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Abstract

:

Environmental cues elicit anthocyanin synthesis in plant vegetative and reproductive tissues. Their accumulation in different organs accounts for their diverse biological functions, mainly related to their antioxidant properties, and it depends on a temporally and spatially regulated mechanism controlled by the action of a well-known multi-transcription factor complex. Despite the highly recognizable value of Cannabis sativa L. as a natural biorefinery of phytochemicals, very little information is known on anthocyanin pigmentation in this species. In this work, a targeted quantification of anthocyanins via HPLC-MS/MS, combined with the transcriptional profile via RT-qPCR of genes encoding for structural and decorating enzymes and regulatory transcription factors in different C. sativa tissues, help gain insights into the anthocyanin pathway in this species. To the best of our knowledge, this is the first report on the identification of cyanidin-3-rutinoside (keracyanin) as the major anthocyanin in C. sativa vegetative and floral tissues. Keracyanin amounts were higher than in small berries, suggesting that Cannabis biomass is a valuable source of colored antioxidants to be exploited in diverse applications. Furthermore, a gene putatively encoding for an anthocyanin DTX35 type transporter and CsTTG1 were identified in silico and their transcriptional levels were assessed via RT-qPCR. The results allow us to provide the first model of anthocyanin regulation in C. sativa, opening a new research scenario in this species for both breeding purposes and phytochemical exploitation.
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1. Introduction


Anthocyanins are the major flower pigments, broadly distributed in land plants [1]. They play an ecological role in plants’ capability to interact within a changing environment and anthocyanin pigmentation is considered a “honest signal” for pollinators and seed dispersal agents of dietary reward and antioxidant content [2,3]. Furthermore, these secondary metabolites exert a defensive role in plants’ response to both biotic and abiotic cues, e.g., solar irradiation and pathogen attack [4,5].



Besides their biological functions, there is a wide interest in both health-promoting properties and industrial applications of polyphenols, and in particular of anthocyanins [6], due to their capability to scavenge reactive oxygen species (ROS) [7]. Indeed, these compounds can be used as active ingredients for several products, from nutraceuticals to natural dyes and food additives. Until now, research to develop nutraceutical products beneficial to human diets has been mainly focused on food crops; however, bioactive molecules from alternative plant sources (e.g., industrial crops) and from by-products of industrial cultivation can be relevant in a circular economy scenario.



Anthocyanins are water soluble compounds, stably stored in the plant cell vacuoles and synthesized through a branch of the flavonoid grid that uses the amino acid phenylalanine as precursor of the diphenylpropane skeleton (C3-C6-C3) [8,9]. Despite the conserved core of the five most abundant aglycones, there is a huge chemical diversity in anthocyanin structure, with more than 600 structures identified to date. These differ in their side-chain decoration patterns, that are usually taxa specific and account for unique biologically properties. Anthocyanin synthesis is one of the best examples of secondary metabolism grids, largely investigated, with genes encoding for structural enzymes identified both in model plants and crop species. Taking advantage of the high conservation among species and of the availability of genome sequencing data, which allows the in silico identification of ortholog sequences, the regulatory machinery controlling the timely and tissue specific accumulation of anthocyanins, composed of a complex of the three types of transcription factors MYB-WD40-bHLH, has also been deciphered [10,11]. Indeed, anthocyanin synthesis can be seen as a “model metabolic pathway” to study temporal and spatial control of gene expression in plants. Despite the efforts of characterizing the enzymatic routes leading to anthocyanin synthesis in several plant systems, there are still few studies addressing the compartmentation and spatial distribution of these secondary metabolites in plant cells and their catabolism. A fine understanding of genes encoding for decorating enzymes is required to specifically address the synthesis of selected anthocyanins via engineering approaches or breeding strategies [6,12].



Cannabis sativa L. is a known biorefinery of bioactive compounds, even though it is still poorly explored as a source of anthocyanins. Despite the phenotypic evidence of anthocyanin pigmentation in several genotypes and commercial strains, a robust biochemical and molecular characterization of anthocyanin traits in Cannabis is still lacking. In a previous work, we identified, through a genome wide analysis on cs10 genome, a core set of candidate genes for both the steps leading to anthocyanin synthesis in C. sativa tissues and their regulatory players represented by myeloblastosis (MYB) and basic-helix-loop-helix (bHLH) transcription factors [13].



In this work, we exploit a selection of genotypes with anthocyanin pigmentation to provide the first biochemical evidence of anthocyanin compounds in C. sativa via targeted HPLC-MS. Cyanidin-3-rutinoside (keracyanin) was identified as the major pigment in purple leaf, stem, and flower tissues. A targeted RT-qPCR profiling of genes encoding for biosynthetic enzymes and transcription factors was also performed to highlight candidate genes involved in keracyanin synthesis in selected tissues.



