, Mean squares; F, variance ratio (F tesY); Pr, Probabilty value
corresponding to a variance ratio.
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Source df. ss ms F Pr>F

Model 19 4431.715  233.248 1.203 0.286
Y 1 237.763  237.763 1.226 0273
c 9 3654.999  406.111 2.095 0.044
YxC 9 538953  59.884 0.309 0.969
Error 60 11631.887  193.865 - =
Total 79 16063.601 - - -

ANOVA, Analysis of variance involving basic perameters: ., Degrees of freedom; SS,
Sum of squares; MS, Mean squares; F, variance ratio (F test): P;, Probabilty value
corresponding to a variance ratio.
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Local Non-local
Chemical composition Mean SE Mean SE Student’s t-tests
Proximate composition
Moisture (%) 422 £ 005 418 £ 0.16 ns
Ash (%) 214 £ 002 235 £ 0.09 8
Crude protein (%) 11.80 £ 0.19 13.03 £ 0.63 s
Fat (%) 64.54 £+ 0.39 6489 + 0.59 ns
Carbohydrates (%) 17.30 £ 029 1554 + 0.75 s
Energy (Kcal) 697.26 £ 2.15698.35 + 3.40 ns
Oil composition
Myristic acid (%) 0.02 £ 0.00 0.02 £ 0.00 ns
Palmitic acid (%) 723 £ 009 7.03 £ 0.1 ns
Plamitoleic acid (%) 0.15 £ 0.00 0.15 £ 0.01 ns
Stearic acid (%) 264 £ 006 232 + 0.08 s
Oleic acid (%) 7697 £ 025 7816 + 0.76 ns
Vacceninc acid (%) 150 £ 0.02 154 £+ 0.03 ns
Linoleic acid (%) 11.34 £ 027 1063 £ 0.72 ns
Linolenic acid (%) 0.04 £ 0.00 0.04 £ 0.00 ns
Arachidic acid (%) 0.06 £ 0.00 0.06 £ 0.00 ns
Gondoic acid (%) 0.05 + 0.00 0.06 + 0.00 ns
Aqualene (mg/kg) 294.36 + 16.38301.92 + 20.68 ns
a-tocopherol (mg/kg) 473.34 £ 11.89475.31 + 32.45 ns
B-tocopherol (mg/kg) 1863 £ 048 11.08 £ 1.13 ns
y-tocpherol (mg/kg) 2423 + 1.06 1984 + 272 ns
3-tocopherol (mg/kg) 287 £ 024 235 £ 027 ns

s, significant difference (o < 0.05); ns, non-significant difference (o > 0.05).
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Al — A2

ABTS radical scavenging rate (%) = (1 — ) x 100
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Traits

Phenological

First male bloom date
Last male bloom date
Male flowering period
First female bloom date
Last female bloom date
Female flowering period
Days to vegetative budbreak
Nut maturity date
Morphological

Nut length

Nut width

Nut thickness

Nut weight

Kernel length

Kernel width

Kernel thickness

Kernel weight
Kernel percentage

Abbreviation

FF_Male
LF_Male
PF_Male
FF_Female
LF_Female
PF_Female
Vbudbreak
Harvest

NutL
Nutw
NutT
NutWe
KemelL
KernelW

KernelT

KernelWe
KernelP

Unit

Days
Days
Days
Days
Days
Days
Days
Days

%

Description 1

Days until the first catkins (> 5%) are open and produce pollen

Days until the last catkins are senesce and do not produce pollen

LF_Male-FF_Male

Days until the first female blooms (> 5%) are open and purple stigmata can be observed
Days until the last female blooms (< 5%) are open

LF_Female - FF_Female

Days until the vegetative buds are open and first leaves can be observed

Days until nut shells show color

Average of at least 25 nuts, measured from most distant points along main seed axis
Average of at least 25 nuts, measured on the widest point perpendicular to main seed axis
Average of at least 25 nuts, measured at the widest part perpendicular to cotyledon suture
Average of at least 25 nuts

Average of at least 25 kernels, measured from most distant points along main seed axis

Average of at least 25 kernels, measured on the widest point perpendicular to main seed
axis

Average of at least 25 kernels, measured at the widest part perpendicular to cotyledon
suture

Average of at least 25 kernels
(kernel dry weight x 100)/nut dry weight
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i Local Non-local
Traits Abbreviation Mean SE Mean SE T-St H2
Phenological
First male bloom FF_Male 451 £ 14 345 +£ 39 s 065
date (days)
Last male bloom LF_Male 821 +£ 14 699 £ 37 s 079
date (days)
Male flowering PF_Male 371 £ 10 354 £ 20 ns 040
period (days)
First female bloom  FF_Female 7656 £ 18 6602 & 386 s 092
date (days)
Last female bloom  LF_Female 1161 £ 1.7 993 £ 33 s 095
date (days)
Female flowering PF_Femele 396 £ 08 424 £ 19 ns 031
period (days)
Days to budbreak Vbudbreak 1119 £ 13 977 £ 3.0 s 092
(days)
Nut maturity date Harvest 2494 £ 04 2480 £ 09 ns -
(days)
Morphological
Nut length (mm) NutL 1819.7 + 125 2157.6 + 658 s 0.95
Nut width (mm) Nutw 17295 + 8.8 2036.0 + 62.7 s 0.97
Nut thickness (mm) NutT 1649.8 + 12.7 17457 + 588 s 0.98
Nut weight (g) NutWe 1856 £ 03 250 £ 19 s 0.76
Kernel length (mm) Kernel 1396.1 + 13.3 16009 + 585 s 0.98
Kernel width (mm) KemelW  1279.7 + 48.1 14082 +£159.0 s 0.93
Kernel thickness KemnelT 11739 + 123 12491 £ 376 s 0.96
(mm)
Kernel weight (g) KernelWe 94 £ 01 108 £ 0.7 s 0.69
Kernel percentage Kernel% 507 £ 06 439 £ 11 s 033

(%)

Estimates of broad-sense heritability (H2) for each trait are also included. T-St,
T-student test; s, significant difference (p < 0.05); ns, non-significant difference

(p > 0.05).
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Progeny 12028 12029 14028 14029 14030 14036 11025 14023 10021 11520
Resistance source Moscow #23 Moscow #26 H3R04P23 H3R04P28 H3R04P30 H3R13P40 OSU 1185.126 OSU 533.029 Ogyoo Estrella #1

No. seedlings 32 32 46 46 46 46 32 46 32 32

LGB marker

GB310 = 0.68 = = = ~ ~ = = =
GB456 - - - - - - - -0.87 -

GB478 -0.52 - - - - - - - -

GB871 - = = = = s s -0.93 =

GB917 - - = = - - - -0.93 0.67

GK6.61 = - = = - - - 1.00 0.59
GK6.63 0.68 0.68 0.83 0.86 0.57 0.91 = 0.63 1.00 —
GK6.77 0.96 — e = = o o = 1.00 0.61
GK6.81 — — 0.87 0.95 0.51 = o 0.69 1.00 0.67
GK6.89 0.76 = = - - — — - 1.00 0.66
GK6.90 = = = = = ~ 0.88 = 1.00 —
GK6.92 0.76 = = = = ~ 0.87 = 1.00 0.61
GK6.94 = e = = = ~ ~ = 1.00 0.58
LG610 - - - - - - - - - 0.64
LG628 - - - - - - - - 0.55
LG631 - = = = = s 0.87 = 0.93 0.6
LG637 = - = = - - 0.93 - 1.00 0.61
LG639 = 0.75 = - - - 0.87 - o 0.66
LG648 0.76 0.81 = - - = 0.93 - — —
LG668 — — e e = o 0.87 = - -
LG682 0.75 0.81 0.81 0.38 0.49 0.86 0.87 0.64 1.00 0.62
LG687 - 0.74 - - - - - - - -
LG688 = = = = = ~ 0.87 = 1.00 0.60
LG2 marker

B509 = e = = = ~ ~ = = =
B758 - - 0.21 — — 0.17 - — - -
MS0026.08 - = 0.13 0.16 0.08 0.11 s 0.22 - -
MS0026.10 - = = = =
MS0026.14 = - 0.14 0.13 0.09 0.15 - 0.16 o -
MS0107.02 - - - - - - - - - -
MS0113.04 — - 0.21 0.01 — 0.13 - 0.12 - -
MS0140.02 — — e = = o o = - —
LG7 marker

B020 = = = = - — — - — —
B751 - - - - - - - - - -
B753 = e = = = ~ ~ = = =
KG817 - - - - - -
MS0046.02 - - - 0.22 0.038 - - 0.61 - -
MS0046.07 - = = = = s s = = s
MS0061.02 - = 0.04 0.03 0.01 0.11 s 0.56 = s
MS0076.08 = - = - - - -
MS0170.02 — - - - - 0.06 = 0.49 — —
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Progeny 12032 11027 11032 11029
Resistance source Moscow #37 Winkler OSU 366.060 Bauman
Resistance origin Moscow C. americana C. americana C. americana
No. seedlings 32 32 32 32
Linkage group Marker = - - -

6 GK6.81 - 0.05 0.16 -
6 LG628 - 0.01 - -

6 LG631 0.15 - - 0.15
6 LG688 - 0.01 0.14 -

2 B509 - - 0.20 0.12
2 MS26.0008 - 0.16 - -

2 MS0026.10 0.21 = - —
2 MS0107.02 = = 0.06 0.13
2 MS0113.04 0.19 = - 0.05
7 B020 — - 0.17 -

4 B751 - 0.02 - -

7 B753 - 0.03 - 0.13
7 KG817 0.04 = - =

7 MS0046.02 0.07 - - -

7 MS0076.08 - - 0.20 =

7 MS0170.02 = = 0.18 -

The markers are on three linkage groups. Low values indicate independence of disease and marker scores.
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Inputs

Modelling

Yield

TURKISH STATISTICAL INSTITUTE

- Official TUIK yield statistics
in the period 2004-2019
- Seven municipalities in
West and East Black Sea
» ~95% of Turkish hazelnut
production

Phenology

- Weekly field surveys in
2018-2019

-22 orchards, 289
observations

- Vegetative and reproductive
phenological phases

€~ — == === — = -

1 VYield trend analysis

- Time series analysis

-Yield alternance, magnitude
and occurrence

- Correlation and cluster
analysis on yield series

<_________
<-- -

Weather

Variety

5

- Field survey in 2019
-3 dominant varieties per
municipality

- Standard meteorological
variables at daily resolution

- 16 grid cells covering the 7
main hazelnut-growing
municipalities

PPN —
<

3 Machine learning

2 HAZEL model

- Modelling of phenological
stages and yield

- Model evaluation on
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- Spatially-distributed simulations
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e
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Spraying B zn Spraying date (day, month)
program

(mgL™") Oct Nov
Program 1 (P1) 0 0 16 and 31 15and 30
800 400
1,600 800
Program 2 (P2) 0 0 15 and 31 -
800 400
1,600 800
Program 3 (P3) 0 0 - 15 and 30
800 400
1,600 800

October 15-ovary development, October 31-fertization stage, November 15-ovary
growth, November 30-nut growth/premature stage.
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Program  Treatment

1 Bo+Zno
Beoo+Znuco
Bisco+Zneo0

2 Bo+Zno
Bsoo+Znaco
Bieco+Zneco

3 Bo+Zno
Baoo+Znaco
Bisoo+Znsoo

P

T

PxT

Weight ()

2.53 +0.08a
2.37 +£0.02a
2.47 +0.15a
253 +0.08a
2.64+0.16a
252+0.13a
253 +0.08a
2.47 +0.20a
2.36+0.18a

NS

NS

NS

Height (mm)

18.44 +0.00a
19.06 £ 0.45a
18.55 +0.16a
18.81 £0.55a
18.53 +0.30a
19.46 £0.14a
18.53 £0.42a
19.14 £0.27a
18.83 +0.43a

NS

NS

NS

Nut

Width (mm)
1 2
1875+000a  16.77%0.00a
19960182 16.49 +0.05a
20.15 % 0.60a 16.86 £ 0.68a
2008+067a 1647 £056a
20.18+052 1680+ 067a
1967 £061a  16.89 +038a
2024+029a  17.53:+0.43a
20.30 £ 0.77a 17.38 £ 0.55a
19.63£078a 16,64 +068a
NS NS
NS NS
NS NS

Weight (g)

1.03 + 0.00a
1.02 £ 0.03a
1.19 £ 0.04a
1.13 £ 0.06a
1.08+0.12a
1.17 £0.08a
1.28 +0.03a
1.20 £0.05a
1.11£001a

NS

NS

NS

Height (mm)

12.40 # 0.00a
1270+ 0.78a
1370 £ 0.21a
13.23 +£0.64a
12.79 + 0.58a
13.69 + 050a
12.94 £ 0.50a
18.72 4+ 0.58a
18.76 £ 0.20a

NS

NS

NS

Kernel

Width (mm)
1 2

1245+0.000 10250008
1342£0058b  9.92%007a
15.24 £ 0.27a 11.89 + 0.44a
1433049  10.58+025a
1409+£081a 1078+ 092a
1480£075a  11.45+055a
14.49£078a 11130952
14.88 + 0.25a 11.25£0.15a
1491+£032a  11.38+0.19%

NS NS

= NS

NS NS

Kernel (%)

41.54 = 0.58ab
40.80 + 1.90b
4829 + 1.4%
41.54 £0.58a
41.37 +1.63a
45.61 £0.94a
41.54 £ 0.58b
4289 % 1.11ab
45.88 + 3.23a
NS

NS

Values represent the mean (n = 3)  SE. Different letters indicate statistically significant differences (P < 0.05) among treatments within each spray program. Two-way ANOVA resuits are shown (NS, not significant, P > 0.05; *P < 0.05;

‘P < 0.01).
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Program Treatment  Shell thickness Shell weight (g) Blank nut (%)

(mm)

1 Bo+Zno 126+£000a 1204 0.00a 10.00a
Baoo+Znaco 127£008a 129%004a 6.67b
Bieco+Znsoo 1.356+0.13a 1.28 +0.10a 0.01c

2 Bo+Zno 127 £008a 1.36+0.13a 667a
Baoo+Znico 1.45+£006a 1.36%0.09% 667a
Bieo+Zno  141£007a  1.83+£007a 10.00a

3 Bo+Zno 134£006a 1.43+0.0% 667a
Beoo-+Znico 120+£005a  1.46+0.11a 333
Bioo+Znes  1.44£005a  1.20+0.1da 0.00c

NS NS b
NS NS
PxT NS NS -

Values represent the mean (n = 3) + SE. Different letters indicate statistically significant
differences (P < 0.05) among treatments within each spray program. Two-way ANOVA
results are shown (NS, not significant, P > 0.05; *P < 0.05; *P < 0.01; ***P < 0.001).
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HAZEL sim. yields A
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Alternance A

Rainfall V5 -+

Avg. temp. R11 4

Rainfall V7 -

Max. temp. R13 1

Min. temp. V4 1

Max. wind speed R7 -

Min. temp. R9

10 20 30
Increase in MSE (%)

O -
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2 p>x?

Predictor df. x
Cultivar 6 419.969 <2.2¢-16
Treatment 1 1309.452 <2.2¢-16

6 44.491 5.908¢-08

Cultivar:treatment






OPS/images/fpls-12-800339/fpls-12-800339-t001.jpg
Predictor

Cultivar

Treatment

Wpi
Cultivar:treatment
Cultivar:wpi
Treatment:wpi
Cultivar:treatment:wpi

df.
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mf_2013
mf_2014
mf_2015
mf_2016
F 2013
f 2014
t 2015
f 2016
dc_2013
dc_2014
de 2015
dc_2016
nm_2014
nm_2015
nm_2016
lb_2013
Ib_2014
lb_2015
Ib_2016

tmf_2013 tmf_2014 tmf_2015

1

0.825™
1

0.811
0.849*
1

tmf_2016

0.854*

0.838"

0.869"
1

tff_2013

0.440™

0.431*

0.452**

0.448
1

tff_2014

0.402**

0.448™

0.450™

0.412*

0.824**
1

tff_2015

0.432**

0.405™

0.433*

0.388"

0.889*

0.852*
1

tff_2016

0.436"
0.385"
0.379"
0.401*
0.845"
0.771*
0.819"
1

dc_2013

0.261**
0.133
0.141
0.182*
-0.709*
-0.563"*
-0.598"*
-0.570"
1

dc_2014

0.258"
0.345™
0.243"
0.269**

~0.476"

~0.643"

_0.521"

~0.484"
0.711*

1

dc_2015

0.238**
0.291*
0.385""
0.342**
—-0.497**
-0.460"*
-0.622**
—-0.492**
0.738**
0.722**
1

dc_2016

0.287**
0.296™
0.312**
0.408™
-0.459"
-0.392*
-0.472"
-0.626™
0.745"
0.712**
0.756™
1

tnm_2014

0.294**
0.243
0.250™
0.228
0.321*
0.335™
0.314*
0.298™
-0.099
-0.150"
-0.058
-0.034
1

tnm_2015 tnm_2016

0.2156*
0.202**
0.228"
0.209*
0.325™
0.295™
0.277*
0.259*
-0.176*
-0.103
-0.053
-0.068
0.478™
1

The tlb data are taken from Torello Marinoni et al. (2018). *Correlation is significant at 0.05 level (two-tailed). **Correlation is significant at 0.01 level (two-tailed).

