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The aim of this study was to propagate axillary shoots of Cannabis sativa L. using liquid medium in temporary immersion bioreactors. The effect of immersion frequency (3 or 6 immersions per day), explant type (apical or basal sections), explant number (8, 10, and 16 explants), mineral medium (Murashige and Skoog half-strength nitrates, β-A and β-H, all supplemented with 2-μM metatopoline), sucrose supplementation (2, 0.5, and 0% sucrose), culture duration (4 and 6 weeks), and bioreactor type (RITA® and Plantform™) were investigated. As a result, we propose a protocol for the proliferation of cannabis apical segments in RITA® or Plantform™ bioreactors. The explants (8 per RITA® and 24 per Plantform™) are immersed for 1 min, 3 times per day in β-A medium supplemented with 2-μM metatopoline and 0.5% of sucrose and subcultured every 4 weeks. This is the first study using temporary immersion systems in C. sativa production, and our results provide new opportunities for the mass propagation of this species.
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INTRODUCTION

Cannabis sativa L. (Cannabaceae) is a high-demand multipurpose crop with medicinal, nutritional, industrial, recreational, and agricultural uses (Hesami et al., 2020; Kovalchuk et al., 2020). Cannabis is an annual herb, predominantly dioecious and occasionally monoecious (Chandra et al., 2017). Cannabis plants can be divided into the following two main groups according to its percent of psychoactive cannabinoids based on dry weight: Plants with flowers with <0.2–0.3% Δ9-tetrahydrocannabinol (the exact threshold depends on the country) are classified as hemp, and plants that produce 0.2–0.3% or higher are categorized as marijuana (Oultram et al., 2021).

Cannabis leaves and flowers produce a broad spectrum of biologically active secondary metabolites, seeds are a source of nutritious oil and protein, and the stem contains two types of fiber serving as feedstock for a variety of bio-based consumer goods (Adhikary et al., 2021). During the last decade, the industrial applications of cannabis in textiles, paper, building materials, cosmetics, and foods, as well as pharmacological properties have been widely studied and supported (Hesami et al., 2021a). Cannabinoids and cannabinoid-containing products have created a new market that is growing exponentially (Valleriani, 2020). The recent cannabis legalization in many regions for medicinal and recreational purposes and the establishment of a legal market for cannabinoids has promoted systematic research and use of this plant (Aliferis and Bernard-Perron, 2020; Adhikary et al., 2021). As the demand for these products grow, there is an increasing interest in developing biotechnologies and improved cultivation techniques for effective propagation (Monthony et al., 2021b).

Dioecy and regulation of cannabis plants make conventional breeding methods difficult, time consuming, costly, and laborious (Hesami et al., 2021a). Traditionally, cannabis has been propagated from seed and stem cuttings. Vegetative propagation maintains genetic integrity and uniformity among the plants, which is not possible with seed propagation. In general, cannabis is relatively easy to root, and large numbers of plants can be produced from a single mother plant (Campbell et al., 2019) but significant amounts of space are needed. This approach requires the maintenance of mother plants in a vegetative state and free of pests and diseases (Adhikary et al., 2021; Monthony et al., 2021b).

Micropropagation methods providing uniform explants and better control of environmental conditions may represent an alternative to conventional (in vivo) clonal propagation and germplasm maintenance of C. sativa. In vitro culture allows the rapid production of a great number of genetically identical plants in a very small space and with efficient use of resources including time. These techniques may help for long-term genetic preservation as well as they can produce and maintain disease-free plants. However, the current micropropagation protocols for the most in vitro plants including cannabis are labor-intensive and costly, and an automation is difficult. These techniques require a large number of containers, semi-solid medium with the manual handling of the tissues in aseptic conditions. The widespread commercial application of micropropagation will only be economically possible when technologies that automate these processes are developed.

Liquid medium in micropropagation is considered the ideal solution for large scale propagation to reduce production costs and to introduce automation (Aitken-Christie, 1991). The cultivation systems that use liquid medium provide more uniform conditions and several advantages over gelled medium in micropropagation systems as follows: It lowers the plantlet production costs due to reduced agar use; the media can be easily renewed without changing the container; sterilization by microfiltration is possible; and cleaning the containers after the culture period is much easier. Compared to cultivation in semi-solid media, much larger containers can be used, and the transfer times can be shortened. However, liquid culture has some technical problems such as asphyxia and hyperhydricity (Etienne and Berthouly, 2002) as well as potential contamination issues.