In addition to the previously identified candidates, in this work we provide the first evidence of a putative MATE type transporter, DETOXIFICATION 35 (DTX35), involved in the import of anthocyanins-3-O-rutinoside in Cannabis plant cell vacuoles.




2. Materials and Methods


2.1. Plant Material, Growth Conditions and Sampling


Six different C. sativa genotypes, namely Fibrante, S1750, S1652, S1759, V18 and PurpleF2, were cultivated outdoor in an experimental field located in Bologna, Northern Italy (latitude: 44.535160 longitude: 11.3565) in the 2021season. Sowing took place manually on May 4. Row distance was set as 0.5 m, no herbicides or pesticides were applied during the growing cycle. The cultivation was carried out under rainfed conditions and supported with a drip irrigation system when needed.



Green and pigmented samples for both chemical and molecular analysis were collected from two out of the six genotypes (Fibrante and S1750), as detailed in Table 1. These samples were taken in three biological replicates (n = 3). In addition, to enlarge the dataset for biochemical characterization, other samples diversified for pigmentation were collected as single samples from the other genotypes cultivated in the same plot test, as reported in Table 1. All samples were collected in liquid nitrogen and stored at −80 °C until analyses.




2.2. Chemicals and Reagents


HPLC-grade methanol, acetonitrile, water, perchloric and formic acids were purchased from Merck KGaA (Darmstadt, Germany). Cyanidin-3-O-glucoside chloride, cyanidin 3-rutinoside chloride and peonidin 3-glucoside chloride, used as authentic standards for anthocyanin identification and for calibration curves preparation, were from Extrasynthese (Genay Cedex, France).



The SpectrumTM Plant Total RNA kit was purchased from Merk Life Science S.r.l., (Milan, Italy) and the reagents for RT-qPCR analyses were all from Thermo Fisher Scientific (Waltham, MA, USA).




2.3. Anthocyanins Quantification by High Performance Liquid Chromatography Coupled with Diode Array Detection (HPLC-DAD)


The frozen samples were crushed using liquid nitrogen to obtain a fine powder. Extraction of anthocyanins was performed by adding 10 mL of pure methanol for each gram of powdered plant material and by shaking the samples in methanol for 24 h in the dark, at room temperature. After centrifugation at 10,000× g for 10 min, 2 mL of the supernatant was collected and stored at −20 °C until the analysis. All anthocyanins were separated and quantified by high-performance liquid chromatography (HPLC) using a Waters 1525 instrument equipped with a diode array detector (DAD) and a reversed-phase column (RP18 250 × 4.6 mm, 5 μM) with a pre-column (Phenomenex, Castel Maggiore, BO, Italy), as reported in [15]. Total anthocyanin quantification was performed at 520 nm using an external calibration curve with cyanidin-3-O-glucoside chloride as standard.



The Phenol-Explorer database (http://phenol-explorer.eu/, accessed on 20 January 2023) was accessed online on March 20, 2023, to search for cyanidin-3-O-rutinoside (C3R) abundance and concentration in “fruits and fruit products” and “vegetables” categories.




2.4. Anthocyanin Identification by High Performance Liquid Chromatography-Tandem Mass Spectrometry (HPLC-MS/MS)


Anthocyanins were identified by a liquid chromatography system HP 1290 Infinity Series equipped with a binary pump, a thermostated column compartment and a thermostated autosampler. The HPLC system was coupled with a 6420 Triple Quadrupole mass spectrometer, and both were from Agilent Technologies (Santa Clara, CA, USA). Experiments were carried out on selected sample extracts, choosing full scan and product ion as scan types. The following MS conditions were adopted throughout the trials: type of source: atmospheric pressure ionization-electrospray source (API-ES); polarity: positive; drying gas (nitrogen) temperature: 350 °C; gas flow: 13 L/min; nebulizer pressure: 50 psi; capillary voltage: +3500 V; collision gas: nitrogen; cell accelerator voltage: 3 V; collision energy: 25 eV; fragmentor: 80; and mass range: 250–1000 m/z. Compound separation was carried out on a C-18 column (Poroshell 120, SB-C18, 3.0 × 100 mm, 2.7 µm from Agilent Technologies, Palo Alto, CA, USA), using a flow rate of 0.8 mL min− 1, an injection volume and a column temperature set at 5 μL and 35 °C, respectively. The mobile phases consisted of 5% formic acid in milliQ water (A), and acetonitrile (B). The following multistep linear gradient was applied: 0 min, 5% B; 2 min, 7% B; 4 min, 9% B; 6 min, 12% B; 8 min, 15% B; 9 min, 16% B; 10 min, 17% B; 11 min, 17.5% B; 12 min, 18% B; 13 min, 100% B; 17 min, 100% B; 18 min, 5% B. The initial conditions were maintained for 5 min. Data were processed by the software MassHunter Workstation Software–Qualitative analysis (ver. B.06.00) from Agilent.




