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Abstract

:

In this study, Italian industrial hemp (Cannabis sativa L.) intended for food use was isotopically characterized for the first time. The stable isotope ratios of five bioelements were analyzed in different parts of the plant (i.e., roots, stems, inflorescences, and seeds) sampled in eight different regions of Italy, and in five hemp seed oils. The values of δ2H, δ13C, δ18O, and δ34S differed according to the latitude and, therefore, to the geographical origin of the samples and the climate conditions of plant growth, while the δ15N values allowed us to distinguish between crops grown under conventional and organic fertilization. The findings from this preliminary study corroborate the reliability of using light stable isotope ratios to characterize hemp and its derived food products and contribute to the creation of a first isotopic database for this plant, paving the way for future studies on authentication, traceability, and verification of organic labeling.
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1. Introduction


Hemp is the common name of Cannabis sativa (Linnaeus, 1753), an annual and principally dioecious tall weed based on the C3 photosynthetic cycle [1], belonging to the family Cannabaceae [2]. It has a large number of traditional and innovative applications in different sectors, encompassing, among others, fuel, textiles, green building, and foodstuff, resulting in its global distribution as an emerging high-value specialty crop [3,4]. Particular interest has been aroused by hemp essential oils and bioactive compounds (e.g., non-psychotropic cannabinoids, flavonoids, terpenes, etc.), as well as by their cosmetic, nutraceutical, and pharmaceutical formulations, prompting several reviews summarizing traditional and innovative technologies (e.g., supercritical CO2) to effectively extract them from the plant while preserving their biological properties [5,6,7,8].



Nowadays, thanks to the increasing attention paid to healthy food and alternative diets (e.g., gluten-free, vegan, and vegetarian), the consumption of hemp flour-based products, hemp seeds, and oil is spreading widely. Hemp has a long history of cultivation in Italy [9]. It is noteworthy that Italy was the second world’s largest hemp producer until the Second World War [10] and in the 1950s, it was still one of the most important global hemp industries [11]. After years of planting ban, the Italian Law 242/2016 [12] has legalized the cultivation of industrial hemp again, so long as it has a content of delta-9-Tetrahydrocannabinol (Δ9-THC) lower than 0.2%. The introduction of this law led to an increase of hemp-cultivated fields, whose extension increased from 400 hectares in 2013 to 4000 hectares in 2018 [13].



Since the Italian market for hemp and its derived food products is becoming increasingly important [9,14], in 2021, the Italian hemp Federation has established the first guidelines for hemp cultivation (for plants intended for both the production of extracts and food use). The future aim is to define a proper rulebook, thus enhancing the product value and counteracting emerging cases of adulteration, especially arising from the use of foreign hemp seed oils of doubtful origin and quality [15,16].



In the literature, one of the most widely used methods for agro-product authentication and traceability is the stable isotope ratio analysis of bioelements [17,18,19]. Isotopic ratio measurements have indeed proven to be a valid tool to discriminate between biological and environmental processes and therefore provide a specific fingerprint of a product that is directly linked to its geographical and ecological origin [20]. Studies based on stable isotopes of C. sativa are mainly focused on defining the routes of marijuana illicit traffic and use the light stable isotopes (i.e., H, C, N, O) to track the origin of drug plantations [21,22,23,24], not considering the others multiple applications of hemp. To date, the potential of stable isotope ratio analysis of Italian industrial hemp intended for food use has not been explored.



The aim of this exploratory study was to determine the specific value ranges of five light stable isotope ratios (i.e., δ2H, δ13C, δ15N, δ18O, and δ34S) in Italian industrial hemp intended for food use, thus contributing to create a first isotopic database for this plant and paving the way for future studies on the authentication and traceability of food products derived from hemp, such as hemp flour-based foodstuffs, and the verification of their possible organic labeling, safeguarding the product and the producers against emerging cases of adulteration.




2. Materials and Methods


2.1. Sampling and Cultivation Sites


Eighty-four samples of hemp grown in open fields (8 roots, 26 stems, 38 inflorescences, and 12 seeds) and 5 hemp seed oil samples were hand-collected in 8 different regions of Italy between 2018 and 2019 (Figure 1). Udine sampling site in Friuli Venezia Giulia region (NE Italy; point No. 14 in Figure 1), has been the subject of a specific focus as all the parts of the hemp plant (roots, stem, inflorescences, and seeds) were sampled from two different cultivations: one subjected to synthetic fertilization (nitrogen-phosphorus-potassium, NPK), and one subjected to manure fertilization.



Every analyzed sample consisted of a pool of five-six plants separated into their different parts, which were then stored in polyethylene bags and kept at −20 °C until treatment. Details related to the location of the sampling sites, hemp cultivars, method of cultivation (conventional or organic), and extension of hemp fields are reported in Supplementary Material Table S1.




2.2. Stable Isotope Ratio Analysis


Isotopic analysis was carried out on freeze-dried, ground, and homogenized samples, except for oils, which were directly analyzed. Details on the pre-treatment procedure and decontamination process are reported in the Supplementary Material.



About 0.25 ± 0.05 mg of duplicate powdered sample were weighed into silver capsules for hydrogen (2H/1H) and oxygen (18O/16O) isotopic ratio analysis and introduced into a High-Temperature Conversion Elemental Analyzer (TC/EA), coupled with a Delta Plus XP Isotope Ratio Mass Spectrometer (IRMS; Thermo Fisher Scientific GmbH, Bremen, Germany). For the analyses of carbon (13C/12C), nitrogen (15N/14N), and sulfur (34S/32S) isotopic ratios, about 2.5 mg of triplicate powdered sample were weighed into tin capsules and introduced into a vario EL cube EA, coupled with an isoprime precisION IRMS (Elementar Analysensysteme GmbH, Langenselbold, Germany).



