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Abstract

:

Rhodiola rosea L. is a valuable medicinal plant with adaptogenic, neuroprotective, antitumor, cardioprotective, and antidepressant effects. In this study, design of experiments methodology was employed to analyze and optimize the interacting effects of mineral compounds (concentration of NO3− and the ratio of NH4+ to K+) and two plant growth regulators [total 6-benzylaminopurine (BAP) and α-naphthylacetic acid (NAA) concentration and the ratio of BAP to NAA] on the growth and the production of total phenolic compounds (TPCs) in R. rosea calluses. The overall effect of the model was highly significant (p < 0.0001), indicating that NH4+, K+, NO3−, BAP, and NAA significantly affected growth. The best callus growth (703%) and the highest production of TPCs (75.17 mg/g) were achieved at an NH4+/K+ ratio of 0.33 and BAP/NAA of 0.33, provided that the concentration of plant growth regulators was 30 μM and that of NO3− was ≤40 mM. According to high-performance liquid chromatography analyses of aerial parts (leaves and stems), in vitro seedlings and callus cultures of R. rosea contain no detectable rosarin, rosavin, rosin, and cinnamyl alcohol. This is the first report on the creation of an experiment for the significant improvement of biomass accumulation and TPC production in callus cultures of R. rosea.
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1. Introduction


The application of plant in vitro systems as a sustainable platform for the biotechnological production of pharmaceuticals is a promising alternative to the traditional pipeline. In vitro systems possess numerous advantages, including biosynthesis of safe metabolites according to good manufacturing practices (GMP) and independence from environmental factors [1,2,3]. In addition, this approach does not threaten natural populations of rare and endangered plant species. One of the species currently in demand for the biotechnological production of natural substances, having adaptogenic properties and various medicinal effects [4,5,6], is Rhodiola rosea L. from the Crassulacea family. Recently, R. rosea was actively used in the manufacture of various dietary supplements [7]; large volumes of harvesting in the wild and a slow rate of renewal have put this species on the brink of extinction. Notably, most of the products on the market are based on the raw material collected from wild populations in the Altai region (Russia) [5]. It is fairly well documented that the standard in vitro culture of R. rosea is not efficient enough to compete with wild plants with respect to the accumulation of active ingredients. In almost all earlier reports, researchers admit the lack or only traces of the important compounds in their in vitro experiments with roseroot [8,9,10,11]. In in vitro cultures, a significant enhancement of the production of rosin and its derivatives is observed when the cultures are fed with a precursor: cinnamyl alcohol [2,8,12]. In R. rosea compact callus aggregate cultures, the observed rosin and rosarin content is even higher than that in field-cultivated plants, while the rosavin level is five times lower. Recently developed hairy root cultures of Rhodiola kirilowii (Regel) Maxim. supplemented with cinnamyl alcohol exhibit a higher potential for the production of rosin and its derivatives in comparison to field-cultivated plants [13]. It has been shown that light quality has a stimulatory effect on secondary-metabolite production in callus cultures of R. imbricate Edgew [14]. Therefore, new approaches should be developed to overcome the shortage of active ingredients in in vitro cultures.



In this study, the design of experiments (DoE) methodology was utilized to examine the parameters that affect callus biomass accumulation and production of phenolic compounds by R. rosea. DoE is a statistical methodology that allows simultaneous testing of multiple factors to understand and improve complex systems [15,16].



Mineral nutrients are some of the most basic components of plant tissue culture media. Nitrogen (N) in the form of NH4+ or NO3− is the dominant mineral nutrient in most tissue culture formulations [17]. The culture of isolated plant tissues is autotrophic with respect to the N source. From inorganic N sources, tissues synthesize all organic nitrogenous compounds necessary for normal physiological processes [18]. The concentration and form of N in tissue culture media have a significant influence on cell growth and differentiation [19]. The most common N forms used in tissue culture growth media are NO3− and NH4+. The effects of N may be dependent on either the total N concentration or the proportion of NO3− and NH4+. In general, NO3− is the favored form for N assimilation in most plants; NH4+ is sometimes not required and at high concentrations may be toxic [19,20]. For most plants, a combination of NO3− and NH4+ is better than either NO3− or NH4+ as a sole source of N. Changes of NH4NO3 and KNO3 concentrations will alter the concentrations and proportions of K+, NO3−, and NH4+ in the culture medium [21]. In plant tissue culture media, N is present as various salts and varying the proportions of salts creates the problem of ion confounding between the effect of the N source and the effect of the counter ion in that salt. Varying the NH4+/K+ ratio and the total nitrate ion concentration NO3− in a two-component mixture facilitates the direct estimation of mineral nutrients’ effects without the ion confounding of a salt-based approach [17]. Computer-aided experimental design helps formulate practical treatments consisting of several factors or mixtures for studying the effects of complicated systems, in contrast to the traditional studies or factorial designs [22].