2.5. Bioinformatic Identification of Anthocyanin Encoding Genes and Phylogenetic Analysis


To identify C. sativa orthologs of the anthocyanin MATE type transporter DETOXIFICATION 35 (DTX35) and WD40 type TRANSPARENT TESTA GLABRA1 (TTG1), the C. sativa genome assembly cs10 was searched for using known anthocyanin encoding genes from other species as the query in NCBI, using the tblastn and blastp tools (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 1 September 2022), as described in [13]. Query sequences are listed in Supplementary Table S2. Candidate sequences for MATE type transporters were selected based on their best hit score and used for estimating phylogenetic relationships using MEGA version XI package [16] (accessed on 1 September 2022). Full-length amino acid sequences were aligned by MUSCLE algorithm in the MEGA with default settings. Evolutionary relationships among sequences were inferred by using the neighbor-joining method [17] based on the p-distance method as described in [13]. The reliability of the phylogenetic tree was estimated by setting 1000 bootstrap replicates. The final figure of NJ trees was obtained by using the iTOL tree editor [18] (accessed on 5 September 2022).




2.6. RNA Isolation and RT-qPCR Analysis


Total RNA was isolated from 100 mg of plant material, using the SpectrumTM Plant Total RNA kit. Two hundred nanograms of RNA were retrotranscribed using the High-Capacity RNA to cDNA kit for cDNA synthesis. Real-time polymerase chain reaction was performed with the Rotorgene 6000 (Corbett) using the PowerUpTM SybrTM Green Master Mix as described previously [19]. Primers for RT-qPCR analysis (Table S1) were designed using the Primer3 Plus software (https://www.primer3plus.com/, accessed on 10 June 2022) [20,21] based on both already known (CsF3′H, CsF3′5′H, CsDFR, CsANS, Cs3GT, CsOMT, CsMYB82, CsMYB87, CsbHLH112, CsbHLH114)[13] and newly identified (CsDTX35 and CsTTG1) sequences. The relative expression levels of the target genes were normalized using the reference genes CsGAPDH (C. sativa Glyceraldehyde 3-phosphate dehydrogenase) and CsClat (C. sativa Clathrin). The relative quantification of target gene expression was performed according to [22], and the mean of the fold change (n = 3) was reported as a binary logarithm, with the standard error of the mean. Pairwise comparison between the transcript levels of green and purple samples for each tissue and gene was done using Student’s t-test.



The correlation of the transcriptional levels between biosynthetic genes and transcription factors was investigated using the R-package corrplot (https://github.com/taiyun/corrplot) [23].





3. Results and Discussion


3.1. Evaluation of Anthocyanin Phenotype in C. sativa


Starting from a germplasm collection composed of varieties, landraces, advanced selections and crossbreed populations, five C. sativa accessions were selected for the phenotype of interest, which was the accumulation of anthocyanins. A wide variation in pigmentation was observed among the selected accessions cultivated in the same site, including in the stage of development of appearance of the coloration, the affected tissues and the color itself. Therefore, different tissues (petioles, mature leaves and inflorescences), both green and pigmented, were collected from the diverse genotypes to compare anthocyanin accumulation both at biochemical and molecular level. Petioles of accession V18 were red throughout the life cycle of the plants, while in plants of accession S1652 and of the Fibrante variety, colors turning from green to red or purple were differently observed, even within the same plant. Petioles of Fibrante started to turn reddish or purple when the seedlings had about five pairs of true leaves. From this stage onward, the emerging petioles rapidly turned colored (Figure 1a).



During the flowering stage, the plants of accession S1750 showed either presence or absence of pigmentation in leaves and flowers. However, by the end of the season, from mid-September to the end of October, all plants of this line exhibited purple pigmentation at the stem, petioles, leaves, and inflorescences (Figure 1b,c).



Plants of genotype S1759 showed red pigmentation only of the petioles and stem in vegetative stages, while at the end of the cycle the whole plant was completely red, including inflorescences and leaves.