0.215*
0.174*
0.208™
0.222**
0.347*
0.348™
0.361*
0.333*
-0.199*

-0.224**
-0.146"
-0.129
0.518™
0.666™

1

tlb_2013

0.376™
0.322**
0.311*
0.357**
0.666™
0.691**
0.633"
0.658"
—-0.448"
-0.411=
-0.372*
-0.374*
0.297*
0.224*
0.248™
1

tib_2014

0.463"
0.393*
0.364™
0.407*
0.705™
0.609**
0.673"
0.676™
—-0.435"
-0.348"
-0.359"
-0.334*
0.367**
0.2561
0.300**
0.830™*
1

tlb_2015

0.470**
0.458™
0.426**
0.427**
0.671*
0.621**
0.667**
0.640™
-0.360"
-0.303*
-0.291*
-0.274*
0.267**
0.280™
0.315™
0.778*
0.843*
1

tlb_2016

0.506™
0.448™
0.462**
0.492*
0.759*
0.702**
0.749*
0.733"
—-0.444*
-0.386™
-0.343"
-0.314*
0.362*
0.343"
0.395™
0800*
0.858™
0.860™
1
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Trait Year Parents (Mean and SD) Progeny (F1 population)

TGdL MB Wilcoxon test Mid-parentvalue Mean SD Range SE Skewness SE  Kurtosis SE
Tmf 2013 200 0.00 6.67 0.58 Yes P < 0.05 4.33 4.04  1.40 1-8 0.1 0.416 0.187 —-0.144 0.373
2014 2.00 1.00 6.33 0.58 Yes P < 0.05 417 428 119 1-8  0.08 0.070 0.174  0.995  0.346
2015 1.00 0.00 6.67 0.58 Yes P < 0.05 3.83 424 1.82 1-9  0.13 0.548 0.168 —0.612 0.335
2016 2.00 0.00 7.00 0.00 Yes P < 0.05 4.50 493 1.22 1-8  0.08 —0.368 0.167  0.696  0.333
tff 2013 133 058 6.33 0.58 Yes P < 0.05 3.83 470 1.81 1-8  0.13 —0.066 0.167 —1.237 0.333
2014 3.00 0.00 6.67 0.58 Yes P < 0.05 4.83 510 137 2-7  0.09 0.399 0.167 —1.256 0.332
2015 2.00 0.00 6.67 0.58 Yes P <0.05 4.33 482 211 2—-9 0.14 —0.356 0.167 —0.429 0.333
2016 2.33 0.58 7.00 0.00 Yes P < 0.05 4.67 545 145 2—9 0.10 —0.020 0.189 —0.223 0.376
de 2013 567 058 5.33 0.58 ns 5.50 451  1.64 1-9  0.13 —0.047 0.168 —0.248 0.335
2014 4.00 1.00 4.67 0.58 ns 4.33 426 1.34 1-9  0.10 0.136 0.167 —0.297 0.333
2015 3.67 0.58 5.00 1.00 ns 4.33 448 1.89 1-9  0.13 0.453 0.169 —0.123 0.337
2016  4.33 0.58 5.00 0.00 ns 4.67 449 147 1-9  0.10 0.064 0.172  -0.525 0.341
trm 2014 3.00 0.00 5.67 0.58 Yes P < 0.05 4.33 384 112 1-7 0.08 0.416 0.187  —0.144 0.373
2015 2.33 058 5.33 1.15 Yes P < 0.05 3.83 416 1.32 1-7 0.09 0.070 0.174  0.995  0.346
2016 2.33 058 4.67 0.58 Yes P < 0.05 3.50 3.78 1.10 1-7 0.08 0.548 0.168 —0.612 0.335

Variation between the mapping population parents presented in the form of means and standard deviations (SD) (n = 3) and the mid-parent value. The significance
of differences between means was inferred using the Wilcoxon test. Variation across the mapping population presented as mean, SD, range, standard error (SE), and
normality (skewness and kurtosis) (n = 213). Time of male flowering (tmf), time of female flowering (tff), and time of nut maturity (tnm) were rated from 1 = very early to
9 = very late. Dichogamy (dc) was rated from 1 = very protandrous to 9 = very protogynous.
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ABTS DPPH

Defatted Powder TPC 0.969** 0.926*
TFC 0.967** 0.970™

Ve 0.924** 0.736

Total—T - -

Qil TPC 0.913** 0.412
TFC 0.828* 0.402

Ve 0.844~ 0.055

Total—T 0.380 0.098
Kernels TPC 0.862** 0.906*
TFC 0.717 0.803"

Ve 0.412 0.500

Total-T —0.163 0.001

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at
the 0.05 level (2-taileq).

TPC, total phenol content; TFC, total flavonoid content; \/c, vitamin C; total—T, total
tocopherol; ABTS, 2,2-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid); DPPH,
2,2-diphenyl-1-picrylhydrazyl.
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Species/cultivars Vc content (mg/100 g DW) tocopherol content (mg/100 g oil) TPC (mg GAE/100 g DW) TFC (mg/100 g DW)

o-T B+y)-T §-T Total-T
C. kweichowensis 11.63 £ 0.40b 19.72 £ 0.40d 1.14 £0.08e 0.74 £0.12 21.60 + 0.45¢ 160.61 £ 0.68b 190.53 £ 2.11¢c
C. mandshurica 10.24 £ 0.14¢c 24.31 &+ 0.40bc 156.12 £ 0.02a NDP 39.43 + 0.3%a 120.82 £ 3.10d 174.29 £+ 4.30c
C. heterophylla 11.50 £ 0.38b 23.54 + 0.73¢ 6.21 &+ 0.04¢c NDP 29.75 £ 0.70b 141.23 +1.83¢c 252.82 + 13.69b
C. yunnanensis 16.85 £ 0.26a 27.03 + 1.04a 11.23+0.13b NDP 38.26 + 1.16a 205.82 £+ 0.83a 356.90 + 4.41a
cv. ‘Dawei’ 10.50 £+ 0.47bc 26.23 + 0.93ab 2.09 £ 0.07d NDP 28.32 £ 0.98b 66.53 + 3.55e 80.46 + 2.02d

Data are means + standard error (SE), n = 3. Values in the same column with different letters are significantly different (o < 0.05).
Ve, vitamin C; a—T, a—tocopherol; (B+y)—T, (3+y)—tocopherol; §—T, 8—tocopherol; total—T, total tocopherol; TPC, total phenol content; TFC, total flavonoid content; ND, not detected.
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Name of amino acid

Species/cultivars

C. kweichowensis C. mandshurica C. heterophylla C. yunnanensis cv. ‘Dawei’
FAA (mg/100 g DW) EAA Thr 11.27 £ 0.18a 2.43 +0.97¢c 1.57 £ 0.00c 9.00 +0.18b 1.56 + 0.00c
Val 1.04 £ 0.00a 1.04 £ 0.00a 1.05 £ 0.00a 1.26 + 0.36a 1.56 + 0.00a
Met ND ND ND 0.36 £0.18 ND
Lys 1.04 £ 0.00a 0.52 £ 0.00b 0.52 £ 0.00b 0.54 £+ 0.00b 0.52 £ 0.00b
lle 0.69 + 0.17a 0.69 £ 0.17a 0.52 £ 0.00a 0.72 +£0.18a 0.52 £ 0.00a
Leu 0.69 &+ 0.17ab 0.69 +0.17ab 0.52 + 0.00ab 0.90 +0.18a 0.35+0.17b
Phe 0.52 +0.00 0.52 +0.00 0.52 &+ 0.00 0.54 &+ 0.00 0.52 +0.00
Trp ND ND ND ND ND
Total 15.26 £ 0.17a 5.91 +1.14¢c 4.71 £ 0.00c 13.32 £ 0.48b 5.03 £ 0.17¢
NEAA Asp 2.43 +£0.18a 1.04 + 0.00b 2.27 £0.18a 2.34 +£0.18a 2.60 £ 0.00a
Ser 1.91 £0.17b 1.04 £ 0.00c 2.09 &+ 0.00b 2.70 & 0.00a 1.91+£0.17b
Glu 4.68 £ 0.00d 4.34+047d 6.10 £ 0.18¢c 6.84 +£0.18b 8.15 £+ 0.35a
Gly 0.52 £ 0.00b 1.04 £ 0.00a 0.52 £ 0.00b 0.90 + 0.18a 1.04 £ 0.00a
His 0.52 £ 0.00b ND 0.87 +£0.18a 0.54 £+ 0.00b 0.52 £ 0.00b
Arg ND 0.17 £ 0.17b 10.29 + 0.76a ND 1.21 £0.35b
Ala 3.64 £ 0.00a 2.95 + 0.35b 1.57 £ 0.00d 3.78 &+ 0.00a 2.08 £ 0.00c
Pro 2.60 £ 0.00a 2.78 £ 0.17a 1.92 £ 0.17b 1.98 +£0.18b 1.04 £ 0.00c
Tyr 0.87 £ 0.17a 0.69 £ 0.17a 0.52 & 0.00a 0.90 +0.18a 0.87 £0.17a
Total 1747 £0.81¢ 14.07 £ 0.02d 26.15 + 0.80a 19.98 £ 0.31b 19.42 £ 0.17b
Total FAA 32.43 + 0.36ab 19.98 £ 1.12¢ 30.86 + 0.80b 33.29 + 0.36a 24.45 + 0.30d
HAA (g/100 g DW) EAA Thr 0.44 + 0.03bc 0.41 £ 0.00c 0.65 £ 0.00a 0.48 +£0.01b 0.43 £ 0.00c
Val 0.57 £ 0.01b 0.48 £ 0.00c 0.74 £ 0.02a 0.51 &+ 0.00c 0.50 £ 0.00c
Met 0.11 £ 0.01b 0.07 £+ 0.00b 0.08 £ 0.00b 0.40 £ 0.00a 0.11 £ 0.00b
Lys 0.27 £ 0.01¢c 0.35 & 0.00a 0.31 & 0.00b 0.29 & 0.01bc 0.29 + 0.00bc
lle 0.53 + 0.01b 0.46 £ 0.00c 0.69 + 0.01a 0.47 £+ 0.03c 0.45 £ 0.01¢c
Leu 0.87 £ 0.02b 0.75 £ 0.01c 1.17 £0.03a 0.87 +£0.02b 0.79 £ 0.01¢c
Phe 0.82 +£ 0.01b 0.62 £ 0.00e 1.17 £0.01a 0.72 £ 0.01c 0.69 + 0.02d
Trp 0.28 £ 0.00a 0.16 £ 0.01d 0.27 £+ 0.00a 0.22 £ 0.00b 0.20 £ 0.00c
Total 3.88 &+ 0.03b 3.30 +£ 0.01c 5.08 &+ 0.05a 3.98 +£0.18b 3.47 £ 0.02¢c
NEAA Asp 0.72 4+0.0%¢ 0.77 £ 0.01b 0.88 + 0.01a 0.69 £ 0.00c 0.77 £ 0.01b
Ser 0.60 £ 0.03b 0.53 £ 0.00c 0.79 £ 0.01a 0.56 +0.01b 0.53 £ 0.02¢
Glu 1.73 £ 0.05b 1.82 £ 0.03b 2.24 £+ 0.04a 1.72 £ 0.02b 1.77 +£ 0.04b
Gly 0.69 £ 0.03b 0.61 & 0.00c 0.96 + 0.01a 0.71 £ 0.00b 0.63 £ 0.00c
His 0.44 £+ 0.01bc 0.37 £ 0.01d 0.65 + 0.01a 0.45 £ 0.00b 0.41 £+ 0.00c
Arg 2.03 &+ 0.03b 1.61 +£0.02d 2.69 &+ 0.02a 1.78 £ 0.02¢c 1.71 £0.03c
Ala 0.43 £ 0.01¢c 0.45 £ 0.00b 0.57 & 0.00a 0.44 + 0.01bc 0.44 £ 0.00bc
Pro 0.54 + 0.01b 0.48 £ 0.00c 0.68 & 0.03a 0.563 +£0.01b 0.47 £ 0.01¢c
Tyr 0.57 £ 0.00b 0.42 £+ 0.06d 0.78 &+ 0.04a 0.51 £+ 0.00c 0.45 £ 0.00cd
Total 7.74 £ 0.04b 7.07 £ 0.05d 10.25 £ 0.07a 7.38 £ 0.02c 7.18 & 0.04d
Total HAA 11.63 £ 0.07b 10.37 £+ 0.06¢ 15.32 £ 0.10a 11.36 £0.19b 10.65 + 0.04c

Data are means + standard error (SE), n = 3. Values in the same column with different letters are significantly different (p < 0.05).

FAA, free amino acid; HAA, hydrate amino acid; EAA, necessary amino acid; NEAA, unnecessary; ND, not detected.
Thr, Threonine; Val, Valine; Met, Methionine; Lys, Lysine; lle, Isoleucine; Leu, Leucine; Phe, Phenylalanine; Trp, Tryptophane; Asp, Aspartic acid; Ser, Serine; Glu, Glutamic
acid; Gly, Glycine; His, Histidine; Arg, Argnine; Ala, Alanine; Pro, Proline; Tyr, Tyrosine.
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Species/ Oil content Fatty acid content (%)
cultivars (g/100 g DW)
Ci6:0 Ci6:1 Cis:0 Cia:1 Cig:2 Cia:3 C20:0 Ca0:1 SFA UFA MUFA PUFA MUFA/ UFA/
PUFA SFA
C. kweichowensis 52.97 + 0.42c¢ 3.03 £+ 0.04d 0.14 £ 0.01cd 1.15+0.03d 84.89 + 0.09a 10.17 +£0.08c 0.12 £ 0.01c 0.08 +0.00b 0.31 £ 0.01a 4.26 +0.02d 95.63 £0.02b 85.34 +£ 0.10a 10.29 £0.08c 8.29 22.45
C. mandshurica  58.40 £ 0.54b 5.85+ 0.04a 0.28+ 0.01a 2.60 £0.01b 80.19 £ 0.12c 10.47 £ 0.12¢c 0.10 £0.00c 0.18 £ 0.01a 0.20 +£ 0.01c 8.63+ 0.02a 91.24 + 0.01e 80.67 £ 0.11b 10.57 £0.11c 7.63 10.57
C. heterophylla 50.23 £0.26d 2.06+0.02¢ 0.11 £0.01d 0.95+ 0.04e 71.32+ 0.23d 24.36 £ 0.23a 0.29 + 0.00a 0.08 + 0.01b 0.27 £ 0.00b 3.08 + 0.01e 96.36 + 0.46a 71.70 £ 0.24c 24.66 £0.23a 2.91 31.29
C. yunnanensis ~ 59.75 £ 0.51a 4.49 £0.02b 0.15+0.01c 2.77 £0.04a 80.78 +0.13b 11.21 £0.12b 0.26 £ 0.01b 0.09+0.01b 0.13 £0.01d 7.35 +£0.02b 92.52 +£0.02d 81.05 +0.13b 11.47 £0.11b 7.07 12.59
cv. ‘Dawei’ 60.88 £0.33a 3.90+0.02¢c 0.20 £0.01b 1.51+0.03c 85.19 +£0.06a 8.58 +£0.07d 0.10+0.01c 0.10+ 0.01b 0.26 +0.01b 5.51 £ 0.04c 94.33 + 0.02¢c 85.65 + 0.06a 8.68 +£0.07d 9.87 17.12

Data are means 4

t standard error (SE), n = 3. Values in the same column with different letters are significantly different (p < 0.05).
SFA, saturated fatty acid; UFA, unsaturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.
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Species/cultivars

C. kweichowensis
C. mandshurica
C. heterophylla
C. yunnanensis
cv. ‘Dawel’

Time

October, 2017
September, 2017
September, 2017
October, 2017
August, 2017

Collection sites

Huoshan County, Anhui Province
Weichang County, Hebei Province
Tieling City, Liaoning Province
Zhaotong City, Yunnan Province
Yanging District of Beijing

Soil

Yellow brown soil
Brown soil
Brown soil

Red soil

Brown soil

Geographic coordinates

N31°03' —31°33'E115°52' —116°32’
N41°35'~42°40'E116°32'~118°14’
N41°59'~42°33'E123°28'~124°33'
N26°34' —28°40'E102°52" —105°19’
N40°16'~40°47'E115°44'~116°34’

Nut maturity

Natural maturity
Natural maturity
Natural maturity
Natural maturity
Natural maturity
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Major fatty acid
composition (%)*

Rootstock Oil stability (h) C16:0 Cc18:1 C18:2

“Dundee” 6.80 a¥ 6.1 ab 76.8 ab 14.73b
“Newberg” 6.45a 6.2 ab 75.2b 16.48 a
“Tonda Bianca” 6.92 a 6.31a 779a 14.45b
“MB-69” 6.33 ab 6.0b 76.4 ab 15.41 ab
Self-rooted 5.67b 59b 759ab 15.76 ab

Mean values from 2006 to 2010.

2C16:0 = palmitic acid; C18:1 = oleic acid; C18:2 = linoleic acid.

YMeans within a column followed by the same letter are not significantly different
by Duncan’s multiple range test at P < 0.05.
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Rootstock L: lightness b: yellow component a: red component

“Dundee” 29.46 a* 14.41 ab 851a
“Newberg” 28.27 ab 14.68 a 8.56 a
“Tonda Bianca” 28.65 ab 14.48 ab 8.47 a
“MB-69” 28.23 bc 13.77 bc 8.32a
Self-rooted 27.50¢c 1882¢ 8.31a

Mean values from 2009 to 2010.
ZMeans within a column followed by the same letter are not significantly different
by Duncan’s multiple range test at P < 0.05.
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Rootstock Nut wt (g)* Kernel wt Kernel Kernels Inner

(9) percentage >12mm (%) kernel
(%)Y cavity (%)

“Dundee” 1.81 b~ 0.89 b? 4917 a 20.91b 37.85a
“Newberg” 1.79b 0.89b 49.72 a 20.12b 34.94 ab
“Tonda Bianca” 1.79Db 0.88b 49.16a 19.38 b 33.62 be
“MB-69” 1.81Db 0.89b 4917 a 12.21Db 33.82 bc

Self-rooted 1.84a 091a 49.45 a 30.49 a 30.33 ¢

Mean values from 2003 to 2012.

