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The root microbiome of medical cannabis plants has been largely unexplored due to past legal restrictions in many countries. Microbes that live on and within the tissue of Cannabis sativa L. similar to other plants, provide advantages such as stimulating plant growth, helping it absorb minerals, providing protection against pathogen attacks, and influencing the production of secondary metabolites. To gain insight into the microbial communities of C. sativa cultivars with different tetrahydrocannabinol (THC) and cannabidiol (CBD) profiles, a greenhouse trial was carried out with and without inoculants added to the growth substrate. Illumina MiSeq metabarcoding was used to analyze the root and rhizosphere microbiomes of the five cultivars. Plant biomass production showed higher levels in three of five cultivars inoculated with the arbuscular mycorrhizal fungus Rhizophagus irregularis and microbial suspension. The blossom dry weight of the cultivar THE was greater when inoculated with R. irregularis and microbial suspension than with no inoculation. Increasing plant biomass and blossom dry weight are two important parameters for producing cannabis for medical applications. In mature Cannabis, 12 phytocannabinoid compounds varied among cultivars and were affected by inoculants. Significant differences (p ≤ 0.01) in concentrations of cannabidivarinic acid (CBDVA), cannabidivarin (CBDV), cannabigerol (CBG), cannabidiol (CBD), and cannabigerolic acid (CBGA) were observed in all Cannabis cultivars when amended with F, K1, and K2 inoculants. We found microbes that were shared among cultivars. For example, Terrimicrobium sp., Actinoplanes sp., and Trichoderma reesei were shared by the cultivars ECC-EUS-THE, CCL-ECC, and EUS-THE, respectively. Actinoplanes sp. is a known species that produces phosphatase enzymes, while Trichoderma reesei is a fungal train that produces cellulase and contributes to organic matter mineralization. However, the role of Terrimicrobium sp. as an anaerobic bacterium remains unknown. This study demonstrated that the use of inoculants had an impact on the production of phytocannabinoids in five Cannabis cultivars. These inoculants could have useful applications for optimizing cannabis cultivation practices and increasing the production of phytocannabinoids.
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Introduction

Cannabis sativa L. produces a number of valuable natural products in its fiber, grain, and flower extracts (Andre et al., 2016; Backer et al., 2019). It is thought to have been used medically for over two millennia. Through generations, genetic variability in cannabis has spread, leading to a broad range of varieties with distinct phenotypic qualities and secondary metabolites. Cannabis extracts contain metabolic components that have medical and pharmaceutical uses. The most common uses of medical cannabis include reducing chronic pain in adults caused by multiple sclerosis, post-traumatic stress disorder, cancer, epilepsy, and nausea, among others (reviewed by the National Academies of Sciences, Engineering, and Medicine, 2017). Cannabis plants contain many phytocannabinoids, which are being researched for their therapeutic properties. Two primary ones are the Δ9-tetrahydrocannabinol (THC) and cannabinol (CBN), while the others, such as cannabidiol (CBD), cannabidiol-carboxylic acid, cannabigerol (CBG), cannabichromene (CBC), are undergoing extensive investigation (Carvalho et al., 2022).

Biomass production and metabolic profiles of cannabis are influenced by growing substrates, light, temperature, fertilizer inputs (Coffman and Gentner, 1977; Winston et al., 2014; Bernstein et al., 2019; Danziger and Bernstein, 2021), and microorganisms that live on or inside plant tissues (Taghinasab and Jabaji, 2020). Cannabis hosts distinct microbial communities (neutral, beneficial, or pathogenic) on and within its tissues, designated the plant microbiota, from the moment they are planted in the soil as seeds. The plant microbiota is composed of specific microbial communities associated with the roots and the rhizosphere soil, the phyllosphere, and the internal tissues of the plant, known as the endosphere. Seeds harbor diverse groups of microbiota, which are transmitted to juvenile plants, promoting protection against biotic and abiotic stresses at seed germination and later stages (Taghinasab and Jabaji, 2020). Moreover, microbial inoculants may have the potential to increase the cannabis biomass and increase the biosynthesis of desired metabolites. This is because microorganisms release signal molecules that trigger the biosynthesis of plant biochemical compounds, including growth-stimulating substances and secondary metabolites (Ahmed and Hijri, 2021). To our knowledge, there are very limited research data regarding the impact of microbial inoculants on yield and secondary metabolite production of cannabis. A consortium of plant growth-promoting rhizobacteria (PGPR) comprising Gluconacetobacter diazotrophicus, Azospirillum brasilense, Burkholderia ambifaria, and Herbaspirillum seropedicae showed the growth improvement and accumulation of secondary metabolites in hemp (Pagnani et al., 2018). Another study evaluated the effect of a commercial microbial bioinoculant (Mammoth PTM containing beneficial bacteria) on cannabis production in soil-less systems. Hydroponically introduced Mammoth PTM increased bud yield by 16.5%; however, inoculation had not been studied for its effect on biosynthesis of phytocannabinoids (Conant et al., 2017). Therefore, we studied the impact of different microbial consortia on the yield of biomass and the biosynthesis of phytocannabinoids in five Cannabis cultivars.

Plant genotype influences the rhizosphere’s microbial communities because different compartments have different physical and chemical characteristics that affect the microbes in the rhizosphere, and plant roots release a wide range of chemical substances to attract and choose microbes in the rhizosphere (Berendsen et al., 2012; Marques et al., 2014; Sapkota et al., 2015). Genotypes can have a unique core microbiome (a group of microbial taxa that are always associated with a specific host). For example, soybean inoculated with a microbial suspension from forest soil increased the total phosphate accumulation by 23%, providing phytate as the sole phosphate source due to a core microbiome that was correlated with phytate mineralization (Ahmed et al., 2021a). Identifying the core microbiome of a particular genotype, which is associated with its optimal growth and nutrition, could be a diagnostic test to explain suboptimal plant performance. It might also reveal a lack of essential microorganisms that should be added to improve plant growth and enhance other desired functions, including the biosynthesis of secondary compounds (Ahmed and Hijri, 2021). Our previous study on hemp grown in six locations in New York State in agricultural production systems identified four bacterial (Gimesia maris, Pirellula sp. Lacipirellula limnantheis, and Gemmata sp.) and three fungal (Fusarium oxysporum, Gibellulopsis piscis, and Fusarium equiseti) core microbiome (Ahmed et al., 2021b).

Chemical profiling is essential to support botanical analysis. Cannabis varieties are typically classified based on the chemical compounds they contain, such as delta-9-tetrahydrocannabinol (THC) or cannabidiol (CBD). In recent years, CBD has become the preferred component of medicinal cannabis products due to its nonpsychotropic, anxiolytic, antispasmodic, and antiemetic pharmacological characteristics. Cannabis strains with high levels of CBD are classified as hemp (fiber and seed productions) or fiber types, whereas those with high levels of THC are classified as marijuana or narcotic types. Cannabis plants are considered intermediate when their THC/CBD ratio is approximately 1 (Carvalho et al., 2022). In this study, THC-, CBD-, and intermediate-type cultivars are examined to determine the effect of microbial bioinoculants on biomass production and associated microbial communities.

Numerous studies have tested the effects of microbial inoculants on the growth and health of cannabis plants, including industrial hemp, recreational cannabis, and medicinal cannabis. However, no study has compared different formulations of inoculants on different cannabis genotypes (Conant et al., 2017; Pagnani et al., 2018). Furthermore, the impact of introduced inoculants on indigenous microbial communities associated with cannabis remains unknown. In this study, we tested microbial inoculants on the growth and biosynthesis of 12 phytocannabinoid metabolites in five medical Cannabis cultivars (Cannabis sativa L.) grown in a greenhouse for 3 months. C. sativa L. is an annual, photoperiod-dependent plant that has two phases in its life cycle: vegetative growth and flowering. When given 16 or more hours of daily light, the cannabis plant undergoes vegetative growth. When the daily light hours are reduced to 12 or less, flowering begins. Because of the strong correlation between plant size and floral biomass and the timing of photoperiod switches, most commercial cannabis is grown in indoor facilities in order to better control environmental conditions (Dang et al., 2021). Therefore, this experiment was conducted in a controlled greenhouse environment. We used a coconut coir-based substrate, as it has become much more economical than other growing media such as rockwool. In addition, the coir-based substrate is easier to maintain when accounting for humidity levels and is also naturally recyclable. We hypothesized that amending medicinal cannabis plants with microbe-based bioinoculants will influence the growth and concentration of phytocannabinoids and their associated microbial community structure. To evaluate this hypothesis, we assessed the composition and structure of the microbiome in the root and rhizosphere soil by amplicon sequencing of the bacterial 16S rDNA and fungal ITS in the root and rhizosphere soils.