Several plants (both male and female) from the PurpleF2 population were considered for their pigmentation. In fact, different individuals began to develop apical corolla coloration as early as at the very first vegetative stages, when the plant was about one month old. The tissues examined in this work consisted of pigmented inflorescences and their green counterpart.




3.2. Characterization and Quantification of Anthocyanins in C. sativa Tissues via HPLC-MS/MS


A total of four anthocyanins were identified in the different tissue samples through the combined information provided by elution order on the reversed phase column, co-chromatography with standards and UV–vis and mass spectra compared to the literature data [24,25].



Table 2 shows the UV and MS data (Supplementary Figure S1) of the anthocyanins identified in C. sativa tissues. All the identified compounds showed a typical UV maximum absorption between 499 and 523 nm and other maximum absorption in the range 275−280 nm. According to the literature [26], among others, these typical absorptions can be attributed to anthocyanin compounds, also confirmed by the following MS data. The first peak (peak 1), at 16.3 min, showed a molecular ion at m/z 449 and a fragment ion with 287 u ([M-162]+), corresponding to the cyanidin moiety as a result of a hexose molecule loss (−162 u) and in agreement with previous research [27]. The sugar moiety was confirmed to be glucose by co-elution of peak 1 with the cyanidin 3-glucoside standard (C3G). Indeed, red cyanidin glycosides are mostly found in vegetative tissues [28]. Peak 2 at 17.9 had a mass for the molecular ion at m/z 595. Accordingly, a MS2 fragmentation analysis was performed, and two transitions were observed in ions at m/z 287 and 449; the first one corresponded to the aglycon cyanidin, as a result of the loss of rutinoside (−308 u) and the fragment at m/z 449 resulted from the loss of a deoxyhexose ([M-146]+). This fragmentation pattern is in accordance with the literature [25,29] and it was also verified with the authentic standard. The anthocyanin was identified as cyanidin 3-rutinoside (C3R, also known as keracyanin). Peak 3, at 21.2 min, reported a parent ion at m/z 463 and a MS2 fragment at m/z 301, corresponding to the aglycone peonidin for the loss of a hexose unity (−162 u), as reported in [30,31]. This anthocyanin was identified as peonidin 3-glucoside (P3G) by its HPLC co-elution with the standard. Peak 4, at 23.1 min, presented the [M]+ at m/z 609 and MS2 fragments at m/z 463 and 301. According to [29,32] this compound was tentatively identified as peonidin 3-rutinoside (P3R).



In the analysed samples, the total content of anthocyanins (TCA) ranged from a maximum of 1187.27 mg/100 g FW in purple leaf (PL) to a minimum of 3.00 mg/100 g FW in green leaf (GL) of the S1750 genotype (Table 3). No anthocyanins were detected in 4 out of the 16 samples and in particular in Fibrante, S1652 and PurpleF2 green petioles and flowers. Only di-substituted anthocyanins were detected by HPLC analyses and, among them, rutinose-conjugates anthocyanins were the prevailing form. Keracyanin (C3R) was found as the main anthocyanin characterizing C. sativa L., being always present in the highest concentration and, interestingly, the only one detected in reddish samples. In S1750 leaves and flowers, in S1759 flowers and in S1652 petioles P3R was also found with a concentration ranging from 2 to 20% of total anthocyanins. Glucose-conjugates of cyanidin and peonidin were found only in leaves and flowers of S1750, S1759, S1652 and Purple F2 which indeed showed a towards-purplish pigmentation and were among the samples with the highest concentration of anthocyanins.



Our results in general agree with those reported on Chinese cabbages leaves, in which TCA ranged from 20 to 60 mg/100 g FW [33] and in pigmented maize leaves (from 42.37 to 301.858 mg/100 g FW, [34]). Unexpectedly, concentrations of both keracyanin (885.58 mg/ 100 g FW) and TCA (1187.27 mg/100 g FW) in the pigmented tissues of C. sativa accession S1750 were by far higher than those of R. nigrum berries that, according to the Phenol Explorer database [35], have the highest abundance of C3R of the whole fruit and fruit-product category, corresponding to 160.78 mg/100 g FW with a TCA of 225.04 mg/100 g FW.



Keracyanin possesses documented antihyperlipidemic, chemopreventive and chemotherapeutic activities [36,37,38,39]; thus the data here presented are of outstanding relevance for further exploitations of C. sativa-derived anthocyanins for several industrial and pharmacological applications.



Considering that C. sativa is a fast-growing plant and that leaves and inflorescences are often wasted as by-products of fiber and seed production, the results presented here highlight the great potential of recovering these wastes and transforming them into high-added-value biochemicals following a circular economy approach.