Temporary immersion systems (TIS) were developed to resolve these problems (Steingroewer et al., 2013). The atmosphere in TIS can be renewed; thus, reducing disorders such as asphyxia and hyperhydricity. The frequency and duration of immersion, liquid medium volume, number of explants, aeration, and forced ventilation are critical factors to optimize the micropropagation technique using TIS (Etienne and Berthouly, 2002). The regulation of time between the immersions and the exposure periods can help in reducing the problem of hyperhydricity (Albarrán et al., 2005). The most popular bioreactors for TIS include the following: Twin–Flask system, Ebb-and-Flow, RITA®, Thermo-photo-bioreactor, TIS, and Plantform™ (Georgiev et al., 2014). Recently, several studies have shown that TIS have numerous advantages as regards the semi-solid methods (Vidal and Sánchez, 2019). These systems have been successfully used for micropropagation of Stevia rebaudiana (Melviana et al., 2021), Colocasia esculenta L. Schott (Mancilla-Álvarez et al., 2021), Agave angustifolia (Monja-Mio et al., 2021), Rosmarinus officinalis L. (Villegas-Sánchez et al., 2021), Dracocephalum forrestii (Weremczuk-Jezyna et al., 2020), Guarianthe skinneri (Leyva-Ovalle et al., 2020), and the number is increasing steadily. In our laboratory, we have developed protocols using bioreactor propagation systems with liquid medium for axillary shoots of chestnut, alder and willow (Vidal et al., 2015; Cuenca et al., 2017; Regueira et al., 2018; San José et al., 2020; Gago et al., 2021), and somatic embryos of Quercus robur (Mallón et al., 2012, 2013).

Some micropropagation protocols have been developed for C. sativa (Adhikary et al., 2021; Hesami et al., 2021a; Monthony et al., 2021b). However, to the best of our knowledge, there is only a congress communication referring the study of temporary immersion bioreactor systems (Lata et al., 2010). Bioreactors can help overcome proliferation difficulties with some cannabis genotypes, including rooting and acclimation issues, as reported for recalcitrant species (Vidal and Sánchez, 2019). In addition, they can reduce the cost of large-scale propagation and facilitate photoautotrophy (Xiao et al., 2011; Adhikary et al., 2021).

The aim of this study was to develop an efficient protocol for culturing cannabis shoots of different genotypes by temporary immersion in liquid medium. The effect of immersion frequency, explant type, number of explants, medium, sucrose supplementation, duration of subculture, and bioreactor type were evaluated in relation to shoot quality and proliferation rates.



MATERIALS AND METHODS


Plant Material and Culture Conditions

Three cannabis genotypes registered in the European Community Plant Variety Office (CPVO; https://cpvo.europa.eu/en) with different cannabinoid content were used: Beatriz (App. No. 20170146), Mati (App. No. 20170147), and Moniek (App. No. 20160114). These varieties were provided by Phytoplant Research SLU (Spain), a company specializing in the development of commercial scale production of medicinal plants. These genotypes were established in vitro from axillary buds harvested from young shoots and maintained in 500 ml glass jars (6 explants per jar) with 70 ml of β-A medium (Codesido et al., 2020). This media was supplemented with 2-μM metatopoline (MT), as reported by Lata et al. (2016), for a wide range of cannabis genotypes, with 2% sucrose (w/v) and 0.8% Bacto™ agar (w/v) as gelling agent. The media pH was adjusted to 5.7 before autoclaving at 120°C for 20 min. All chemicals used in this study were purchased from Duchefa Biochemie (The Netherlands) except the β-media, which was provided by Phytoplant Research SLU (Spain), and Bacto™ agar, purchased from Difco (Becton Dickinson & Co.). The cultures were incubated in a growth chamber with a 16-h photoperiod provided by coolwhite fluorescent lamps (50–60 μmol m−2s−1) at 25°C light/20°C dark (standard conditions) and subcultured every 6 weeks.