219 =0.0353 oz.

Y (kernel weight/nut weight) x 100.

*Means within a column followed by the same letter are not significantly different
by Duncan’s multiple range test at P < 0.05.
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Rootstock Cumulative early Cumulative total Cummulative
bearing 2003-2006 yield 2003-2012 yield efficiency
(kg/tree)? (kg/tree)Y (Kg/cm?)
“Dundee” 10.23 a¥ 4191a 0.1829 b
“Newberg” 7.73b 34.91b 0.1714 bc
“Tonda Bianca” 6.99b 25.64d 0.1357 ¢
“MB-69” 9.63a 31.55 be 0.15983 bc
Self-rooted 7.44b 26.91 cd 0.2626 a

ZTotal crop (in-shell nuts) per tree from 2003 to 2006; 1 kg = 2.2046 Ib.
YTotal crop (in-shell nuts) per tree from 2003 to 2012.
XTotal crop (in-shell nuts) per tree from 2003 to 2012 related to trunk cross-
sectional area (TCSA), measured above the graft union, for own-rooted trees
measured at 20 cm (7.9 inches) above the ground level, at the end of the year

2012; 1 kg cm™2 = 14.2233 Ib/inch?.

WMeans within a column followed by the same letter are not significantly different
by Duncan’s multiple range test at P < 0.05.
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Rootstock Suckers TCSA 2012 Tree height

Tree Canopy

2003-2011 (cm?)Y 2012 (cm)* diameter volume 2012

(no/year)? 2012 (cm) (m3)*
“Dundee” 4.07 c¥ 23491 a 317.0a 408.95 a 28.42 a
“Newberg” 312¢ 209.07a 305.25ab 389.81ab  24.56 ab
“Tonda Bianca” 9.18 b 202.47a 297.78ab 353.67cd  19.56¢C
“MB-69” 2.77 6 20298a 292.0ab 371.40bc  21.09 bc
Self-rooted 25.44 a 105.58b  271.11b  343.17d 16.75¢

ZMean number of suckers produced per year.
YTCSA measured above the graft union. For own-rooted trees at 20 cm (7.9 inches)
above the ground level; | cm? = 0.1550 inch?.

X1 cm =0.3937 inch, 1 m® = 35.314 f3.

WMeans within a column followed by the same letter are not significantly different
by Duncan’s multiple range test at P < 0.05.
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+0.85

+0.65
+1.58
+ 0.98
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The table records for each QTL, the trait, the map parental where the QTL was detected, Linkage Group (LG), QTL name and season of detection, the interval of the
QTL, the closest linked marker (Locus) and its map position in cM, the estimated LOD at the QTL peak (LOD), the PV explained (PV), and the contribution of each
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Cor0192010.1

Cor0106760.1

Cor0017310.1

Cor0181440.1

Cor0045580.1

Cor0131740.1

Cor0002660.1

Location

chr2:7992343
bp—7999406 bp:-
chr2:18857192
bp-— 18865334 bp:+
chr2:30101289
bp-30108639 bp:+
chi3:338576 bp
844460 bp:+
chi3:36431850
bp-36443358 bp:-
chrd:299006
bp-304582 bp:+-
chrd:26544724
bp-26549732 bp:+
chi5:8936597
bp-8952731 bp:+
chr5:15048490
bp—15089782 bp:-
chr6:26567212
bp-26571483 bp:+
chr:2680200
bp—2587490 bp:+
¢hr9:14085665
bp—14088920 bp:+
hr10:22066080
bp-22075437 bp:~
chr11:16147771
bp—16152282 bp:+

Len (aa)

733

916

690

748

675

844

698

851

1,262

639

935

m

1,187

703

MW (kD)

79.94

101.83

77.35

84.05

75.36

93.96

7801

95.03

139.22

70.93

103.23

78.28

127.06

77.25

56.17
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58.79
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79.43

74.27

76.49

73.49
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69.23

GRAVY

-0.39

-0.49

-0.35

-0.52

-0.64

-0.51

-0.47

—-0.41

-0.39

-0.36

-0.69

-0.37

Domain

B3, ARF

B3, ARF,
AUX/IAA

B3, ARF,
AUX/IAA

B3, ARF,
AUX/IAA

B3, ARF,
AUX/IAA

B3, ARF,
AUX/IAA

B3, ARF,
AUX/IAA

B3, ARF,
AUX/IAA
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AUX/IAA
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nucl
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Len, length, aa, number of amino acids; MW, molecular weight; pl, theoretical isoelectric point; Il Instabilty index; Al, aliphatic index; GRAVY, grand average of hydropathicity; B3, B3-like
DNA-binding domain (PFO2362), ARF, Auxin_resp domain (PFOB507), AUX/IAA, Aux/IAA domain (PF02309); SCLP, Subcellular localization prediction; nucl, nucleus.
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Description

C10/C30/C60 vs. IC10/IC30/1C60, CK vs. IC10, CK vs. IC30
C10/C30/C60 vs. IC10/IC30/1C60, CK vs. IC10, CK vs. IC60
C10/C30/C60 vs. IC10/IC30/1C60, CK vs. IC30, CK vs. IC60
CKvs. IC10/IC30/1C60, C10 vs. IC10, C30 vs. IC30
CKvs. IC10/1C30/1C60, C10 vs. IC10, C60 vs. IC60
CK vs. IC10/IC30/1C80, C30 vs. IC30, C60 vs. IC60





OPS/images/fpls-12-715820/crossmark.jpg
©

2

i

|





OPS/images/fpls-13-800768/fpls-13-800768-t001.jpg
CKvs. C10 CKvs. IC10 C10vs. IC10 IC10 vs. IC30 C10vs. C30
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Locus Chr Start End GO terms Annotation descriptions
ID
22018 3 3182569 3186923 G0:0046983; GO:0048446; GO:0043565; Protein dimerization activity; petal morphogenesis;
G0O:0006355 sequence-specific DNA binding; regulation of
transcription, DNA-templated
9218 5 10894238 10894792 G0:0042538; GO:0006572; GO:0001560; Hyperosmotic salinity response; tyrosine catabolic
G0:0009758; GO:0048046; GO:0005829; process; regulation of cell growth by extracellular
G0:0009611; GO:0005773; GO:0004838; stimulus; response to jasmonic acid; apoplast; cytosol;
G0O:0009737; GO:0016020 response to wounding; vacuole;
L-tyrosine:2-oxoglutarate aminotransferase activity;
response to abscisic acid; membrane
18249 1 17251842 17258608 G0:0009611; GO:0009753; GO:00056215; Response to wounding; response to jasmonic acid;
G0:0006857; GO:0016020 transporter activity; oligopeptide transport; membrane
21961 3 30160976 30167736 No GO annotation Closest match (BLASTn, 73.9% identity):

uncharacterized protein LOC100246151 isoform X1
[Vitis vinifera]
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LocusID Chr BP Col  Group PNuc QNuc N P Obs Het Obs Hom Exp Het Exp Hom n Fis

781 1 22594282 18 Resistant C T 4 0125 0.250 0.750 0.219 0.781 0.250 0.000
22018 3 3188310 139  Resistant T A 5 0.400 0.000 1.000 0.480 0.520 0.533 1.000
9218 5 10896200 127  Resistant C T 7 0.357 0.143 0.857 0.459 0.541 0.495 0.711
18249 11 17261698 72 Resistant T C 4 0.250 0.500 0.500 0.375 0.625 0.429  -0.167
21961 3 30158075 40 Susceptible  C T 9 0.333 0.000 1.000 0.444 0.556 0.471 1.000

Position mapped in genome is given by chromosome (Chr), start position of locus (BP), position of the SNP within locus (Col), group, reference nucleotide (P Nuc),
alternative nucleotide (Q Nuc), number of individuals that contain the locus, proportion of the reference nucleotide in these individuals (P), observed (Obs) and expected
(Exp) heterozygosity (Het) and homozygosity (Hom), nucleotide diversity (w), and inbreeding coefficient (Fig).
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Gene ID

EVMO0006807
EVM0020859
EVMO0009834
EVMO0012687
EVMO0003038
EVM0012485
EVMO0016860
EVM0024393
EVMO0008988
EVM0023261
EVM0012198
EVMO0026433
EVM0021283
EVM0020993
EVM0002129
EVMO0025536
EVMO0002611
EVM0002210
EVM0002544
EVMO0006287
EVMO0013084
EVMO0022656
EVMO0011930
EVM0016398
EVMO0002095
EVMO0000081
EVMO0021984
EVMO0005669
EVMO0013799
EVMO0026679
EVMO0005666
EVMO0016149
EVMO0009820
EVMO0002422
EVMO0019797
EVMO0003490
EVMO0026696
EVMO0001920

Position

3591537-3595046
3711283-3711702
3763066-3766347
3546058-3547035
3784669-3789851
3768680-3772405
3606631-3613492
3734647-3742077
3548540-3553670
3582214-3586083
3755976-3758326
3506615-3545828
3644742-3649355
3711709-3723424
3573891-3579161
3684032-3695647
3616179-3618444
3619722-3621752
3622432-3627891
3773179-3782958
3630091-3633143
3634140-3638291
3557291-3560357
3562122-3562995
3638998-3641902
3603499-3605570
3680563-3683935
3792259-3793644
3795093-3800831
3563782-3569751
3651144-3652947
3705997-3708307
3671044-3674252
3662946-3669664
3586555-3591056
3760186-3762038
3596766-3599052
3656492-3658880

Annotation

Mitochondrial outer membrane protein porin homologous gene

Gene with unknown function

40S ribosomal protein S9-2 homologous gene

Thioredoxin H2 homologous gene

NAP1-related protein 2 homologous gene

Cullin-3A homologous gene

FACT complex subunit SSRP1 homologous gene

ABC transporter B family member 19 homologous gene

Putative S-adenosyl-L-methionine-dependent methyltransferase homologous gene
Hypersensitive-induced response protein 1 homologous gene

Tubulin alpha chain homologous gene

Inositol hexakisphosphate and diphosphoinositol-pentakisphosphate kinase VIP2 homologous gene
3-dehydroquinate synthase Il homologous gene

Transcription factor PRE6 homologous gene

Probable serine/threonine-protein kinase PIX7 homologous gene

Probable serine/threonine-protein kinase PIX7 homologous gene

Ethylene-responsive transcription factor WRI1 homologous gene

Gene with unknown function may be involved in cellular component: integral component of membrane
Protein SPA1-RELATED 3 homologous gene

Putative death-receptor fusion protein homologous gene

PQQ enzyme repeat sequence

PQQ enzyme repeat sequence

Gene with unknown function may be involved in cellular component: integral component of membrane
Gene with unknown function may be involved in cellular component: integral component of membrane
Aldose 1-epimerase homologous gene

Pectate lyase homologous gene

Leucine rich repeat sequence

Sphinganine C4-monooxygenase 1 homologous gene

Glycine-rich RNA-binding protein homologous gene

Protein CLP1 homolog

MDIS1-interacting receptor like kinase 2 MIK2 homologous gene

Uncharacterized protein At3g28850 homologous gene

MDIS1-interacting receptor like kinase 2 MIK2 homologous gene

MDIS1-interacting receptor like kinase 2 MIK2 homologous gene

Hypersensitive-induced reaction 1 protein homologous gene

Gene with unknown function

Auxin efflux carrier component 8 homologous gene

Retrovirus-related Pol polyprotein from transposon RE1 homologous gene
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Locus Chr Start End GO terms Annotation descriptions
ID
46 1 10900178 10901419 G0:0042742; GO:0009611 GO:0002213; Defense response to bacterium; response to wounding;
G0:0000289 GO:0003676; GO:0008408 defense response to insect; nuclear-transcribed mRNA
poly(A) tail shortening; nucleic acid binding; 3'-5"
exonuclease activity
4404 2 42319235 42320043 G0:0048364; GO:0009506 GO:0030308; Root development; plasmodesma negative regulation
G0:0019722 GO:0004871; GO:0005515 of cell growth; calcium-mediated signaling signal
G0:0009741; GO:0009505 transducer activity; protein binding response to
brassinosteroid; plant-type cell wall
6415 3 30379371 30382243 No GO annotation Closest match (BLASTn, 67.8% identity): Probable
serine/threonine-protein kinase DDB_G0282963
[Pyrus x bretschneideri]
8388 4 29259074 29261788 No GO annotation Closest match (BLASTn, 57.5% identity):
Pentatricopeptide repeat-containing protein
At4g14190, chloroplastic [Prunus mume]
14093 7 7219073 7222709 G0:0005509; GO:0005634 GO:0009409; Calcium ion binding; nucleus response to cold;
GO:0006355 GO:0003677 regulation of transcription, DNA-templated DNA binding
15955 9 16105261 16107681 G0:0003824; GO:0044763 GO:0071704; Catalytic activity; single-organism cellular process;

G0:0044710 GO:0044237

organic substance metabolic process; single-organism
metabolic process cellular metabolic process
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Position mapped in genome is given by chromosome (Chr), start position of locus (BP), position of the SNP within locus (Col), variety name (Var), reference nucleotide
(P Nuc), alternative nucleotide (Q Nuc), number of individuals that contain the locus, proportion of the reference nucleotide in these individuals (P), observed (Obs) and

expected (Exp) heterozygosity (Het) and homozygosity (Hom), nucleotide diversity (w), and inbreeding coefficient (Fis).
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Gakildak Karafindik Mincane Palaz Sarifindik Sivri Tombul Yomra
Allahverdi 0.306 0.373 0.322 0.211 0.159 0.238 0.366
Cakildak 0.231 0.164 0.074 = 0.215 0.269
Karafindik 0.269 0.18 0.158 0.254 0.358
Mincane 0.087 0.186 0.336
Palaz - 0.166 0.189
Sarifindik .
Sivri 0.213
Tombul

Fst values from 0.7 to 0.15 are indicated in blue, those in gray are Fst values below 0.1.
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Pr Alleles N P Obs Het Obs Hom Exp Het Exp Hom b1 Fis ¥2 test p-value
Allahverdi 185 2 0.890 0.217 0.783 0.113 0.887 0.195 —0.033 0.217 >0.5
Cakildak 233 3 0.805 0.302 0.698 0.240 0.760 0.304 0.002 0.062 >0.5
Karafindik 757 2 0.825 0.221 0.779 0.200 0.800 0.295 0.112 0.005 >0.9
Mincane 421 2 0.820 0.315 0.685 0.206 0.794 0.316 0.002 0.144 >0.5
Palaz 81 5 0.791 0.326 0.674 0.268 0.732 0.308 —0.027 0.085 >0.5
Sarifindik 255 5 0.779 0.305 0.695 0.290 0.710 0.334 0.061 0.005 >0.9
Sivri 265 4 0.812 0.303 0.697 0.228 0.772 0.280 —0.031 0.127 >0.5
Tombul 282 8 0.778 0.307 0.693 0.287 0.714 0.316 0.037 0.017 >0.5
Yomra 674 2 0852 0.274 0.726 0.162 0.838 0.276 0.004 0.184 >0.5
Res 662 8 0.805 0.229 0.771 0.270 0.730 0.292 0.161 0.066 >0.5
Susceptible 625 13 0.813 0.234 0.766 0.253 0.747 0.286 0.114 0.025 >0.9
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Chromosomes SNPs Loci Average no. of ddRAD loci/Mb

1 134502 61813 1213
2 126956 60694 1193
3 99283 49135 1235
4 103804 46402 1259
5 97803 45901 1252
6 85327 36265 1198
7 85690 40451 1338
8 68405 31939 1239
9 68374 30931 1329
10 61963 29783 1310
11 63297 27213 1293

NA 53171 -
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Compound MRM transition R2 Regression line mg/100g leaves + SD mg/100g shells + SD mg/100g green leafy involucres + SD

Giffonin J (10) 371—3563 0.996  y =3.64€%x + 0.0087 0.88 £+ 0.08 ND* ND*
Giffonin K (11) 369—351 0.997 y=3.66e®x + 0.00744 1.12+0.24 ND* ND*
Giffonin P (16) 361—241 0.993 y=0.000171x 4 0.0874 8.86 + 0.89 0.17 +£0.02 6.52 &+ 0.51

*Not detected (ND) compounds.
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R; (min) Compound A ppm Formula [M-H]~ MS/MS
26 12.02 Chlorogenic acid 0.66 C16H1809 353.0869 191
11 13.02 Giffonin K —5.94 Co1H2206 369.1311 351
23 13.81 Giffonin U 0.79 C19H2007 359.1130 341, 329
16 14.39 Giffonin P 1.66 C1gH2207 361.1288 343, 301, 271, 241
27 15.33 Myricetin O-B-D-glucopyranoside —-0.92 Co1H20013 479.0816 316
28 16.17 Myricetin 3-O-a-L-rhamnopyranoside 112 Co1Ho0012 463.0876 316
12 16.27 Giffonin L 185 C19H2206 345.1337 323, 311
17 16.27 Oregonin —0.03 Co4Hz0010 4771755 327
22 16.48 Giffonin T 0.18 CosHz0011 505.1705 343, 325, 299
15 16.84 Giffonin O 1.15 C19H2006 343.1180 299, 283, 269
14 16.84 Giffonin N 0.40 CosHz0010 489.1757 309,281
9 17.52 Giffonin | —2.03 CgoHzs012 587.2435 455, 425, 293
29 17.60 Quercetin 3-O-a-L-rhamnopyranoside 1.03 Co1Ho0O11 447.0926 301
24 17.63 Carpinontriol B 2.23 C19H2006 343.1184 325, 313, 299, 283, 269
1 18.03 Giffonin A 0.65 Co1H2205 353.1386 333, 263
13 18.52 Giffonin M 2.26 C19H2005 327.1234 258, 205, 179
30 18.83 Kaempferol 3-O-a-L-rhamnopyranoside 0.90 Co1H20010 431.0978 285
4 19.70 Giffonin D 1.24 Co1H2205 353.1388 333, 263
25 20.57 Giffonin V 1.80 C18H3205 327.1233 205, 179, 147,121
2 20.68 Giffonin B 0.93 Co1H2206 369.1336 351
6 21.78 Giffonin F 1.26 Co1H2206 369.1337 351
3 2247 Giffonin C —1.57 Co1H2305 355.1534 311
5 22.60 Giffonin E 2.98 Co1H2305 355.1550 311
10 2410 Giffonin J 2.82 Co1H2406 371.1499 327,339
31 2514 Kaempferol 3-O-(4"-cis-p-coumaroyl)-a-L-rhamnopyranoside 0.19 C3oH26012 577.1342 431, 285
7 25.20 Giffonin G 1.26 Co1H2205 353.1389 333, 263
32 25.46 Kaempferol 3-O-(4" -trans-p-coumaroyl)-a-L-rhamnopyranoside -0.25 C30H26012 577.1339 431, 285
21 26.82 Alnusone 1.77 C19H1803 293.1177 251,83
8 2714 Giffonin H 1.78 CooH2004 323.1284 305
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Compound IC5p = SD (LM)