3.3. In Silico Identification of MATE Type and TTG1 Proteins in C. sativa


To date there is still a debate on how anthocyanins are transported into the plant cell vacuole and no flavonoid transporter has been characterized in C. sativa yet. Among the different intracellular systems (for a review [40]), the Multidrug and Toxic compound Extrusion (MATE) family of membrane transporters are known to mediate the trafficking of anthocyanins from the endoplasmic reticulum (ER) to the vacuole of plant cells [41] and proteins of MATE group II are known to be involved specifically in phenylpropanoid transport [42]. With the aim of identifying MATE type members in C. sativa, the cs10 proteome was searched using as the query the HMM signature (Pfam PF01554.19) and the blastp tool available in NCBI BLAST platform.



A total of 43 putative MATE type proteins were retrieved and, to gain insights into their orthological relationships with known anthocyanin transport proteins from other species, a neighbor-joining phylogenetic analysis was performed. Three C. sativa proteins were grouped with already identified MATE type II members (Figure 2, the red clade) characterized by a high degree of similarity. We combined this result with a targeted blastp using as the query the amino acid sequence of tomato MTP77, which, according to its best hit score, allowed us to select for further analysis at transcriptional level the protein sequence XP_030504290.1, already annotated as C. sativa DETOXIFICATION 35 (CsDTX35).



The amino acid sequence of S. lycopersicum ANTHOCYANINS 11 (SlAN11), a WD40 repeat protein known to be involved in the regulatory MBW complex in tomatoes [4,43], was used as the query to retrieve the C. sativa ortholog sequence via the tblastn tool in NCBI. The gene locus LOC115716803 encoding for a WD-R containing protein and annotated as TRANSPARENT TESTA GLABRA 1 (TTG1) had the best hit score and thus was selected for transcript profiling in selected tissues.




3.4. Expression Profile of Structural Genes Controlling Anthocyanins Synthesis in Different Tissues


The chemical analysis evidenced that C. sativa tissues accumulated disubstituted cyanidin-based anthocyanins that are the major determinants of the red to purple phenotype not in petioles, leaves and inflorescences (Table 3). FLAVANONE 3′-HYDROXYLASE (F3′H) and FLAVANONE 3′,5′-HYDROXYLASE (F3′5′H) are alternative enzymes utilizing naringenin flavanone as substrate to produce dihydroxylated and trihydroxylated anthocyanidins, respectively. As shown in Figure 3, the CsF3′H gene was much more expressed than the CsF3′5′H gene in C. sativa samples. These results suggest that predominant transcription of F3’H compared to F3’5’H might stimulate the consumption of the precursor dihydrokaempferol for enhanced dihydroquercetin synthesis, thereby leading to the synthesis of more cyanidin-based anthocyanins, as was confirmed by biochemical analyses.



Additional late enzyme-encoding genes were selected to address anthocyanin synthesis in C. sativa tissues. The DIHYDROFLAVONOL 4-REDUCTASE (DFR) and the ANTHOCYANIDIN SYNTHASE (ANS) are a key entry point in the synthesis of anthocyanin pigments, involved into the catalytic conversion of colorless dihydroflavonols to unstable anthocyanidins which are in turn subjected to decoration steps to become stable anthocyanins. Interestingly, on a plant species base, DFR can utilize diverse dihydroflavonols as substrate thus determining the anthocyanidin’s composition [44]. The C. sativa DFR and ANS encoding genes were previously identified in silico [13]. The expression analysis revealed that in anthocyanin-rich tissues the biosynthetic machinery is fully activated due to the induction of both CsDFR/CsANS (Figure 3), independently from the genotype. The transcription of the two genes is comparable: it is almost absent in green petioles, while it is induced in red petioles. As for leaves and inflorescences, a significant induction is observed in pigmented tissues, especially in leaves (p < 0.01).



Transcripts of the late enzyme-encoding genes were not found to be exclusive to red tissues but were also abundant in tissues described as green. This agrees with previous studies in tomatoes [45] that highlighted that regulatory proteins are required for the induction of the anthocyanin machinery in red organs and tissues. Indeed, a small but consistent accumulation of anthocyanins was also detected in the green tissues of the S1750 genotype, with C3R and P3R found in the leaves and both C3R and C3G in the inflorescences. The accumulation of these compounds is two orders of magnitude lower than in the pigmented tissues (PL and PF); however, it is enough to find that the structural genes involved in their synthesis were activated.