Materials and methods




Experimental design, treatments, and management

The experiment was a completely randomized design with four inoculant treatments and five cultivars of Cannabis sativa L.: CBD Therapy (THE), Euforia (EEA), Critical (CCL), CBD Sweet and Sour Widow (ECC), and CBD US (EUS) in a greenhouse trial of 3 months (from 7 October 2019 to 7 January 2020). Plants were grown from rooted clone cuttings in the greenhouse in 50-cell-deep flats and then transplanted to 15-L plastic pots filled with nonsterile commercial growing substrate, a mixture of coconut fiber (BioBizz Worldwide, Bizkaia, Spain) and agro perlite as a substrate (1:1). Five replicates were prepared for each inoculant × cultivar combination, for a total of 100 pots. The four inoculant treatments in this study were as follows: Ferticann (F, mixture of beneficial microbes containing 5,000 spores/g (0–120 µm, carrier silicate) of Rhizophagus irregularis, 109 CFU/g (0–120 µm and carrier dextrose) of Trichoderma harzianum and Bacillus subtilis, and microalga Dictyosphaerium chlorelloides); microbial suspension from forest soil (K1) dominated by planctobacteria described by Ahmed et al. (2021a); forest microbial suspension plus R. irregularis isolate DAOM 197198 (K2); and control (K0) without any inoculants. The wavelength and duration of light, humidity, and temperature are all key factors for successful cannabis growth during different growth stages. We followed the cultivation conditions described by Folina et al. (2019) for growing medicinal cannabis, including the production process based on clonal plants until dried flower blossom. For each stage, plants were grown under specific light and humidity conditions. The light spectrum and intensity were adjusted to maximize flowering quality and optimize growth (Folina et al., 2019). Microbial suspensions were applied once in the soil to the base of the plants while they were being established in the growing media. To keep the substrate moist, plants were irrigated twice a week with tap water, and each pot was fertilized once a week in the morning with 50 mL of full-strength Long Ashton nutrient solution (Davies et al., 2000).





Sample collection and plant biomass analysis

Cannabis plants were harvested after 90 days of growth. Shoots were cut at the plant collar with a clean and sterile scalpel and placed in a paper bag. Roots were separated from the growth substrate, washed with tap water, and rinsed with sterile distilled water. About 5 g of rhizospheric substrate attached to the roots was collected from each pot by gently brushing the roots in a 15-mL falcon tube for DNA extraction. Shoot and root samples were placed in paper bags, transported to the laboratory on ice, and immediately measured for shoot fresh weight, root fresh weight, and plant height. Flower blossoms were carefully separated, and shoot, root, and blossom samples were dried in a drying oven at 65°C, for 72 h, and their dry weights were also measured. Samples for DNA extraction were kept at 4°C before being brought to the laboratory and preserved at −80°C.





Root staining to assess mycorrhizal colonization

Composite root samples from plants were rinsed under tap water to remove soil debris and cut into small pieces (~1 cm long). They were then stained and visualized under a microscope according to the protocol regularly used in our lab (Dagher et al., 2020). The roots were washed with water and cleared in 10% KOH solution. The process was repeated as necessary, the solution was changed, and the transparency of the roots was checked regularly. After 1 week, roots were washed with water, immersed in 2% lactic acid, and heated at 90°C for 20 min. After draining the lactic acid, the roots were stained with 0.05% trypan blue solution in lactoglycerol (40% glycerol and 16% lactic acid in distilled water) at 90°C for 15 min and at room temperature (20°C plusmn; 2°C) overnight. Washed roots were stored in lactoglycerol and observed in a microscope at a magnification of ×200.





Phytocannabinoid profiling

Phytocannabinoid profiling was done on a representative sample (0.5 g), which was weighed into a centrifuge tube (50 mL), mixed with 20 mL of ethanol, and extracted on a horizontal laboratory shaker for 30 min at 240 revolutions per minute (RPM) according to Fathordoobady et al. (2019). After centrifugation (13,000×g, 5 min), the extract was removed. The sample was extracted twice using the same procedure, pooled in a volumetric flask (50 mL), and filled up to the line with ethanol. Phytocannabinoids were separated and quantified on an ultrahigh-performance liquid chromatograph (UHPLC) UltiMate 3000 system (Thermo Fisher Scientific, Pardubice Czechia), as described elsewhere (Tsagkaris et al., 2021). Briefly, it was run on the reversed-phase analytical column: Acquity UPLC BEH C18 (100 mm × 2.1 mm; 1,7 µm) (Waters, Prague, Czechia) with mobile phases of 95:5 water–methanol (v/v) and 65:30:5 isopropanol–methanol–water (v/v/v). The total run time of the method was 19 min, and the injection volume was 3 µL. The positive/negative electrospray ionization (ESI±) parameters were as follows: (i) aux gas temperature: 300°C, (ii) sheath/aux gas (N2) flow: 45/10 arbitrary units, (iii) spray voltage: 3.5 kV, and (iv) S-lens RF level: 55. Detection conditions were for full-scan MS acquisition mode: (i) resolution: 70,000 full width at half maximum (FWHM), (ii) scan range: 200–500 m/z, (iii) automatic gain control (AGC) target: 2e5, and (iv) maximum inject time (maxIT): 50 ms.





Extraction of DNA, amplification, and sequencing

Genomic DNA was extracted from 100 mg of cleaned roots using a DNeasy Plant Mini Kit (Qiagen, Toronto, ON, Canada) and from 250 mg substrate with a DNeasy PowerSoil Pro Kit (Qiagen, Toronto, ON, Canada), according to the manufacturer’s instructions. DNA was eluted in 30 µL of elution buffer and kept at −20°C. DNA yield was measured using a NanoDropTM 2000/2000c Spectrophotometer (Thermo Fisher Scientific, Ottawa, ON, Canada) and then electrophoresed on 1% agarose gel and visualized by a GelDoc System (BioRad, Saint-Laurent, QC, Canada). Bacterial 16S rDNA and fungal ITS regions were amplified by PCR according to previously published methods (Ahmed et al., 2021a; Ahmed et al., 2021b). The PCR reaction was performed in a 25-μL reaction volume according to our previous study (Ahmed and Hijri, 2021; Ahmed et al., 2021b). We used negative PCR controls without DNA. After PCR amplification of the bacterial V3 and V4 regions of 16S rDNA and fungal ITS regions between 5.8S and 25S genes of rRNA, amplicons were electrophoresed on 1% agarose gel and visualized using GelRed on a GelDoc system (BioRad, Saint-Laurent, QC). A barcode with a unique oligonucleotide identifier (Fluidigm, Markam, ON, Canada) was added to each PCR reaction. Next, two libraries were constructed, each containing an equal amount of amplified DNA: one for bacteria and one for fungi. The pools were then purified with a 0.85 ratio of AMPure beads (Beckman Coulter, Mississauga, ON, Canada). Barcode multiplexing and amplicon sequencing on an Illumina MiSeq were performed at the Centre d’Expertise et du Service of Genome Quebec (Montreal, QC, Canada). The sequencing was performed using Illumina Reagent Kit V3 (600 cycles) with a library of 2 × 300 bp pair-end. The demultiplexing of reads was done on the instrument by the service provider.





Sequence processing and statistical analysis

We used the DADA2 workflow (Callahan et al., 2016) operating in R4.0.2 (R core 23) to process, align, and analyze MiSeq reads. Reads were trimmed to satisfy comprehensive quality thresholds by removing primers and low-quality sequences using the filterAndTrim function (minLen = 50, maxN = 0, maxEE = c(3,3), trancQ = 2), followed by filtering with DADA2’s error simulation with the learnErrors function. We removed amplicon sequence variants (ASVs) from the bacterial and fungal databases that were taxonomically ascribed to chloroplast and mitochondria, presuming they were likely to be part of the plant genome. The fungal taxonomy dataset was cleaned of nonfungal ASVs. Taxonomy was assigned to 16S rDNA with the SILVA reference database (Quast et al., 2013) and to the ITS sequences with the UNITE database (Nilsson et al., 2018), then verified with BLASTn on NCBI. For diversity calculations, the dataset was first normalized based on the lowest number of reads for each sample with the “rarefy” function of the vegan package v 2.5-6 (Oksanen et al., 2020), before calculating the relative abundance of taxa in each family with package dplyr v2.0.0 (Wickham and Wickham, 2020). To characterize community diversity, we calculated Shannon and Simpson diversity indices as well as principal coordination analysis (PCoA) using the Bray–Curtis distance matrix of Hellinger-transformed counts with vegan package v 2.5-6. We calculated species evenness using Pielou’s index (J = H/In (S), where H is the Shannon diversity index and S refers the total number of species in the dataset) using vegan package v 2.5-6 on R. Dependent variables’ response to inoculant treatments for each Cannabis cultivar was determined by analysis of variance and Tukey’s post-hoc tests with the agricolae package v1.3-3 (Peşteanu and Bostan, 2020). With the function “Adonis” of the R package vegan v 2.5-6 using Hellinger-transformed and permutations 999, a permutation-based multivariate analysis of variance (PERMANOVA) (Anderson, 2001) was measured.

