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Abstract

:

In horticulture and floriculture, plants are predominantly propagated vegetatively from stem cuttings. Consequently, the success of propagation depends on a plant’s capacity to form adventitious roots (AR) at the basal part of the cutting, and AR formation depends on the interaction between flavonoids and plant hormones in the basal part. In ornamental plants, flavonoid accumulation is important for flower color and can interact with plant hormone activity. In this study, we used an aeroponic system to culture two Campanula portenschlagiana genotypes contrasting in flower color to estimate cultivar differences in AR formation, flavonoid concentrations, and hormone composition. We found a greater accumulation of flavonols and flavones in petals in a blue-flowered genotype than in a white-flowered genotype. The blue-flowered genotype also accumulated more flavonols and flavones in the basal part of cuttings and showed better AR formation. The better AR formation in the blue-colored genotype was related to a greater accumulation of auxin and a lower accumulation of ABA in the basal part of the cuttings. In conclusion, higher flavonoid levels in the basal part of cuttings may interact with hormone action to affect excision-induced AR formation during the vegetative propagation of Campanula.
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1. Introduction


Asexual reproduction is a highly effective and economically important technique in horticulture and floriculture [1]. This reproduction depends on the plant’s capacity to develop adventitious roots (ARs) at the basal part of stem cuttings, but this capacity varies greatly among different plant species and cultivars, making this plant trait an important consideration in plant breeding and marketing.



Flower color is another important trait in ornamental plants and is related to the accumulation of plant pigments as flavonoids, a class of low-molecular-weight phenolic compounds that are widely distributed in the plant kingdom. Flavonoids are accumulated in flower petals and all other parts of plants, where they play various roles, including defense against pathogens and herbivores, reduction of damage from reactive oxygen species (ROS), ultraviolet light protection, and regulation of development [2].



Differences in flavonoid concentrations in flowers might be related to differences in the biosynthesis of flavonoids in flower petals and/or differences in flavonoid biosynthesis in other plant tissues and subsequent flavonoid transport to flowers. Thus, the selection of a genotype with a specific flower color might also favor the selection of plants with additional industrially important traits related to the accumulation of flavonoids in other plant parts. One of these traits could be the plant’s capacity to form ARs because of flavonoid interactions with the action of auxin, a key player in AR formation. The effects of auxin on root development also depend on the interactions of auxin with other plant hormones, such as gibberellin (GA), cytokinin (CYT), abscisic acid (ABA), ethylene, and brassinosteroids [3]. Therefore, the modulation of concentrations of other hormones can also regulate AR formation through interactions with auxin.



Auxin is the most important plant hormone in root development. Natural auxin, indole-3-acetic acid (IAA), binds TIR1/AFB (TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX)—Aux/IAA co-receptor complex that induces degradation of Aux/IAA proteins and subsequent initiation expression of auxin-responsive genes [4]. The key role in auxin action is defined by auxin gradients in plant tissue, where both biosynthesis and polar auxin transport play essential roles [4]. IAA is primarily synthesized through a two-step tryptophan-dependent auxin biosynthesis pathway catalyzed by families of enzymes related to the tryptophan aminotransferase of Arabidopsis (TAA) and YUCCA (a flavin monooxygenase enzyme) (reviewed in [5]). Transporters involved in polar IAA transport include both uptake and efflux carriers. IAA uptake is conducted by members of the amino acid permease-like AUXIN RESISTANT1 (AUX1) family. Two transporter families mediate cellular IAA efflux: the family of PIN-FORMED (PIN) proteins [6] and the MULTIDRUG RESISTANCE/P-GLYCOPROTEIN (MDR/PGP) class of ATP-binding cassette (ABC) transporters [7].



One type of interaction between flavonoids and auxin occurs through the regulation of auxin transport, as flavonoids can inhibit polar auxin transport [8]. Several targets have been proposed for flavonoid effects on auxin transport. Specifically, flavonoids can modulate the activity of MDR/PGP transporters, as shown by analysis of auxin transport in mdr/pgp and flavonoid biosynthesis mutants, MDP/PGP gene expression patterns, subcellular MDP/PGP protein localization, and of MDR/PGP in heterogeneous systems (reviewed in [9]). In contrast to the known effects on MDR/PGP, the effects of flavonoids on PIN activity are less obvious. Flavonoids do not modulate PIN1 and PIN2 trafficking [10,11]; however they regulate auxin transport by promoting the stabilization of PIN dimers [12]. Another possible interaction might be an inhibitory action of flavonoids against IAA oxidase activity, which would protect IAA from oxidation/decarboxylation [13]. The inhibitory action of flavonoids on IAA oxidase might be a result of competition for enzyme substrates or scavenging of reactive oxygen species (ROS), which are also involved in the IAA oxidation reaction [14]. Increased levels of flavonoids could therefore enhance IAA concentrations by reducing ROS levels in plant cells. In addition, ROS themselves are known regulators of numerous physiological processes, including root development. For example, ROS are involved in root hair elongation [15,16], primary root elongation [17], lateral root emergence [18,19], and AR formation [20].