Micropropagation in Liquid Medium

The initial cannabis explants used for TIS were 15-mm apical sections derived from the shoots growing in semi-solid medium (Figures 1A,B). The experiments were carried out in the following two types of commercial bioreactors: RITA® bioreactors (www.vitropic.fr) were used to study the main factors affecting cannabis proliferation in liquid medium and the best conditions derived from these experiments were applied to PlantformTM bioreactors (www.plantform.se). Both types of bioreactors were used following the instructions of the manufacturers. Each RITA® contained 150 ml of liquid medium and each PlantformTM contained 600 ml of liquid medium. The following three media were used: One based on the Murashige and Skoog (MS) formulation (Murashige and Skoog, 1962), namely, MS medium with half-strength nitrates (MS–½N) including vitamins, and two media based on Formula β (Casano and Grassi, 2009). These later media, designated as β-H and β-A did not include vitamins (Codesido et al., 2020). All media contained 2-μM MT and 2% sucrose (except for the experiment of sucrose supplementation). The liquid media was autoclaved, then added to the containers. The bioreactors and the 0.22-μm hydrophobic filters were autoclaved separately. Inoculated bioreactors were incubated for 4 weeks under the standard conditions previously described for semi-solid cultures.
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FIGURE 1. Mati (A) and Beatriz (B) genotypes cultured in β-A semi-solid medium with 2% sucrose. Beatriz genotype cultured in RITA® with MS ½ N with 2% sucrose (C), β-A with 2% sucrose (D), MS–½N with 0.5% sucrose (E), and β-A with 0.5% sucrose (F). Mati (G) and Beatriz (H) genotypes cultured in β-A semi-solid medium with 0.5% sucrose, Beatriz genotype (I) cultured in Plantform™ with β-A medium and 0.5% sucrose. Bars, 10 mm.


The following parameters were evaluated in the application of TIS to cannabis cultures: (i) frequency of immersion (3 or 6 immersions per day, duration 1 min), (ii) number of explants per RITA® bioreactor (8, 10, or 16), (iii) culture medium (MS–½N, β-H, and β-A), (iv) duration of subculture (4 or 6 weeks), (v) sucrose supplementation (0, 0.5, and 2%), (vi) type of explant (apical or basal sections), and (vii) type of bioreactor (RITA® and Plantform™).

The following variables were assessed: Total number of shoots longer than 15 mm produced by each explant (NS); multiplication coefficient (MC), which was defined as the number of new segments of 15 mm valid for subculturing from each initial explant; shoot length (SL), which was the length of the longest shoot per explant; and hyperhydricity (H), which was calculated as the percentage of hyperhydric shoots.



Experimental Design and Statistical Analysis

The data correspond to four replicates per treatment and eight explants per replicate, except in the experiment evaluating type of bioreactor where three replicates per treatment and 24 explants per replicate were used. The data were submitted to Levene's test to verify the homogeneity of variances, then subjected to Student's t-test or analysis of variance (ANOVA) followed by comparison of group means (Tukey-b test). When an interaction between two factors was indicated by the two-way ANOVA, Bonferroni's adjustment was applied to detect simple main effects in multiple post hoc comparisons. A p ≤ 0.05 was considered statistically significant. The percentage data were subjected to arcsine transformation prior to analysis and non-transformed data are presented in the results. Statistical analyses were performed using SPSS 23.0 (IBM).




RESULTS


Effect of Immersion Frequency in RITA® Vessels

The results of immersing apical sections of cannabis for 1 min every 8 or 4 h in RITA® bioreactors (3 or 6 times per day) are shown in Figure 2. For genotypes Beatriz and Moniek, increasing the frequency of immersion from once every 8 h to once every 4 h led to similar NS and SL. However, as H was increased, not all new shoots could be used for multiplication, and a decrease in MC was observed (Figures 2A,B). In the case of Mati genotype, increasing the immersion frequency led to a significant increase in NS and SL, but as happened with Beatriz and Moniek, the higher occurrence of H (63%) limited the utility of this treatment (Figure 2C). The shoots were therefore immersed for 1 min every 8 h (3 times per day) in subsequent experiments.
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FIGURE 2. Effect of immersion frequency (every 8 or 4 h) on proliferation rates of apical sections of Beatriz (A), Moniek (B), and Mati (C) genotypes cultured in RITA® vessels. Explants were grown in MS medium with half-strength nitrates and 2-μM metatopoline. Immersion duration was set at 1 min. Ten explants/RITA® were used for Beatriz and Moniek and 16 explants/RITA® for the Mati genotype. The data were recorded after 4 weeks of culture. The values represent the mean ± standard error. For each variable, different letters indicate significant differences at p < 0.05. NS, number of shoots per explant; MC, multiplication coefficient; SL, length of the longest shoot (mm); H, percentage of hyperhydric shoots.