We visualized taxonomic abundance at the order level using metacoder v 0.3.4. (Poisot et al., 2017). According to the principles of the “core plant microbiome” (Vandenkoornhuyse et al., 2015), we identified core microbiome as taxa that are present in 100% of samples from roots or soil associated with different cultivars. We utilized the R package “RVAideMemoire” v 0.9-78 (Hervé and Hervé 2020) with the package indicspecies v 1.7.9 (De Cáceres and Jansen, 2019) using the Šidák correction for multiple comparisons. A co-occurrence network analysis was performed using the algorithm “glasso” of the SPIEC-EASI v 1.0.6 (Kurtz et al., 2015), and the findings were then visualized in Cytoscape v 3.8.0 (Shannon et al., 2003). Co-occurrences or mutual exclusions of positive or negative inverse covariance values between nodes were termed as edges. Betweenness centrality and degree emphasize central nodes as well as providing network architecture information. The ratio of the shortest path connecting all other nodes in the network, including the given node, is termed as betweenness centrality. A more than 95% ratio of betweenness centrality and degree of connectivity of network taxa may indicate community participation in multipartite co-occurrences, leading us to classify largely interconnected taxa as hub-taxa. The Venn diagrams were created with the “Calculate and make Venn diagrams” function on VIB of the University of Gent (http://bioinformatics.psb.ugent.be/webtools/Venn/). R4.0.2 (R Core Team, 2020) was used for all bioinformatics operations, including the processing of raw sequencing reads and graphical analysis.






Results




Cannabis biomass, plant height, and root colonization by R. irregularis

Cannabis flower biomass production varied among different cultivars. For example, when inoculated with the consortia F, containing beneficial bacteria, Trichoderma, and R. irregularis, plus microalgae, cultivars CCE and ECC produced heavier flower blossoms than cultivars THE and EEA, which produced heavier flower biomass when inoculated with K2 and K1, respectively, compared to the uninoculated control (Supplementary Figures S1A–E). Heavier dry flower blossoms were produced in two of the five tested cultivars when inoculated with K2. For example, 54.5 g and 59.0 g of dry biomass were produced by the cultivars THE and EEA, respectively. In contrast, three of the five tested cultivars had heavier flower biomass when they were inoculated with F, such as 101.8 g, 82.12 g, and 40 g of dry floral blossom for the cultivars CCL, ECC, and EUS, respectively (Supplementary Figures S1A–E). We observed the highest plant height in the ECC cultivar when inoculated with F (151.25 cm) and K1 (135 cm) treatments, whereas the EUS cultivar showed the highest plant height when inoculated with K2 (Supplementary Figure S2A).

The percentage of mycorrhizal colonization in cannabis plants varied significantly among cultivars. The maximum colonization rate was 19.93%, and the average number of vesicles reached six in one of the five cultivars (ECC) when inoculated with K2 compared to the control. Root mycorrhizal colonization was higher in two of the five cultivars when inoculated with K1 compared to the control plants. The cultivar had the highest average number of arbuscules (3) when inoculated with K1 and K2 compared to the control treatments (Supplementary Figure S2C).





Effect of treatments on secondary metabolites production in Cannabis cultivars

The amounts of 12 phytocannabinoid compounds quantified at the mature stage showed significant differences between treatments and cultivars. As shown in Figure 1, significant differences (p ≤ 0.01) in cannabidivarinic acid (CBDVA), cannabidivarin (CBDV), cannabigerol (CBG), cannabidiol (CBD), and cannabigerolic acid (CBGA) were observed for all cultivars when inoculated with F, K1, and K2. The cultivar THE produced higher CBDV concentration, followed by the cultivars ECC and EUS (Figure 1A), compared to the uninoculated control. In the cultivars ECC and EUS, CBDVA and CBDA concentrations were significantly different in all treatments (Figures 1B, C). The inoculation with Ferticann (Figure 1D) showed the highest increase in CBG concentrations in the CCL cultivar, while CBD was not detected with any of the treatments for the cultivar CCL (Figure 1E). The highest concentration of CBGA was produced in ECC when inoculated with forest microbial suspension (Figure 1F). However, the CCL cultivar showed a significant increase in the production of CBN (Figure 2A), CBNA (Figure 2B), and △9-THCA-A (Figure 2D) when inoculated with Ferticann, whereas CBC was not detectable for all treatments in CCL (Figure 2C). No significant difference was noticed among treatments with CBCA quantification (Figure 2F).




Figure 1 | Quantitative determination of phytocannabinoids. Cumulative percent recovery of a subset of cannabinoids under different treatments in five Cannabis cultivars: (A) cannabidivarin (CBDV), (B) cannabidivarinic acid (CBDVA), (C) cannabidiolic acid (CBDA), (D) cannabigerol (CBG), (E) cannabidiol (CBD), and (F) cannabigerolic acid (CBGA). The bar represents the concentration in milligrams per kilogram of raw material. Values with the same letters are not significantly different by a Tukey’s range test.






Figure 2 | Quantitative determination of phytocannabinoids. Cumulative percent recovery of a subset of cannabinoids under different treatments in five Cannabis cultivars: (A) cannabinol (CBN), (B) cannabinolic acid (CBNA), (C) cannabichromene (CBC), (D) delta-9-tetrahydrocannabinol-A (△9-THCA-A), (E) cannabicyclolic acid (CBLA), and (F) cannabichromenic acid A (CBCA). The bar represents the concentration in milligrams per kilogram of raw material. Values with the same letters are not significantly different by a Tukey’s range test.







Microbiome sequenced reads

We sampled roots and rhizosphere soils of five C. sativa cultivars to study the microbial diversity and community structure. Illumina MiSeq produced a total of 27,145,022 pair-end raw reads (8,030,182 from bacteria and 19,114,840 from fungi). The number of reads per sample ranged from 9,084 and 81,607 for bacteria and 13,499 to 194,916 for fungi. Using filtering, trimming, and quality controlling on the DADA2 pipeline resulted in 5,931 bacterial and 7,144 fungal ASVs. We also removed 11 ASVs from the bacterial dataset because they matched mitochondrial or chloroplast sequences.





Diversity, richness, and structure in root and rhizosphere soil microbiomes across Cannabis sativa cultivars

Microbial diversity indexes differed significantly among cultivars (Figures 2, 3; Table 1). Alpha-diversity measured by Shannon, Simpson, Pielou, and Chao was significantly affected by Cannabis cultivars in both root and rhizosphere biotopes for bacteria (Figure 3) and fungi (Figure 4). In addition, diversity indexes Shannon (p = 0.0009) and Pielou (p = 0.044) of fungal communities in root were affected significantly by treatments (Table 1). Interaction between treatment and cultivar had a significant effect on alpha diversities in the rhizosphere soil microbiome. All four diversity indexes of the root fungal community were impacted by the interaction, while the interaction had a significant effect on Simpson’s evenness (p = 0.044) in the root bacterial community (Table 1).




Figure 3 | Microbial diversity and structure of the bacterial community. The analysis of alpha diversity measured by Shannon, Simpson, Chao, and Pielou of the bacterial community in roots (A) and rhizosphere soil (B). The analysis included four Cannabis cultivars: CBD Therapy (THE), Euforia (EEA), Critical (CCL), CBD Sweet and Sour Widow (ECC), and CBD US (EUS) under different treatments with Ferticann (F), microbial suspension (K1), of R. irregularis mixed with microbial suspension (K2), and control (K0).




Table 1 | The effects of treatment and cultivar on the alpha-diversity of bacterial and fungal communities in root and rhizosphere soil.






Figure 4 | Microbial diversity and structure of the fungal community. The analysis of alpha diversity measured by Shannon, Simpson, Chao, and Pielou of the fungal community in roots (A) and rhizosphere soil (B). The analysis included four Cannabis cultivars: CBD Therapy (THE), Euforia (EEA), Critical (CCL), CBD Sweet and Sour Widow (ECC), and CBD US (EUS) under different treatments with Ferticann (F), microbial suspension (K1), of R. irregularis mixed with microbial suspension (K2), and control (K0).