Various concentrations and combinations of plant growth regulators have been used to obtain callus and suspension cultures of Rhodiola species. For the induction of callus formation in these species, a combination of cytokinins and auxins is required [10,23,24,25,26,27,28,29,30,31]. 6-benzylaminopurine (BAP) is one of the most widely used plant growth regulators for in vitro culture of Rhodiola. Cotyledons, hypocotyl, leaves, apical buds, and internode fragments, inoculated on media containing BAP (0.2–3 mg/L) in combination with indole-3-acetic acid (IAA; 0.1 mg/L) [24], α-naphthylacetic acid (NAA; 0.5–3 mg/L) [10,28], or 2,4-dichlorophenoxyacetic acid (2,4-D; 0.5–3.0 mg/L) [25,31] have been the most appropriate explant types and media constituents for induction of well-growing calluses [5].



Numerous authors have demonstrated that the addition of an elicitor (biotic or abiotic) to a culture medium significantly increases the production of secondary metabolites in vitro by triggering a metabolic cascade [32,33]. Jasmonic acid and methyl jasmonate (MJ) are recognized as effective elicitors that trigger the biosynthesis of secondary defense compounds in callus and suspension cultures by activating the genes of secondary metabolism [34]. For example, jasmonic acid has been shown to enhance phenolic-compound production and bioactivity in a suspension culture of R. imbricate [28].



In the present study, the DoE approach was used to explore the relations among multiple factors in a new rapid culture method and their influence on process outcomes. DoE is particularly useful for examining interactions among factors that cannot be predicted by experiments designed to test one factor at a time (OFAT) [35]. In our study, four factors were tested that influence biomass accumulation and the production of phenolic compounds in the callus culture of R. rosea: ratio NH4+/K+, NO3− concentration, ratio BAP/NAA, and BAP + NAA concentration. In addition, in this study, we evaluated the impact of MJ in callus culture under optimal nutrient conditions.




2. Results


A summary of ANOVA (analysis of variance), the lack-of-fit test, and three R2 statistics for % fresh weight increase and dry weight is presented in Table 1. The percent fresh weight increase in the biomass of R. rosea callus after 45 days of cultivation varied from 14% to 703%. The result of the lack-of-fit test was not significant (p = 0.8180), indicating that additional variation in the residuals could not be removed with a better model. R2, adjusted R2, and predicted R2 ranged from 0.92 to 0.98. The effect of the overall model was highly significant (p < 0.0001), indicating that NH4+, K+, NO3−, BAP, and NAA significantly affected the growth. ANOVA revealed 17 significant terms, 12 of which had p-values < 0.0001. Dry weight accumulation ranged from 0.05 to 0.26 g. R2, adjusted R2, and predicted R2 ranged from 0.73 to 0.91, indicating good agreement among these five values. The overall effect of the model was highly significant (p < 0.0001), indicating significant factor effects on dry weight by these three ions and plant growth regulators. ANOVA revealed nine significant terms, three of which had p-values < 0.0001 (Table 1).



2.1. Effects of the NH4+/K+ Ratio and NO3− Concentration on Callus Culture


Callus growth in the control treatment group, with the NH4+/K+ ratio at 1.0 and 40 mM NO3−, was moderate (approximately average; Figure 1A,B). The highest values were obtained with the NH4+/K+ ratio of 0.33 and 20–40 mM NO3−. The influence of the Linear x Linear Mixture component was highly significant for fresh and dry weight. The Linear x Linear Mixture component compares the responses at the extreme ends (vertices) of the mixture design space. This means that growth at the points corresponding to the NH4+/K+ ratio of 0/1 was compared to growth at the points corresponding to the NH4+/K+ ratio of 0.5/0.5. We noted that good growth of callus culture requires NH4+ > 0. The constructed model showed that the concentration of NO3− has a smaller effect on the growth of fresh and dry biomass in comparison with the NH4+/K+ ratio.




2.2. Effects of Ratios BAP/NAA and NH4+/K+ on Callus Culture


The impact of the interaction between ratios BAP/NAA and NH4+/K+ was very highly significant toward the % fresh weight increase and dry weight of callus culture of R. rosea. The largest values were achieved at the NH4+/K+ ratio of 0.33 and BAP/NAA 0.33–1.00, provided that the concentration of plant growth regulators was 30 μM and the content of NO3− was not more than 40 mM (Figure 1C,D). A change in the parameters of the model showed that with a decrease in the content of NO3−, there is a shift of the maximum toward the NH4+/K+ ratio of 1.0. Good growth of callus culture required BAP > 0.




2.3. Effects of BAP + NAA and NO3− Concentrations on Callus Culture


The best growth was achieved at high concentrations of plant growth regulators (30 µM) and NO3− concentrations of 20–40 mM (Figure 1E,F). We also noted a large increase in dry biomass at a low concentration of sum BAP (5 μM) and NAA (5 μM). The constructed model indicated that peak values were not reached in the experiment.