Effect of the Number of Explants

Explant densities of 8–10 apical sections/bioreactor were suitable for the proliferation of cannabis. For Beatriz, similar results were obtained with 8 and 10 explants/bioreactor (Figure 3A). However, to double the number of explants for the Mati genotype negatively affected proliferation and shoot quality, more and longer shoots were produced by using 8 instead of 16 initial explants (Figure 3B). Therefore, 8 explants per RITA® were used in further experiments for all genotypes.


[image: Figure 3]
FIGURE 3. Effect of initial explant number (8, 10, and 16 apical sections) on growth parameters of shoots of Beatriz (A) and Mati (B) genotypes cultured in RITA® vessels in MS medium with half-strength nitrates and 2-μM metatopoline. The explants were immersed for 1 min every 8 h. The data were recorded after 4 weeks of culture. The values represent the mean ± standard error. For each variable, different letters indicate significant differences at p < 0.05. NS, number of shoots per explant; MC, multiplication coefficient; SL, length of the longest shoot (mm); H, percentage of hyperhydric shoots.




Effect of Culture Medium, Duration of Subculture, and Sucrose Supplementation

The culture medium effects were investigated in the following three experiments studying: (i) the effect of culturing 3 cannabis genotypes for 4 weeks in different media supplemented with 2% sucrose, (ii) interaction between the culture medium and duration of subculture, and (iii) interaction between the culture medium and sucrose supplementation. In all these experiments, eight apical sections/bioreactor were used as initial explants.

The results of culturing Beatriz, Mati, and Moniek genotypes in RITA® for 4 weeks with 2% sucrose are shown in Table 1. For the three genotypes, Formula β-A yielded longer shoots and less hyperhydricity than the MS formulation and consequently higher multiplication coefficients were obtained (Table 1 and Figures 1C,D). Using Moniek, in which two media based on Formula β were compared, β-A resulted in a slightly better performance than β-H medium, although the differences were not significant (Table 1).


Table 1. Effect of the culture medium (MS–½N, β-A, and β-H) on the proliferation of apical sections of Beatriz, Mati, and Moniek shoots cultured in RITA® vessels.

[image: Table 1]

To study the possible interaction between the culture medium and the duration of the subculture Mati shoots were cultured for 4 or 6 weeks in Formula β-A and the MS formulation (Figure 4). Media composition significantly affected NS, MC, and SL, and subculturing at 4 weeks produced more proliferation and less hyperhydricity than a 6-week subculture period for the two media tested. No significant interaction between the two variables was detected, with p-values of 0.172, 0.328, 0.677, and 0.105 for NS, MC, SL, and H, respectively. The high proliferation rates obtained with liquid medium after 4 weeks of culture, allowed shortening the subculture cycle by 2 weeks relative to the conventional semi-solid medium system, and the 4-week cycle was used thereafter in TIS.
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FIGURE 4. Effect of the culture duration (4 or 6 weeks) on the growth of 8 Mati apical sections cultured in RITA® vessels with MS medium with half-strength nitrates and β-A medium. All media were supplemented with 2-μM metatopoline. The data recorded after 4 or 6 weeks of culture. The values represent the mean ± standard error. For each variable, different uppercase letters indicate significant differences in relation to the medium, and different lowercase letters indicate significant differences in relation to the duration of the culture (p < 0.05). NS, number of shoots per explant; MC, multiplication coefficient; SL, length of the longest shoot (mm); H, percentage of hyperhydric shoots.


The effect of culturing Beatriz explants for 4 weeks in MS–½N or β-A with two sucrose concentrations (2 and 0.5%) is shown in Figure 5. The reduction in sucrose supply adversely affected shoot growth cultured with MS–½N, as reflected by shoot length, multiplication coefficient, and hyperhydricity values (Figures 1E, 5). However, the shoots cultured in TIS with β-A grew successfully with low sucrose supplementation, suggesting that they had developed a photoautotrophic behavior (Figures 1F, 5). For SL and H, an interaction was detected for the culture media and the percentage of sucrose (p = 0.042 and p = 0.020), but not for NS and MC (p = 0.243 and p = 0.081). To further explore the effect of sucrose supplementation on cannabis proliferation, we cultured Beatriz and Mati explants in RITA® and in jars with β-A medium supplemented with 0.5 and 0% sucrose. The absence of sucrose prevented any proliferation and finally caused the death of all explants. An addition of 0.5% sucrose was beneficial for the explants cultured by TIS but not for those cultured in jars, as this concentration did not support the growth of the cultures (Figures 1F–H).
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FIGURE 5. Effect of sucrose and mineral medium on the growth of 8 apical sections of Beatriz genotype cultured in RITA® vessels. Explants were grown in MS medium with half-strength nitrates and in β-A medium, both supplemented with 2-μM metatopoline and 2 or 0.5% sucrose. The data were recorded after 4 weeks of culture. The values represent the mean ± standard error. For each variable, different uppercase letters indicate significant differences in relation to the medium, and different lowercase letters indicate significant differences in relation to sucrose supplementation (p < 0.05). NS, number of shoots per explant; MC, multiplication coefficient; SL, length of the longest shoot (mm); H, percentage of hyperhydric shoots.