Based on the evidence of biochemical analysis, it was hypothesized that the glycosylation of cyanidin occurs via the involvement of the UDP-3-O-GLUCOSYLTRANSFERASES (3GT), thus leading to the synthesis of cyanidin-3-O-glucoside (C3G). In C3G-accumulating tissues, the transcript of Cs3GT is significantly upregulated (Figure 3), with increasing magnitude, proportional to the total C3G content. A similar step could be ascribed for the synthesis of cyanidin-3-O-rutinoside.



The biochemical data also showed the presence of peonidin-3-O-glucoside (P3G) in purple-colored tissue. It is well established that the enzyme flavonoid-3-O-methyltransferase (3-OMT) is involved in the synthesis of O-methylated anthocyanins, thus the transcription of a previously identified CsOMT was analyzed in pigmented tissues. Interestingly, the CsOMT transcriptional profile is remarkable in P3G (also known as methylcyanidin) accumulating tissues, suggesting that this enzymatic route can be responsible for anthocyanin synthesis in C. sativa. Once glycosylated, anthocyanins are translocated to the plant cell vacuole through different, not well-established mechanisms. The putative CsanthoMATE type transporter identified in silico, CsDTX35, was found to be transcribed more in purple leaves where TCA content was found to be the highest, and its transcriptional profile looks like those of CsOMT and Cs3GT involved in decoration steps (Figure 3).




3.5. Transcription Factors Related to Anthocyanin Biosynthesis


The expression pattern of C. sativa genes encoding for the anthocyanin regulatory transcription factors MYB and bHLH was also evaluated in the same tissues.



Two CsMYB transcription factors (MYB33 and MYB78) were recently suggested to be responsible for the anthocyanin’s phenotype in a purple C. sativa accession [46]. These putative transcription factors were already annotated in [13] as CsMYB82 and CsMYB87, respectively, belonging to subgroup 6 of R2R3-MYB; therefore, these gene names were used in this work. The results of our RT-qPCR analyses showed that both CsMYB82 and CsMYB87 were transcribed in all tissues and their transcriptional profiles were similar to those of CsDFR and CsANS, strongly supporting a role as master regulators of anthocyanin synthesis in C. sativa.



CsMYB82, ortholog of the RUBY R2R3-MYB encoding gene known as the master regulator of red phenotype in Citrus [47], had been already proposed as the candidate master regulator for anthocyanin synthesis [46]. In our dataset, while in pigmented leaves it was transcriptionally active, in the purple inflorescences the gene was significantly less transcribed, probably due to the late date of sampling, when the regulator, having already fulfilled its function as a promoter of synthesis, was no longer intensely transcribed. CsMYB87, ortholog of Ipomea spp. MYB1 [48], was highly transcribed in pigmented leaves and inflorescences, strongly suggesting its regulatory role in promoting anthocyanin biosynthesis in these tissues.



The expression of AN1 (CsbHLH112) and JAF13 (CsbHLH114) C. sativa orthologs was also tested. The transcriptional level of CsbHLH114 and CsMYB87 were similar in pigmented leaves suggesting that a bHLH114-MYB87 complex could be required to tightly regulate anthocyanins in C. sativa tissues.



In addition, Figure 4 shows that the CsTTG1 gene is transcribed in all tissues; however a significantly higher abundance of the transcript is evident in pigmented leaves than in the other tissues.




3.6. Correlation Analysis of the Expression Profiles of Anthocyanin Genes


A correlation analysis was performed to assess the potential correlations between structural and regulatory genes. As shown in Figure 5, the expression of CsMYB87 correlates with several genes encoding for anthocyanin-related enzymes, a lower number of structural genes showed a correlation with the expression of CsMYB82. Interestingly, the two genes encoding for F3′H and F3′5′H show a different pattern of correlation with CsMYB82 and CsMYB87, respectively. Regarding the bHLH class of TF, both CsbHLH112 and CsbHLH114 showed a correlation with the expression of several structural genes and, interestingly, with CsMYB82 and CsMYB87, respectively. Furthermore, even the expression of both the MATE type transporter encoding gene and CsTTG1 correlates with several candidate structural and regulatory genes.



Although the nature and stoichiometric composition of MBW complexes in Cannabis is yet to be elucidated through functional approaches, taken together these results allowed us to propose a model of anthocyanin synthesis and regulation in Cannabis (Figure 6).