2.4. Histochemical Analysis


The callus culture obtained under optimal culture conditions was semi-friable yellowish green. Many of the large calluses contained cavities at their centers. Histological analysis revealed that the calluses consisted of actively dividing cells with two types of vacuoles: numerous small vacuoles or a single central one (Figure 2A–D). Small vacuoles are characteristic of immature cells and large vacuoles of mature cells. Lugol’s staining showed some accumulation patterns of starch granules in the callus culture (Figure 2E). Starch granules were previously found by us only in the cells of the root and rhizome, while leaves and stems had no starch-containing cells [36]. Cells of the 45-day-old callus did not yield positive signals in a ferric chloride reaction for phenolic compounds. We previously demonstrated that roots and rhizomes tested positive for phenolic compounds with this reagent [36]. In the present study, we found chaotic xylem elements in compacted parts of the callus cultures (Figure 2F).




2.5. Biochemical Analysis


2.5.1. The Profile and Levels of Phenolic Compounds in Callus Culture and Seedlings (Control 1)


Biochemical analysis was carried out only for well-growing callus cultures (an increase in fresh biomass of more than 300%) and for callus grown on the standard MS medium. High-performance liquid chromatography (HPLC; suitable for isolating a complex set of phenolic compounds) detected 27 phenolic compounds in the callus culture and nine phenolic compounds in seedlings of R. rosea (control 1) (Table S1). Total phenolic compound (TPC) concentration varied among callus cultures from 14.9 to 71.6 mg/g. The number of phenolic compounds varied from 10 to 20; in control 1, these values were 6.5 mg/g and 9, respectively (Figure 3).



The highest content of TPC was observed in calluses grown on media with the NH4+/K+ ratio of 0.33 and BAP/NAA of 0.33 and a concentration of plant growth regulators of 30 μM (56.01–75.17 mg/g), which is 1.1–1.5 times higher than that in the standard MS medium supplemented with 15 μM BAP and 15 μM NAA (49.73 mg/g) (Figure 3 and Figure S1). The lowest amount of phenolic compounds was found in control 1 and in the sample cultured on the medium with the NH4+/K+ ratio of 0.33, BAP/NAA of 1.0, with the lowest concentration of plant growth regulators, i.e., 5 μM. The level of biosynthesis of TPCs on the nutrient medium with the highest increase in callus biomass was 13% lower than that on the standard MS medium (42.85 and 49.73 mg/g, respectively) (Figure 3).



The treatment of callus cultures with an elicitor led to qualitative and quantitative changes in the profile of phenolic compounds (Figure 3 and Figure S2). MJ added at 100 μM gave a 119% increase relative to nonelicited cultures. We demonstrated that when callus cultures were exposed to an elicitor, four phenolic compounds emerged that were absent in nonelicited cultures; retention times were 13.6, 30.0, 33.3 and 46.0 (Table S1).



Multivariate statistical analysis was performed to classify the differences in phenolic compounds among callus cultures. Unsupervised principal component analysis (PCA) revealed two major clusters (Figure 4). Two principal components, PC1 and PC2, together accounted for 63% of the total variance. Control sample 1, sample No. 7 and samples treated with MJ can be clearly distinguished from the main cluster. Sample No. 7 is characterized by richer qualitative and quantitative composition (TPCs at 72.27 mg/g, 17 phenolic compounds).




2.5.2. The Profile and Levels of Phenolic Compounds in Immature Plants (Control 2)


Five-year-old cultivated plants of R. rosea served as control 2 in the experiment when the biochemical composition was analyzed. HPLC (suitable for isolating a complex set of phenolic compounds) detected 10 phenolic compounds in the rhizomes and roots and 21 phenolic compounds in the above-ground part of R. rosea (Table 2). Compounds No. 5–8, identified as cinnamyl alcohol and its derivatives (phenylpropanoids), were found only in underground organs. Their observed maxima are typical for rhizomes: rosarin 16.33 mg/g, rosavin 41.73, rosin 25.10, and cinnamyl alcohol 42.74 mg/g (Table 2, Figure S3). The total content of phenolic compounds was 159.09 mg/g in the rhizomes and 88.68 mg/g in the roots.



Our study revealed that none of the callus culture samples, including the MJ-treated one, control 1, and above-ground parts of R. rosea contained rosin, rosavin, rosarin, and cinnamyl alcohol.






3. Discussion


Using DoE, correct nutrient combinations were identified, along with the effects of their interactions with the other environmental parameters: plant growth regulators. Similar methods have recently been used for optimizing callus cultures of various plant species [35,37,38]. This method has two advantages over the more common factorial design: DoE allows us to investigate the effects of independent variables between the actual experimental data points and allows a researcher to easily increase the number of experimental variables to more than five, which is not practical in typical factorial designs. Our findings may facilitate the application of DoE to tissue culture optimization and the in vitro production of secondary metabolites, where an understanding of the complex interactions among plant growth regulators and growth medium nutrients is sought. Nitrogen quantity and form have been the subject of many growth medium optimization studies [39,40,41,42,43]. The optimum nitrate concentration is reported to be 20–30 mM for both growth and taxol production in cell cultures of Taxus yunnanensis Cheng et al. [40]. In an experiment on the NH4+/NO3− ratio in the culture medium, ginsenoside production in the adventitious roots of Panax ginseng C.A. Meyer was affected by NH4+/ NO3− ratios in the culture medium, showing the greatest productivity at 18.5 mM NO3− without NH4+ [39]. Biomass growth and azadirachtin production of Azadirachta indica (A. Juss) suspension cultures are significantly improved in a medium with a high NH4+/NO3− ratio [41]. According to our data, the NH4+/K+ ratio is a crucial factor for biomass accumulation and production of TPCs in the callus culture of R. rosea. The optimal response was seen at the NH4+/K+ ratio of 0.33 and 20–40 mM NO3−.