Beta-diversity analysis using PCoA revealed changes in microbial community structure between both cultivars and treatments (Supplementary Figure S3). PERMANOVA showed that the shifts in bacterial and fungal communities were highly significant (p < 0.002; Table 2). In the first two principal coordinates, the bacterial community structure showed a low percentage of variance in the root (axis 1: 7.7%, axis 2: 5.8%) (Supplementary Figure S3A) and rhizosphere soil (axis 1: 6.4%, axis 2: 5%) (Supplementary Figure S3B). Plots showed that the bacterial community in both root and rhizosphere soil did not cluster under all treatments of the five cultivars. The same was true for the fungal communities, which did not cluster differently in root (axis 1: 6.1%, axis 2: 4.1%) (Supplementary Figure S3C) and rhizosphere soil (axis 1: 5.7%, axis 2: 4.8%) (Supplementary Figure S3D). However, the cultivar EUS showed clear clustering in both bacterial (Supplementary Figure S3A) and fungal communities (Supplementary Figure S3C) in the root biotope. Significant effects of cultivar and treatments were observed both in root and rhizosphere soil in the bacterial (Table 1) and fungal (Table 2) community structure.


Table 2 | PERMANOVA on the effects of Cannabis cultivar and treatments on the structure of the bacterial and fungal communities in root and rhizosphere soil biotopes.







Effect of inoculation on the microbial community assembly in root and rhizosphere soil across Cannabis cultivars

Approximately 25 bacterial phyla were revealed in different biotopes (Supplementary Table S1), with Patescibacteria being the most abundant in both root (Figure 5A) and rhizosphere soil (Figure 5C). In total, 129 orders were assigned to 5,931 bacterial ASVs (Supplementary Table S2). Candidatus Kaiserbacteria, Caulobacterales, Chthoniobacterales, Gemmatales, Planctomycetales, Rhizobiales, Saccharimonadales, Sphingomonadales, Streptomycetales, and Tepidisphaerales were the most abundant 10 bacterial orders found in the root across all cultivars (Figure 5B), while the most abundant 10 orders in rhizosphere soil bacteria were Candidatus Adlerbacteria, Candidatus Kaiserbacteria, Candidatus Nomurabacteria, Chthoniobacterales, Gemmatales, Phycisphaerales, Planctomycetales, Tepidisphaerales, Thermomicrobiales, and not assigned to any order (NA) (Figure 5D). Candidatus Kaiserbacteria had the highest relative abundances in root and rhizosphere soil bacteria. Both biotopes shared five candidates, which include: Candidatus Kaiserbacteria, Chthoniobacterales, Gemmatales, Planctomycetales, and Tepidisphaerales. In the fungal dataset, we identified 11 phyla (Supplementary Table S3), with taxa not assigned (NA) being the most abundant in both root and rhizosphere soil across cultivars (Figures 6A, C). The fungal ASVs were classified into 125 orders, with one order remaining not assigned to any taxa. This unassigned order dominated the root and soil fungi. However, Eurotiales, Hypocreales, Microascales, Mymecridiales, Sebacinales, and Sordariales were common in both biotopes (Figures 6B, D).




Figure 5 | Taxonomic composition at the order level for bacterial communities. (A) Taxonomic representation at order level in the roots. (B) Relative abundance of top 10 bacterial orders in the root. (C) Taxonomic representation at order level in rhizosphere soil. (D) Relative abundance of top 10 bacterial orders in rhizosphere soil.






Figure 6 | Taxonomic composition at the order level for fungal communities. (A) Taxonomic representation at order level in the roots; (B) relative abundance of top 10 fungal orders in the roots. (C) Taxonomic representation at order level in rhizosphere soil. (D) Relative abundance of top 10 fungal orders in rhizosphere soil.







Patterns of indicator species

We found a total of 436 ASVs as indicator species across five Cannabis cultivars, with 195 ASVs classified as 51 unique bacterial genera and 241 ASVs identified as 77 unique fungal genera (Supplementary Table S1). The detailed taxonomic information of the indicator species can be found in Supplementary Table S1. A maximum of 49 ASVs were found in the K2 treatment in the rhizosphere soil fungal communities of the cultivar THE. Streptomyces sp., Rhizobium sp., Bradyrhizobium sp., Mesorhizobium sp., Mesorhizobium opportunistum, and eight different Penicillium spp. were identified as indicator species in the root and rhizosphere soil communities across cultivars. Three Fusarium spp. (Fusarium concentricum, Fusarium oxysporum, and Fusarium solani) were observed with the cultivars CCL, EUS, and THE. Trichoderma reesei was also identified in the rhizosphere soil fungi as an indicator species under the K1 treatment of the EEA cultivar (Supplementary Table S1).





Eco- and core microbiome

We identified ASVs specifically associated with root and rhizosphere soil of each cultivar consisting of relatively abundant sequences that were considered eco-microbiomes in our study (Supplementary Figures S4, S5; Supplementary Tables S5–S8). In four (THE, CCL, ECC, and EUS) of the five cultivars, Streptomycetes sp. was the most abundant bacterial taxon in the root (Supplementary Figures S4A–C, E), whereas Candidatus Kaiserbacteria was relatively more abundant in the soil in THE, ECC, EEA, and EUS (Supplementary Figures S5A, C–E). Candidatus Adlerbacteria was identified as the most abundant soil bacterial taxon in CCL (Supplementary Figure S5B). This ASV was also found to be the most abundant bacterial taxon in both root and rhizosphere soil biotopes in the EEA cultivar (Supplementary Figures S4D, S5D). In the fungal dataset, unclassified fungi were the most abundant eco-mycobiome in root and rhizosphere soil across cultivars (Supplementary Figures S6, S7; Supplementary Tables S7, S8). Rhizosphere soil biotopes had a higher number of eco-mycobiomes than root. Penicillium sp. and Fusarium sp. were identified as root and rhizosphere soil eco-mycobiomes in cultivars THE, CCL, ECC, and EEA (Supplementary Figures S6, S7). We used a Venn diagram to show the distribution of eco-microbiome-related ASVs by root and rhizosphere soil and the number of ASVs shared by biotopes for each cultivar (Supplementary Figure S8; Supplementary Tables S9, S10). In the bacterial community, the Venn diagram (Supplementary Figures S8A–E) revealed: (i) Asticcacaulis sp., Devosia sp., and Terrimicrobium sp., in THE; (ii) Planctomicrobium sp. in ECC; (iii) Candidatus Kaiserbacteria, Devosia sp., and unclassified Tepidisphaerales in EEA; and (iv) Candidatus Kaiserbacteria, Planctomicrobium sp., and unclassified Tepidisphaerales in EUS. No bacterial ASV has been found common between root and rhizosphere soil in the CCL cultivar. Devosia sp., Planctomicrobium sp., and Candidatus Kaiserbacteria were shared between the cultivars EEA-THE, ECC-EUS, and EEA-EUS, respectively (Figure 7A; Supplementary Table S9). In the fungal dataset, unclassified fungi were more abundant in the shared eco-mycobiome list for all cultivars (Figure 7B; Supplementary Table S10). Only ASV1 (unclassified fungi) was shared by all five cultivars. ASV3 (unclassified fungi) and ASV4 (Conlarium sp.) were shared by four cultivars (CCL, ECC, EEA, and EUS). A maximum of four ASVs, ASV10 (Coniochaeta sp.), ASV12 (F. oxysporum), ASV15 (F. concentricum), and ASV24 (unclassified fungi), were found to be common between the cultivars EEA and THE (Supplementary Table S10F). Each cultivar has its core microbiome, which is composed of a few relatively abundant bacterial and fungal ASVs (Figures 7C–F; Supplementary Table S11). One bacterial ASV (Streptomyces sp.) and five fungal ASVs recognized as four taxa (unclassified fungi, Conlarium sp., Penicillium citrinum, and F. concentricum) were found as core microbiomes in the root (Figures 7C, D), whereas 18 ASVs identified as eight bacterial taxa (unclassified Rubinisphaeraceae, Candidatus Kaiserbacteria, unclassified Parcubacteria, Candidatus Adlerbacteria, Aqusphaera sp., Candidatus Nomurabacteria, Roseimicrobium, and unclassified Thermomicrobiales) and one fungal ASV (unclassified fungi) were found as core microbiomes in the rhizosphere soil (Figures 7E, F).




Figure 7 | Core microbiota pattern among Cannabis cultivars. The Venn diagram shows eco-microbiota shared among Cannabis cultivars under different treatments for bacterial community (A) and fungal community (B). Bacterial core microbiota in the root biotope (C) and soil biotope (D). Fungal core microbiota in the root biotope (E) and in the rhizosphere soil biotope (F).