Giffonin A (1) 184.1 £6.9
Giffonin B (2) 163.6 £ 5.2
Giiffonin C (3) 104.7 £ 6.9
Giffonin D (4) 108.0 £ 6.1
Giffonin E (5) 167.1 £ 4.6
Giffonin F (6) 146.5 £ 4.3
Giffonin G (7) 108.1 £9.2
Giffonin H (8) 108.5 £2.9
Giffonin | (9) 104.6 £ 4.9
Giffonin J (10) 56.6 + 9.6

Giffonin K (11) 70.0 £+ 31

Giffonin L (12) 171.8 £+ 89
Giffonin M (13) 113.9+9.7
Giffonin N (14) 128.3+11.3
Giffonin O (15) 123.9+ 111
Giffonin P (16) 85377

Oregonin (17) 1439+ 7.2
Giffonin Q (18) 126.6 £5.9
Giffonin R (19) 128.5 + 6.1

Giffonin S (20) 126.1 £89
Alnusone (21) 15641 +8.3
Giffonin T (22) 130.9 £ 6.1

Giffonin U (23) 1756.3 £9.8
Carpinontriol B (24) 106.8 + 6.1

Giffonin V (25) 1226+ 4.4
Acarbose 1161, £2.2

Data are expressed as the mean values + SD of three experiments.
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Cultivar Average sterility Average viability Kmc Hc
Amount Distribution (%) (%)
Apolda Very high Uniform 7.79 4 0.62 89.05+0.73 1 il
Avellana Speciale Medium Apical 39.89 +2.34 59.31 £ 2.35 3 2
Barcelona Low Apical-uniform 46.07 + 1.57 53.35 + 1.63 3 2
Barrettona Very high Uniform 41.46 £ 4.37 57.28 + 4.36 3 2
Camponica Medium Apical 46.49 + 416 53.01 +£4.18 3 2
Carrello Medium Uniform 422+99 56.59 + 10.34 3 2
Closca Molla Medium Apical 85.7241.16 41.32 £ 1.09 4 2
Comen Medium Apical 4418 £2.77 54.72 + 2.81 3 2
Comune di Sicilia High Apical 58.81 + 3.56 39.62 + 3.43 4 2
Cosford Very high Uniform 13.93+1.43 83.63 + 1.37 2 1
Daviana Medium-high Apical 13.56 £ 0.67 8419+ 0.6 2 I
Ennis High Apical 3.76 £ 0.43 94.41 £ 0.56 1 I
Fructo Rubro Medium Apical 53.31 £ 2.17 42.32+£2.16 4 2
Gironell Medium Apical 3.37 £0.17 94.43 + 0.21 1 1
Grifoll Low Apical 18.06 % 1.5 82.14 £ 1.53 2 1
Grossal Medium Apical 3.562 £0.18 94.86 + 0.31 1 1
Gunslebert High Apical 4.35+0.11 94.56 +0.13 1 1
Karidaty Medium Apical 12.06 £ 0.27 86.10 £ 0.32 2 il
Minnolara Medium Uniform 4211 +£1.59 §7.16+ 1.56 3 2
Negret High Uniform 51.87 £2.27 45.2 +£1.99 4 2
Nocchione High Uniform 51.89 + 4.35 47.04 + 4.44 4 2
Nocchione “Stelliferi A6” High Apical-uniform 42.48 £ 0.9 55.62 4 083 3 2
Nocchione “Stelliferi F6” High Apical-uniform 4411 +1.98 54.21 +£2.08 3 2
Nociara High Apical 49.99 + 4.31 49.09 + 4.4 4 2
Nostrale High Uniform 42.3+1.18 56.65 + 1.24 3 2
Pallagrossa High Uniform 6.46 +2.45 91.22 £2.43 1 1
Piazza Armerina High Uniform 5713 £ 4.46 41.96 + 4.41 4 2
Racinante High Apical 37.08 + 1.82 62.1 +£1.89 3 2
Riccia di Talanico Medium Apical 48.27 £ 4.22 50.32 + 4.21 3 2
Santa Maria del Gesu Medium Uniform 45.52 + 1.41 53.96 + 1.43 3 2
Tombul Low-medium Apical 3.884 027 94.72 £ 0.34 1 il
Tonda Bianca Medium Apical 0.96 + 0.08 98.13 + 0.08 1 |
Tonda di Giffoni High Uniform 7358+ 3 23.96 +2.8 5 2
Tonda Romana High Uniform 4551 £ 9.3 51.17 £ 9.31 3 2
Vermellet Medium Uniform 46.11 £ 5.8 53.27 £ 5.76 3 2
Wild Type 1 Medium-high Apical 264 +£0.12 97.02 +0.16 1 1
Wild Type 2 Medium-high Apical 1.85+0.3 97.81 £ 0.33 1 il

Kmec, cluster membership following k-means clustering; Hc, cluster membership based on hierarchical clustering.
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Aroma compound Aroma quality OAV OAV OAV OAV OAV OAV
(rawR)™  (roasted R™®  (awG)®  (roasted G)°  (rawA)® (roasted A)®

(E,£)-2,4-Decadienal Deep-fried <1 7 <1 1 8 6
(E,£)-2,4-Nonadienal Deep-fried 5 6 <1 1 <1 1
(2)-2-Nonenal Fatty 1 300 \ \ \ \
(@-2-Octenal Fatty <1 2 \ \ \ \
2,3-Butanedione Buttery <1 85 \ \ \ \
2,3-Diethyl-5-methylpyrazine Musty, nutty 9 266 9 204 9 103
2,3-Pentanedione Buttery <1 1,140 \ \ \ \
2-Acetyl-1,4,5,6-tetrahydropyridine  Caramel 46 229 46 219 46 81
2-Acetyl-1-pyrroline Popcorn-like 13 470 24 599 24 308
2-Acetyl-3,4,5,6-tetrahydropyridine  Roasted, caramel 36 184 36 132 36 36
2-Furfurylthiol Coffee-like 4 a7 8 8 8 8
2-Methoxyphenol Phenolic, smoky <1 2 \ \ \ \
2-Methylbutanal Malty <1 36 \ \ \ A\
2-Phenylacetaldehyde Green, floral <1 46 <1 48 <1 4
2-Propionyl-1-pyroline Popcorn-like 11 168 22 243 22 13
2-Thenylthiol Coffee-like <1 27 \ \ \ \
3-(Methyithio)-propanal Cooked potato 13 45 \ \ \ \
3-(Methylthio)propionaldehyde Musty, earthy 15 620 15 442 15 464
3,5,6-Trimethyl-2(6H)-furanone Seasoning-like <1 2 \ \ \ \
3,5-Dimethyl-2-ethylpyrazine Bumnt, roasted 1 25 1 1" 1 1
3-Ethyl-2,5-dimethylpyrazine Bumt, roasted <1 3 <1 2 <1 1
3,7-Dimethylocta-1,6-dien-3-ol Gitrus, floral 12 12 12 12 12 12
3-Methyl-4-heptanone Friy, nutty 218 81 126 143 93 91
3-Methyloutanal Malty 7 1,330 \ \ \ \
3-Methylbutanoic acid Sour, sweaty 2 8 1 4 1 3
4-Hydroxy-2,5-dimethyl-3(2H)- Caramel <1 89 1 79 1 45
furanone

4-Hydroxy-3-methoxybenzaldehyde  Vanilic, sweet <1 4 <1 2 <1 1
5-Methyl-(E)-2-hepten-4-one Nutty, fruity 60 2 130 2 71
Acetic Acid Sour 8 \ \ \
Dimethyl trisulfide Sulfurous, cabbage <1 84 <1 1 8 6
Hexanal Green 5 5 \ \ \
Octanal Fatty, soapy 3 28 \ \ \ \

OAV determined after roasting samples at 200°C for 9 min by Burdack-Freitag and Schieberle (2010) and at 160° for 23min by Kiefl and Schieberle (2013). (a) OAV from Burdack-Freitag
and Schieberle (2010); (b) OAV from Kiefl et al. (2013)
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Compound cAs Odor quality OT (ngrkg) 'DIT (polar) Chemical class Reference