Plant growth regulators are one of the most important factors owing to their important regulating role in plant physiology and biochemistry [44]. An appropriate proportioning of cytokinins and auxins can maintain the balance between differentiation and dedifferentiation and achieve the goal of rapid proliferation for plant cells in vitro [45]. To obtain callus cultures of Rhodiola species, cytokinin BAP is most often employed in combination with various auxins. Compact callus aggregate suspension cultures of Rhodiola imbricata are obtained on the MS medium supplemented with 3 mg/L NAA and 3 mg/L BAP [28]. Rhodiola quadrifida (Pall.) calluses are obtained from hairy roots in the MS medium with the addition of hormones: 3 mg/L 2,4-D and 0.5 mg/L BAP [31]. Calluses of R. sachalinensis Boriss. can be successfully cultivated on the MS medium supplemented with 3 mg/L BAP and 0.3 mg/L NAA [27]. The medium containing 1 mg/L 2,4-D, 2 mg/L NAA, 0.5 mg/L BAP, and 0.1 mg/L kinetin proved to be the best for the induction of the callus from R. quadrifida (the induction rate was 83.3%); the optimized combination of plant growth regulators for callus subculture is 1 mg/L 2,4-D, 0.1 mg/L BAP, and 0.5 mg/L kinetin [23]. Several other combinations of plant growth regulators have also been found to be effective for callus induction in species of the genus Rhodiola. One research group revealed that callus induction of R. imbricata is frequently achieved in juvenile leaves (100% frequency) and roots (87.50%) in the MS medium supplemented with 0.5 mg/L thidiazuron and 1 mg/L NAA [30]. In another study, to obtain a callus culture of R. rosea, leaves were placed on the surface of a fresh MS medium supplemented with 3 mg/L of N6-(2-isopentenyl) adenine and 0.3 mg/L IAA [29]. For callus subcultures and subsequent cell suspension cultures of R. crenulata L., full-strength MS containing 0.5 mg/L thidiazuron and 0.5 mg/L NAA turned out to be the best [26]. This paper optimized plant growth regulator proportioning, and maximum biomass and production of phenolic compounds were obtained in the medium containing BAP/NAA ratios of 0.33–1.00, provided that the concentration of plant growth regulators was 30 μM. Here, we found that optimal growth of a callus culture of R. rosea requires BAP > 0. Other reports suggest that the synergistic combinations of auxin and cytokinin can significantly alter the production of secondary metabolites depending on plant species [46]. When compared with the initial medium (control medium), total plant growth regulators content has not been changed. However, the selected complex of optimal factors, in general, contributed to a significant increase in the growth parameters of R. rosea calluses.



Here, the callus obtained under optimal culture conditions (NH4+/K+ 0.33, BAP/NAA 1.0, BAP + NAA 30 μM, and NO3− 40 mM) was semi-friable yellowish green. The increase in the growth of fresh biomass on this medium was up to 703%, which is 2.7 times higher than the growth rates on the standard MS medium. Nonetheless, the level of TPC biosynthesis on the nutrient medium that gave the highest increase in callus biomass was 13% lower than that on the standard MS medium. The highest content of TPCs was observed in calluses grown on media with the NH4+/K+ ratio of 0.33 and BAP/NAA of 0.33 and a concentration of plant growth regulators of 30 μM. Data on the profile and concentrations of phenolic compounds in in vitro cultures vary and sometimes are contradictory because such results are influenced by various factors and stages of plant development [47]. Using RSM, it has been reported that higher KH2PO4 depletion and 75 μM m−2s−1 light intensity favored the biosynthesis of anthocyanins and the other phenolic compounds and resulted in elevated antioxidant capacity in grape (Bogazkere Cv.) callus culture [48]. Through Plackett–Burman’s design and RSM, optimal proportions of plant growth regulators for a cell suspension culture of Siraitia grosvenorii were obtained. With the optimized plant growth regulators, the obtained cell biomass and polyphenols content were 32.18% and 13.86%, respectively, more than plant growth regulators proportioning before optimization [49]. Using HPLC, we determined that the profile and levels of phenolic compounds were similar between the above-ground part of intact plants and the callus culture. TPC concentration varied among callus cultures from 14.9 to 71.6 mg/g, the number of phenolic compounds from 10 to 20; in the above-ground part, these values were 73.1 mg/g and 21 phenolic compounds, respectively. Several new phenolic compounds were identified in the callus cultures: compounds No. 9, 11, 19, 26, and 27 (see Table S1).