The isotopic ratios were reported in delta notation and calculated according to Brand and Coplen [25]:


   δ i  E =    R     i     s a m p l e   −  R     i     s t a n d a r d      R     i     s t a n d a r d      








where the superscript i indicates the mass number of the heavier isotope of element E (e.g., 18O), and R indicates the isotopic ratio of E (e.g., 18O/16O) in the sample and in an internationally recognized standard (Vienna-Standard Mean Ocean Water (V-SMOW) for δ2H and δ18O, Vienna-Pee Dee Belemnite (V-PDB) for δ13C, air nitrogen for δ15N, and Vienna-Canyon Diablo Troilite (V-CDT) for δ34S). The delta values were multiplied by 1000 and expressed in ‰.



The isotopic values for δ2H and δ18O were calculated against the United States Geological Survey (USGS) international reference materials USGS54 (Canadian lodgepole pine; δ2H = −150.4‰, δ18O = +17.79‰) and USGS56 (South African red ivorywood; δ2H = −44.0‰, δ18O = +27.23‰). The isotopic values for δ13C, δ15N, and δ34S were calculated against in-house working standards, which were themselves calibrated against the International Atomic Energy Agency (IAEA) and USGS international reference materials IAEA-CH-6 (sucrose; δ13C = −10.449‰), NBS22 (mineral oil; δ13C = −30.031‰), USGS40 (L-glutamic acid; δ13C = −26.39‰, δ15N = −4.52‰), IAEA-NO-3 (potassium nitrate; δ15N = +4.7‰), IAEA-SO-5 (barium sulfate; δ34S = +0.5‰), NBS127 (barium sulfate; δ34S = +20.3‰), USGS42 (Tibetan human hair; δ34S = +7.84‰), and USGS43 (Indian human hair; δ34S = +10.46‰). Reports with certified/recommended values, their associated uncertainty, and coverage factors can be found on the IAEA website (https://nucleus.iaea.org/sites/ReferenceMaterials/SitePages/Home.aspx, accessed on 28 February 2022) for IAEA-CH-6, IAEA-NO-3, IAEA-SO-5, NBS22, and NBS127 and the USGS website (https://isotopes.usgs.gov/lab/referencematerials.html, accessed on 28 February 2022) for USGS40, USGS42, USGS43, USGS54, and USGS56. For δ2H, δ13C, δ15N, δ18O, and δ34S, the uncertainty of the measurements (±1 standard deviation) was 1, 0.1, 0.2, 0.3, and 0.3‰, respectively.




2.3. Statistical Analysis


To examine trends among different stable isotope ratios, only the sampling sites with a minimum number of two samples were considered. Non-parametric statistical tests were performed. The Kruskal–Wallis test by ranks (p < 0.05) was employed for multiple comparisons, while possible rank correlation was assessed by means of the Spearman’s rank correlation coefficient. Non-parametric tests highlighted statistically significant differences among the different hemp sample populations and correlations among variables.





3. Results and Discussion


To date, no studies have been carried out on the stable isotope composition of Italian industrial hemp, and therefore, these are the very first data on C. sativa grown in Italy. The stable isotope composition of the investigated samples, divided by area and isotopic ratio, is shown in Table 1. The hemp seed oil bulk samples were analyzed only for hydrogen and oxygen isotope composition. In Figure 2 and Figure 3, only isotopic data retrieved from inflorescence samples are shown, since this is the only part of the hemp plant that was sampled in all the considered areas.



3.1. Carbon, Nitrogen, and Sulfur Stable Isotope Ratios in Hemp


The carbon stable isotope ratio is strictly related to the photosynthetic cycle of the plant species considered but, on a lesser extent, it is also related to the climatic conditions of the place of growth of the plant [26]. In this study, as expected, the mean δ13C values were within the typical range of C3 plants [27], varying from −30.9 to −23.6‰ (Table 1). These values are in line with those reported in other literature studies aimed at tracking the routes of drug illicit traffic for seized marijuana samples grown outdoor in different regions of Brazil (from −32 to −24‰ in Shibuya et al. [23]) and the USA (−28.2‰ as the mean outdoor value in West et al. [24]). Nevertheless, the paucity of literature data on stable isotope ratios of C. sativa makes a comparison with previous studies on this matter very difficult, especially considering that most of the research in this field has dealt with marijuana samples grown in indoor environment [21,22], characterized by a pronounced 13C-depletion (minimum δ13C values up to −53.8‰ in Booth et al. [21]; −51.8‰ in West et al. [24]), thus exceeding the range characteristic of C3 plants [27]. Our data showed a clear increasing trend as the latitude decreased (Figure 2), with the most negative values belonging to samples collected from Northern Italy, in agreement with the geographical and climatic conditions of the place of growth of hemp.



The nitrogen stable isotope ratio has been proposed as a marker to differentiate plants grown under conventional and organic regimes [28], since it reflects the type of fertilizer used for their growth. The δ15N values can vary from 0.3 to 14.6‰ in crops grown under organic fertilization and from −4.0 to 8.7‰ in those grown under conventional fertilization [29]. An exception to the above-mentioned ranges is related to crops organically grown with a fertilization strategy based on nitrogen-fixing plants, which leads to lower δ15N values, within the range of conventionally grown crops [26]. In this study, the mean δ15N values ranged between 0.6 and 11.3‰, which corresponded to the hemp inflorescences collected at Campoformido (Friuli Venezia Giulia) and Jolanda di Savoia (Emilia Romagna), respectively (Table 1). Both samples were labeled as organically grown. However, the mean δ15N values in samples collected at Campoformido, Seren del Grappa (Veneto), and Sassari (Sardinia), all labeled as organically grown, fell into the conventional range (Table 1; Figure 2). This may be due to a fertilization strategy based on leguminous plants, which affected the nitrogen values of the samples, lowering them [26]. Worthy of note is the mean δ15N value (10.7‰) of seed sample collected at Jesi (the Marche; point No. 3 in Figure 1; Table 1). Although this was labeled as a cultivation area under conventional regime, its δ15N values fell into the organic range, maybe because of the use of organic fertilizers.