Interkingdom interaction associated with five Cannabis cultivars

Co-occurrence network analysis of the cannabis microbiome indicated complex co-occurrence in the rhizosphere soil compared to the root. In the root, the EEA cultivar had the most co-occurrences (456 nodes and 2023 edges), while the cultivar THE had the most co-occurrences in the soil (959 nodes and 10,278 edges). We investigated the interkingdom network in the root and rhizosphere soil for each cultivar, then analyzed the meta-co-occurrence network interconnecting root and rhizosphere soil microbiomes to find hub taxa as defined by Ahmed et al. (2021b). This involved creating a module made up of a network of each hub taxon and its associated ASVs, with modular hub taxa being ASV-centered within a module. We also identified taxa that connected different modules and referred to them as connector taxa, as well as taxa that connected within modules and referred to them as network hub taxa. Detailed taxonomic information for modular hubs, connectors, and network hubs is presented in Supplementary Table S2. We used the terms “BASV” to refer to bacterial ASV and “FASV” to denote fungal ASV. Based on the node degree and betweenness centrality, we identified hub and network taxa in the interkingdom co-occurrence for each cultivar (Supplementary Table S2). Three bacterial ASVs (BASV629, BASV652, and BASV662) and two fungal ASVs (FASV373 and FASV712), a total of five ASVs, were identified as hub taxa, and 14 ASVs (six BASV and eight FASVs) were identified as connector taxa, for a total of 19 ASVs that have been designated as network hub taxa in the cultivar THE (Supplementary Figure S9A; Supplementary Table S2). The CCL cultivar had four hub taxa (one BASV and three FASVs) and six connector taxa (five BASVs and one FASV) (Supplementary Figure S9B; Supplementary Table S2). The ECC cultivar had seven hub taxa (three BASVs and four FASVs) and eight connector taxa (two BASVs and six FASVs) (Supplementary Figure S10A; Supplementary Table S2). In the EEA cultivar, four bacterial ASVs (BASV80, BASV476, BASV698, and BASV744) and one fungal ASV (FASV753) were revealed as hub taxa, and three BASVs and four FASVs were identified as connector taxa, for a total of 12 ASVs identified as network hub taxa (Supplementary Figure S9B; Supplementary Table S2). Five ASVs were found as hub taxa (three BASVs and two FASVs) with five connector taxa (three BASVs and two FASVs) in the EUS cultivar (Supplementary Figure S11A; Supplementary Table S2). We found 26 hub ASVs and 40 connector ASVs, for a total of 66 ASVs as network taxa across Cannabis cultivars (Supplementary Table S2). We also identified ASVs that were shared between cultivars, such as BASV30 (Terrimicrobium sp.), BASV164 (Actinoplanes sp.), and FASV155 (T. reesei), which were shared by the cultivars ECC-EUS-THE, CCL-ECC, and EUS-THE, respectively (Supplementary Figure S11B).






Discussion

Previous studies reported the effectiveness of mineral nutrients (Bernstein et al., 2019; Saloner and Bernstein, 2021; Saloner and Bernstein, 2022), soil properties (Coffman and Gentner, 1975), environmental stresses (Toth et al., 2021), and biofertilizers on the biomass and phytocannabinoid properties of cannabis. This study documented that microbial suspension-based inoculants are effective in cannabis production and that cultivars responded differently to inoculation types.




Microbial suspension-based inoculum makes the plant produce more phytocannabinoids

Secondary metabolite profile analysis by LC-MS/MS clearly showed that all treatments significantly influenced phytocannabinoid production in five Cannabis cultivars. Among the five cultivars tested in our trial, the cultivar THE showed the highest CBD concentration. This is consistent with previous findings that PGPR inoculum had a significant impact on the production of secondary metabolites (Pacifico et al., 2008). We highlighted the potential link between bioinoculants and cannabis cultivation, and this could serve as a baseline for further investigation.





Microbial inoculants positively impact Cannabis-associated microbial community structure and recruit beneficial microbes

Determining the regulators of cannabis-associated microbial communities in the greenhouse under different treatments is a critical step in identifying beneficial microbes and establishing a microbial community structure that promotes cannabis health and productivity. Cannabis cultivation has been linked to a genotype-dependent microbiome (Winston et al., 2014; Comeau et al., 2020). For indoor-grown Cannabis cultivars, we showed bacterial and fungal community assemblages in the root and rhizosphere soil. Cultivars had a significant effect on the alpha-diversity of fungal communities; however, PERMANOVA revealed that treatment and cultivars had a major effect on both bacterial and fungal community structure, with findings comparable to field-grown cannabis (Ahmed et al., 2021b). Finding beneficial microbes with an impact on crop production and fitness is dependent not only on the accuracy of diversity indices but also on how they recruit and interact within the biotopes (Gould et al., 2018; Morella et al., 2020). This could be explained by the fact that multiple treatments led to greater microbial diversity as well as the ability to recruit selected microbes that could be beneficial to the host (Han et al., 2020).

The high abundance of Patescibacteria orders Candidatus Kaiserbacteria and Tepidisphaerales was found in our study. Patescibacteria, together with Actinobacteria and Proteobacteria, were recently discovered in abundance in the microbiome of chrysanthemum roots (Ma et al., 2020b). Ahmed et al. (2021a) also found that Tepidisphaerales were abundant in the soybean soil microbiome in an experiment where phytate was used as the sole source of phosphorus and a forest-microbial suspension-based amendment was applied (Ahmed et al., 2021a). Unclassified fungi were more abundant than Ascomycota in the fungal community, and we saw similar evidence of unclassified fungal and Ascomycota abundance in common bean (Phaseolus vulgaris) when studying the effects of amendment in a controlled environment (Barelli et al., 2020). Furthermore, Ascomycota was detected in high abundance in three indoor-grown cannabis chemotypes: HASH, CBD Shark, and CBD Yummy (Comeau et al., 2020).





Inoculant-based treatment predicted cultivar-specific indicator species, cannabis core microbiome, and hub taxa

The existence and abundance of microbes can be predicted using indicator species analysis, which recognizes different bacteria and fungi and their links to cultivars (Schloter et al., 2018; Kusstatscher et al., 2019; Ahmed et al., 2021b). Our study showed microbial diversity among cultivars, with the ECC cultivar having the most indicator species. We did not find any ASV common to both the root and rhizosphere soil of the EUS cultivar. Also, ASV1 (Candidatus Kaiserbacteria) dominated in the root of the cultivar THE under control treatment. One possible reason for this could be the influence of root exudates on the rhizosphere soil microbiome, as soil serves as the main reservoir for rhizosphere microbes, and root exudates have been shown to shape the microbial communities in rhizosphere soil (Berg and Smalla, 2009). It is plausible that the change in community structure is due to the cultivar’s number of indicator species and the presence of beneficial microbes, including Streptomyces sp., Mesorhizobium sp., Penicillium sp., and Rhizobium sp. Streptomyces sp. was found as an eco-microbiome in the roots of four of the five Cannabis cultivar, although only bacterial core microbiome in the root and 15% of ASVs in the root eco-microbiome were Streptomyces sp., and it is in the Ferticann inoculum composition. Streptomyces lincolnensi was identified as a root indicator species in our recent studies of field-grown hemp microbiome (Ahmed et al., 2021a). Streptomyces sp. is being used as a biocontrol agent and a plant growth promoter (Vurukonda et al., 2018). Similarly, P. citrinum has been detected in several dispensary-derived cannabis samples (McKernan et al., 2016). Although Penicillium is known as an endophytic fungus for producing mycotoxins, P. citrinum has also been discovered to produce gibberellins, which are beneficial to plant growth and defense against pathogens (Khan et al., 2008). In addition to beneficial microbes, we also found F. concentricum, F. oxysporium, and F. solani as core microbiomes. Although Fusarium is known for its negative impacts on cannabis plants (Punja, 2021), its presence as a core microbiome in the bulk soil of field-grown hemp (Ahmed et al., 2021b) supports its widespread occurrence, as does studying the interactions of host-dependent pathogens to better understand the soil health of cannabis. It has been reported that Fusarium sp. can be detected even in Fusarium-suppressive soil by using the short ITS barcodes used in sequencing. The suppression is presumably due to the existence of other soil organisms such as Actinomycetes (Weller et al., 2002). There is no connection between the abundance of Fusarium in the soil and the disease caused by Fusarium (Vujanovic et al., 2006). Fusarium could be infested by beneficial bacteria, which could explain the positive connections in canola (Lay et al., 2018) and hemp (Ahmed et al., 2021b). We identified T. reesei as a core microbiome. Similar approaches identified Trichoderma sp. (Trichoderma aerugineum, Trichoderma americanum, and Trichoderma simmonsii) as indicator taxa in soybean (Ahmed et al., 2021a), and T. hamatum in the field microbiome studies in hemp (Ahmed et al., 2021b).