Effect of the Type of Explant

Figure 6 shows the results of culturing 15-mm apical and basal sections of Beatriz in liquid medium in RITA® bioreactors with β-A supplemented with 2% sucrose. The apical sections yielded slightly higher NS, MC, and SL values than the basal segments, but these differences were not significant. The basal sections showed a significantly higher percentage of hyperhydricity (Figure 6).
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FIGURE 6. Proliferation of apical vs. basal sections of Beatriz genotype cultured in RITA® vessels in β-A medium supplemented with 2-μM metatopoline. Explants (8 per vessel) were immersed for 1 min every 8 h. The data were recorded after 4 weeks of culture. The values represent the mean ± standard error. For each variable, different letters indicate significant differences at p < 0.05. NS, number of shoots per explant; MC, multiplication coefficient; SL, length of the longest shoot (mm); H, percentage of hyperhydric shoots.




Effect of Bioreactor Type

Figure 7 shows the response of apical explants of Beatriz genotype cultured in RITA® (8 explants) and Plantform™ (24 explants) with β-A medium supplemented with 2-μM MT and 0.5% sucrose. In both cases, the explants were immersed in liquid medium for 1 min every 8 h, without an additional aeration in the case of the Plantform™ containers. As shown in Figures 1I, 7, similar NS and MC were obtained for RITA® and Plantform™ bioreactors. The shoots obtained in Plantform™ were significantly longer than the shoots obtained in RITA®, although a slight increase in hyperhydricity was observed in the former bioreactor. Similar results were obtained with Moniek genotype (data not shown).
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FIGURE 7. Effect of the type of bioreactor (RITA® and PlantformTM) on the proliferation of apical explants of cannabis genotype Beatriz cultured in β-A medium with 2 μM metatopoline and 0.5% sucrose. Explants were immersed for 1 min every 8 h. No additional aeration was provided to explants cultured in Plantform™ containers. The data were recorded after 4 weeks of culture. The values represent the mean ± standard error. For each variable, different letters indicate significant differences at p < 0.05. NS, number of shoots per explant; MC, multiplication coefficient; SL, length of the longest shoot (mm); H, percentage of hyperhydric shoots.





DISCUSSION

Studies have been conducted on conventional cannabis micropropagation to produce pathogen-free plants (reviewed in Adhikary et al., 2021; Hesami et al., 2021a; Monthony et al., 2021b). However, a long culture periods, the high production costs per plant, and the poor acclimating efficiency are major obstacles to scaling up for the industrial scale production. Bioreactors helped to overcome these issues with conventional micropropagation in eucalyptus, chestnut, yerba mate, poplar, and hazelnut through the production of vigorous shoots that rooted and acclimated more easily than when cultured with agar (McAlister et al., 2005; Vidal et al., 2015; Arencibia et al., 2017; Luna et al., 2017; Nicholson et al., 2020). In this study, we demonstrated that the use of TIS in the proliferation phase of cannabis micropropagation produced high multiplication coefficients and high-quality shoots.

Beatriz, Moniek, and Mati, the cannabis genotypes in this study were successfully cultured by TIS. The main advantages of the use of liquid instead of semi-solid medium were the shortening of the subculture cycle from 6 to 4 weeks and the use of 4 times less sucrose than in jars, a promising step toward photoautotrophy. Adhikary et al. (2021) suggested that the photoautotrophic bioreactor systems will make the in vitro cannabis tissue culture industry more efficient and commercially applicable.

The main factors that influenced cannabis proliferation by TIS were the immersion frequency, the density of explants, the mineral nutrient medium, and the length of the subculture period. For the Beatriz genotype, we further investigated the effect of explant type and bioreactor type. Basal and apical explants in RITA® could be used almost equivalently, although in the conditions applied in this study basal explants produced higher percentages of hyperhydric shoots, as also occurred with apical explants cultured in Plantform™.