As reported in the literature, the sulfur stable isotope ratio is affected by different factors, such as distance from the sea, microbial processes, kind of soil, fertilizers used, and anthropogenic inputs [30,31,32]. Most of the samples analyzed in this study showed positive mean δ34S values ranging between 0.5 and 12.9‰, with the only exception of samples from Piacenza (Emilia Romagna) and Jesi sampling sites, which showed negative mean values (−1.2 and −9.9‰, respectively; Table 1). This range of values agrees with those reported by Paolini [30] for plants. Since plants present a limited process of isotopic fractionation for sulfur [27], their δ34S values have been related to those found in the soil, and therefore, to the geographical origin of the considered samples. It should be noted that the inflorescence samples of (1) Udine and Sassari and (2) Piacenza and Caltagirone (Sicily) showed similar mean δ34S values (12.7 and 12.9‰, 0.7 and 1.4‰, respectively; Table 1; Figure 2), even if these sampling sites are geographically far from each other (Figure 1). This could be explained by the common nature of the bedrocks: carbonate for the former, and clay/calcareous for the latter [33]. The sampling area of Jesi represents an exception here too, with the inflorescence sample that presented a quite negative mean δ34S value (−9.9‰; Table 1; Figure 2), strongly different from that of all the other samples. This aspect is probably attributable to the geology of this area of Central Italy, where the Messinian evaporite formation may outcrop [33].




3.2. Hydrogen and Oxygen Stable Isotope Ratios in Hemp


The hydrogen and oxygen stable isotope ratios are influenced by climatic and geographical factors, which can deplete or enrich their values [34]. Furthermore, it is important to consider that the δ2H and δ18O values of plant organic matter reflect the plant’s primary source of water (irrigation or soil) and undergo an enrichment process during evapotranspiration and cellulose synthesis by the plant [27]. In this study, the mean δ2H values ranged from −200 to −68‰, with the lower values detected in all the five hemp seed oil samples considered (see, Section 3.3), while the mean δ18O values ranged from 17.9 to 28.7‰ (Table 1).



Considering the inflorescence samples, increasing mean δ18O values were observed when moving from North to South (mean difference over 15%; Figure 3), according to the meteorological conditions and the dynamic fractionation in the hydrological cycle [34]. The highest values were found in the sampling sites of Central and Southern Italy (i.e., Jesi, Sassari, and Caltagirone; Table 1; Figure 3), and this aspect can be related to two main factors: (i) the precipitation δ18O values [35] and (ii) the effects of warmer climates on evapotranspiration processes, which further enrich hydrogen and oxygen isotopic ratios. A similar, although less evident, positive tendency was shown also by the mean δ2H values, which are strongly influenced, in organic matter, by the isotopic composition of the water taken up by the plant [36] and by photosynthetic metabolism of cellulose [37]. Also in this case, the sample collected at Jesi represented an outlier, and its less negative mean δ2H value (−68‰; Table 1; Figure 3) could be related to precipitation values characteristic of coastal areas [35].




3.3. Hydrogen and Oxygen Stable Isotope Ratios in Hemp Seed Oil


In this work, we briefly investigated the hydrogen and oxygen stable isotope ratios in hemp seed oil bulk samples, collected in the following five different sampling sites, reported from North to South: Predaia, Jolanda di Savoia, Jesi, Sassari, and Caltagirone (Figure 1). As already reported in Section 3.2, the δ2H and δ18O values are generally affected by the climatic and geographical conditions of the considered sampling areas [38]. This aspect was highlighted also in the mean δ2H and δ18O values detected in this study in hemp seed oil samples (Table 1). Indeed, the mean δ18O values showed a clear trend, with increasing values in samples from Predaia (Trentino-South Tyrol, NE Italy; 17.9‰) to Caltagirone (Sicily, S Italy; 25.6‰) sampling sites. The same tendency was observed for the mean δ2H values (Predaia, −197‰; Caltagirone, −173‰), with the only exception of Jolanda di Savoia (Emilia Romagna, N Italy) sampling site, whose sample presented the lowest mean value detected in this study (−200‰; Table 1).



Marked differences were observed, as expected, in the mean δ2H and δ18O values moving from seed to oil samples, with a mean decrease of 65‰ for the hydrogen isotopic ratio and of 2.6‰ for the oxygen isotopic ratio. Indeed, this decreasing trend reflects the depletion of the cellulosic component in favor of the lipidic one, which is largely 2H-depleted relative to the bulk of the organic matter [39].



Notwithstanding the limited number of hemp seed oil samples considered in our study, a comparison with the literature data was hampered by the lack of δ2H and δ18O data on this matrix. To the best of our knowledge, the only research on stable isotope ratio analysis in hemp-derived oils was focused on δ13C determination in terpenes isolated from hemp inflorescence essential oils [40].




3.4. Insight on Stable Isotope Ratios in Hemp Collected at Udine Sampling Site


A specific focus was placed on the Udine sampling area in Friuli Venezia Giulia region (NE Italy; point No. 14 in Figure 1), whose samples were thoroughly analyzed, examining all parts of the hemp plant, from roots to seeds. Moreover, the samples were collected from two different cultivations: one grown under synthetic fertilization (NPK), and one under bovine manure fertilization.