The interplay between a microbe and its host plant is complicated but crucial for plant performance; thus, deciphering microbial networks helps in understanding the structure and functionality of the community and how their association influences the host (Babalola et al., 2020; Ma et al., 2020a). We identified hub and connector taxa for each cultivar, totaling 66 ASVs as global hub taxa. We generated community structure and co-occurrence networks for five Cannabis cultivars under different microbial treatments to illustrate how microorganisms are recruited depending on genotype and treatment. Previous studies have shown the application of microbial network analysis in different plant compartments to uncover the driver microbes for plant benefits (Hamonts et al., 2018; Babalola et al., 2020; Ma et al., 2020a).





Inoculants associated with cannabis roots were increased

Microbial diversity was diverse in K0. Since the growth substrate was a coconut coir-based medium obtained from a commercial provider, the microbial community inhabiting K0 may have provided functional diversity in our study. A recent report has found that soilless growing media have distinct community structures, stability, and functionality; for example, their organic growing medium, a mixture of white peat and coconut fiber, demonstrated unique diversity niches with temporal stability (Grunert et al., 2016). Two fungal taxa, one bacterial species, and one microalga were inoculated in two treatments (Ferticann and K2). Surprisingly, none of these microbes were found in our sequencing datasets. Although the ITS2 region is not appropriate for identifying or tracing arbuscular mycorrhizal fungi (AMF) in soils, we would expect to find sequences of R. irregularis in at least root biotopes in Ferticann and K2 treatments, considering the data of root colonization, which showed evidence of mycorrhizal colonization in both treatments. The K0 treatment did not show any evidence of mycorrhizal colonization, while the K1 treatment showed a very low amount of mycorrhizal colonization in some genotypes. It is likely that the root colonization observed in Ferticann and K2 resulted from R. irregularis inoculation, while that of the K1 treatment was due to natural propagules obtained from forest soil suspension. Furthermore, inoculum persistence was described as site-specific and reviewed by Basiru and Hijri (2022). Overall, the amount of inoculated strains decreases over time, and AMF can maintain beneficial effects on the host crop for a maximum of 4 years (Pellegrino et al., 2022). Due to competition or suppression by native communities, inoculum abundance gradually declines over time. R. irregularis IR27 showed 11% to 15% of the Rhizophagus genus in jujube roots after 13 and 18 months of inoculation. Location dependency may also affect inoculum persistence (Basiru and Hijri, 2022). In our study, AMF colonized 19.05% of the ECC cultivar’s roots (Thioye et al., 2019). To examine the fate of the AMF inoculum and establish the survival of microbial consortia for commercial reasons, we should utilize appropriate tools such as quantitative PCR, targeting specific regions (Badri et al., 2016).






Conclusions

We found that microbial inoculants can increase the biomass, which is associated with the production of more phytocannabinoids (particularly CBDV, CBGA, and △9-THCA-A) while supporting a 19% greater mycorrhizal colonization in the roots of Cannabis cultivars. There is a core microbiome of shared bacterial and fungal taxa, with Streptomyces sp. always present in the roots of Cannabis cultivars. It appears that cannabis roots are a favorable habitat for these microorganisms, and they may be deliberately recruiting these microbiomes to support their growth, nutrition, and other biological functions. An in-depth investigation of the microbiome and transcriptomics data should enhance our understanding of the role of the cannabis-associated microbiome during plant production.





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 in the article/Supplementary Material.





Author contributions

BA: conceptualization, experimental design, processing of data, and writing the manuscript. FB and JH: experimental design and data processing on phytocannabinoids. LF: conducting experiments in the greenhouse and sampling. MV and MH: concepts, design, supervision, and contribution to the manuscript writing. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by The Fonds de Recherche du Québec – Nature et Technologies (FRQNT) B3X fellowship to BA; the Natural Sciences and Engineering Research Council (NSERC) Discovery grant to MH; the Biotechnology of Hemp Cultivation for CBD Products (No. FV40103) from the Ministry of Industry and Trade, Czech Republic, to JH; and the Biorefining as Circulation Technology (No. TN01000048) from the Technology Agency of the Czech Republic to MV, which we gratefully acknowledged.




Acknowledgments

We thank Zakaria Lahrach for technical assistance, Jean-Baptiste Floc’h for statistical analysis assistance, and Josef Krejčík for the cultivation of cannabis plants in the facilities of Rabbit, Trhový Štěpánov, Czech Republic. We are thankful to Dr. Joann Whalen for her insightful feedback on our manuscript. We also thank Premier Tech for providing the inoculum of R. irregularis.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1219836/full#supplementary-material




References

 Ahmed, B., Floc’h, J.-B., Lahrach, Z., and Hijri, M. (2021a). Phytate and microbial suspension amendments increased soybean growth and shifted microbial community structure. Microorganisms 9 (9), 1803. doi: 10.3390/microorganisms9091803

 Ahmed, B., and Hijri, M. (2021). Potential impacts of soil microbiota manipulation on secondary metabolites production in cannabis. J. Cannabis Res. 3 (1), 25. doi: 10.1186/s42238-021-00082-0

 Ahmed, B., Smart, L. B., and Hijri, M. (2021b). Microbiome of field grown hemp reveals potential microbial interactions with root and rhizosphere soil. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.741597

 Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Austral. Ecol. 26 (1), 32–46.

 Andre, C. M., Hausman, J.-F., and Guerriero, G. (2016). Cannabis sativa: the plant of the thousand and one molecules. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00019

 Babalola, O. O., Fadiji, A. E., Enagbonma, B. J., Alori, E. T., Ayilara, M. S., and Ayangbenro, A. S. (2020). The nexus between plant and plant microbiome: revelation of the networking strategies. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.548037

 Backer, R., Schwinghamer, T., Rosenbaum, P., McCarty, V., Eichhorn Bilodeau, S., Lyu, D., et al. (2019). Closing the yield gap for cannabis: A meta-analysis of factors determining cannabis yield. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00495

 Badri, A., Stefani, F. O. P., Lachance, G., Roy-Arcand, L., Beaudet, D., Vialle, A., et al. (2016). Molecular diagnostic toolkit for Rhizophagus irregularis isolate DAOM-197198 using quantitative PCR assay targeting the mitochondrial genome. Mycorrhiza 26 (7), 721–733. doi: 10.1007/s00572-016-0708-1

 Barelli, L., Waller, A. S., Behie, S. W., and Bidochka, M. J. (2020). Plant microbiome analysis after Metarhizium amendment reveals increases in abundance of plant growth-promoting organisms and maintenance of disease-suppressive soil. PloS One 15 (4), e0231150. doi: 10.1371/journal.pone.0231150

 Basiru, S., and Hijri, M. (2022). The potential applications of commercial arbuscular mycorrhizal fungal inoculants and their ecological consequences. Microorganisms 10 (10), 1897. doi: 10.3390/microorganisms10101897

 Berendsen, R. L., Pieterse, C. M., and Bakker, P. A. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17 (8), 478–486. doi: 10.1016/j.tplants.2012.04.001

 Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape the structure and function of microbial communities in the rhizosphere. FEMS Microbiol. Ecol. 68 (1), 1–13. doi: 10.1111/j.1574-6941.2009.00654.x

 Bernstein, N., Gorelick, J., Zerahia, R., and Koch, S. (2019). Impact of N, P, K, and humic acid supplementation on the chemical profile of medical cannabis (Cannabis sativa L). Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00736

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13 (7), 581–583. doi: 10.1038/nmeth.3869

 Carvalho, V. M., de Almeida, F. G., de Macêdo Vieira, A. C., Rocha, E. D., Cabral, L. M., and Strongin, R. M. (2022). Chemical profiling of Cannabis varieties cultivated for medical purposes in southeastern Brazil. Forensic Sci. Int. 335, 111309. doi: 10.1016/j.forsciint.2022.111309

 Coffman, C., and Gentner, W. (1975). Cannabinoid profile and elemental uptake of Cannabis sativa L. as influenced by soil characteristics 1. Agron. J. 67 (4), 491–497.

 Coffman, C., and Gentner, W. (1977). Responses of greenhouse-grown Cannabis sativa L. to nitrogen, phosphorus, and potassium. Agron. J. 69 (5), 832–836.