Jasmonic acid is thought to be involved in the signal transduction pathway that induces the production of defense compounds in plants, such as alkaloids, terpenoids, and polyphenols [50]. MJ is an effective elicitor that participates in plant defense response pathways and triggers plant metabolite biosynthesis. Accordingly, MJ has been used for inducing metabolite production in plant cell cultures [33]. In the present study, the medium was supplemented with different concentrations of MJ in 45-day-old cultures, and phenolic-compound accumulation was determined after three days of cultivation. The treatment of callus cultures with an elicitor led to qualitative and quantitative changes in the profile of phenolic compounds. In this case, MJ concentration was of paramount importance. The use of 100 μM MJ was optimal and led to an increase in the TPC content up to 47.9 mg/g. We showed that when callus cultures are exposed to an elicitor, phenolic compounds emerge that are absent in the sample without treatment; their retention times are 13.6, 30.0, 33.3, and 46.0 min. The effectiveness of MJ as an elicitor has been demonstrated for many in vitro cultures, including those of Rhodiola species [28,51,52,53,54,55,56,57]. For example, for Rhodiola it is reported that the levels of bioactive compounds increase with MJ supplementation in a dose-dependent manner. The highest salidroside content (4.75 mg/g dry weight) is obtained during treatment with MJ at 125 μM [28].



According to our HPLC analyses of rhizomes, the levels of rosarin, rosavin, rosin, and cinnamyl alcohol are 16.33, 41.73, 25.10, and 42.74 mg/g, respectively, while in the roots, their respective levels are 7.41, 11.73, 11.25 and 32.10 mg/g. In the aerial parts (leaves and stems), seedlings, and callus cultures, no detectable rosavins were found, in line with a report of Peschel et al. [58], wherein the aerial parts of wild R. rosea, no rosavins were identified, while the content of salidroside was below the detection limit. Although salidroside (0.53%) was found in the leaves of R. rosea from Rila Mountain, Bulgaria [24] and in the leaves and stems of R. rosea cultivated in Poland (salidroside 0.12% and total rosavins 0.3%), the aerial parts of the plant grow anew every year and therefore their content is consistent each time [59]. Rattan et al. [30] found that rosavin and rosarin are present at the highest concentration in root-derived compact green calluses (0.15 mg/g dry weight) and root-derived friable green calluses (0.07 mg/g dry weight). Kurkin et al. [60] noted that in a suspension culture of R. rosea, the main phenolic compound is a phenylpropanoid called triandrin, while in a callus culture, the process of biosynthesis went further and, together with triandrin, the major phenolic compounds were dimeric phenylpropanoids: lignans; in other words, “ageing” of the biomass took place. Those authors emphasized the finding that neither salidroside nor phenylpropanoids—which are characteristic for the rhizomes of roseroot stonecrop (rosin, rosavin, and rosarin)—were found in the samples of biomass. In the in vitro cultures, a significant enhancement in the production of rosin and its derivatives was observed when the cultures were fed with the precursor: cinnamyl alcohol [5]. In R. rosea compact callus aggregate cultures, the observed rosin and rosarin content was even higher than that in field-cultivated plants, while the rosavin level was five times lower [2]. Our next research project on the callus culture of R. rosea will be aimed at finding an optimal concentration and duration of cinnamyl alcohol treatment to promote the biosynthesis of phenylpropanoids.




4. Materials and Methods


4.1. Plant Material


R. rosea seeds were collected from its natural habitat on the southern slopes of the Iolgo ridge, Karakol lakes, Altai Republic (Russia). Altitude was 1800–2000 m a.s.l. R. rosea samples growing in this area belong to the ecotype of moderately humid habitats with moderate soil moisture (44–50%). This ecotype was previously chosen by us as optimal for the introduction experiment in the conditions of the forest-steppe zone of Western Siberia (Russia). Our earlier studies confirm the high biological and biosynthetic potential of these samples [61]. In vitro cultivation and ex vitro acclimatization of R. rosea plants were performed in the Laboratory of Biotechnology, CSBG SB RAS (Novosibirsk, Russia) according to the previously developed method [62].




4.2. Establishment of Callus Cultures


A callus line was developed from cotyledon explants of in vitro-grown seedlings of R. rosea. Seeds were germinated in the MS [63] basal medium without plant growth regulators but supplemented with 30 g/L sucrose and 6 g/L agar. For callus induction, cotyledon explants were excised from 21-day-old seedlings and placed onto the MS medium supplemented with 15 μM BAP (Sigma-Aldrich, St Louis, MO, USA), 15 μM NAA (Sigma-Aldrich), 30 g/L sucrose, and 6 g/L agar. The conditions of explant cultivation were as follows: photoperiod, 16/8-h light/dark cycle; illumination intensity, 2–3 klx; and temperature, 24 ± 1 °C. Callus cultures were maintained on the MS medium containing 15 μM BAP and 15 μM NAA via regular subculturing with a 45-day interval.



For the establishment of callus cultures at different media compositions, an actively growing 6-month-old callus was used as a source. The experiment lasted 45 days. Fresh and dry weights were measured by taking the average of three plates for each treatment type. Percent increase in fresh weight was calculated from the initial weight of the subcultured callus.