This last aspect affected mainly the mean δ15N values, for which a marked enrichment (mean increase of 2.3‰) was observed in all parts of the hemp plant grown under organic fertilization (Figure 4). Conversely, all parts of the hemp plant grown under organic fertilization showed lower mean δ2H values than those from the conventionally fertilized cultivation, a tendency shown, although less evidently, also by the carbon and oxygen stable isotope ratios, except for the inflorescence samples (Figure 4). These trends have already been noticed for other kinds of plants such as wheat [41,42,43] and were hypothesized to be related to a higher transpiration and water evaporative loss in conventionally grown plants, and with differences in cultivation practices, such as plant density and growth rates, which can affect plant respiration, water uptake, and evapotranspiration. Lastly, δ34S exhibited more positive mean values in organically fertilized crops, with the exception of the inflorescence samples (Figure 4).



Moving from the roots to the inflorescences, increasing mean δ2H values were observed, while a pronounced depletion was registered for the δ2H values in the inflorescences compared to the seeds (mean decrease of 32%; Table 1), likely due to the lower cellulose content and a higher content of lipids in seeds [39]. This pattern was observed in both organically and conventionally fertilized cultivations (Figure 4). When considering conventionally grown hemp, slightly decreasing mean δ13C values were observed moving from the roots to the inflorescences, while slightly increasing values were measured in the seed samples. This variability was not mirrored in organically grown hemp (Figure 4). No noticeable difference was registered in the mean δ15N values moving from the roots to the seeds, regardless of the fertilization strategy (Figure 4). Instead, in conventionally grown hemp, slightly decreasing mean δ18O values were observed moving from the roots to the inflorescences, with a further slight enrichment in the seed samples. A different pattern was highlighted in organically grown hemp, with a decrease from the roots to the stems, and a further increase from the inflorescences to the seeds (Figure 4). The different trends between δ2H and δ18O values could be related to additional biochemical or source effects [37], linked to water evaporation in the leaves or to organic matter synthesis [44]. No clear pattern was observed for the mean δ34S values, regardless of the fertilization strategy (Figure 4). However, even if the plants present a limited process of fractionation for sulfur [27] (Section 3.1), the mean δ34S values in hemp inflorescence samples were higher than those detected in all the other parts of the plant (Figure 4).





4. Conclusions


This exploratory study allowed us to gather important data on the isotopic composition of Italian industrial hemp intended for food use, which will be useful in future studies to address authenticity and origin issues of this still little-investigated high-value emerging crop. The stable isotope ratios detected in this work showed peculiar characteristics that may be linked to samples’ geographical origin, fertilization practices, and climatic conditions of the plant growth areas. In particular, δ13C and, to a lesser extent, δ2H and δ18O, showed values clearly dependent on climatic conditions and latitudinal distribution of the investigated areas, δ15N values reflected conventional or organic fertilization practices, while δ34S values clustered different samples, probably according to the common nature of the bedrocks. A marked depletion in the mean δ2H and δ18O values was observed in hemp seed oil bulk samples compared to seed samples, likely driven by the high content of lipids in oil.



A wider sampling, with more representative areas and carried out under different climatic conditions, is needed to achieve a more robust isotopic tracing of the origin of hemp and to better understand the behavior of light stable isotopes in the biogeochemical processes of the hemp plant, exploitable also in other relevant industrial sectors, such as the textile, cosmetic, nutraceutical, and pharmaceutical branches.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/separations9060136/s1, Table S1: Sampling locations with altitude and extension of the hemp fields considered in this study, method of cultivation employed, varieties cultivated, and year of sampling. It should be noted that it was not possible to collect the whole hemp plant in each area, and the sampling period differed from Southern to Northern Italy, according to the stage of maturation of the crops. Sample pre-treatment procedure and decontamination process.





Author Contributions


M.C.: Conceptualization, Validation, Formal analysis, Investigation, Resources, Data Curation, Writing—Original Draft, Project administration; L.B.: Conceptualization, Validation, Formal analysis, Data Curation, Writing—Original Draft, Writing—Review & Editing, Supervision; S.P.: Formal analysis, Writing—Original Draft, Writing—Review & Editing; L.C.: Validation, Formal analysis; F.C.: Resources, Writing—Review & Editing, Supervision; B.S.: Writing—Review and Editing, Supervision, Project administration. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors and it was carried out in the frame of an Industrial PhD in Environmental Sciences at the Ca’ Foscari University of Venice with an agreement with Certottica S.c.r.l.—Italian Institute of Certification of Optical Products.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available within the article and in its Supplementary Material.




Acknowledgments


The authors are grateful to the Department of Agrifood, Environmental and Animal Sciences at the University of Udine (Mario Baldini and Fabio Zuliani), Soc. Coop. Molino Crisafulli a r.l. of Caltagirone (Giuseppe Sammartino), Azienda Agricola Anemós of Seren del Grappa (Andrea and Serena Turrin), and to all the other farmers for supplying the hemp samples. Finally, we thank Elga LabWater (Veolia Water VWS Ltd., High Wycombe, UK) for supplying the Purelab Ultra System used in this study.




Conflicts of Interest


The authors declare that they have no known competing financial interest or personal relationship that could have appeared to influence the work reported in this paper.




References


	



Tang, K. Agronomy and Photosynthesis Physiology of Hemp (Cannabis sativa L.). Ph.D. Thesis, Wageningen University & Research, Wageningen, The Netherlands, 2018. Available online: https://research.wur.nl/en/publications/agronomy-and-photosynthesis-physiology-of-hemp-cannabis-sativa-l (accessed on 18 October 2021).