(E)-2-Decenal 3918-71-1  Fatty, tallowy, orange-like 1014 1629 Aldehydes AB
(B)-2-Heptenal 18820-55-5  Fatty, almond-ike 14 1306 Aldehydes AB
(B-2-Hexenal 6728-26-3  Green, fresh 0.42% 1202 Aldehydes AC
(B)-2-Nonenal 18829-56-6  Fatty, cucumber-like 4 1510 Aldehydes AB
(B)-2-Octenal 2548-87-0  Fatty, nutty 50" 1415 Aldehydes AB
(B)-2-Pentenal 1576-87-0  Pungent, apple-lie 300% 1024 Aldehydes B
(B)-2-Undecenal 53448-07-0  Fruity, waxy 150,000% 1747 Aldehydes A
(B)-3-Hepten-2-one 1119-44-4  \ \ 1277 Ketones A
(E)-3-Penten-2-one 3102-383-8  \ \ 1,102 Ketones. B,C,D
(B)-Methyl-2-octencate 7367-81-9  Sweet, fruity \ 1386 Esters A
(E.5)-2,4-Decadienal 25152-84-5  Fatty 166" 1783 Aldehydes 3
(E.B)-2,4-Hexadienal 142-83-6  Green 270 1411 Aldehydes c
(E.5)-2,4-Nonadienal 5910-872  Fatty, waxy 150 1680 Aldehydes EA
(-3-Penten-2-one 3102:827  \ \ 1,001 Ketones B
1(H)-Pyrrole-2-carbaldehyde 1003-29-8  Musty, beefy 65,0007 2,024 Heterocycles B,D
1,2,3-Trimethylbenzene 506738\ \ 1301 Aromatics AC
4-Trimethylbenzene 95636 \ \ 1283 Aromatics c
Dimethylbenzene 108-38-3  Plastic 1,000%8 1122 Aomatics A
1-Butanol 71-36-3 Fruity 3,112% 1,089 Alcohols B
1-Cyclopentyl ethanone 6004-600  \ \ 1208 Ketones c
1-Decene 872:059  \ \ 1038 Akanes A
1-Dodecanol 112:53-8  Waxy, soapy 1,200%€ 1960 Alcohols A
1-Heptanol 111-70-6 Cucumber, citrus-like 20,000% 1,438 Alcohols A B,C
1-Hepten-3-ol 4938-52-7  Green, oy, tomato-like 3000 1367 Alcohols B
1-Heptene 502767\ \ 828 Alkanes A
1-Hexanol 111-27-3  Green, flowery 400* 1338 Alcohols AB.C
1-Hydroxy-2-propanone 116-09-6  Pungent, sweet, caramelic 10,000%8 1249 Ketones B,D
1-Methylpyrrole 96-54-8  Smoky, woody, herbal \ 1560 Heterocycles D
1-Nonanol 143-08-8  Floral, waxy 280° 1652 Alcohols AB
1-Nonene 124-118  \ 26,000% 930 Akanes A
1-Octanol 111-87-6  Chemical, metal, burnt 900% 1550 Aloohols AB.C
1-Octen-3-ol 3301-86-4  Mushroom-like 1% 1425 Alcohols AB
1-Octen-3-one 4312-99-6  Mushroom-like 10 1289 Ketones EAC
1-Octene 111-660  Gasoline 2,000% 851 Akanes A
1-Pentanol 71-41-0 Balsamic 470% 1,239 Alcohols A B,C
1-Tetradecanol 112:72-1 Waxy, fity 5,0004% 2183 Alcohols A
2-(1-Pyrrolylethanol 22186-60-3  \ \ 1,949 Alcohols B
2-(2-Ethoxyethoxy)-ethanol 111-900  Slightly ethereal 6,000°2 1572 Alcohols A
2(3H)-Furanone 20825712\ \ 1760 Lactones 8
2,2-Dimethyl-3-hexanone 505798\ \ 1070 Ketones 8
2,3,5-Trimethylfuran 10504-04-8  \ \ 1037 Heterocycles B,C.D
2,3,5-Trimethylaphthalene 2245-387  Earthy \ 1562 Aomatics c
2,3,5-Trimethylpyrazine 14667-55-1  Earthy 290~ 1376 Pyrazines E.C,B,D
2,3-Butanediol 513-85-9  Fity, onion-like 20,000% 1598 Alcohols D
2,3-Butanedione 431-03-8 Buttery 925 983 Ketones E,B
2,3-Diethyl-5-methylpyrazine 18138-04-0  Earthy, roasty 05* 1470 Pyrazines E
2,3-Dimethylpyrazine 5910-89-4  Nutty, cocoarlike 8802 1338 Pyrazines D
2,3-Pentanedione 600-14-6  Buttery 03" 1049 Ketones E,C,B,D
2,4-Dimethyl-8-pentanol 600-86-2  \ \ 1,400 Alcohols AB
2,5-Dimethyfuran 625-86-5  Ethereal, chemical 100,000%& 940 Aldehydes AB,C,D
2,5-Dimethylpyrazine 123-32:0  Nutty, cocoarlike 2,600 1817 Pyrazines c.D
2,6-Dimethylpyrazine 108-50-9  Nutty, cocoarlike 8,000% 1823 Pyrazines c.D
2-Acetyl-1-pyrroline 86213-22-5  Popcorn-like, roasty 0.002" 1,310 Heterocycles EB
2-Acetyl-1,4,5,6-tetrahydropyridine  25343-57-1  Popcorn-like, roasty 120 1638 Heterocycles E
2-Acetyl-3,4,5,6-tetrahydropyridine 27300-27-2  Popcorn-like, roasty 1.2¢ 1,638 Heterocycles E
2-Acetylfuran 1192-62-7  Sweet, balsamic, almond-ike 15,000%% 1,488 Heterocycles B
2-Acetylpyridine 1122629 Popcorn-like, earthy 500" 1,564 Heterocycles E
2-Butanone 78-983  Etheric 40,000% 952 Ketones AB,D
2-Butenal 4170303\ \ 1020 Aldehydes B,D
2-Butylfuran 4466-24-4  Fruity, spicy 10,0007 1,410 Heterocycles A
2-Oyclopenten-1,4-dione 930-60-9  \ \ 1681 Ketones B
2-Decanone 69354-9  Floral, fermented 60%8 1471 Ketones AB
2-Ethyl-1-hexanol 104-76-7 Citrus, fresh, floral 270%¢ 1,471 Alcohols B
2-Ethyl-2-hexenal 645625  \ \ 1255 Aldehydes B
2-Ethyl-3-methylpyrazine 15707-23-0  Fruity, sweet 130% 1899  Pyrazines c
2-Ethyl-5-methylfuran 1708-52-2  Terpenic, sweet \ 1021 Heterocycles AB,C
2-Ethyl-5-methylpyrazine 13360-64-0  Fruity, sweet 320 1373 Pyrazines B,C.D
2-Ethyl-6-methylpyrazine 13925-03-6  Fruity, sweet 40%3 1366 Pyrazines B,C,D
2-Ethylhexanal 123057\ \ 1,184 Aldehydes B
2-Ethylpyrazine 13925-00-3  Nutty, musty 17.000* 1805 Pyrazines B.C.D
2-Furfuryl mercaptan 98-02-2  Coffee-like, sulfury 037" 1,421 Heterocycles E
2-Heptanol 543497 Citrus, fruty 263~ 1297 Alcohols AB
2-Heptanone 110-43-0  Soapy, fruity 300 1,168 Ketones AB,C
2-Heptyliuran 3777717 Green, fatty \ 1,421 Heterocycles A
2-Hexanol 626-93-7  Winey, chemical 50,000%¢ 1,195 Alcohols A
2-Hexanone 591786 Fruity, fungal 98e 1082 Ketones B
2-Hexylfuran 3777-70-6 \ \ 1,318 Heterocycles A
2-Isopropyl-8-methoxypyrazine 25773-40-4  Peavlike, green pepper 005" 1414 Pyrazines E
2-Methoxyphenol 90-05-1 ‘Smoky, phenolic 15* 1,839 Alcohols E
2-Methyl-(E)-2-butenal 1115-11-3  Green, fruity 500%$ 1,004 Aldehydes C,D
2-Methyl-1-butanol 137-32:6  Roasted, winey 480% 1,78 Alcohols A
2-Methyl-1H-pyrrole 636-41-9  \ \ 1,664 Heterocycles B,C
2-Methyl-1-propanol 78-83-1  Sohventlike 660% 1,080 Alcohols AB
2-Methylbutanal 96-17-3  Malty 920 964 Aldehydes EABD
2-Methylbutyl propancate 2438202 Sweet, fruity, ethereal 28%3 1095 Esters B
2-Methylbutyric acid 116530 Sweaty 22t 1,667 Carboxylic acids E
2-Methylfuran 534225 Ethereal 27,000% 879 Heterocycles D
2-Methylfuran-3-one 41763-999  \ \ 1871 Heterocycles B
2-Methylpropanal 78-84-2 Green, pungent 430% 807 Aldehydes B,C,D
2-Methylpyrazine 109-080  Popcorn-like 27,000° 1262 Pyrazines c.D
2-Nonanol 628999 Waxy 58¢3 1,491 Alcohols A
2-Nonanone 821656 Fruity, soapy 100 1366 Ketones AB
2-Octanol 123-96-6  Mushroom, fat 100° 1,460 Alcohols A
2-Octanone 111137 Earthy, dairy 510% 1252 Ketones AB
2-Octene 11671\ \ 847 Alkanes A
2-Pentanol 6032297 Seedy, sharp 470% 1,401 Alcohols AC
2-Pentanone 107-87-9  Frity 350%¢ 958 Ketones AB,C,D
2-Pentylfuran 3777-693  Buttery, green bean-like 100 1221 Heterocycles AB,C.D
2-Phenoxyethanol 122:99-6  Floral, rose \ 2,143 Alcohols A
2-Phenylethyl Alcohol 60-12-8  Floral, sweet 2,000% 1912 Alcohols A
2-Propionyl-1-pyrroline 133447-87-7  Popcorn-like, roasty 0.1t 1,406 Heterocycles E
2-Pyrrolidinone 616-45-5 \ \ 2,042 Heterocycles B
2-Vinyl-5-methylfuran 10504-13-9  \ \ 1,160 Heterocycles B
3,5-Dimethyl-2-ethylpyrazine 1392507-0  Earthy 34" 1,440 Pyrazines EB.C
3,5-Dimethyl-4-heptanone 19549-84-9  \ \ 1,145 Ketones B
3-Butenoic acid 625387\ \ 1,627 Carboxylic acids c
3-Ethyl-2,5-dimethylpyrazine 13360-65-1  Burnt, roasted 166" 1,431 Pyrazines B,C,D
3-Furanmethanol 4412918\ % 1655 Alcohols c
3-Heptanol 589-82-2 Citrusy 2408 1,266 Alcohols A
3-Heptanone 106-35-4 Green, ketonic 80%8 1,129 Ketones A
3-Hydroxy-2-butanone 51386-0  Buttery 14x8 1234 Ketones B,D
3-Mercapto-3-methyl-1-butanol 34300-94-2  Meaty axg 1,643 Alcohols E
3-Methyl-1-butanol 123-51-3  Whiskey, malty, burnt 100~ 1,474 Alcohols B,C
3-Methyl-1H-pyrrole 616-43-3  \ \ 1,556 Heterocycles B
3-Methyl-2-butanol 598754 Musty, alcoholic 41078 1,417 Alcohols D
3-Methyl-2-cyclohexen-1-one 1193-18-6  Nutty, caramelic, phenolic \ 1698 Ketones B.C
3-Methyl-2-pentanone 565617\ \ 1013 Ketones B,C,D
3-Methyl-3-pentanol 77747 Fuity, green 2,500+ 1623 Alcohols 8
3-Methyl-4-heptanol 1838-73-9  \ \ 1826 Alcohols AB
3-Methyk-4-heptanone 15726-15-5  Fruity, nutty 0.86* 1,119 Ketones EAB
3-Methylbutanal 500863  Malty s 987 Aldehydes E.A.C,B,D
3-Methylbutyric acid 508-74-2 Sweaty 320% 1,667 Carboxylic acids E
3-Methylpyridine 108996 Green, carthy, nutty \ 1214 Heterocycles D
3-(methylthio) propionaldehyde 3268-49-3  Musty, earthy 0.18* 1,443 Aldehydes E
3-Methylundecane 1002433\ \ 1,167 Akanes A
3-Nonen-2-one 14300-57-0  Fruity, fatty 30%¢ 1482 Ketones A
3-Octanone 106-68-3  Herbal, mushroom 1.3 1240 Ketones A
3-Octen-2-one 1669-44-9  Earthy, creamy 250% 1882 Ketones A
3-Penten-2-one 625:33-2  Musty, fishy, phenolic 1,200¢% 1,104 Ketones A
3-Pyrroline 100966\ \ 1895 Heterocycles c
4-Ethenyl-2-methoxyphenol 7786610 Clove-like, smoky 50" 2222 Alcohols 3
4-Heptanol 589-55-9 Alcoholic 39,400%£ 1,255 Alcohols A
4-Heptanone 123-19-3  Fruity, cheesy 82x3 1,106 Ketones AB
4-Hydroxy-2,5-dimethyl-3(2H)- 3658773 Caramel-like, sweet 23 2083 Lactones EB
furanone
4-Hydroxy-3-methoxybenzaldehyde 121-33-5  Vanilic, sweet 181" 2591 Aldehydes E
4-Hydroxybutyric acid 591-81-1  Creamy, milky \ 1,604  Carboxilic acid A
4-Methoxybenzaldehyde 123115 Anise-like 120" 2017 Aldehydes E
4-Methylbenzaldehyde 104-87-0  Frity, cherry 1.0%¢ 1,642 Aldehydes c
4-Octanol 580628\ \ 1361 Alcohols A
5-Methyl-(E)-2-hepten-4-one 102322-83-8  Nutty, fruity 38" 1268 Ketones E.A.C,B,D
5-Methy-(2)-2-hepten-4-one 134357-02-1  Nutty, fruity 1,183 Ketones E.D
5-Methyl-2-furanmethanol 3857258 \ \ 1725 Heterocycles B8
5-Methyl-2-heptanone 18217-12:4  \ \ 1247 Ketones AB,C
5-Methyl-3,4-heptanedione 1367856-3  Fruity \ 1,159 Ketones 8
5-Methyl-5-hexen-2-one 3240-093  Fatty, green \ 1300 Ketones c
5-Methylfurfural 620-02-0  Almond-like, caramel-like, burnt sugar  1110%S 1,569 Heterocycles B,D
6-Methyl-5-hepten-2-one 110-98-0  Citrus, green, musty 1,000% 1334 Ketones c
6-Undecanone 927491\ \ 1506 Ketones A
Acetaldehyde 75-07-0  Pungent, fruity 0.22% 768 Aldehydes AB
Acetic acid 64197 Sour 147 1,442 Carboxylic acids E.A.C,B,D
Acetone 67-64-1 Solvent-like 460° 831 Ketones A B
Acetonitrile 750508\ \ 973 Solvent AB
Acetyipyrrole 1072-83-9  Nutty, anisic, sweet 2,000+ 1,976 Heterocycles B
Benzaldehyde 100-52-7  Almond, fruity 60% 1,495 Aldehydes AD
Benzyl alcohol 100-51-6  Floral, fruity 2,546+ 1,880 Alcohols AB
Butanal 123-72-8  Green, fruity, pungent 150 868 Aldehydes AB
Butanoic acid 107-92:6  Sweaty, rancid 135 1611 Carboxiic acid AB
Butyl benzoate 136-60-7  Balsamio, fruity \ 1874 Esters A
Butyl Butanoate 100-21-7  Fruity 28% 1,197 Esters AB
Chioroform 67663\ \ 1008 Solvent A
Decanal 112:31-2  Orange skin-lie, flowery 75% 1,475 Aldehydes AB
Decane 124-185  \ \ 1,000 Akanes A
Decanoic acid 334485 Fatty, soapy 230,000% 2265  Carboxilc acid AB
Dichloromethane 75-09-2 \ \ 918 Solvent A
Dimethyl trisulfide 3658-808  Sulfury 230 1852 Sulfides E
Dodecane 112403\ \ 1,198 Alkanes. A
Ethyl acetate 141-78-6  Solvent-like, fruity 10,000% 949 Esters AB,D
Ethyl benzene 100-41-4 \ \ 1,107 Aromatics A
Ethyl benzoate 93890 Minty, sweet 0648 1658 Esters A
Ethyl octanoate 106-32-1 Waxy, sweet 105 1,419 Esters A
Furfural 98011 Sweet 82,000° 1,438 Aldehydes B,C,D
Furfuryl alcohol 98000 Bumnt 32,000%¢ 1,656 Alcohols B,D
Heptanal 11717 Faty 50% 1,473 Aldehydes AB,C
Heptane 142-825  \ \ 700 Alkanes. A B,D
Heptanoic acid 111-14-8  Cheesy, fatty 100° 1,950 Carboxiic acid AB
Heptyl acetate 112:06-1  Green, fresh 6,300% 1858 Esters A
Heptyl formate 112232 Green, fatty \ 1306 Esters A
Heptyl heptanoate 624-09-9  Grassy, green \ 1,687 Esters A
Hexanal 66-25-1  Green, leaf-like 276* 1,070 Aldehydes AB,C,D
Hexane 110643\ \ 600 Alkanes. A B,D
Hexanoic acid 142-62-1  Fatty, cheesy 700¢ 1,854 Carboxiic acid AB
Hexyl acstate 142-92-7  Fruity, green 700% 1251 Esters A
Hexyl formate 620334 Frity, green \ 1199 Esters A
Limonene 138-86-3  Citrus-like 14,700% 1,145 Terpenoids AB,D
Menthol 2216515 Minty 180,000% 1623 Terpenoids A
Methyl dihydro jasmonate 24851-98-7  Floral, sweet \ 2,276 Esters A
Methyl pyruvate 600226\ \ 1,182 Esters B
n-Butyl ether 142:96-1  Ethereal 1300% 951 Ethers AB
Nonanal 124-19-6  Tallowy, fruity 610% 1382 Aldehydes AB,C
Nonane 111-84-2 Gasoline 2,160,000% 896 Alkanes A
Nonanoic acid 112:05-0  Waxy, cheesy 2400 2471 Carboxili acid AB
Octanal 124-13-0  Fatty, green 517 1,264 Aldehydes AB
Octane 111-659  Gasoline 1,340,000% 800 Akanes AB,D
Octanoic acid 124-07-2  Fatty, soapy 3,000 2070 Carboxili acid AB
Octyl acetate 112-14-1 Floral, waxy £140% 1,451 Esters A
Octyl ether 620823\ \ 2281 Ethers A
o-Xylene 9547-6  Geranium 1,600%€ 1,188 Aromatics c
p-Cymene 99-87-6  Fresh, citrus, terpenic 18,000% 1218 Terpenoids B
Pentanal 110-62-3  Pungent, almond-iike 150 957 Aldehydes AB
Pentanoic acid 100-52-4 Sweaty 400% 1,711 Carboxilic acid AB
Pentyl acetate 628637 Fruity, ethereal 780% 1,451 Esters A
Pentyl formate 638-49-3  Fruity, sweet, ethereal \ 1,100 Esters A
Pentyl hexanoate 54007-8  Fruity, sweet \ 1496 Esters A
Pentyl octanoate 638255 Earthy, sweet \ 1690 Esters A
Phenylacetaldehyde 122-78-1  Honey, flowery 25* 1,634 Aldehydes EB
Phtalide 87-41-2  Sweet, coumarinic \ 2317 Heterocycles B8
Propanal 123-38-6  Green, acetaldehyde-ike 9.4% 820  Aldehydes A
p-Xylene 106-42-3  Plastic 250°¢ 1137 Aomatics c
Pyranone 28564-832 | \ 2236 Heterooycles 8
Pyrazine 29087-9  Nutty, sweet \ 1204 Pyrazines D
Pyridine 110-86-1  Sour, fishy 920 1134 Heterocycles 8,0
Pyrrole 109-97-7  Nutty, sweet, ethereal \ 1513 Heterocycles B,C.D
Sabinene 3387-41-5  Terpenic 2,000%¢ 1072 Terpenoids B
Sabinene hydrate 546792 Terpenic 10,000~ 1640 Terpenoids 8
Styrene 100-42-5  Balsamic, almond 3,100 1245  Aromatics A
Terpinen-4-ol 562.74-3  Spicy, cooling 500%€ 1653 Terpenoids A
Tetradecane 629594 Mid, waxy 13,000,000¢ 1403 Alkanes A
Tetrahydrofuran 109999 \ \ 859 Heterocycles A
Toluene 108-88-3 Sweet 330% 1,088 Aromatics A B,C
trans-4,5-epoxy-(E)-2-Decenal 134454-31-2  Metalic 25% 1993 Aldehydes E
a-Pinene 7785-26-4  Herbal, woody 274 1012 Terpenoids AC
p-Caryophyllene 87-44-5  Sweet, woody 11,0002 1597 Terpenoids c
y-Butyrolactone 96-48-0  Creamy, oy, fatty 1,000%8 1625 Lactones B,D
'y-Heptalactone 105-21-6 Sweet, coconut, lactonic 3,400° 1,806 Lactones AB
y-Hexalactone 695-06-7  Sweet, creamy, lactonic 8,000° 1662 Lactones AB
y-Nonalactone 104610 Coconut 2,400° 2038 Lactones AB
y-Octalactone 104-50-7  Sweet, coconut, lactonic 38,5000 1924 Lactones AB
y-Pentalactone 129-60-8  Herbal, tonka \ 1561 Lactones A
y-Terpinene 99-85-4  Terpenic, lime 55,000%¢ 1241 Terpenoids AB
A-3-Carene 13466789 Citrus, herbal 9,300°¢ 1138 Terpenoids AC
$-Heptalactone 3301-90-4 Coconut, creamy \ 1,879 Lactones A

Samples include fresh and spoiled semples from varieties Tonda Gentil Triobata, Tonda Gentie Romana, Tonda Giffoni, Akgakoce, and Giresun blend. Experimental D retention index
) on DB-WAX or equivalent, odor threshold (OT) in oil or air, and odor quality included when available. Consensus table from references Alasalvar et al. (2003a), Nicolottiet al. (2013z),
Cialié Rosso et al. (2018), and Stio et al. (2021b). (a) compound and experimental I from Stio et al. (20211); (b) compound and experimental I from Cialis Rosso et al. (2018); (c)
compound and experimental I from Alesalvar et al. (20032); (o) compound and experimental I from Nicolotti et al. (20132); (e) compound and experimental # from Kiefl and Schieberle
(2013).") OT according to Kiefl and Schieberte (2013); #) OT according to Burdack-Freitag and Schisberle (2012); ) OT according to Sti et al. (2021b); %) OT according to Vian Gemert
OT reported in air (ng/m®) when OT in oil not available; ) OT reported in water when OT in oil and air not available.
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Amino acids  Tombul Turkey® USA® New Zealand®

Alanine 07 0.72 0.73 0.54
Arginine 2.16 2 221 1.87
Aspartic acid 1.52 1.49 1.68 1.33
Cysteine 0.46 Unidentifiable 0.28 0.27
Glutamic acid 313 284 371 2.86
Glycine 0.71 0.64 0.72 0.54
Histidine 0.45 0.42 0.43 0.32
Hydroxyproline 0.06 Unidentifiable  Unidentifiable Unidentifiable
Isoleucine 0.58 0.56 0.65 0.47
Leucine 1.07 1.15 1.06 0.82
Lysine 0.41 045 0.42 0.42
Methionine 0.23 0.16 0.22 0.18
Phenylalanine 0.66 0.64 0.66 0.56
Proline 0.56 0.59 0.56 0.49
Serine 0.65 0.72 0.74 0.56
Threonine 0.53 0.46 0.5 0.39
Tryptophan 0.04 Unidentifiable 0.19 Unidentifiable
Tyrosine 0.53 047 0.36 0.4
Valine 0.71 0.66 0.7 0.6

Table adapted from Alasalvar et al. (2003b) and Alasalvar and Shahidi (2008). 2"
varieties Aci, Cavcava, Cakildak, Fosa, Incekara, Kalinkara, Kan, Karafindik, Kargalak,
Kus, Mincane, Palaz, Sivri, Tombul, Uzunmusa, Yassi Badem, and Yuvariak Badem.
“b” unknown varieties. “c": varieties Whiteheart, Barcelona, Butler, Ennis, Tonda di Giffoni,
and Campanica.
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Term ID

ko04626
koO1110
ko00940
ko04075

Category

Organismal Systerns.
Metabolism
Metabolism

Environmental Information Processing

ovid

8
65

Gene Count

ov2.1

8
56
8
12

Ov3.1

5

6
7

ovid

216
129

Enrich factor

ov2.1

261
134
3.85
268

ov3.1

2.56

4.52
2.44

ovid

2.42E-02
1.13E-02

P-value

ov2.1

8.07E-03
7.95€-03
4.71E-04
9.65E-04

ov3.1

4.13E-02

1.33E-03
2.11E-02

Ov1.1, ovule formation, Ov2.1, early ovule growth, Ov3.1, rapid ovule growth. ko04626, Plant-pathogen interaction; ko01110, Biosynthesis of secondary metabolites; ko00940,
Phenylpropanoid biosynthesis; ko04075, Plant hormone signal transduction.
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Variety C16:0 C16:1 C18:0 C181 Ci82 C183

Cavacava 5.87 022 237 788 12.7 0.069
Cakildak 4.89 0.32 215 80.7 19 0.059
Fosa 5.62 037 1.70 79.0 13.2 0.074
Incekara 5.67 0.32 1.76 796 12.7 0.073
Kalinkara 571 0.42 242 795 1.9 0.067
Kan 6.72 0.32 2.30 81.8 9.82 0.063
Karafindik 5.62 028 237 789 128 0.058
Kargalak 4.89 0.42 0.86 81.0 12.7 0.067
Kus 5.69 <LoQ 0.87 799 135 0.076
Mincane 6.02 0.38 1.90 82.8 9.89 0.029
Palaz 4.87 0.34 213 776 15.0 0.076
Sivii 472 0.42 2.49 79.2 132 <LoQ
Tombul 617 0.48 1.76 7.8 14.8 0.064
Uzunmusa 5.70 0.46 1.41 788 136 0.069
Yassi Badem 4.87 0.28 1.43 81.1 122 0.046