4.3. Optimal (Combined) Design


The experiment had a mixture–concentration design and included four mixture components (K+, NH4+, BAP, and NAA) and two numerical factors (NO3− and BAP + NAA concentrations). As NH4+/K+ and BAP/NAA were regarded as components of mixture1 and mixture2, the range for each component was expressed as a proportion; all component proportions in each mixture add up to 1.0. NO3− concentration ranged from 20 to 60 mM, K+ proportion from 0.5 to 1.0, and NH4+ proportion ranged from 0 to 0.5. BAP + NAA concentration ranged from 5 to 30 μM, NAA proportion from 0.5 to 1.0, and BAP proportion from 0 to 0.5. The concentration of K+ plus NH4+ matched the NO3− concentration to maintain charge neutrality. Design points were selected via D-optimal criteria to satisfy a quadratic polynomial for the mixtures (NH4+/K+ and BAP/NAA) and the numerical factors (NO3− and BAP + NAA) in various combinations in the mixture. The experiment included a data point for the MS basal medium.



All solution recipes were derived using the linear programming approach described by Niedz and Evens [64]. The concentrations of salts/acids/bases needed for each data point in the design space were calculated in the ARS-Media (Version 1.0) software (ion solution calculation program), which is available as a free download via http://www.ars.usda.gov/services/software/download.htm?softwareid=148 (accessed on 10 September 2020). For each treatment, all ions present and their concentrations were entered into ARS-Media. Ions other than those being varied were fixed at their normal levels present in the MS medium.




4.4. Effect of MJ Treatment


Callus cultures with the highest biomass growth were used for elicitation. Subsequently, a 45-day-old callus was transferred to a 100 mL Erlenmeyer flask containing 20 mL of a modified MS medium (NH4+/K+ 0.33, NO3− 40 mM) supplemented with 15 μM NAA, 15 μM BAP, and different concentrations of MJ (100 or 200 μM). The modified MS medium without MJ served as a control. The culture flasks were placed on a rotary shaker (90 rpm, Elmi, S-3-02L, Latvia) at 24 ± 2 °C under a 16 h/8 h photoperiod. The accumulation of biomass and the production of phenolic compounds were implemented after 3 days of cultivation.




4.5. Biochemical Analysis


4.5.1. Extraction


The dry raw material (callus cultures, in vitro seedlings, rhizomes, roots, and above-ground parts) was crushed to a particle size of 1 mm, mixed, and average samples were collected. Biochemical analysis was performed only on well-growing callus cultures with an increase in wet biomass of more than 300% and for callus grown on the standard MS medium. Double extraction was performed to isolate phenolic compounds. A 0.5 g sample of the crushed material was extracted with 30 mL of aqueous 50% ethanol for 8 h, and then with 20 mL of 70% ethanol for 50 min in a water bath. Each filter cake was washed with 5 mL of 70% ethanol. The combined extract was concentrated to 20 mL. To remove impurities, 1 mL of the extract was diluted with double-distilled water to 5 mL and passed through a Diapak C16 (ZAO BioKhimMak, Moscow, Russia) concentrating cartridge.




4.5.2. HPLC Analysis


The profile of phenolic compounds in the samples was investigated by HPLC using an Agilent 1200 liquid chromatograph equipped with a diode array detector, Zorbax SB–C18 column (4.6 × 150 mm, with sorbent grain size 5 μm; Agilent Technologies, Santa Clara, CA, USA). In the mobile phase, the methanol content in the aqueous solution of phosphoric acid (0.1%) was varied from 50% to 52% within 56 min. The flow rate of the eluent was 1 mL/min; the column temperature was 26 °C and the volume of the injected sample was 10 μL. Detection was carried out at λ = 220, 250, 270, 290, 360, and 370 nm. Concentrations of substances were calculated by detection at 255 nm. Methyl alcohol (extra pure grade), orthophosphoric acid (extra pure grade), and double-distilled water were utilized to prepare mobile phases. Standards from Aobious (USA) and Sigma-Aldrich (Germany) were used for identification. Standard solutions were prepared at a concentration of 10 μg/mL in ethyl alcohol. The retention time of the peaks of compounds in the chromatograms of the analyzed samples and their UV spectra were compared with those of the standard samples. Quantitative analysis of individual phenolic compounds in plant samples was performed by the external standard method (% of the weight of air-dry raw materials).



To assess biosynthetic potential of the callus cultures, two controls were used in the study. Control 1 was 21-day-old in vitro seedlings of R. rosea. Control 2 consisted of cultivated 5-year-old R. rosea plants propagated in an in vitro culture [36]. The initial material for the control samples was seeds from the same population and the same year of collection as the experimental samples.





4.6. Histochemical Analysis


Callus cultures of R. rosea were fixed in a mixture of formalin, acetic acid, and 70% ethanol (7:7:100 v/v/v) for 4 days and then stored in 70% (v/v) ethanol. For fluorescent microscopy, fresh calluses were used.



For histochemical characterization, the calluses of R. rosea fixed as described above were sectioned (25−35 μm) on a MICROM HM 430 microtome (Thermo Fisher Scientific, Munich, Germany) with fast freezing unit KS 34 S (Thermo Fisher Scientific, Munich, Germany). For light microscopy, sections were analyzed by means of a Carl Zeiss Axioscope A1 microscope equipped with digital camera Axiocam 506 color, and the ZEN 2012 software (blue edition) (Carl Zeiss Ltd., Herts, UK) and Carl Zeiss Primo Star iLED equipped with a filter system (470 nm), digital camera AxioCam MRc, and the AxioVision 4.8 software.