	



Landi, S. Mineral nutrition of Cannabis sativa L. J. Plant Nutr. 1997, 20, 311–326. [Google Scholar] [CrossRef]

	



Amaducci, S.; Scordia, D.; Liu, F.H.; Zhang, Q.; Guo, H.; Testa, G.; Cosentino, S.L. Key cultivation techniques for hemp in Europe and China. Ind. Crops Prod. 2015, 68, 2–16. [Google Scholar] [CrossRef]

	



Ryz, N.R.; Remillard, D.J.; Russo, E.B. Cannabis Roots: A Traditional Therapy with Future Potential for Treating Inflammation and Pain. Cannabis Cannabinoid Res. 2017, 2, 210–216. [Google Scholar] [CrossRef] [PubMed]

	



Baldino, L.; Scognamiglio, M.; Reverchon, E. Supercritical fluid technologies applied to the extraction of compounds of industrial interest from Cannabis sativa L. and to their pharmaceutical formulations: A review. J. Supercrit. Fluids 2020, 165, 104960. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, H.-Y.; Li, S.-H.; Ma, W.; Wu, D.-T.; Li, H.-B.; Xiao, A.-P.; Liu, L.-L.; Zhu, F.; Gan, R.-Y. Cannabis sativa bioactive compounds and their extraction, separation, purification, and identification technologies: An updated review. TrAC Trends Anal. Chem. 2022, 149, 116554. [Google Scholar] [CrossRef]

	



Moreno, T.; Montanes, F.; Tallon, S.J.; Fenton, T.; King, J.W. Extraction of cannabinoids from hemp (Cannabis sativa L.) using high pressure solvents: An overview of different processing options. J. Supercrit. Fluids 2020, 161, 104850. [Google Scholar] [CrossRef]

	



Qamar, S.; Torres, Y.J.M.; Parekh, H.S.; Falconer, J.R. Extraction of medicinal cannabinoids through supercritical carbon dioxide technologies: A review. J. Chromatogr. B 2021, 1167, 122581. [Google Scholar] [CrossRef]

	



Giupponi, L.; Leoni, V.; Carrer, M.; Ceciliani, G.; Sala, S.; Panseri, S.; Pavlovic, R.; Giorgi, A. Overview on Italian hemp production chain, related productive and commercial activities and legislative framework. Ital. J. Agron. 2020, 15, 194–205. [Google Scholar] [CrossRef]

	



Baldini, M.; Zuliani, F.; Barbiani, G.; Cattivello, C. Coltivazione di varietà di canapa industriale nel medio Friuli: Nuove opportunità per una “vecchia” coltura. Not. ERSA Reg. Agency Rural. Dev. 2016, 3, 41–49. Available online: http://www.ersa.fvg.it/ex-port/sites/ersa/aziende/in-formazione/notiziario/allegati/2016/3/COLTIVAZIONE-CANAPA.pdf (accessed on 18 October 2021). (In Italian).

	



Cacchioni, D. Hemp and Industry in Italy: Between Pasts and Present. AGER J. Depopulation Rural. Dev. Stud. 2021, 32, 93–115. [Google Scholar] [CrossRef]

	



Law 242/2016. Disposizioni per la Promozione della Coltivazione e della Filiera Agroindustriale della Canapa. Law 2nd December 2016, n. 242; 2016. Available online: https://www.gazzettaufficiale.it/eli/id/2016/12/30/16G00258/sg (accessed on 13 December 2021). (In Italian).

	



Coldiretti—Italian National Confederation of Direct Farmers. Via Libera alla Cannabis a Tavola, Campi Decuplicati. Available online: https://www.coldiretti.it/economia/via-libera-alla-cannabis-tavola-campi-decuplicati (accessed on 18 October 2021). (In Italian).

	



Crini, G.; Lichtfouse, E.; Chanet, G.; Morin-Crini, N. Applications of hemp in textiles, paper industry, insulation and building materials, horticulture, animal nutrition, food and beverages, nutraceuticals, cosmetics and hygiene, medicine, agrochemistry, energy production and environment: A review. Environ. Chem. Lett. 2020, 18, 1451–1476. [Google Scholar] [CrossRef]

	



Federcanapa—Italian Hemp Federation. Linee Guida per la Coltivazione Della Canapa da Estrazione. Available online: https://www.federcanapa.it/coltivazione-canapa-industriale-estrazione (accessed on 18 October 2021). (In Italian).

	



Federcanapa—Italian Hemp Federation. Linee Guida per il Seme di Canapa ad Uso Alimentare. Available online: https://www.federcanapa.it/linee-guida-canapa-alimentare (accessed on 18 October 2021). (In Italian).

	



Altieri, S.; Saiano, K.; Biondi, M.; Ricci, P.; Lubritto, C. Traceability of ‘Mozzarella di Bufala Campana’ production chain by means of carbon, nitrogen and oxygen stable isotope ratios. J. Sci. Food Agric. 2020, 100, 995–1003. [Google Scholar] [CrossRef] [PubMed]

	



Bontempo, L.; Camin, F.; Perini, M.; Ziller, L.; Larcher, R. Isotopic and elemental characterisation of Italian white truffle: A first exploratory study. Food Chem. Toxicol. 2020, 145, 111627. [Google Scholar] [CrossRef] [PubMed]

	



Wadood, S.A.; Boli, G.; Yimin, W. Geographical traceability of wheat and its products using multielement light stable isotopes coupled with chemometrics. J. Mass Spectrom. 2019, 54, 178–188. [Google Scholar] [CrossRef]

	



Portarena, S.; Gavrichkova, O.; Lauteri, M.; Brugnoli, E. Authentication and traceability of Italian extra-virgin olive oils by means of stable isotopes techniques. Food Chem. 2014, 164, 12–16. [Google Scholar] [CrossRef]

	



Booth, A.L.; Wooller, M.J.; Howe, T.; Haubenstock, N. Tracing geographic and temporal trafficking patterns for marijuana in Alaska using stable isotopes (C, N, O and H). Forensic Sci. Int. 2010, 202, 45–53. [Google Scholar] [CrossRef]