Yuvarlak Badem 5.66 036 0.87 742 18.73 <LoQ

Table adapted by Kéksal et al. (2006).
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Sample Clean reads Total map Unique map Multi map Positive map Negative map

Ov1.1-ChiP 38,097,464 26,686,897 13,892,761 11,693,136 6,945,144 6,947,617
(67.159%) (36.466%) (30.693%) (18.230%) (18.236%)
Ovt.1-Input 62,043,222 42,156,639 16,840,975 25,315,664 8,413,937 8,427,038
(67.947%) (27.144%) (40.803%) (13.561%) (13.583%)
Ov2.1-ChiP 38,079,134 30,312,827 16,282,502 14,080,325 8,135,004 8,147,498
(79.605%) (42.760%) (36.845%) (21.363%) (21.396%)
Ov2.1-Input 50,194,378 42,143,941 23,487,361 18,656,580 11,742,531 11,744,830
(83.961%) (46.793%) (87.169%) (23.304%) (23.300%)
Ov3.1-ChiP 37,130,614 18,940,504 9,736,568 9,004,026 4,862,846 4,873,722
(50.998%) (26.216%) (24.782%) (13.093%) (18.123%)
Ov3.1-Input 32,329,742 26,563,921 12,301,206 13,262,715 6,147,990 6,163,216
(79.042%) (38.049%) (40.992%) (19.017%) (19.083%)

Ov1.1, ovule formation, Ov2.1, early ovule growth, Ov3.1, rapid ovule growth; ChIE, chromatin-immunoprecipitated DNA samples; Input: DNA samples before shearing.
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Cultivars

Ata-Baba
Barcelona
Gakildak

Fosa
Karafindik

Mincane
Mortarella

Nocchione
Palaz

San giovanni

Tombul

Tonda giffoni

Tonda gentile trilobata

Tonda gentile romana

Area of cultivation

Azerbaijan

Oregon (USA), Chile, France
Ordu (TR)

Trabzon (TR), Akgakoca (TR)
Akgakoca (TR)

Akgakoca (TR)
Campania (IT)

Lazio (IT)

Ordu (TR)

Lazio (IT)

Turkey (All regions)
Campania (IT)
Piemonte (IT)

Lazio (T)

Characteristics

‘Small nut with plane-round shape, thin shell

Large nut with conical shape (RI = 0.92), 43% kemeVnut ratio, intermediate blanching rate, thick shell.
Small nut with globular shape (Rl = 1), 46% kerneVnut ratio, high blanching rate, thin shell.

Small nut with globular shape (RI = 0.97), 50% kernel/nut ratio, high blanching rate, thin shell. Good flavor.
Small nut with a long shape (Rl = 0.83), 33.9% kernel/nut ratio, high blanching rate, thin shell

‘Small nut with a long shape (Rl = 0.87), 47% kernel/nut ratio, high blanching rate, thin shell

Medium to small nut with short cylindrical shape (Rl = 0.78), 45% kerel/nut ratio, high blanching rate, thin
shell. Excellent flavor.

Medium to large nut with globular shape (Rl = 0.97), 38% kernel/nut ratio, intermediate blanching rate, thick
shell.

Medium nut with globular shape (Rl = 0.99), 47% kemel/nut ratio, very high blanching rate, thin shel. Good
flavor.

Medium nut with short cylindrical shape (Rl = 0.76), 46% kernel/nut ratio, intermediate blanching rate,
intermediate shell thickness.

‘Smal nut with conical shape (Rl = 0.83), 50% kernel/nut ratio, very high blanching rate, thin shell. Ecellent
flavor.

Medium nut with globular shape (Rl = 1), 46% kemel/nut ratio, high blanching rate, thin shell. Excellent flavor.
European labeling: PDO-IT-0573-AMO1

‘Small to medium nut with flat shape (Rl = 0.98), 45.5% kernel/nut ratio, high blanching rate, thin shell
Excellent flavor. European labeling: PGI-IT-0305-AMO3

Medium nut with globular shape (Rl = 0.98), 45% kemel/nut ratio, intermediate blanching rate, thin shell.
Very good aroma. European labeling: PDO-IT-0573-AMO1
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Country  Tons (%)

Tukey 655,348 (67%)

Italy 120,837 (12%)

Azerballan 50,463 (5%)
USA 38,406 (4%)

Regions and
Provinces

Giresun, Ordu, Samsun
and Trabzun - (60%)

Sakarya, Zonguldak,
Bolu and Diizce - (40%)

Campania (~32%)
Piemonte (~30%)

Lazio (~25%)

Qabala and Qakh
Oregon

Cultivars

Tombul, Gakildak,
Mincane and Palaz

Karafindik, Mincane,
Gakildak and Fosa

Mortarella, San Giovanni
and Tonda Giffoni

Tonda Gentile Trilobata

Tonda Gentile Romana,
Nocchione and Tonda
Giffoni

Ata-Baba
Barcelona

Percentage values refer to the global production during the years 2017-2019.
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Roasted samples

Raw samples

Compounds GE-T IT-T GE_AN ITR GE-T IT-T GE-AN IT-R
Terpenes

(R) Phellandrene ND ND ND ND 91-99 ND >99 65-67
(S) Phellandrene ND ND ND ND 1-9 ND >1 33-35
(R) a-Pinene 70-72 48-70 66-78 57-68 71-82 54-73 70-87 55-59
(S) a-Pinene 28-30 30-52 22-34 32-43 18-29 27-46 13-30 41-45
(R) Limonene >1 14-19 18-39 ND 30-55 14-19 23-37 5-12
(S) Limonene >99 81-86 61-82 ND 45-70 81-86 63-77 88-95
(R) Linalool 69-77 46-58 69-81 ND 65-88 78-82 77-83 ND
(S) Linalool 23-31 42-54 19-31 ND 12-35 18-22 17-23 ND
Lactones

(R) y-Pentalactone 20-22 29-31 14-20 20-38 37-49 48-55 37-50 51-47
(S) y-Pentalactone 78-80 69-71 80-86 62-80 51-63 45-52 50-63 49-53
(R) y-Hexalactone ND ND ND ND 37-50 20-50 45-81 48-49
(S) y-Hexalactone ND ND ND ND 50-63 80-50 19-65 51-52
(R) y-Octalactone ND ND ND ND 44-58 30-52 47-50 39-44
(S) y-Octalactone ND ND ND ND 42-56 48-70 50-53 56-61
(R) B-Angelica lactone 48-52 50-55 49-54 NM ND ND ND ND
(S) B-Angelica lactone 48-52 45-50 46-51 NM ND ND ND ND
Ketones

(R)-Filbertone 13-16 27-33 8-11 25-26 8-11 16-17 5-8 10-11
(S)-Filbertone 84-81 67-73 89-92 74-75 89-92 83-85 92-95 89-90
(X) 4-Heptanone, 3-methyl 31-48 23-57 34-39 NM ND ND ND ND
(Y) 4-Heptanone, 3-methyl 52-69 43-77 61-66 NM ND ND ND ND
(X) 2-Butanone, 3-hydroxy- 48-49 47-48 49-50 48-52 41-42 31-43 35-42 15-27
(Y) 2-Butanone, 3-hydroxy- 51-52 52-53 50-51 48-52 58-59 57-69 57-65 63-85
(X) 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 6-11 8-12 6-10 NM >1 >1 >1 >1
(Y) 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 89-94 88-92 90-94 NM >99 >99 >99 >99
Alcohols and esters

(X) 2-Pentanol >99 >99 >99 >99 49-47 42-54 NM 48-50
(Y) 2-Pentanol >1 o >1 >1 51-53 46-58 NM 50-52
(R) ethyl-2-methylbutanoate ND ND ND ND 56-73 82-84 ND ND
(S) ethyl-2-methylbutanoate ND ND ND ND 27-44 16-18 ND ND
(X) (X) 2,4-Pentanediol 82-86 52-69 83-93 ND ND ND ND ND
(X) (Y) 2,4-Pentanediol 14-18 31-48 7-17 ND ND ND ND ND

ND, not detected; NM, not possible to measure because of interfering compounds. When > 99/ < 1 composition is reported only one enantiomer has been detected.
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Compound

3-Methylbutanal
2,3-Pentanedione
2-Acetyl-1-pyrroline
(Z2)-2-Nonenal
Dimethy! trisulfide
2-Furturylthiol
2,3-Butanedione

4-Hydroxy-2,5-dimethyl-3 (2H)-furanone

3-Methyl-4-heptanone

3-(Methyithio)-propanal or methional

2-Methylbutanal

Octanal

2-Thenyithiol
2-Ethyl-3,5-dimethylpyrazine
5-Methyl-(E)-2-hepten-4-one
(E,Z)-2,4-Nonadienal
(E,E)-2,4-Decadienal

Acetic acid

Hexanal

(Z2)-2-Octenal
2-Methoxyphenol
3,5,5-Trimethyl-2 (5H)-furanone
2-Propionyl-1-pyrroline
5-Methyl-(2)-2-hepten-4-one
3-Methylbutanal

a-Pinene

Ethyl 2-methyl butanoate
3-Isobutyl-2-methoxypyrazine
(E)-p-Damascenone
(E,E)-2,4-Nonadienal
1-Octen-3-one
3-Methylbutyric acid
2-Methylbutyric acid

Nonanal

2-Phenylethanol
(E)-2-Nonenal

(2)-2-Decenal

4-Methylphenol
(E)-2-Decenal
2-Methoxy-3-sec-butylpyrazine
3,5-Dimethyl-2-methoxypyrazine
Linalool

Limonene

Butyric acid

Pentanal

Phenylacetaldehyde

4-Ethenyl-2-methoxyphenol (Guaiacol)

y-Octalactone
Hexanoic acid
3,6-Dimethyl-2-ethylpyrazine

4-Hydroxy-3-methoxybenzaldehyde (Vanillin)
€) Molecules presenting sterecisomers

Symbol

>

[OENOREORNO)

Odor quality

Malty
Buttery
Popcorn-like
Fatty
Sulfurous, cabbage
Coffee-like
Buttery
Caramel
Fruity, nutty
Cooked potato
Malty
Fatty,soapy
Coffee-like
Earthy
Nutty, fruity
Deep-fried
Deep-fried
Sour
Green
Fatty
Phenolic, smoky
Seasoning.-like
Popcorn-like
Nutty, fruity
Malty, almond-like
Terpene-like
Fruity
Bell pepper-like
Apple boiled-like
Fatty
Mushroom-like
Sweaty
Sweaty
Soapy, Fatty
Honey-like
Fatty
Fatty
Horse-like
Fatty
Bell pepper-like
Bell pepper-like
Flowery
Lemon-like
Sweaty
Moldy
Honey-like
Spicy, phenolic
Fruity coconut-like
Sweaty
Earthy
Earthy

Odor threshold in oil (mg/L)

13
16
0.1
4.4
0.01
0.005 (in water)
10
60 (in water)

0.2
140
56
0.34
2
8.7
1.5
166
114
276
50
15
3.1
0.1

140
6
1
10
0.002
D.08
0.005
120-700
\

1 (in water)
750-1,110
0.08-1
0.3-0.4
55
0.3-0.4
0.001 (in water)
\

6
10
240
12-42

3-21
400
3,000
0.4
20-200

OAV roasted

1,330
1,140
360
300
164
86
85
77
66
45
36
28
27
21
13
11
10
8

- DD NN O

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

OAV raw

295

Key-aroma compounds (OAV > 1) are reported in italic. n.d.: not determined.
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Type Copy Average Total length Percentage

length (bp) (bp) (%)

miRNA 183 125 22,798 0.006578
tRNA 453 75 34,003 0.009811
rRNA rRNA 1,020 127 129,161 0.037267
18S 7 1,228 8,594 0.00248

28S 4 187 748 0.000216

5.88 8 155 1,242 0.000358

58 1,001 118 118,577 0.034214

snRNA snRNA 595 114 67,860 0.01958
CD-box 408 105 42,759 0.012337
HACA-box 58 125 7,233 0.002087
splicing 129 139 17,868 0.005156

scaRNA 0 0 0 0
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Categories

DNA

LINE

SINE

LTR-RT
Satellite
Simple_repeat
Other
Unknown
Total

RepBase TEs TE Proteins De novo Combined TEs
Length (bp) Percentage in Length (bp)  Percentage in Length (bp)  Percentage in Length (bp)  Percentage in
genome (%) genome (%) genome (%) genome (%)
9,799,717 2.83 3,919,867 1.13 62,545,620 18.05 68,475,106 19.76
7,164,463 2.07 8,921,980 2.57 27,339,957 7.89 30,417,364 8.78
24,749 0.01 0 0 27,221 0.01 51,884 0.01
23,038,666 6.65 16,976,559 4.9 106,305,286 30.67 110,258,874 31.81
229,854 0.07 0 0 550,649 0.16 696,377 0.2
0 0 0 0 2,587,539 0.75 2,587,539 0.75
1,456 0 0 0 0 0 1,456 0
150,029 0.04 10,428 0 23,266,035 6.71 23,410,828 6.75
39,297,124 11.34 29,823,067 8.6 191,137,480 55.15 200,988,864 57.99
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VIPs values for PLS-DA model on cultivars
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Sequence Sequence Contig N50  Scaffold Chromosome anchoring rate (%)
length (bp) number (bp) N50 (bp)
Contig Contig Contig number  Contig length
number length (bp) (> 100 kb) (> 100 kb)
Draft genome 346,578,452 386 2,025,119 2,025,119 - - -
Genome assembly (+ Hi-C) 346,614,552 75 2,017,784 32,881,252 83.49 98.95 96.83 99.38
Chromosome assembly (+ Hi-C) 342,961,297 11 2,025,119 32,881,252 - - -
3,653,255 64 114,029 190,000 - - -

Unanchored sequences (+ Hi-C)
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Sequencing platform Mapping rate Paired mapping Coverage (%) Coverage at least Coverage at least Coverage at least
(%) rate (%) 4 x (%) 10 x (%) 20 x (%)

PacBio 92.46 - 99.72 99.54 99.32 99.13
Hi-C 91.04 84.89 98.97 98.67 98.27 97.66
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Total bases Total length  Total number Total number Max length Mean length N50 (bp) N90 (bp) GC content
(Gb) (bp) (> 2kb) (bp) (bp) (%)

Library 144.01 - 7,319,564 6,803,436 238,716 19,675 30,570 11,171 37.9
Assembly = 346,578,452 386 384 7,707,060 = 2,025,119 424,534 36.01
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Geographical area RMSE MAE Pearson correlation

West

Duzce 0.81 0.50 0.79"
Sakarya 0.71 0.57 0.93*
Zonguldak 1.70 1.40 0.58Ms
Mean 1156 0.82 0.72*
East

Giresun 2.21 1.77 0.69"s
Ordu 2.21 1.68 0.47"
Samsun 2.55 2.24 0.19"
Trabzon 1.26 0.99 0.89*
Mean 2.1 1.66 0.45*
Turkey 1.27 1.31 0.58*

The evaluation metrics of model accuracy are synthesized for the whole country
and are reported at regional and municipality level. "Sp > 0.05; “p < 0.05.
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Growth stage (A)
Early ripening
Full ripening
Province (B)
Diizce
Giresun

Ordu
Sakarya
Samsun
Trabzon
Zonguldak
Interaction
AxB

n.s., not significant.

**P < 0.01, different letters define significant differences according to the Tukey test.

Alternaria

1.8
6.2
4.1
7.2
22
4.7
4.0
1.1
4.6

Hok

ab

ab
ab

ab

Aspergillus

n.s.
1.3
1.2
n.s.
0.9
2.5
1.0
0.2
2.3
1.1
0.6

n.s.

Botryosphaeria

0.7
16.5

10.4
8.7
2.8

12.3

111
3.7

111

ab

bc
a

Diaporthe

0.9
24.2

8.0
19.3
16.7

1.9
261

8.4

8.1

b

cd
ab
bc

cd
cde

Fusarium
o

7.4
16.3

21.3
4.3
2.0

16.7
6.5
9.2

19.2

cd

ab
bcd
abc
ab

Penicillium

n.s
474
406
346
46.8
68.0
295
457
59.0
24.4

woh

cd
bc

de
bc
ab

Pestalotiopsis

n.s
0.3
0.2
n.s.
0.0
0.5
0.2
0.2
0.0
0.9
0.0

n.s.
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Province Location Internal Total defects Alternaria Aspergillus Botryosphaeria Diaporthe Fusarium Penicillium Pestalotiopsis

defectst (%) (%)

Dlzce West 0.2 0.6 37 0.0 18.5 152 39.3 28.9 0.0
Giresun East 0.9 3.0 18.3 3.3 17.4 35.9 3.0 19.6 0.0
Ordu East 1.0 2.3 3.0 0.7 5.6 32.2 2.6 63.0 0.4
Sakarya West 0.1 0.3 6.3 0.4 22.2 3.0 20.7 48.1 0.4
Samsun East 1.5 41 6.3 0.7 22.2 51.5 59 16.3 0.0
Trabzon East 0.8 3.1 1.5 1.9 7.4 15.2 5.6 59.3 0.7
Zonguldak West 0.0 0.3 9.3 11 22.2 16.1 30.0 48.7 0.0

Correlation internal defects —-0.07 0.32 —0.35 0.86™* -0.81* —-0.30 0.05

Correlation total defects —0.03 0.46 —0.33 0.81* -0.82* —-0.33 0.13

+Internal defects are intended as those visible after kernels half-cut; **P < 0.01; *P < 0.05.
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Index Correlation Loadings

PC1 PC2 PC1 PC2

5DMaxRain 0.59 0.23 0.26 0.14
AirFY —0.39 0.88 —0.18 0.53
AIrrtMY 0.27 —0.86 0.12 —0.52
Deser 0.93 —0.08 0.41 —0.05
Dry —0.81 -0.22 —0.36 —-0.14
DryS —0.42 —0.35 -0.19 —0.21
EmbergerC —0.56 0.74 —0.25 0.45
HotDaysN —0.62 0.16 —0.28 0.10
HW -0.32 0.05 —0.14 0.03
Med -0.17 —0.41 —0.07 —0.25
ModFournier 0.77 0.24 0.35 0.14
RainY 0.81 0.36 0.36 0.22
WetDaysN 0.81 0.22 0.36 0.14

The acronyms of the agrometeorological indices are explained in Table 1.
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Parameter

HoursStartCS
LW50CI
LWminClI
LWoptClI
RainStartCS
RHthresholdPF
ThresholdPF
TmaxCl
TminCl
ToptCl
TminPF
TmaxPF
DVSstart
DVSend
DVSopt

P

Description

Minimum number of consecutive hours with rainfall to trigger conidia spread
Dry hours to stop an infection event

Minimum leaf wetness duration to cause an infection
Maximum leaf wetness duration to cause an infection
Minimum rainfall amount to trigger conidia spread
Minimum relative humidity to trigger pycnidia formation
Sum of hourly temperature to trigger pycnidia formation
Maximum temperature to cause an infection

Minimum temperature to cause an infection

Optimum temperature to cause an infection

Minimum temperature to trigger pycnidia formation
Maximum temperature to trigger pycnidia formation
Phenological code to start the plant susceptibility period
Phenological code to end the plant susceptibility period
Phenological code where plant susceptibility is maximum

Modulation of the increase of rotten due to the inoculum load from previous year

Information on the inclusion in model calibration and calibrated value are also reported.