Immersion frequency is considered as one of the most important parameters for the efficiency of TIS, and needs to be optimized for each species and each genotype. Low immersion frequencies can decrease the multiplication rates due to a reduction in the supply of nutrients (González et al., 2011) whereas a more frequent contact with the medium can produce more hyperhydric shoots, as reported in pistachio and myrobolan plum (Akdemir et al., 2014; Nasri et al., 2019). In our study, three immersions per day produced good proliferation levels for the three cannabis genotypes, whereas the higher immersion frequencies increased hyperhydricity in all cases. We observed similar trends but detected differences in the absolute proliferation rates among our three genotypes. The genotypic differences are common in conventional micropropagation of many plants in semi-solid medium (Pijut et al., 2011) and in bioreactors, as reported for eucalyptus (McAlister et al., 2005), blueberry (Debnath, 2009), pistachio (Akdemir et al., 2014), and chestnut (Vidal et al., 2015). For genotypes Beatriz and Moniek increasing the frequency of immersion did not significantly affect the NS, and SL, but due to the hyperhydricity caused by this immersion frequency MC decreased (Figures 2A,B). For Mati genotype, with higher explant density, NS and SL increased significantly with six immersions/day, but due to the hyperhydricity caused by this immersion frequency MC did not show any improvement (Figure 2C). Three immersions per day were applied to this genotype in subsequent experiments with lower explant density (Figure 3B) and the proliferation parameters reached values consistent with those showed by Beatriz and Moniek in Figures 2A,B with the same immersion regime. Three immersions per day were therefore used for the rest of the experiments. To apply the lowest immersion frequency has potential additional advantages, such as reducing fungal contamination risk and filter clogging. Similarly, in sugarcane, Mordocco et al. (2009) used the lowest frequency of immersion that did not lead to significant differences to decrease the risk of contamination.

The inoculation density influences the availability of nutrients, gases, and light to individual explants (Georgiev et al., 2014). The optimum density depends on the species (Son et al., 1999), as it is affected by the size of the initial explants, the rate of nutrients consumption and the shape and size of shoots and leaves during their development in the containers. The use of the highest density of explants that do not cause a diminution on growth increases the efficiency of nutrient uptake and laboratory space. The high inoculation densities can reduce the proliferation of the shoots and increase the contamination (Paek et al., 2001), but in some cases as Curcuma longa and banana the number of plants per bioreactor could be increased in a 50% percentage maintaining optimal growth responses (Marchant et al., 2021; Uma et al., 2021). In Cymbopogon citratus and hazelnut, the low explant density decreased the growth (Quiala et al., 2014; Nicholson et al., 2020). The positive effect of using high explant density in bioreactors could be explained by the growth enhancing activity of substances produced by the explants, as reported for nurse tissues in embryogenic cultures (Hargreaves et al., 2017). In axillary shoots, a certain concentration of the ethylene produced by the explants promotes the development of new buds, both in semi-solid medium and in bioreactors (Nour and Thorpe, 1994; Lai et al., 2005; Mingozzi et al., 2009), although excessive ethylene can cause hyperhydricity (Lai et al., 2005). If too much ethylene is removed with aerations, the use of a higher number of explants could help restore ethylene concentration to a level for bud formation. In our study, we evaluated the different explant densities with the aim of testing this hypothesis in cannabis but preliminary investigations did not support the benefit of increasing explant number in experiments with Mati genotype. Eight or ten explants per RITA® produced numerous and vigorous shoots with large leaves in all the genotypes, indicating an efficient use of medium and headspace.