 Comeau, D., Novinscak, A., Joly, D. L., and Filion, M. (2020). Spatio-temporal and cultivar-dependent variations in the cannabis microbiome. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.00491

 Conant, R. T., Walsh, R. P., Walsh, M., Bell, C. W., and Wallenstein, M. D. (2017). Effects of a microbial biostimulant, Mammoth PTM, on Cannabis sativa bud yield. J. Horticulture 04, (01). doi: 10.4172/2376-0354.1000191

 Dagher, D. J., de la Providencia, I. E., Pitre, F. E., St-Arnaud, M., and Hijri, M. (2020). Arbuscular mycorrhizal fungal assemblages significantly shifted upon bacterial inoculation in non-contaminated and petroleum-contaminated environments. Microorganisms 8 (4), 602. doi: 10.3390/microorganisms8040602

 Dang, M., Arachchige, N. M., and Campbell, L. G. (2021). Optimizing photoperiod switch to maximize floral biomass and cannabinoid yield in Cannabis sativa L.: A meta-analytic quantile regression approach. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.797425

 Danziger, N., and Bernstein, N. (2021). Light matters: Effect of light spectra on cannabinoid profile and plant development of medical cannabis (Cannabis sativa L.). Ind. Crops Products 164, 113351. doi: 10.1016/j.indcrop.2021.113351

 Davies, J., F. T., Olalde-Portugal, V., Alvarado, M., Escamilla, H., Ferrera-Cerrato, R., and Espinosa, J. (2000). Alleviating phosphorus stress of Chile ancho pepper (Capsicum annuum L. ‘San Luis’) by arbuscular mycorrhizal inoculation. J. Hortic. Sci. Biotechnol. 75 (6), 655–661.

 De Cáceres, M., and Jansen, F. (2019). indicspecies-package: studying the statistical relationship between species and groups of sites. R Package 1, 1.

 Fathordoobady, F., Singh, A., Kitts, D. D., Pratap Singh, A., Cabral, L. M., and Strongin, R. M. (2019). Hemp (Cannabis sativa L.) extract: anti-microbial properties, methods of extraction, and potential oral delivery. Food Rev Int. 35 (7), 664–684.

 Folina, A., Roussis, I., Kouneli, V., Kakabouki, I., Karidogianni, S., and Bilalis, D. (2019). Opportunities for cultivation of medical cannabis (Cannabis sativa L.) in Greece. Sci. Pap A Agron. 62, 293–300.

 Gould, A. L., Zhang, V., Lamberti, L., Jones, E. W., Obadia, B., Korasidis, N., et al. (2018). Microbiome interactions shape host fitness. Proc. Natl. Acad. Sci. 115, E11951–E11960.

 Grunert, O., Hernandez-Sanabria, E., Vilchez-Vargas, R., Jauregui, R., Pieper, D. H., Perneel, M., et al. (2016). Mineral and organic growing media have distinct community structure, stability and functionality in soilless culture systems. Sci. Rep. 6, 18837. doi: 10.1038/srep18837

 Hamonts, K., Trivedi, P., Garg, A., Janitz, C., Grinyer, J., Holford, P., et al. (2018). Field study reveals core plant microbiota and relative importance of their drivers. Environ. Microbiol. 20 (1), 124–140. doi: 10.1111/1462-2920.14031

 Han, Q., Ma, Q., Chen, Y., Tian, B., Xu, L., and Bai, Y. (2020). Variation in rhizosphere microbial communities and its association with the symbiotic efficiency of rhizobia in soybean. ISME J. 14, 1915–1928.

 Hervé, M., and Hervé, M. M. (2020). Package ‘RVAideMemoire. Available at: https://CRAN.

 Khan, S. A., Hamayun, M., Yoon, H., Kim, H.-Y., Suh, S.-J., Hwang, S.-K., et al. (2008). Plant growth promotion and Penicillium citrinum. BMC Microbiol. 8 (1), 231. doi: 10.1186/1471-2180-8-231

 Kurtz, Z. D., Müller, C. L., Miraldi, E. R., Littman, D. R., Blaser, M. J., and Bonneau, R. A. (2015). Sparse and compositionally robust inference of microbial ecological networks. PloS Comput. Biol. 11 (5), e1004226. doi: 10.1371/journal.pcbi.1004226

 Kusstatscher, P., Zachow, C., Harms, K., Maier, J., Eigner, H., Berg, G., et al. (2019). Microbiome-driven identification of microbial indicators for postharvest diseases of sugar beets. Microbiome 7 (1), 112. doi: 10.1186/s40168-019-0728-0

 Lay, C.-Y., Bell, T. H., Hamel, C., Harker, K. N., Mohr, R., Greer, C. W., et al. (2018). Canola root‐associated microbiomes in the Canadian prairies. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.01188

 Ma, H.-K., Pineda, A., Hannula, S. E., Kielak, A. M., Setyarini, S. N., and Bezemer, T. M. (2020b). Steering root microbiomes of a commercial horticultural crop with plant-soil feedbacks. Appl. Soil Ecol. 150, 103468. doi: 10.1016/j.apsoil.2019.103468

 Ma, B., Wang, Y., Ye, S., Liu, S., Stirling, E., Gilbert, J. A., et al. (2020a). Earth microbial co-occurrence network reveals interconnection pattern across microbiomes. Microbiome 8 (1), 82. doi: 10.1186/s40168-020-00857-2

 Marques, J. M., da Silva, T. F., Vollu, R. E., Blank, A. F., Ding, G.-C., Seldin, L., et al. (2014). Plant age and genotype affect the bacterial community composition in the tuber rhizosphere of field-grown sweet potato plants. FEMS Microbiol. Ecol. 88 (2), 424–435. doi: 10.1111/1574-6941.12313

 McKernan, K., Spangler, J., Zhang, L., Tadigotla, V., Helbert, Y., Foss, T., et al. (2016). Cannabis microbiome sequencing reveals several mycotoxic fungi native to dispensary grade Cannabis flowers. F1000Research 4, (1422). doi: 10.12688/f1000research.7507.2

 Morella, N. M., Weng, F. C.-H., Joubert, P. M., Metcalf, C. J. E., Lindow, S., and Koskella, B. (2020). Successive passaging of a plant-associated microbiome reveals robust habitat and host genotype-dependent selection. Proc. Natl. Acad. Sci. 117, 1148–1159.

 Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., Schigel, D., et al. (2018). The UNITE database for molecular identification of fungi: handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47 (D1), D259–D264. doi: 10.1093/nar/gky1022

 Oksanen, J., Blanchet, F., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D., et al. (2020). Package – vegan: Community ecology package Vol. 6 (R package version).

 Pacifico, D., Miselli, F., Carboni, A., Moschella, A., and Mandolino, G. (2008). Time course of cannabinoid accumulation and chemotype development during the growth of Cannabis sativa L. Euphytica. 160, 231–240.

 Pagnani, G., Pellegrini, M., Galieni, A., D’Egidio, S., Matteucci, F., Ricci, A., et al. (2018). Plant growth-promoting rhizobacteria (PGPR) in Cannabis sativa ‘Finola’ cultivation: An alternative fertilization strategy to improve plant growth and quality characteristics. Ind. Crops Products 123, 75–83. doi: 10.1016/j.indcrop.2018.06.033

 Peşteanu, A., and Bostan, M. (2020). Perfecţionarea unor elemente tehnologice la producerea materialului săditor pentru fondarea livezilor moderne de măr. Stiinta agricola 1, 52–59.

 Pellegrino, E., Nuti, M., and Ercoli, L. (2022). Multiple arbuscular mycorrhizal fungal consortia enhance yield and fatty acids of Medicago sativa: A two-year field study on agronomic traits and tracing of fungal persistence. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.814401

 Poisot, T., Foster, Z. S. L., Sharpton, T. J., and Grünwald, N. J. (2017). Metacoder: An R package for visualization and manipulation of community taxonomic diversity data. PloS Comput. Biol. 13, (2). doi: 10.1371/journal.pcbi.1005404

 Punja, Z. K. (2021). Epidemiology of Fusarium oxysporum causing root and crown rot of cannabis (Cannabis sativa L., marijuana) plants in commercial greenhouse production. Can. J. Plant Pathol. 43 (2), 216–235. doi: 10.1080/07060661.2020.1788165

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41 (Database issue), D590–D596. doi: 10.1093/nar/gks1219

 Saloner, A., and Bernstein, N. (2021). Nitrogen supply affects cannabinoid and terpenoid profile in medical cannabis (Cannabis sativa L.). Ind. Crops Products 167, 113516. doi: 10.1016/j.indcrop.2021.113516

 Saloner, A., and Bernstein, N. (2022). Effect of potassium (K) supply on cannabinoids, terpenoids and plant function in medical cannabis. Agronomy 12 (5), 1242. doi: 10.3390/agronomy12051242

 Sapkota, R., Knorr, K., Jørgensen, L. N., O’Hanlon, K. A., and Nicolaisen, M. (2015). Host genotype is an important determinant of the cereal phyllosphere mycobiome. New Phytol. 207 (4), 1134–1144. doi: 10.1111/nph.13418

 Schloter, M., Nannipieri, P., Sørensen, S. J., and van Elsas, J. D. (2018). Microbial indicators for soil quality. Biol. Fertility Soils 54 (1), 1–10. doi: 10.1007/s00374-017-1248-3

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13 (11), 2498–2504. doi: 10.1101/gr.1239303

 Taghinasab, M., and Jabaji, S. (2020). Cannabis microbiome and the role of endophytes in modulating the production of secondary metabolites: an overview. Microorganisms 8, 3, 355. doi: 10.3390/microorganisms8030355

 R Core Team. (2020). R: A language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing).