Units

J I3 3 I

mm
%
°C
°C
°C
°C
°¢
°C

Unitless

Unitless

Unitless
%

Under calibration

No
No
No
No
Yes
Yes
No
No
No
No
Yes
No
Yes
Yes
Yes
Yes

Optimized/default value

7
5
5
14
10.4
70
152.3
324
6.4
14.4
9.6
25.2
7.4
10.9
9.7
0.03
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Agrometeorological indices

Air frost yearly

Rainfall yearly

Air temperature mean yearly
Dryness

Dry spell

Emberger continentality
Heat wave

Hot days number
Mediterraneity

Modified fournier

Five days maximum rain amount

Wet spell
Desertification

Acronym

AIrFY
RainY
AIrTMY
Dry
DryS
EmbergerC
HW

HotDaysN
Med

ModFournier

5DMaxRain

WS
Deser

Unit of measure

Days year™
mm year~
°C
Days year™
Days year™
G
Days

Days year™
Unitless

mm

mm

Days year™
Unitless

1

1

1

1

1

1

Description

Number of days with Tmin <0°C

Annual precipitation

Mean annual air temperature

Number of days with precipitation <0.2 mm

Length of the longest dry period

Thermal excursion between the warmest and coldest month

Maximum number of consecutive days when Tmax >mean yearly
Tmax + 3.0°C

Number of days with Tmax >31°C

Ratio between the total precipitation in the warm and cold season. The
higher the value, the more similar the climate to Mediterranean climate
Modified Fournier index calculated as the ratio between squared
monthly precipitation and annual precipitation. The lower the value, the
higher the dryness

Maximum total precipitation in 5 days

Length of the longest rainy period

Desertification index calculated as the ratio between total annual
precipitation and evapotranspiration. The lower the value, the higher the
dryness

Ref.

® O O ®» T T o

fo)

Tmax: daily maximum air temperature (°C); Tmin: daily minimum air temperature (°C). References (Ref.): (a) Barnett et al., 2006; (b) basic statistics; (c) Emberger, 1930;
(d) Le Houérou, 2004; (e) UNEP, 1992; () FAO/UNEP, 1977.
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Site VPD lower limit at VPD at Gax VPD upper limit mean Gg,,s in

80% Gsurr at 80% Gy interval VPDgg

(kPa) (mol m—2s—1)
AO 0.15 0.35 0.55 0.15
Al 0.20 0.45 0.70 0.09
A2 0.45 1.10 1.75 0.15
C1 0.40 0.70 1.20 0.28
c2 0.50 0.90 1.45 0.39
F1 0.30 0.35 0.95 0.49
G2 0.20 0.35 0.50 0.52
11 0.10 0.40 0.90 0.38
General mean 0.29 0.58 1.00 0.30

The mean absolute value of Ggyrs within the interval of VPDgg is reported.
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OPS/images/fpls-12-767916/fpls-12-767916-t003.jpg
Site Ggyrf =m*In(VPD) + b

G@1 kPa

b m m c.i. R2 (mol m—2s~1) (mol m—2s~1)
A0 0.095 —0.046 d —0.047 —0.044 0.98 0.166 (0.377) 0.103 (0.05)
Al 0.067 —0.027 e —0.027 —0.026 0.98 0.094 (0.082) 0.064 (0.039)
A2 0.124 —0.030 e —0.036 —0.023 0.97 0.171 (0.081) 0.164 (0.089)
C1 0.266 —-0.134 a —0.138 —0.129 0.98 0.313 (0.151) 0.288 (0.087)
C2 0.404 —-0.192 c —-0.197 —0.186 0.98 0.42 0.14) 0.415 (0.121)
F1 0.397 —0.190 a —-0.197 —0.181 0.97 0.534 (0.516) 0.423 (0.186)
G2 0.305 —0.165 b —-0.174 —0.156 0.93 0.586 0.41) 0.363 (0.303)
1 0.318 —0.154 b —-0.157 —0.150 0.98 0.424 (0.208) 0.337 (0.125)

Seasonal Gmax and Ga1kpa are also reported per site with SD in brackets.

Significance level of m difference between sites (A0 as reference), Cls of the semi-logarithmic curve and adjusted-R squared at corresponding sites.
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Site Mean VPD Air temperature Global radiation vwcC

(kPa) min (°C) mean (°C) max (°C) (MJm—2day 1) (m®m~3)

AO 1.93 (0.71) 1.9 23.94 43.7 n.i. 0.16(0.02)
A1 2.66 (0.99) 2.74 28.04 46.6 26.77 0.09 (0.03)
A2 1.35 (0.67) —5.82 195 39.4 25.04 0.41(0.02)
&l 1.01 (0.31) —4.96 17.56 37.66 29.51 0.33 (0.05)
c2 1.40 (0.41) —-1.08 20.96 38.59 29.51 0.34 (0.06)
Fi 1.16 (0.46) 15 22.86 37.95 19.56 0.40 (0.06)
G2 1.01 (0.41) 7.9 25.01 40.2 n.i. 0.45 (0.04)
1 1.46 (0.54) 2.71 25.04 38.9 19.67 0.20 (0.07)
mean 1.498 0.62 22.86 40.37 25.01 0.29

Mean VPD (SD in brackets) and minimum mean and maximum temperature of the air measured at the orchard canopy level; global radiation of the period (global radiation
data from National Aeronautics and Space Administration Prediction of Worldwide Energy Resources (https://power.larc.nasa.gov/) and volumetric water content (VWC)
of the soil measured with TDR soil probes.
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Site Tree spacing Tree height Sprout n. Tree basal area LAI Fruit load Cultivar Training system
(m) (m) (n.) (dm?) Kg/tree
A0 4x5 3.2 (0.25) 9.8 6.11) 0.69 0.19) 0.99 2 E Single stem
Al 4x5 2.1 (0.15) 7.5 (2.07) 0.58 (0.10) 0.70 1 TG Multi stem
A2 4x5 3.2 (0.03) 4.3 (0.51) 0.94 (0.09) 1.39 n.a. TG Multi stem
C1 6x5 2.8 (0.27) 7 (1.10) 1.87 (0.16) 1.90 5.9 TG Multi stem
c2 4x6 4.5 (0.12) 5.8 (1.72) 2.23 (0.24) 3.05 7.4 T Multi stem
F1 3x5 5.2 (0.27) 3.1 (0.88) 2.65 (0.37) 6.10 7.9 TG Single stem
G2 3x5 3.5 (0.80) 11 (3.35) 1.43 (0.36) 2.06 45 TG Multi stem
11 5x5 3.8 (0.12) 6.5 (1.64) 2.44 (0.54) 8.12 55 TT Multi stem

Non-available data = na.
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Chemical property

N (mgkg™)

P (mgkg™")

K(mg kg™")

PH (Hz0)

pH (CaCly)

Soil organic matter (%)
Na (mg kg™")
Ca(mgkg™")

Mg (mg kg™")

Al(mg kg~")

Alsat (%)

CEC (cmol+ kg™")

X basis (cmol+ k™)
B(mgkg™")

Zn(mg kg™")
Cu(mgkg™)

Fe (mgkg™")

Mn (mg kg~")

S (mgkg™")

Ext. Al (mg kg™")

Soil

25 +231
6042
166 = 10
6.0 £ 045
5.13 £ 0.04
23 +£1.87
9.2 +0.00
1,492 + 216
248 £1.22
3.6 £ 0.00
0.40 + 0.01
9.98 +1.12
1,908 + 227
0.36 + 0.01
1.08 + 0.04
4.15 £ 0.90
33+ 1.11
213 £ 0.04
26 +£2.04
1,100 + 34

Leaf

2,600 & 32
113£3
1246 7

162419
6,430 = 12
1,400 £ 1
100+ 16

261
292

Soil samples were collected from 0 to 30 cm depth in October 2016. Values represent the

mean (n = 3) £ SE.

* Calculated as Alication exchange capacity [£ (K, Ca, Mg, Na, and A)j x 100.
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Cultivars Curcia Nociara Panottara Panottara Galati Parrinara Enzo Rossa TOT
Collica Collica Grande Galvagno
Virus-free plantlets/tested plantlets 16/17 16/16 28/23 18/20 27/27 10/10 14/15 124/128
94.12% 100% 100% 90% 100% 100% 93.33% 96.90%

Proportion of virus-free plantlets
Bold ones are percentage values, italic ones are absolute values
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Cultivar Shoot length (mm) Leave numbers (n)

Panottara Collica 13.98 + 0.14 7.67 £0.67
Panottara Galati Grande 1187 £ 0.09 8.43 £ 0.61

Parrinara 1473+ 0.14 10.00 + 0.63
Average 13.43 £0.07 8.70 +0.38
Significance* 0.003" 0.873

*The mean difference is significant at the 0.05 level.
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Cultivars

MTC

MTC-SS

Viability (%) Regrowth (%) Viability (%) Regrowth (%)

Curcia 3.0+ 18.3 3.0+ 18.3 60.0 + 49.8 23.0+ 43
Nociara Collica 7.0+254 3.0+ 18.3 47.0+50.7 13.0 £ 34.6
Panottara Collica 7.0+254 0.00 60.0 +49.8 30.0 + 46.6
Panottara Galati Grande 10.0 £30.5 3.0+ 18.3 80.0 &+ 40.7 30.0 &+ 46.6
Parrinara 10.0 + 30.5 7+25.4 93.0+25.4 53.0 + 50.7
Enzo 0.00 0.00 23.0+43 10.0 £30.5
Rossa Galvagno 10.0 £ 30.5 0.00 93.0+25.4 23.0 £ 43
Tot 704250 204158 65.0 +£47.7 26.0 £+ 44.1
Significance* 0.004* 0.003* <0.05* =0.05*

*The mean difference is significant at the 0.05 level.
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Cluster of sampling time Mean difference (I-J) +SE P value 95% Confidence interval
Lower bound Upper bound
December (P1) P2 -4.4 1.9 0.087 -9.0 <0.01
P3 —28.2* 1.9 <0.01* -34 24*
P4 -44.8* 1.9 <0.01* -50 -40*
January (P2) P1 4.4 1.9 0.087 <0.01 9.0
P3 —24.8* 1.9 <0.01* -30 -20*
P4 -40.4* 1.9 <0.01* -45 -36*
July (P3) P1 29.2% 19 <0.01* 24 34*
p2 24.8* 1.9 <0.01* 20 30"
P4 156" 1.8 <0.01* —20 -11*
September (P4) P1 44.8* 1.9 <0.01* 40 50"
P2 40.4* 1.9 <0.01* 36 45*
P3 15.6" 1.8 <0.01* 11 20"

*The mean difference is significant at the 0.05 level.
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Soil texture Soil water thresholds* m?3/block/day m3/block/season Rainfall

FC% PWP% TAW% Control Netted area Control Netted area (mm)
Clay 45 25 20 35 20 4305 2460 58.8
Clay loam 35 20 15 36 22 4428 2706

FC, field capacity; PWF, permanent wilting point; TAW, total available water.

*Soil water thresholds adapted from:

Ratliff et al. (1983) and Hanson et al. (2000).
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Cultivars

Sampling time

Average shoot proliferation rates (%)

December (P1) January (P2) July (P3) September (P4)
Curcia 0.0 9.0+ 29.0 15+ 359 66 + 47.6 23+41.8
Nociara Collica 4.0 £ 201 13 £ 341 52 + 50.1 58 + 49.6 32 + 46.6
Panottara Collica 3.0+ 15.7 5.0+21.9 0.0 0.0 2.0+ 13.6
Panottara Galati Grande 3.0+ 18.0 11 £81.2 50 + 50.2 64 +48.2 32 +46.7
Parrinara 5.0+21.9 13 £ 341 58 + 49.6 66 + 47.6 35+ 47.9
Enzo 0.0 0.0 14 +£35.0 28 +45.3 11 £30.8
Rossa Galvagno 13 £ 34.1 8.0+ 26.4 43+49.8 60 £+ 49.2 31 +£46.3
Total average (%) 4.0+19.7 8.0+ 27.8 33 +47.1 49 + 50.0 24 +42.5
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Treatments comparison Temperature Relative humidity
(significance level) (significance level)

Control vs. Black/White 20% <0.0001 0.9469
Control vs. Photo-Red 20% <0.0001 <0.0001
Control vs. Active-Blue 20% 0.9024 <0.0001
Black/White 20% vs. Photo-Red 20% <0.0001 0.0010
Black/White 20% vs. Active-Blue 20% <0.0001 <0.0001

Photo-Red 20% vs. Active-Blue 20% 0.0003 0.0181
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Cluster of cultivars Mean difference (I-J) +SE P value 95% Confidence interval
Lower bound Upper bound
Curcia Nociara Collica -9.4* 2.6 0.007* -17 2.0
Panottara Collica 20.6* 2.6 <0.01* 13 28*
Panottara Galati Grande -9.6* 2.6 0.005* -17 —2.0*
Parrinara -12.9* 2.6 <0.01* -21 -5.0
Enzo 11.9* 2.6 <0.01* 4.0 20"
Rossa Galvagno -8.5% 2.6 0.021* -16 -1.0
Nociara Collica Curcia 9.4* 2.6 0.007* 2.0 17
Panottara Collica 30.0* 2.6 <0.01* 22 38*
Panottara Galati Grande -0.2 2.6 1.00 -8.0 8.0
Parrinara -35 2.6 0.831 -11 4.0
Enzo 21.2* 2.6 <0.01* 13 29*
Rossa Galvagno 0.8 2.6 1.00 -7.0 9.0
Panottara Collica Curcia -20.6* 2.6 <0.01* 28 -13*
Nociara Collica -30.0* 2.6 <0.01* -38 22~
Panottara Galati Grande -30.2* 2.6 <0.01* -38 22
Parrinara -33.5* 2.6 <0.01* —41 —26*
Enzo -8.8* 2.6 0.016* -17 -1.0*
Rossa Galvagno —29.2* 2.6 <0.01* -37 21
Panottara Galati Grande Curcia 9.6* 2.6 0.005* 2.0 17
Nociara Collica 0.2 28 1.00 -8.0 8.0
Panottara Collica 30.2* 2.6 <0.01* 22 38*
Parrinara -3.3 2.6 0.868 -11 4.0
Enzo 21.5* 2.6 <0.01* 14 29*
Rossa Galvagno 1.0 2.6 1.00 -7.0 9.0
Parrinara Curcia 12.9* 2.6 <0.01* 5.0 21*
Nociara Collica 3.5 2.6 0.831 —4.0 11
Panottara Collica 33.5% 2.6 <0.01* 26 41*
Panottara Galati Grande 3.3* 2.6 0.868 -4.0 11
Enzo 24.8* 2.6 <0.01* 17 33*
Rossa Galvagno 4.4* 2.6 0.643 -3.0 12¢
Enzo Curcia -11.9* 2.6 <0.01* -20 —4.0*
Nociara Collica -21.2* 2.6 <0.01* -29 -13*
Panottara Collica 8.8" 2.6 0.016* 1.0 17
Panottara Galati Grande -21.5* 2.6 <0.01* -29 —14*
Parrinara —24.8* 2.6 <0.01* -33 -7
Rossa Galvagno -20.4* 2.6 <0.01* 28 -13*
Rossa Galvagno Curcia 8.5" 2.6 0.021* 1.0 16*
Nociara Collica -0.8* 2.6 1.00 -9.0 7.0
Panottara Collica 29.2¢ 2.6 <0.01* 21 37*
Panottara Galati Grande -1.0* 2.6 1.00 9.0 7.0*
Parrinara —4.4% 2.6 0.643 -12 3.0%
Enzo 20.4* 2.6 <0.01* 13 28*

*The mean difference is significant at the 0.05 level.
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Cultivars (C)

Total number (N) Mean +SD 95% Confidence interval for mean P value
Lower bound Upper bound