	



Hurley, J.M.; West, J.B.; Ehleringer, J.R. Tracing retail cannabis in the United States: Geographic origin and cultivation patterns. Int. J. Drug Policy 2010, 21, 222–228. [Google Scholar] [CrossRef]

	



Shibuya, E.K.; Sarkis, J.E.S.; Negrini-Neto, O.; Martinelli, L.A. Carbon and nitrogen stable isotopes as indicative of geographical origin of marijuana samples seized in the city of São Paulo (Brazil). Forensic Sci. Int. 2007, 167, 8–15. [Google Scholar] [CrossRef]

	



West, J.B.; Hurley, J.M.; Ehleringer, J.R. Stable Isotope Ratios of Marijuana. I. Carbon and Nitrogen Stable Isotopes Describe Growth Conditions. J. Forensic Sci. 2009, 54, 84–89. [Google Scholar] [CrossRef]

	



Brand, W.A.; Coplen, T.B. Stable isotope deltas: Tiny, yet robust signatures in nature. Isot. Environ. Health Stud. 2012, 48, 393–409. [Google Scholar] [CrossRef]

	



Bontempo, L.; van Leeuwen, K.A.; Paolini, M.; Laursen, K.H.; Micheloni, C.; Prenzler, P.D.; Ryan, D.; Camin, F. Bulk and compound-specific stable isotope ratio analysis for authenticity testing of organically grown tomatoes. Food Chem. 2020, 318, 126426. [Google Scholar] [CrossRef] [PubMed]

	



Carter, J.F.; Chesson, L.A. Food Forensics. Stable Isotopes as a Guide to Authenticity and Origin; CRC Press: Boca Raton, FL, USA, 2017; ISBN 9780367782085. [Google Scholar]

	



Bateman, A.S.; Kelly, S.D. Fertilizer nitrogen isotope signature. Isot. Environ. Health Stud. 2007, 43, 237–247. [Google Scholar] [CrossRef] [PubMed]

	



Inácio, C.T.; Chalk, P.M.; Magalhães, A.M.T. Principles and Limitations of Stable Isotopes in Differentiating Organic and Conventional Foodstuffs: 1. Plant Products. Crit. Rev. Food Sci. Nutr. 2015, 55, 1206–1218. [Google Scholar] [CrossRef] [PubMed]

	



Paolini, M. Development and Implementation of Stable Isotope Ratio Analysis in Bulk Products and Sub-Components to Ensure Food Traceability. Ph.D. Thesis, University of Udine, Udine, Italy, 2017. Available online: https://hdl.handle.net/10449/37884 (accessed on 18 October 2021).

	



Zazzo, A.; Monahan, F.J.; Moloney, A.P.; Green, S.; Schmidt, O. Sulphur isotopes in animal hair track distance to sea. Rapid Commun. Mass Spectrom. 2011, 25, 2371–2378. [Google Scholar] [CrossRef]

	



Zhou, X.; Wu, H.; Pan, J.; Chen, H.; Jin, B.; Yan, Z.; Xie, L.; Rogers, K.M. Geographical traceability of south-east Asian durian: A chemometric study using stable isotopes and elemental compositions. J. Food Compos. Anal. 2021, 101, 103940. [Google Scholar] [CrossRef]

	



Costantini, E.A.C.; L’Abate, G.; Barbetti, R.; Fantappié, M.; Lorenzetti, R.; Magini, S. Soil Map of Italy; National Research Council and Minister of Agriculture Food and Forestry: Rome, Italy, 2012. Available online: https://esdac.jrc.ec.europa.eu/content/carta-dei-suoli-ditalia-soil-map-italy (accessed on 18 October 2021).

	



Gat, J.R. Oxygen and hydrogen isotopes in the hydrologic cycle. Annu. Rev. Earth Planet. Sci. 1996, 24, 225–262. [Google Scholar] [CrossRef]

	



Giustini, F.; Brilli, M.; Patera, A. Mapping oxygen stable isotopes of precipitation in Italy. J. Hydrol. Reg. Stud. 2016, 8, 162–181. [Google Scholar] [CrossRef]

	



Silveira Lobo Sternberg, L. Oxygen and Hydrogen Isotope Ratios in Plant Cellulose: Mechanisms and Applications. In Stable Isotopes in Ecological Research; Rundel, P.W., Ehleringer, J.R., Nagy, K.A., Eds.; Springer: Berlin/Heidelberg, Germany, 1989; pp. 124–141. [Google Scholar] [CrossRef]

	



Yakir, D.; DeNiro, M.J. Oxygen and Hydrogen Isotope Fractionation during Cellulose Metabolism in Lemna gibba L. Plant Physiol. 1990, 93, 325–332. [Google Scholar] [CrossRef]

	



Tarapoulouzi, M.; Skiada, V.; Agriopoulou, S.; Psomiadis, D.; Rébufa, C.; Roussos, S.; Theocharis, C.R.; Katsaris, P.; Varzakas, T. Chemometric Discrimination of the Geographical Origin of Three Greek Cultivars of Olive Oils by Stable Isotope Ratio Analysis. Foods 2021, 10, 336. [Google Scholar] [CrossRef]

	



Schmidt, H.-L.; Werner, R.A.; Eisenreich, W. Systematics of 2H patterns in natural compounds and its importance for the elucidation of biosynthetic pathways. Phytochem. Rev. 2003, 2, 61–85. [Google Scholar] [CrossRef]

	