Cross-sections were investigated by the following histochemical tests: a ferric chloride reaction to detect phenolic compounds and a reaction with Lugol’s solution to detect starch. For fluorescence microscopy, fresh sections were treated using a 2% (w/v) solution of safranin for 2 min to detect starch, inducing yellow color at 470 nm, respectively. For autofluorescence examination, the sections were directly viewed under LED light at 470 nm.




4.7. Statistical Data Analysis


Design-Expert® 13 was used for experimental design construction, model evaluation, and all analyses. The data expressed as mean and standard error (M ± SE) were subjected to ANOVA in the STATISTICA 6.0 software. The differences between means were tested for significance by the LSD test at p ≤  0.05. In addition, clustering was performed by PCA.





5. Conclusions


In summary, this is the first report describing a statistical optimization study of biomass accumulation and the production of phenolic compounds in callus cultures of R. rosea using DOE. Computer-generated optimal design is an excellent tool for reducing treatment numbers compared to traditional factorial designs. The overall effect of the resulting model was highly significant (p < 0.0001), indicating that studied factors (NH4+, K+, NO3−, BAP, and NAA) significantly affected the growth of callus cultures of R. rosea. The best callus growth (703%) and the highest production of TPCs (75.17 mg/g) were achieved at an NH4+/ K+ ratio of 0.33 and BAP/NAA of 0.33, provided that the concentration of plant growth regulators was 30 μM and that of NO3− was ≤40 mM. The information presented in this study may be useful for future research related to the cell culture of R. rosea and other Rhodiola species.
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Figure 1. Three-dimensional (3D) response surface plots showing the effects of various factors on R. rosea callus fresh and dry weight. (A,B) The impact of the NH4+/K+ ratio and NO3−. (C,D) The influence of the BAP/NAA ratio and NH4+/K+. (E,F) The effect of the concentrations of BAP + NAA and NO3−. 
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Figure 2. Callus culture of R. rosea cultivated on a modified MS medium at the NH4+/K+ ratio of 0.33, 40 mM NO3−, the BAP/NAA ratio of 1.0, and concentrations of plant growth regulators at 30 μM. (A) Numerous small vacuoles in immature cells seen under a light microscope and (B) under a fluorescence microscope. (C) Mature cells with a single vacuole under the light microscope and (D) under the fluorescence microscope. (E) Lugol’s solution for starch (orange arrows). (F) Fragments of spiral vessels as seen under the fluorescence microscope (black arrows). 
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Figure 3. Effect of composition of the nutrient medium and different concentrations of MJ on (A) total phenolic content and (B) number of phenolic compounds in callus cultures of R. rosea. Values are mean ± standard error (vertical error bars) of three replicates. Means with similar letters are not significantly different at p ≤ 0.05 according to LSD test. Legend. Treatment group 1: NH4+/K+ 0.33, NO3− 20 mM, BAP/NAA 1.0, BAP + NAA 5 μM; 2: NH4+/K+ 0.33, NO3− 20 mM, BAP/NAA 0.33, BAP + NAA 30 μM; 3: NH4+/K+ 0.33, NO3− 20 mM, BAP/NAA 1.0, BAP + NAA 30 μM; 4: NH4+/K+ 0.33, NO3− 40 mM, BAP/NAA 0.33, BAP + NAA 17.5 μM; 5: NH4+/K+ 0.33, NO3− 40 mM, BAP/NAA 0.33, BAP + NAA 30 μM; 6: NH4+/K+ 0.33, NO3− 40 mM, BAP/NAA 1.0, BAP + NAA 30 μM; 7: NH4+/K+ 0.33, NO3− 60 mM, BAP/NAA 0.33, BAP + NAA 30 μM; 8: NH4+/K+ 0.33, NO3− 60 mM, BAP/NAA 1.0, BAP + NAA 30 μM; 9: NH4+/K+ 1.0, NO3− 20 mM, BAP/NAA 0.33, BAP + NAA 17.5 μM; 10: NH4+/K+ 1.0, NO3− 20 mM, BAP/NAA 0.33, BAP + NAA 30 μM; 11: NH4+/K+ 1.0, NO3− 20 mM, BAP/NAA 1.0, BAP + NAA 30 μM; 12: NH4+/K+ 1.0, NO3− 30 mM, BAP/NAA 1.0, BAP + NAA 17.5 μM; 13: NH4+/K+ 1.0, NO3− 40 mM, BAP/NAA 1.0, BAP + NAA 30 μM; 14: NH4+/K+ 0.33, NO3− 40 mM, BAP/NAA 1.0, BAP + NAA 30 μM, MJ 100 μM; 15: NH4+/K+ 0.33, NO3− 40 mM, BAP/NAA 1.0, BAP + NAA 30 μM, MJ 200 μM; 16: control 1. 
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Figure 4. The principal component analysis (PCA) plot showing two clusters of callus cultures and control 1 of R. rosea. Blue ellipse: callus culture after treatment with MJ; orange ellipse: all other callus cultures in the experiment, except No. 7; No. 7: callus culture obtained on the medium that had NH4+/K+ of 0.33, NO3− at 60 mM, BAP/NAA 0.33, BAP + NAA 30 μM; No. 16: control 1. Note: see Figure 3. 
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Table 1. ANOVA and summary statistics for the % fresh weight increase and dry weights of callus culture of R. rosea.