Curcia 480 23 41.8 19 26 <0.01*
Nociara Collica 480 32 46.6 28 36
Panottara Collica 480 2 13.6 1 3
Panottara Galati Grande 480 32 46.7 28 36
Parrinara 480 35 47.9 31 4
Enzo 480 11 30.8 8 13
Rossa Galvagno 480 31 46.3 27 35
Total 3360 24 42.5 22 25
Sampling time (St)
December (P1) 840 4 187 3 5 <0.01*
January (P2) 840 8 27.8 7 10
July (P3) 840 33 471 3 36
September (P4) 840 49 50.0 45 52
Total 3360 24 425 22 25
Explant type (E)
Singular buds 1680 12 32.5 10 14 <0.01*
Cuttings with one or two buds 1680 35 47.8 33 38
Total 3360 24 425 22 25
Treatment (T)
Without cold treatment at 4°C 1680 23 41.8 21 25 0.144
With cold treatment at 4°C 1680 25 431 23 27
Total 3360 24 425 22 25
Interactions: tests of between-subjects effects
C x St 0.007*
CxE 0.076
CxT 0.798
St E <0.01*
StxT 0.152
ExT 0.344
CxStxE <0.01*
CxStxT 0.011*
CxExT 0.001*
StxExT 0.001*
CxStxExT 1.000

*The mean difference is significant at the 0.05 level.
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Locus SSR CaT-B501 CaT-B504 CaT-B502 CaT-B107 CaC-B028 CaT-B507 CaT-B508 CaT-B503 CaT-B505 CaC-B020

Cultivar Alleles Alleles Alleles Alleles Alleles Alleles Alleles Alleles Alleles Alleles
Curcia Openfield 116 130 161 185 185 191 114 124 255 263 182 192 158 158 123 123 122 128 279 285
Greenhouse 116 130 161 185 185 191 114 124 255 263 182 192 1568 158 123 123 122 128 279 285
Nociara Collica Openfield 124 130 171 185 185 191 122 124 255 257 180 182 158 164 123 123 124 128 277 285
Greenhouse 124 130 171 185 185 191 122 124 255 257 180 182 1568 164 123 123 124 128 277 285
Panottara Collica Openfield 116 126 171 185 185 185 122 136 257 278 192 196 158 162 123 123 116 128 287 287

Greenhouse 116 126 171 185 185 185 122 136 257 278 192 196 158 162 123 123 116 128 287 287
Panottara Galati Grande ~ Open field 124 130 171 185 185 185 114 122 263 278 180 192 158 158 123 123 116 128 285 287
Greenhouse 124 130 171 185 185 185 114 122 263 278 180 192 158 1568 123 123 116 128 285 287
Parrinara Openfield 116 130 161 185 191 199 120 124 2556 269 182 192 1568 168 115 123 120 122 285 285
Greenhouse 116 130 161 185 191 199 120 124 255 269 182 192 1568 168 115 123 120 122 285 285
Panottara Baratta Piccola Open field 116 122 175 181 187 203 122 122 263 267 180 182 158 1568 115 123 122 128 275 279
Greenhouse 116 122 175 181 187 203 122 122 263 267 180 182 1568 168 115 123 122 128 275 279

Enzo Openfield 126 130 173 185 191 191 120 124 2556 257 190 192 1568 168 123 129 120 128 285 287
Greenhouse 126 130 173 185 191 191 120 124 255 257 190 192 158 168 123 129 120 128 285 287
Rossa Galvagno Open field 124 130 171 185 185 185 114 114 257 263 190 192 1568 166 123 129 116 128 285 287

Greenhouse 124 130 171 185 185 185 114 114 257 263 190 192 158 166 123 129 116 128 285 287
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Air temperature (°C)
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Start date End date Mean air temperature (Tm,°C) Degree Summation Total Summation Mean air
Day Degree Day rainfall rainfall relative
(DD,°C) (£DD,°C) (R, mm) (ZR, mm) humidity
(RHmM, %)
Dizce
P1 1-Jan 30-Apr e 858 858 282 282 81
P2 1-May 30-June 17.3 1068 1926 168 450 87
P3 1-duly 31-July 22.2 690 2616 37 487 84
P4 1-Aug 31-Aug 22.6 700 3316 39 526 86
Giresun
P 1-Jan 30-Apr 7.4 888 888 70 70 70
P2 1-May 30-June 16.3 997 1885 155 225 84
P3 1-duly 31-July 21.0 652 2538 239 463 84
P4 1-Aug 31-Aug 21.6 671 3209 330 793 91
Ordu
P1 1-Jan 30-Apr 7.4 888 888 250 250 69
P2 1-May 30-June 16.4 999 1887 99 349 82
P3 1-July 31-July 214 655 2542 8 357 81
P4 1-Aug 31-Aug 21.9 680 3223 33 390 88
Sakarya
P1 1-dan 30-Apr 5.8 691 691 210 210 82
P2 1-May 30-June 16.3 994 1685 164 374 86
P3 1-duly 31-July 20.6 638 2323 85 459 86
P4 1-Aug 31-Aug 20.8 645 2968 54 513 88
Samsun
21 1-Jan 30-Apr 6.2 747 747 206 206 70
P2 1-May 30-June 15.3 934 1682 167 373 84
P3 1-duly 31-July 20.4 632 2314 16 389 82
P4 1-Aug 31-Aug 20.5 636 2949 53 443 90
Trabzon
P1 1-Jan 30-Apr 8.7 1041 1041 273 273 72
P2 1-May 30-June 17.6 1078 2116 190 462 84
PR3 1-duly 31-July 23.3 723 2839 33 495 80
P4 1-Aug 31-Aug 24.6 763 3602 123 618 85
Zonguldak
2 1-Jan 30-Apr 7.4 883 883 155 155 75
P2 1-May 30-June 17.7 1077 1961 3 158 82
23 1-July 31-July 221 686 2647 29 187 80
P4 1-Aug 31-Aug 22.0 682 3329 103 290 83
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Assembly SPAdes SPAdes hybrid  Minimap2- Miniasm Minimap2- MaSuRCA  MaSuRCA Pilon Canu Canu-Pilon
Miniasm-Pilon

# contigs 407 250 70 70 53 53 27 27

Largest contig 1,476,028 2,349,071 2,564,260 2,565,850 4,680,627 4,680,634 5,683,976 5,693,689

Total length 40,511,781 40,523,229 40,281,042 40,307,966 40,444,187 40,444,622 40,511,598 40,580,457

GC (%) 47.55 47.54 47.56 47.58 47.59 47.59 47.51 47.52

N50 505,135 933,909 1,028,994 1,029,726 1,490,135 1,490,144 2,950,366 2,955,107

N75 289,142 487,994 526,152 526,477 908,446 908,446 1,649,780 1,652,530

L50 26 16 14 14 9 9 5 5

L75 53 30 28 28 17 17 10 10

# N's per 100 kbp 0.42 0.12 0 0 0 0 0 0
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Species

Fusarium acuminatum
Fusarium avenaceum
Fusarium avenaceum
Fusarium avenaceum
Fusarium avenaceum
Fusarium avenaceum
Fusarium avenaceumn
Fusarium avenaceumn
Fusarium avenaceum
Fusarium circinatum

Fusarium culmorum

Fusarium fujikuroi

Fusarium fujikuroi

Fusarium graminearum
Fusarium graminearum
Fusarium lateritium

Fusarium oxysporum f. sp. koae
Fusarium oxysporum f. sp. lycopersici
Fusarium pseudograminearum
Fusarium pseudograminearum
Fusarium solani

Fusarium tricinctum

Fusarium tricinctum

Fusarium tricinctum

Fusarium venenatum
Fusarium verticillioides
Fusarium verticillioides

Strain

F829
F156N33
Fa05001

FalLHO3
FalLH27
NRRL 13321
S18/60
S18/70
S18/74
FSP34
Augusto2
CSVA1

PH-1
NRRL 13622
44
4287
CS3096
©S3270
ISc-1
INRA104
NRRL 25481
6
A3-5
BRIP53263
BRIP53590

Accession number

GCA_013363215.1
GCA_0182821356.1
GCA_000769215.1
GCA_000769305.1
GCA_000769295.1
GCA_013753855.1
GCA_019055295.1
GCA_019055285.1
GCA_019055275.1
GCA_497325.3
GCA_900074845.1
GCA_9663095.1
GCA_9663055.1
GCA_900073075.1
GCA_900044135.1
GCA_14898835.1
GCA_148571056.1
GCA_149955.2
GCA_303195.2
GCA_974265.2
GCA_13168735.1
GCA_900382705.2
GCA_012977725.1
GCA_003045085.1
GCA_900007375.1
GCA_3317015.2
GCA_3316995.2






OPS/images/fpls-12-788584/fpls-12-788584-g003.jpg
|

Fusarium solani |S169
X

——— Fusarium lateritium NRRL13622

Fusanum fujikuroi CSV1
Fusarium fujikuroi Augusto2
Fusarium oxysporum f. sp. koae 44
Fusanium oxysporum f. sp. lycopersici 4287
Fusarium circinatum FSP 34
Fusanum verticilloides BRIP53590
Fusanum verticilloides BRIP53263
Fusanum venenatum
.| Fusanium pseudograminearum CS3096
Fusanum pseudogrammearum CS3270
Fusarium culmor
Fusanum gammearum PH1
Fusarium graminearum
Fusanum acuminatum F829
Fusanum tricinctum INRA104
"Fusanium tricinctum NRRL25481
~Fusarium avenaceum F156N33
Fusarium avenaceum FalLH27
*Fusarium avenaceum S18/74
Fusarium avenaceum S18/60
“Fusanum avenaceum Fa05001
"*Fusanum avenaceum FaLH03
Fusanum avenaceum NRRL 13321
Fusanum avenaceum S18/70
— Fusanum tncinctumT6
Fusarium sp. PT

) |
-

Fusanum lateritium NRRL13622

Fusanum latentium NRRL13622
o[~ Fusanum oxysporum f. sp. koae 44
| [-—Fusan'um oxysporum f. sp. lycopersici 4287
we

1 [ Fusarium verticilloides BRIP53263

9 LFusanum verticilloides BRIPS3590
Fusarium circinatum FSP 34
10 [ Fusanum fujikuroi CSV1
Fusanum fujikuroi Augusto2
Fusanum venenatum
ml 1weof Fusanum pseudograminearum CS3096

we

I~ Fusarium pseudograminearum CS3270
Fusarium culmorum
[ FUSArium graminearum
Fusanum graminearum PH1
Fusanum sp. PT

Fusarium avenaceum F156N33
% Fusanum avenaceum Fa05001
L Fusarium avenaceum NRRL 13321

Fusarium venenatu
| Fusanum pseudogrammearum CS3270

Fusanum CS3096
Fusarium graminearum

Fusarium graminearum PH1
Fusarium culmorum

Fusanum sp. PT

Fusanum acuminatum F829
_l EFusan’um tricinctum INRA104
Fusarium tricinctum NRRL25481

Fusarium avenaceum F156N33
Fusanum avenaceum Fa05001

Fusanum avenaceum NRRL 13321
Fusarium avenaceum FaLH27
Fusanum tncinctum T6

Fusanum oxysporum f. sp. koae 44
I—C-Fusan'um oxysporum f. sp. lycopersici 4287

Fusanum verticilloides BRIPS3590

Fusarium solani )S169

Fusarium verticilloides BRIPS3263
Fusanum fujikuroi Augusto2
Fusanum fujikuroi CSV1

Fusarium circinatum FSP 34

Fusarium solani |S169
= o.or

=9 [l Fusarium avenaceum FaLH27
e Fusanum avenaceum S18/70
Fusanum avenaceum FaLHO3
Fusarium avenaceum S18/74
L) Fusanium avenaceum S18/60
Fusanum tncinctum T6
Fusarium acuminatum F829
wof Fusanum tricinctum INRA104
Fusarium tricinctum NRRL25481

-

Fusarium sp. PT "

Fusanum acuminatum F829

Fusarium tricinctum PRRLZOS:BI

Fusarium tricinctum INRA1 -

Fusarium tricinctum T6

Fusarium avenaceum F156N33 o

Fusarium avenaceum Fa05001

Fusarium avenaceum S18/60

Fusarium avenaceum S18/74

Fusarium avenaceum FaLHO03

Fusanum avenaceum S18/70

Fusarium avenaceum FaLH27

Fusarium avenaceum NRRL 13321

Fusarium venenatum

Fusarium pseudograminearum C$3270

Fusarium pseudogrammearum CS3096

l’u;ﬂl "o cul

Fusarium grammearum PH1

| Fusarium gra

Fusanum vert:cullondes BRIP53263
Fusarium verticilloides BRIP53590
Fusarium fujikuroi Augusto2

Fusarium fujikuroi CSV1

Fusarium circinatum FSP 34

Fusanum oxysporum f. sp. chopers:c: 4287
Fusanum oxysporum f. sp. k

Fusanium so 5169

[ [ 0 1

i V1 [ 150 I U (20 Fusarium Iatenajum NRRL13622





OPS/images/fpls-11-611655/fpls-11-611655-g002.jpg
Botryosphaeria

Alternaria

80

o
o

—— E— — e
», —=1 ; =
%, *, E
—Em \\oox o \\ow g
\\ob \o% —=m x\0$ \o% =
7 Vm« =
— = =
Q\Av v —=1 Q\\% v £
2 2 u
[ | %, [ — %,
He, m N o0
% = A =
— wmw, S " vmw) =
2, 2] H 4 2
2, = 2, =
— o e Hl % >
& = ¢ =
\»6 \wa.. (]
% % =3
e ——
C— % = o % n
7, D,
o o
— — . - —
g\wo &Wo
H \\\ow\ HE— \\\ow —
N %, "o H %, % -
| vmw\ e — @V +— E T
H 0\\ < H «\\\ < —_—
- %\\xo e | ,vs\\mo S e ————
Mooe, F s Hoe & 3 ——
o [ &, -~
] 7 Q —— e—— 7 ‘S — e —
H oo & u 2 = —Eeeee——
o) RS o) =
% = %) )
— — Q o EE— QL —
H Q&. Hi 0\\6 - —1
(7 <.
Hl 2 — ) —
%, % H 2, % e
g7 g7
(72 @
o o o & & o o [S) o o o o
O = (o] [oe] O < (o] [ee] O <+ (o]

(9%) @ouaproug (9%) @ouapiou] (9%) @duapiou]

0





OPS/images/fpls-12-778142/fpls-12-778142-t001.jpg
Virus name Primers Primers sequences (5'-3') Amplicon size (bp) Ann. temp. (°C)

ApMV Ap-s ATC CGA GTG AAC AGT CTATCC TCT AA
Ap-a GTA ACT CAC TCG TTATCA CGT ACA A 262 62
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Province

Dizce
Giresun
Ordu
Sakarya
Samsun
Trabzon
Zonguldak

Latitude

40.887375
40.838950
40.842222
40.986924
40.983461
40.950185
41.103993

Longitude

30.852033
38.635900
37.784444
30.746225
36.669167
39.991494
31.414249

Location

West
East
East

West
East
East

West
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Target region

B-tub gene

EF 1-a gene

ITS

Primer name

Bt2a
Bt2b
EF1-728F
EF1-986R
TS1
ITS4

Primer sequence Size of PCR amplicon
5’ GGT AAC CAAATC GGT GCT TTC 3’ 500 bp
5" ACC CTC AGT GTA GTG ACC CTT GGC 3’
3’ CAT CGA GAA GTT CGA GAA GG &' 350 bp
3 TAC TTG AAG GAA CCC TTACC &'
5’ TCC GTA GGT GAA CCT GCG G &' 600 bp

3 TCC GCT TAT TGATAT GC &5’
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5days 10 days

Treatment Tonda di Giffoni Barcelona Tonda di Giffoni
Black/White 20% 51.75a" 72.96a" 14452
Active-Blue 20% 46.25a" 65.2a 133.25ab"
Photo-Red 20% 32b 45.12b 120"
Open field (Control) 23.75b 33.48b 99

Pr > F(Model) *'p < 0,0001; *p < 0.001; p < 0.05.

Summary LS means [Tukey (HSD)]. The letters show statistically significant differences between variables.

Barcelona

203.7a"*
188.38ab™"
166.7b*
139.59¢

15 days

Tonda di Giffoni

162.26a"*
138.75ab™
123.5b"
102¢

Barcelona

211.45a**

193.88ab"*
170.2b*
142.59¢c
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R11 R12
Treatment Tonda di Giffoni Barcelona Tonda di Giffoni Barcelona
Black/White 20% 184.5a 190.98a 105.965a 123.304a™*
Active-Blue 20% 181.5a 187.39a 100.663a*** 116.075a™*
Photo-Red 20% 174.0a 179.64a 63.430b" 73.803b*
Open field (Control) 171.0a 177.01a 47.613c 55.038¢c
Pr > F(Model) *p < 0.0001; *p < 0.001; *p < 0.05.

Summary LS means [Tukey (HSD)]. The letters show statistically significant differ-

ences between variables.





OPS/images/fpls-11-611655/cross.jpg
3,

i





OPS/images/fpls-11-611655/fpls-11-611655-g001.jpg
1. Marmara
2. Central Anatolia

@ Zonguldak

Diizce

3. BlackSea
4, Eastern Anatolia

v

Samsun

Ordu  Giresun Trabzon

5. Aegen
6. Mediterranean

7. Southeast Anatolia





OPS/images/fpls-11-602766/fpls-11-602766-t004.jpg
Treatment Tonda di Giffoni Barcelona

Black/White 20% 135.500a*** 159.500a***
Active-Blue 20% 120.500ab** 143.250b***
Photo-Red 20% 107.250b* 119.250c
Open field (Control) 90.250c 117.500c
Pr > F(Model) ***p < 0,0001; *p < 0.001; *p < 0.05.

Summary LS means [Tukey (HSD)]. The letters show statistically significant
differences between variables.