Cucinotta, L.; De Grazia, G.; Micalizzi, G.; Bontempo, L.; Camin, F.; Mondello, L.; Sciarrone, D. Simultaneous evaluation of the enantiomeric and carbon isotopic ratios of Cannabis sativa L. essential oils by multidimensional gas chromatography. Anal. Bioanal. Chem. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Bontempo, L.; Camin, F.; Paolini, M.; Micheloni, C.; Laursen, K.H. Multi-isotopic signatures of organic and conventional Italian pasta along the production chain. J. Mass Spectrom. 2016, 51, 675–683. [Google Scholar] [CrossRef] [PubMed]

	



Georgi, M.; Voerkelius, S.; Rossmann, A.; Graßmann, J.; Schnitzler, W.H. Multielement Isotope Ratios of Vegetables from Integrated and Organic Production. Plant Soil 2005, 275, 93–100. [Google Scholar] [CrossRef]

	



Laursen, K.H.; Mihailova, A.; Kelly, S.D.; Epov, V.N.; Bérail, S.; Schjoerring, J.K.; Donard, O.F.X.; Larsen, E.H.; Pedentchouk, N.; Marca-Bell, A.D.; et al. Is it really organic?—Multi-isotopic analysis as a tool to discriminate between organic and conventional plants. Food Chem. 2013, 141, 2812–2820. [Google Scholar] [CrossRef] [PubMed]

	



Dawson, T.E.; Mambelli, S.; Plamboeck, A.H.; Templer, P.H.; Tu, K.P. Stable Isotopes in Plant Ecology. Annu. Rev. Ecol. Syst. 2002, 33, 507–559. [Google Scholar] [CrossRef]








[image: Separations 09 00136 g001 550] 





Figure 1. Map of the 2018 (red stars) and 2019 (black circles) sampling sites. 
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Figure 2. Box-plots of δ13C, δ15N, and δ34S values, expressed in ‰, of Italian industrial hemp inflorescence samples (Cannabis sativa L.) ordered according to the latitude of the sampling areas (from the highest to the lowest). V-PDB = Vienna-Pee Dee Belemnite, V-CDT = Vienna-Canyon Diablo Troilite, TM = Tolmezzo (UD), VZ = Verzegnis (UD), PD = Predaia (TN), GF = Gemona del Friuli (UD), BC = Baceno (VB), UD = Udine (f = grown under synthetic fertilization, m = grown under bovine manure fertilization), BV = Borgo Valbelluna (BL), CF = Campoformido (UD), AV = Altopiano della Vigolana (TN), SG = Seren del Grappa (BL), PC = Piacenza, JS = Jolanda di Savoia (FE), JE = Jesi (AN), SS = Sassari, CT = Caltagirone (CT). 
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Figure 3. Box-plots of δ2H and δ18O values, expressed in ‰, of Italian industrial hemp inflorescence samples (Cannabis sativa L.) ordered according to the latitude of the sampling areas (from the highest to the lowest). V-SMOW = Vienna-Standard Mean Ocean Water, TM = Tolmezzo (UD), VZ = Verzegnis (UD), PD = Predaia (TN), GF = Gemona del Friuli (UD), BC = Baceno (VB), UD = Udine (f = grown under synthetic fertilization, m = grown under bovine manure fertilization), BV = Borgo Valbelluna (BL), CF = Campoformido (UD), AV = Altopiano della Vigolana (TN), SG = Seren del Grappa (BL), PC = Piacenza, JS = Jolanda di Savoia (FE), JE = Jesi (AN), SS = Sassari, CT = Caltagirone (CT). 
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Figure 4. Box-plots of δ2H, δ13C, δ15N, δ18O, and δ34S values, expressed in ‰, of Italian industrial hemp samples (Cannabis sativa L.) collected at the Udine sampling site in Friuli Venezia Giulia region (NE Italy), ordered according to the part of plant and the fertilization strategy (conventional in red, organic in blue). V-SMOW = Vienna-Standard Mean Ocean Water, V-PDB = Vienna-Pee Dee Belemnite, V-CDT = Vienna-Canyon Diablo Troilite, R = Roots, S = Stems, I = Inflorescences, SD = Seeds, f = grown under synthetic fertilization, m = grown under bovine manure fertilization. 
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Table 1. Stable isotope ratios (mean values and standard deviation (S.Dev) expressed in ‰) of Italian industrial hemp samples (Cannabis sativa L.) ordered according to the latitude of the sampling areas (from the highest to the lowest); n refers to the number of samples analyzed.






Table 1. Stable isotope ratios (mean values and standard deviation (S.Dev) expressed in ‰) of Italian industrial hemp samples (Cannabis sativa L.) ordered according to the latitude of the sampling areas (from the highest to the lowest); n refers to the number of samples analyzed.





	
Samples

	
δ2H

	
δ13C

	
δ15N

	
δ18O

	
δ34S




	
Area

	
Type *

	
n

	
Mean

	
S.Dev

	
Mean

	
S.Dev

	
Mean

	
S.Dev

	
Mean

	
S.Dev

	
Mean

	
S.Dev






	
Tolmezzo (UD)

	
I

	
1

	
−117

	

	
−29.3

	

	
1.9

	

	
22.0

	

	
2.0

	




	
Verzegnis (UD)

	
I

	
7

	
−107

	
13

	
−28.8

	
1.1

	
2.4

	
0.9

	
22.1

	
0.5

	
6.6

	
1.7




	
S

	
7

	
−85

	
5

	
−28.4

	
0.8

	
0.8

	
0.9

	
23.9

	
0.7

	
3.9

	
1.7




	
R

	
1

	
−94

	

	
−28.5

	

	
0.9

	

	
24.1

	

	
4.7

	




	
Predaia (TN)

	
O

	
1

	
−197

	

	

	

	

	

	
17.9

	

	

	




	
SD

	
1

	
−149

	

	
−30.4

	

	
5.1

	

	
20.9

	

	
5.5

	




	
I

	
1

	
−98

	

	
−28.4

	

	
2.8

	