Table 1. ANOVA and summary statistics for the % fresh weight increase and dry weights of callus culture of R. rosea.





	

	
Fresh Weight

	
Dry Weight




	
F-Value

	
p-Value

	
F-Value

	
p-Value






	
Model

	
107.14

	
<0.0001

	
35.83

	
<0.0001




	
Linear × Linear Mixture

	
274.28

	
<0.0001

	
80.74

	
<0.0001




	
NH4+ * K+ *BAP

	
140.46

	
<0.0001

	
31.82

	
<0.0001




	
NH4+ * K+ *NAA

	
22.00

	
<0.0001

	
13.40

	
0.0008




	
NH4+ *BAP*NAA

	
38.42

	
<0.0001

	
6.61

	
0.0142




	
NH4+ *BAP* NO3−

	
5.78

	
0.0218

	
1.01

	
0.3208




	
NH4+ *BAP*BAP + NAA

	
21.64

	
<0.0001

	
6.87

	
0.0126




	
NH4+ * K+ *BAP* NO3−

	
19.65

	
<0.0001

	
-

	
-




	
NH4+ * K+ *BAP* BAP + NAA

	
19.84

	
<0.0001

	
2.74

	
0.1058




	
NH4+ * K+ *NAA* NO3−

	
7.92

	
0.0081

	
1.70

	
0.2002




	
NH4+ * K+ *NAA* BAP + NAA

	
15.35

	
0.0004

	
6.63

	
0.0141




	
NH4+ *BAP*NAA* NO3−

	
76.36

	
<0.0001

	
17.88

	
0.0001




	
NH4+ *BAP*NAA* BAP + NAA

	
68.45

	
<0.0001

	
-

	
-




	
NH4+ *BAP* NO3−* BAP + NAA

	
21.51

	
<0.0001

	
25.17

	
<0.0001




	
NH4+ * NAA* NO3−* BAP + NAA

	
12.34

	
0.0013

	
-

	
-




	
K+ *BAP* [NO3−]2

	
1.84

	
0.1842

	
-

	
-




	
NH4+ * K+ *BAP* NO3−* BAP + NAA

	
4.74

	
0.0364

	
7.54

	
0.0092




	
NH4+ *BAP*NAA* NO3−* BAP + NAA

	
23.44

	
<0.0001

	
1.83

	
0.1840




	
NH4+ * K+ *BAP*[ NO3−]2

	
61.34

	
<0.0001

	
16.24

	
0.0003




	
NH4+ * K+ *BAP*[ BAP + NAA]2

	
7.57

	
0.0095

	
3.79

	
0.0590




	
Lack of Fit

	
p = 0.8180

	
p = 0.6741




	
R2

	
0.9851

	
0.9413




	
Adjusted R2

	
0.9759

	
0.9150




	
Predicted R2

	
0.9235

	
0.8162




	
Adeq Precision

	
40.4608

	
23.0849




	
Std. Dev.

	
25.21

	
0.0142




	
Mean

	
178.00

	
0.1071




	
C.V.%

	
14.16

	
13.26




	
Model type

	
Reduced Quadratic × Quadratic × Quadratic model

	
Reduced Quadratic × Quadratic × Quadratic model








Note: “-”: no hierarchical relationships.
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Table 2. Characteristics and levels of the phenolic compounds detected by HPLC in the extracts from rhizomes and roots of R. rosea.






Table 2. Characteristics and levels of the phenolic compounds detected by HPLC in the extracts from rhizomes and roots of R. rosea.





	
Compound

	
Spectral Characteristics: λmax, nm

	
Retention Time (tR), min

	
Content, mg/g of Air-Dried Material




	
Rhizomes

	
Roots






	
Gallic acid

	
272

	
1.8

	
26.15

	
21.20




	
Compound 2

	
216,280

	
2.9

	
3.20

	
2.30




	
Compound 3

	
228,296

	
6.5

	
0.51

	
0.23




	
Compound 4

	
218,274

	
8.5

	
0.41

	
-




	
Rosarin

	
253

	
10.7

	
16.33

	
7.41




	
Rosavin

	
253

	
12.5

	
41.73

	
11.73




	
Rosin

	
253

	
13.5

	
25.10

	
11.25




	
Cinnamyl alcohol

	
205,253

	
24.3

	
42.74

	
32.10




	
Rhodiosin

	
277,333,385

	
39.9

	
0.81

	
0.72




	
Rhodionin

	
277,333,385

	
40.5

	
2.11

	
1.74




	
TPC

	
159.09

	
88.68








“-”: not detected.
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