Murashige and Skoog-based media are the most frequently employed for cannabis multiplication, with reports of its use in semi-solid medium (Richez-Dumanois et al., 1986; Lata et al., 2009a,b, 2016; Grulichova et al., 2017; Mubi et al., 2020; Wróbel et al., 2020), and in thin layer liquid medium (Piunno et al., 2019), although the other alternatives have been proposed, such as IMB4 (Smýkalová et al., 2019) and DKW (Page et al., 2020; Monthony et al., 2021a). Some of the approaches for optimizing the mineral and organic components of the culture medium for a particular plant are the formulations based on the elemental analysis of plant tissues (Nas and Read, 2004) and the use of mathematical methodologies as artificial neural networks. This last strategy has been used for a variety of species (Gago et al., 2011; Akin et al., 2017) including cannabis (Pepe et al., 2021; Hesami et al., 2021b). The absorption of salts and organic compounds such as vitamins, sugars, and plant regulators differ between conventional agar-based medium and liquid medium (Feito et al., 2001; Moncaleán et al., 2003), and for developing the protocols with new culture systems may be necessary to adjust some parameters related with the medium composition. For optimizing cannabis proliferation in TIS, we tested three media based on MS and β formulations, which had been used with good results in the previous research with this plant. The Formula β used in our study was beneficial for culturing in semi-solid medium several cannabis cultivars (Casano and Grassi, 2009; Codesido et al., 2020), other herbaceous plants such as Chinese foxglove (Yu et al., 2010), potato and various species of orchids (Codesido et al., 2020), and woody plants such as birch, cherry, eucalyptus, wild pear, and willow (Vidal et al., 2018). In our study with TIS, Formula β without added vitamins instead of MS–½N with vitamins led to a significant increase in the growth of our three cannabis cultivars. It is worth noting that the shoots propagated with β-A by TIS could grow with 0.5% sucrose without showing a decrease in the shoot length or multiplication coefficient regarding the 2% sucrose treatment, suggesting that they had some photoautotrophic behavior. By contrast, the shoots cultured in jars could not grow with this sucrose concentration. These results agree with the reports of Hesami et al. (2021b) and Pepe et al. (2021) on the role of sucrose on different phases of cannabis micropropagation and its interaction with light conditions. These authors recommended the use of 2–3% sucrose for maximizing shoot growth and development in semi-solid medium. Similarly, chestnut and willow shoots did not show successful development in absence of sugar or with low sugar concentrations when cultured with semi-solid medium in closed containers, even if they were placed under high light intensity (Sáez et al., 2016; Gago et al., 2021). Bioreactors with forced ventilation can enhance photosynthesis and eliminate the dependence of exogenous sugars from the media; therefore, decreasing microbial contamination and producing shoots physiologically healthier and better adapted to acclimation than those cultured under photomixotrophic conditions (Xiao et al., 2011; Nguyen et al., 2020). In our study, cannabis shoots cultured in bioreactors grew with 0.5% sucrose but did not grow when the medium was completely devoid of this sugar. Salix viminalis shoots were successfully micropropagated in a medium without sugar only when RITA® vessels were placed under high light intensity (150 μmol m−2s−1) and received carbon dioxide (CO2)-enriched air with every immersion (Gago et al., 2021). The use of CO2-enriched air to develop autotrophy has been recommended for several authors (Zobayed, 2005; Xiao et al., 2011; Nguyen et al., 2020). These conditions were applied to plum and chestnut to reduce the sucrose concentration when these species were cultured by TIS in RITA® and Plantform™ bioreactors (Gago et al., 2022a,b), and could also represent a useful approach to proliferate cannabis shoots photoautotrophically by TIS.

Two reports on the use of in vitro photoautotrophic methods for cannabis propagation have been published (Kodym and Leeb, 2019; Zarei et al., 2021). These studies focused on rooting, rather than on shoot proliferation and did not provide the data on multiplication coefficients. In both cases, the liquid medium was used in a continuous immersion system in which the shoots were inserted in rockwool blocks wetted with nutrient solutions without sugar. Kodym and Leeb (2019) placed the explants under conventional light intensity (70 μmol m−2s−1) and obtained gas exchanges through forced ventilation with ambient air, whereas Zarei et al. (2021) used a higher light intensity (150 μmol m−2s−1) and natural ventilation in a CO2-enriched chamber. The initial explants used in these two reports were 30–70 mm in size, whereas our shoots were only 15-mm long. As highlighted by Miyashita et al. (1996), under photoautotrophic conditions, an explant must produce a shoot/plantlet using either carbohydrates produced by photosynthesis of the explant or by stored carbohydrates in the explant itself, or both. These authors reported that increasing the explant size and leaf area was beneficial for potato explants cultured without sucrose and with natural ventilation in a CO2-enriched chamber (Miyashita et al., 1996). García-Ramírez et al. (2019) reported the photoautotrophic propagation of bamboo by TIS with forced ventilation without CO2-enriched air, but their initial explants were larger than the cannabis sections we used in this study. The use of larger explants with more storage capacity could enable the photoautotrophic growth of cannabis and to be evaluated in future TIS experiments using either ambient or CO2-enriched air.