	
22.7

	

	
5.9

	




	
Gemona del Friuli (UD)

	
I

	
6

	
−96

	
5

	
−29.9

	
0.4

	
1.1

	
1.0

	
21.4

	
0.7

	
5.3

	
2.4




	
S

	
6

	
−103

	
10

	
−29.5

	
0.2

	
1.5

	
0.5

	
22.9

	
1.1

	
4.3

	
2.6




	
R

	
1

	
−110

	

	
−29.1

	

	
1.7

	

	
23.4

	

	
4.1

	




	
Baceno (VB)

	
I

	
1

	
−95

	

	
−28.0

	

	
6.3

	

	
22.2

	

	
3.1

	




	
Udine

	
SDf

	
2

	
−117

	
1

	
−27.9

	
1.4

	
2.7

	
0.01

	
24.0

	
0.8

	
8.7

	
0.5




	
SDm

	
1

	
−134

	

	
−29.3

	

	
4.8

	

	
23.7

	

	
9.5

	




	
If

	
2

	
−89

	
4

	
−28.5

	
0.3

	
2.0

	
0.2

	
23.1

	
1.0

	
12.7

	
1.2




	
Im

	
1

	
−100

	

	
−28.2

	

	
4.6

	

	
23.3

	

	
11.5

	




	
Sf

	
2

	
−94

	
5

	
−28.0

	
0.7

	
2.7

	
0.6

	
23.6

	
0.2

	
9.3

	
1.5




	
Sm

	
2

	
−113

	
0.1

	
−29.2

	
0.9

	
5.2

	
1.9

	
22.2

	
0.4

	
10.9

	
0.4




	
Rf

	
2

	
−105

	
9

	
−27.5

	
0.7

	
2.9

	
0.6

	
24.2

	
0.6

	
10.2

	
0.7




	
Rm

	
2

	
−125

	
0.1

	
−28.9

	
0.3

	
4.9

	
0.5

	
22.8

	
0.2

	
11.1

	
0.4




	
Borgo Valbelluna (BL)

	
I

	
2

	
−100

	
4

	
−27.8

	
0.4

	
4.9

	
0.2

	
23.2

	
0.4

	
5.3

	
0.1




	
Campoformido (UD)

	
I

	
6

	
−103

	
10

	
−29.1

	
0.8

	
0.6

	
0.8

	
22.6

	
0.6

	
10.8

	
1.0




	
S

	
6

	
−103

	
8

	
−28.7

	
0.5

	
1.1

	
0.5

	
23.2

	
0.3

	
8.6

	
1.6




	
R

	
1

	
−117

	

	
−28.6

	

	
1.9

	

	
23.9

	

	
8.7

	




	
Altopiano della Vigolana (TN)

	
SD

	
1

	
−141

	

	
−29.4

	

	
2.6

	

	
22.3

	

	
6.3

	




	
I

	
1

	
−101

	

	
−28.7

	

	
1.3

	

	
23.5

	

	
6.1

	




	
Seren del Grappa (BL)

	
SD

	
1

	
−138

	

	
−30.9

	

	
3.6

	

	
21.5

	

	
4.5

	




	
I

	
1

	
−116

	

	
−30.3

	

	
3.5

	

	
21.7

	

	
5.4

	




	
Piacenza

	
SD + I

	
2

	
−104

	
16

	
−27.5

	
0.4

	
5.0

	
0.3

	
23.4

	
0.4

	
0.7

	
1.4




	
S

	
2

	
−84

	
2

	
−26.7

	
0.1

	
4.7

	
0.8

	
24.5

	
0.4

	
−1.2

	
0.8




	
Jolanda di Savoia (FE)

	
O

	
1

	
−200

	

	

	

	

	

	
20.9

	

	

	




	
I

	
3

	
−85

	
18

	
−27.5

	
0.4

	
11.3

	
7.2

	
23.3

	
1.1

	
4.1

	
0.7




	
Jesi (AN)

	
O

	
1

	
−181

	

	

	

	

	

	
22.4

	

	

	




	
SD

	
1

	
−118

	

	
−28.5

	

	
10.7

	

	
23.7

	

	
2.8

	




	
I

	
1

	
−68

	

	
−23.6

	

	
8.3

	

	
28.6

	

	
−9.9

	




	
Sassari

	
O

	
1

	
−179

	

	

	

	

	

	
24.5

	

	

	




	
SD

	
2

	
−99

	
7

	
−27.8

	
0.4

	
3.1

	
0.7

	
27.3

	
0.2

	
10.5

	
0.2




	
I

	
2

	
−86

	
15

	
−26.9

	
0.4

	
2.7

	
0.1

	
25.7

	
0.2

	
12.9

	
0.6




	
Caltagirone (CT)

	
O

	
1

	
−173

	

	

	

	

	

	
25.6

	

	

	




	
SD

	
1

	
−104

	

	
−25.8

	

	
7.3

	

	
28.7

	

	
1.4

	




	
I

	
1

	
−80

	

	
−26.2

	

	
8.7

	

	
25.4

	

	
1.4

	




	
S

	
1

	
−88

	

	
−27.6

	

	
7.9

	

	
26.5

	

	
0.5

	




	
R

	
1

	
−93

	

	
−27.3

	

	
7.1

	

	
27.8

	

	
2.6

	




	
Minimum value

	
−200

	

	
−30.9

	

	
0.6

	

	
17.9

	

	
−9.9

	




	
Maximum value

	
−68

	

	
−23.6

	

	
11.3

	

	
28.7

	

	
12.9

	








* Samples are labeled as follow: O = Oils, SD = Seeds, I = Inflorescences, S = Stems, R = Roots. Only for Udine sampling area: f = grown under synthetic fertilization, m = grown under bovine manure fertilization.
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