4. Conclusions


Our work identified keracyanin for the first time as the major anthocyanin in Cannabis sativa, casting light on the exploitation of these less investigated metabolites in a circular economy scenario. Of great interest, the amount of this bioactive compound was found to be higher than in the other natural sources known to date. This result, along with the fact that this species is fast-growing and develops a great biomass, makes C. sativa exploitable as an important source of this bioactive metabolite. Furthermore, the identification of the molecular players controlling anthocyanin synthesis and regulation will allow researchers to boost both breeding and metabolic engineering strategies for anthocyanin-specific accumulation in plant tissues.
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	UDP-GLUCOSE:FLAVONOID 3-O-GLUCOSYLTRANSFERASE



	DTX35
	MATE type trans-porter DETOXIFICATION 35



	WD40
	tryptophan-aspartic acid repeat domains



	TTG1
	WD40 containing type TRANSPARENT TESTA GLABRA1



	AN1
	Anthocyanin 1



	JAF13
	JOHN AND FRANCESCA 13



	PAL
	phenylalanine ammonia lyase;



	4CL
	4-coumarate-CoA ligase;



	C4H
	P450 monooxygenase cinnamate-4-hydroxylase;



	CHS
	chalcone synthase;



	CHI
	chalcone isomerase;



	F3H
	flavanone 3-hydroxylase;



	F3′H
	flavonoid 3′-hydroxylase;



	F3′5′H
	flavonoid 3′,5′-hydroxylase;



	DFR
	dihydroflavonol 4-reductase;



	ANS
	anthocyanidin synthase;



	3-OMT
	flavonoid-3-O-methyltransferase;



	MATE
	multi-antimicrobial extrusion protein



	MBW
	MYB-bHLH-WD40 complex
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Figure 1. Representative photos of C. sativa samples used for molecular and biochemical analyses with various intensities of pigmentation. Green (GP), purple (PP) and red petioles (RP) (a) from Fibrante; green leaves (GL) (b), purple leaves (PL) (c), green female flower (GF) (d), and purple female flower (PF) (e) from accession S1750. 
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Figure 2. Genome wide phylogenetic tree of the putative C. sativa MATE proteins. Different colors indicate major phylogenetic subgroups. Red and purple subgroups belong to the group/type II of MATE transporters according to [42] while the others are C. sativa MATE transporters. Previously described flavonoid transporters belonging to MATEs were included: Arabidopsis thaliana FFT (AT4G25640.2) and AtTT12 (AT3G59030.1); Vitis vinifera VvanthoMATE1, (NP_001290007.1) and VvanthoMATE3 (NP_001268037.1); Medicago truncatula MtMATE2, (XP_003592215.2); Solanum lycopersicum MTP77 (Solyc03g025220.2.1). The evolutionary history was inferred using the Neighbor-Joining method [16]. The optimal tree is shown. The evolutionary distances were computed using the p-distance method and are in the units of the number of amino acid differences per site. This analysis involved 48 amino acid sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There were a total of 742 positions in the final dataset. Evolutionary analyses were conducted in MEGA11 [15]. The asterisk indicates the CsDTX35 (XP030504290.1) transporter. All amino acid sequences are reported in Supplementary Table S2. Bootstrap support values ≥ of 30% were indicated by grey circle on the tree branches. 
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Figure 3. Relative expression levels of genes encoding late enzymes in different tissues of C. sativa by RT-qPCR. Transcription levels were calculated with the ΔΔCt method according to Pfaffl et al., 2005 using the Green Petiole (GP) as calibrator. The data are reported on a Log2 scale as the mean ± standard error of the mean (n = 3). Asterisks indicate Student’s t-test statistically significant differences: * p < 0.05; ** p < 0.01; *** p < 0.001. GP: Green petiole; PP: Purple petiole; GF: Green flower; PF: Purple flower; GL: Green leaf: PL: Purple leaf. GP and PP were from Fibrante; GF, PF, GL, and PL from s1750 accession. The whole name of analyzed Cannabis genes is detailed in the abbreviation list. 
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Figure 4. Relative gene expression levels of transcription factors in different tissues of C. sativa by RT-qPCR. Transcription levels were calculated with the ΔΔCt method according to Pfaffl et al. 2005 using the Green Petiole (GP) as calibrator. The data are reported on a Log2 scale as the mean ± standard error of the mean (n = 3). Asterisks indicate Student’s t-test statistically significant differences: * p < 0.05; ** p < 0.01; *** p < 0.001. GP: Green petiole; PP: Purple petiole; GF: Green flower; PF: Purple flower; GL: Green leaf: PL: Purple leaf. GP and PP were from Fibrante; GF, PF, GL, and PL from s1750 accession. The name of analyzed Cannabis genes is detailed in abbreviation list. 
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Figure 5. Correlation plot of Cannabis anthocyanin-related structural and regulatory genes. Correlation analysis using Pearson’s correlation matrix of transcriptional level of structural and regulatory genes involved in the anthocyanin synthesis. Dark purple indicates positive correlation, brown indicates negative correlation. Asterisks denote significant association between samples (*, p < 0.05; **, p <0.01; ***, p < 0.001). 
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Figure 6. Proposed model for anthocyanin synthesis and regulation in C. sativa. For enzymes, please refer to the abbreviation list. The dotted arrows and enzymes written in grey stand for hypothesized steps and/or not analyzed in this work, respectively. 
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Table 1. List of C. sativa L. genotypes and collected samples. Sampling time is indicated as days after sowing (das). Growth stage is indicated according to the BBCH stage [14] and briefly described. All samples were taken in three biological replicates (n = 3).
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	Genotype
	Plant Tissue
	Color
	Sampling Time
	Growth Stage