 Thioye, B., van Tuinen, D., Kane, A., de Faria, S. M., Ndiaye, C., Duponnois, R., et al. (2019). Tracing Rhizophagus irregularis isolate IR27 in Ziziphus mauritiana roots under field conditions. Mycorrhiza 29 (1), 77–83. doi: 10.1007/s00572-018-0875-3

 Toth, J. A., Smart, L. B., Smart, C. D., Stack, G. M., Carlson, C. H., Philippe, G., et al. (2021). Limited effect of environmental stress on cannabinoid profiles in high-cannabidiol hemp (Cannabis sativa L.). GCB Bioenergy 13 (10), 1666–1674. doi: 10.1111/gcbb.12880

 Tsagkaris, A. S., Prusova, N., Dzuman, Z., Pulkrabova, J., and Hajslova, J. (2021). Regulated and non-regulated mycotoxin detection in cereal matrices using an ultra-high-performance liquid chromatography high-resolution mass spectrometry (UHPLC-HRMS) method. Toxins 13 (11), 783. doi: 10.3390/toxins13110783

 Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A., and Dufresne, A. (2015). The importance of the microbiome of the plant holobiont. New Phytol. 206 (4), 1196–1206. doi: 10.1111/nph.13312

 Vujanovic, V., Hamel, C., Yergeau, E., and St-Arnaud, M. (2006). Biodiversity and biogeography of Fusarium species from northeastern North American asparagus fields based on microbiological and molecular approaches. Microbial Ecol. 51 (2), 242–255. doi: 10.1007/s00248-005-0046-x

 Vurukonda, S. S. K. P., Giovanardi, D., and Stefani, E. (2018). Plant growth promoting and biocontrol activity of Streptomyces spp. as endophytes. Int. J. Mol. Sci. 19 (4), 952. doi: 10.3390/ijms19040952

 Weller, D. M., Raaijmakers, J. M., Gardener, B. B. M., and Thomashow, L. S. (2002). Microbial populations responsible for specific soil suppressiveness to plant pathogens. Annu. Rev. Phytopathol. 40 (1), 309–348. doi: 10.1146/annurev.phyto.40.030402.110010

 Wickham, H., and Wickham, M. H. (2020). Package ‘plyr.

 Winston, M. E., Hampton-Marcell, J., ZarraonaIndia, I., Owens, S. M., Moreau, C. S., Gilbert, J. A., et al. (2014). Understanding cultivar-specificity and soil determinants of the Cannabis microbiome. PloS One 9 (6), e99641. doi: 10.1371/journal.pone.0099641




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 © 2023 Ahmed, Beneš, Hajšlová, Fišarová, Vosátka and Hijri. 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.


OEBPS/Images/fpls.2023.1219836_cover.jpg
& frontiers | Frontiers in Plant science

Enhanced production of select
phytocannabinoids in medical Cannabis
cultivars using microbial consortia





OEBPS/Images/fpls-14-1219836-g003.jpg
e

204 L
LRSS
Treatment

Simpson
Ire n

gw MWT

b
Trestment
Shannon

aﬁ"’s’r

g
o W 4
B

i
Trestment.

Cultivar.
Ers
ErY
B
Bas
& e

Cultivar
Ers
ErS
B
Bas
& ne

Cultivar
Bea
B
Be
B
Ene

Cultivar

osas-
0900-
oars-
osso-

& & o
Treatment
Piclou

oms

Cuttvar.
B
=
B
Bas
& me

Cultvar
Eea
P
B
Bas
& ne

Cultivar
Boa
B
Be
B
e

Cultivar
e
Bec
Ber
Bas
e





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Enhanced production of select phytocannabinoids in medical Cannabis cultivars using microbial consortia

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Experimental design, treatments, and management

          



          		

            Sample collection and plant biomass analysis

          



          		

            Root staining to assess mycorrhizal colonization

          



          		

            Phytocannabinoid profiling

          



          		

            Extraction of DNA, amplification, and sequencing

          



          		

            Sequence processing and statistical analysis

          



        



        



        		

          Results

        

          		

            Cannabis biomass, plant height, and root colonization by R. irregularis

          



          		

            Effect of treatments on secondary metabolites production in Cannabis cultivars

          



          		

            Microbiome sequenced reads

          



          		

            Diversity, richness, and structure in root and rhizosphere soil microbiomes across Cannabis sativa cultivars

          



          		

            Effect of inoculation on the microbial community assembly in root and rhizosphere soil across Cannabis cultivars

          



          		

            Patterns of indicator species

          



          		

            Eco- and core microbiome

          



          		

            Interkingdom interaction associated with five Cannabis cultivars

          



        



        



        		

          Discussion

        

          		

            Microbial suspension-based inoculum makes the plant produce more phytocannabinoids

          



          		

            Microbial inoculants positively impact Cannabis-associated microbial community structure and recruit beneficial microbes

          



          		

            Inoculant-based treatment predicted cultivar-specific indicator species, cannabis core microbiome, and hub taxa

          



          		

            Inoculants associated with cannabis roots were increased

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1219836-g001.jpg
A B

Eo
f
!.:

c

g |||
.
||| |||I. o |||| | .......






OEBPS/Images/table2.jpg
Variable Source. DF SumOfSqs {ist F p-value Pr(>F)
L L S ——
- = =

Variable Source. DF SumOfSqs R F p-value Pr(>F)
O — —

Indicaies a sgnifcant diffvence, vith peh00l;  Indicats » sigalicant ifcrence with p<00L.





OEBPS/Images/fpls-14-1219836-g007.jpg
c o G i

tncosin Rasiicoion
Pt £
oy v p—
. . s
o e,
Streptomyces sp. L
100% \ -
Uncosi Cunttons
Candidatus. Rubinisphacraccae Nomurabacteria
Kk s o0
i
. .
Fusarian
Penctansp. e
o 9
=
e
Unidenified fungi
s
Conlarinsp.






OEBPS/Images/fpls-14-1219836-g005.jpg





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1219836-g002.jpg





OEBPS/Images/table1.jpg
Treatment

Root

Cultivar

Treatment: cultivar.

Treatment

Soil

Cultivar

Treatment: cultivar

Bactria  Shannon

Simpson.

Pidou

o

Fungi Shannon

Simpson.

paluc

o

o

o

om0

o052

o

053

o658

o2

I

253

0062

s

00009

2805

oon

o

o804

oein2

o000t

6265

o000t

26138

7614

139603

298635

202

19816

172462

171838

Y

1555

o

oou

1366

0199

e

o086

et

ey

117

996815

757

24809

s

00001

0896

oss

ass6

0403

o0

051

osis

s

15

009

093

o9

ot

o507

2285

o085

17063

3710

on7

00002

10597

610607

2

s3iE-16

19538

30811

15391

223809

170

384510

1653

6536-10

2055

009

2616

0005

23%

ooz

un

o6

7

2506

0003

2087

o001

25

0005





OEBPS/Images/fpls-14-1219836-g004.jpg
A

ARG

§2

500
o

02-

o8

06

;%ﬁﬁﬁ

e e
Tt
MW

g S
= 0!
0 o

fée
Treatment

Smnnun
‘ee g

Treatment
Simpson

iﬁf”ﬁ

‘ébe
Treatment

Cultivar

Cultivar
e
=1
S
Sas
Sne

cultivar

cuttivar
=
=
& e
Ses
& e

‘e
Treatment

Pielou
oy
ST%ﬁJ%
o = q‘
010 e 0
B
Treatment

Chao

%mwﬂ

8 e
Treatment”

Piclou
oy,

ol

3091

" ok

oss-
o é e
Treatment

Cultivar

cuttivar
=
=
Sen
=1
& ne





OEBPS/Images/fpls-14-1219836-g006.jpg