The bioreactors used for TIS differ in the type of material, size and shape, and the designs may influence their suitability for the micropropagation of specific species. In this study, we tested the proliferation of cannabis in Plantform™ vessels applying the protocol optimized in RITA®. Apical shoots were cultured for 4 weeks in β-A medium supplemented with 0.5% sucrose using 1-min immersion every 4 h. Plantform™ containers are bigger, and they have greater headspace and more capacity for the cultivation medium (Welander et al., 2014). Although Plantform™ bioreactors allow additional ventilation independently of immersion, in this study, we maintained the aeration regime of RITA® vessels. Similar growth and multiplication coefficients were observed in both bioreactors, although a slight increase of hyperhydricity was detected in Plantform™. In our previous studies on chestnut (Vidal et al., 2015), willow (Regueira et al., 2018), and alder (San José et al., 2020), we observed minimal hyperhydricity in those bioreactors, and the shoots showed significantly increased shoot length and multiplication coefficient than those cultured in RITA® vessels. In those experiments, Plantform™ vessels received additional aerations of 1 min every hour, whereas in this study, no additional aeration was applied to cannabis explants. Increasing the air supply inside the bioreactors can reduce the internal humidity and favor gas exchange between the plant and the surrounding environment, preventing hyperhydricity and increasing normal metabolism of plant tissues (Chakrabarty et al., 2003; Kozai and Kubota, 2005; Roels et al., 2006). Forced ventilation improved the propagation of many species (Xiao et al., 2011) thus applying additional aeration cycles to the Plantform™ containers could be beneficial for cannabis proliferation in TIS. This strategy would take more advantage of the specific features of both types of containers. The larger size of Plantform™ bioreactors enables up to a 3-fold increase in the number of explants that could be processed at a time, making them more suitable for a large-scale propagation. In contrast, RITA® bioreactors contain fewer explants but require less medium per explant than Plantform™ vessels. These containers may be the most useful ones when the plant material is scarce or for initiating and maintaining cannabis shoots in liquid media.



CONCLUSIONS

This is the first report on the use of TIS systems in C. sativa micropropagation, with the results of this study providing new perspectives and opportunities for the mass propagation of this challenging species. This method provides a simple and efficient in vitro propagation system for the large-scale multiplication of cannabis, which shortens the culture period and reduces the use of sucrose. Beatriz, Moniek, and Mati genotypes were successfully cultured in liquid medium using commercial RITA® temporary immersion bioreactors and Plantform™, which showed promising results in the two genotypes in which was tested (Beatriz and Moniek). We propose a protocol in which apical cannabis explants (size, 15 mm) can be cultured for 4 weeks in RITA® and Plantform™ bioreactors. Eight explants per RITA® and 24 per Plantform™, together with 1-min immersion every 8 h in β-A medium without vitamins and with 0.5% sucrose produced high multiplication coefficients and vigorous shoots for the three genotypes. Future research could focus on the following: (i) optimization of additional aerations in Plantform™ bioreactors, (ii) investigation of the roles of light intensity and the supplementation of CO2-enriched air on the photoautotrophic behavior of cannabis, and (iii) the effect of sucrose supplementation, light and gas composition on the rooting, and acclimation response of cannabis shoots produced in bioreactors.
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Genotype Medium NS SL (mm) Mmc %H

Beatriz MS-%:N 3.50 £ 0.22a 3240£3.10b 3.90 +£0.65b 10+£10a
B-A 376 £0.25a 50.37 + 0.49a 7.37 £0.56a 0+0a

Mati MS-%:N 212+0.18b 2262+127b 0.00 +£0.00b 100+ 0a
B-A 4.00 +£0.26a 36.37 + 1.95a 2.69+0.74a 43+ 12b

Moniek MS-%:N 2.61+£029b 2820+ 1.44b 1.11£0.39b 66x11a
B-A 4.00 +£0.29a 48.50 + 4.59a 478+ 101a 21+ 11b
B-H 343 £0.65ab 39.28 £ 547a 3.43+1.30ab 28+ 18b

Al media were supplemented with 2-uM metatopoline. Explants (8 per vesse) were immersed for 1 min every 8h. The data were recorded after 4 weeks of culture. The values represent
the mean = standerd error. For each genotype and variable, means indicated by the same letter are not significantly different (o < 0.05). NS, Number of shoots per explent; SL, length
of the longest shoot (mm); MC, multiplication coefficient; %H, percentage of hyperhydric shoots.
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