	Fibrante
	petiole
	green
	37
	BBCH 14 (4 true leaf pairs)



	Fibrante
	petiole
	purple
	53
	BBCH 18 (8 true leaf pairs)



	S1750
	female flower
	green
	164
	BBCH 67 (flowering finishing)



	S1750
	female flower
	purple
	164
	BBCH 67 (flowering finishing)



	S1750
	leaves
	purple
	164
	BBCH 67 (flowering finishing)



	S1750
	leaves
	green
	164
	BBCH 67 (flowering finishing)



	S1759
	flowers
	purple
	164
	BBCH 67 (flowering finishing)



	S1652
	petiole
	green
	53
	BBCH 18 (8 true leaf pairs)



	S1652
	petiole
	purple
	53
	BBCH 18 (8 true leaf pairs)



	PurpleF2
	female flower
	green
	118
	BBCH 65 (full flowering)



	PurpleF2
	female flower
	purple
	118
	BBCH 65 (full flowering)



	PurpleF2
	male flower
	purple
	118
	BBCH 60 (first individual flowers open)



	V18
	petiole
	red
	164
	BBCH 67 (flowering finishing)
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Table 2. Chromatographic, UV–vis and mass spectroscopy characteristics of the anthocyanins from C. sativa, obtained by HPLC–DAD and HPLC-MS/MS.
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	Peak
	tR (min)
	λ Max (nm)
	[M]+ (m/z)
	MS/MS (m/z)
	Confirmed by Standard
	Compounds





	1
	16.3
	280, 519
	449
	287
	+
	Cyanidin 3-glucoside



	2
	17.9
	280, 522
	595
	449, 287
	+
	Cyanidin 3-rutinoside



	3
	21.1
	275, 519
	463
	301
	+
	Peonidin 3-glucoside



	4
	23.1
	280, 523
	609
	463, 301
	−
	Peonidin 3-rutinoside
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Table 3. Main anthocyanins found in C. sativa L. genotypes. G/P/R P, green/purple/red petiole; P/G L, purple/green leaf; G/P F, green/purple inflorescence; C3G, cyanidin-3-O-glucoside; C3R, cyanidin 3-rutinoside; P3G, peonidin 3-glucoside; P3R, peonidin 3-rutinoside. TCA, total content of anthocyanins. Anthocyanins are expressed as mg/100 g Fresh Weight (FW).
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	Genotype
	Plant Material
	C3G
	C3R
	P3G
	P3R
	TCA





	Fibrante
	GP
	0.00
	0.00
	0.00
	0.00
	0.00



	Fibrante
	GP
	0.00
	0.00
	0.00
	0.00
	0.00



	Fibrante
	PP
	0.00
	29.38
	0.00
	0.00
	29.38



	Fibrante
	PP
	0.00
	15.26
	0.00
	0.00
	15.26



	Fibrante
	PP
	0.00
	18.07
	0.00
	0.00
	18.07



	S1750
	GF
	0.56
	4.43
	0.00
	0.00
	4.99



	S1750
	PF
	6.48
	312.53
	4.66
	36.47
	360.13



	S1750
	PL
	19.88
	885.58
	32.48
	249.33
	1.187.27



	S1750
	GL
	0.00
	2.35
	0.00
	0.65
	3.00



	S1759
	PF
	0.00
	31.09
	0.00
	0.91
	32.00



	S1652
	GP
	0.00
	0.00
	0.00
	0.00
	0.00



	S1652
	PP
	0.52
	168.49
	0.78
	1.75
	171.54



	PurpleF2
	GF
	0.00
	0.00
	0.00
	0.00
	0.00



	PurpleF2
	PF
	0.00
	9.64
	0.00
	0.00
	9.64



	PurpleF2
	* MPF
	0.58
	108.72
	0.63
	0.00
	109.93



	V18
	** RP
	0.00
	11.23
	0.00
	0.00
	11.23







* Male Purple Flower; ** Red Petiole.
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