The ability of flavonoids to stabilize auxin levels while decreasing ROS levels suggests that flavonoid effects on AR development might vary depending on the plant genotype and environmental conditions. Indeed, several investigations have shown different results for flavonoids (and other polyphenolic compounds with antioxidant activity) on AR formation. Specifically, flavonoids had positive effects on AR formation in chestnut hybrids [21]. Similarly, a comparative study on two olive cultivars with different rooting capacities revealed a strong positive correlation between total flavonoid content and rooting percentage [14]. Experiments with Eucaplyptus genotypes with distinct adventitious rooting competence also showed a higher flavonoid content in an easy-to-root genotype than in a hard-to-root genotype [22]. Several flavonoids (i.e., orientin, isoorientin, luteolin, and luteolin-7-glucoside), when combined with IAA, have improved the rooting of mung bean stem cuttings [23]. The accumulation of anthocyanins also appears to have positive effects on rooting, cuttings from a red-flowered Hibiscus variety showed better rooting than a white-flowered variety [24].



The aim of the present study was to address the question of whether distinct flavonoid patterns in flower petals are related to flavonoid composition in the basal parts of excised cuttings, as these are the sites of AR formation. We also sought to explore whether a relationship exists between AR development and hormonal composition in the basal parts of cuttings. We chose Campanula portenschlagiana, a widely cultivated ornamental plant, as an experimental material, as it has genotypes with strongly contrasting flower colors (i.e., flavonoid content) and propagation success (i.e., AR formation by stem cuttings).




2. Materials and Methods


2.1. Experimental Setup


Shoot cuttings from two genotypes of Campanula portenschlagiana, Deep Blue Ocean and White Ocean (Supplementary Figure S1), were collected from 4-months old stock plants in a nursery located in Odense, Denmark. The cuttings were placed in an aeroponic system, consisting of a closed irrigation system. For each cultivar, 20 cuttings per genotype per replication were used. Five independent replicates were conducted. The cuttings were cultivated in a nutrient solution that contained 1 mM CaSO4, 1 mM K2HPO4, 1 mM KH2PO4, 2 mM MgSO4, and micronutrients with the following concentrations: 30 µmol B, 15 µmol Fe, 10 µmol Mn, 5 µmol Zn, 0.75 µmol Cu, and 0.5 µmol Mo. The plants were grown in a photoperiod of 16/8 h (day/night), at 23 °C, relative humidity of 70–80%, and 150 μmol m−2 s−1 of light intensity.




2.2. Morphological and Physiological Analyses


After 21 days of treatments, cuttings from Deep Blue Ocean and White Ocean genotypes were evaluated for fresh and dry weight of the root, number of rooted cuttings, length of the root, number of adventitious roots per explant, and number of lateral roots. The numbers of rooted cuttings were counted every day, from day 0 to day 21. Dry weight, average leaf area, number of leaves, stem length, and diameter of the shoot were measured after 21 days. For the dry weight measurement, fresh root and shoot parts were dried at 65 °C in a constant flux oven for 48 h.




2.3. Plant Hormone Analyses


The 1-cm fragments at the basal cut site from the shoot explant were collected and immediately frozen in liquid nitrogen (Supplementary Figure S2). In short, 20 mg of homogenized sample material were extracted with 80% methanol containing 1% acetic acid. After 45 min of sonication, the samples were centrifugated at 1500 rpm for 10 min at 20 °C. The supernatant was transferred to another vial, and the pellet was re-extracted with the same process. The first supernatant was combined with the second supernatant obtained. The samples were diluted 4 times and filtered through a syringe filter (0.22 µm).



The standard solutions for the calibration curve were prepared from the mixed stock solution containing indole-3-acetic acid, indole-3-butyric acid, abscisic acid, gibberellic acid 3, and trans-zeatin 6-purine, in the range of 0.19–400 ng/mL. The content of all hormones was detected by QTRAP 4500 LC/LC-MS platform [25]. Analyst Software (version 1.6.1, Concord, ON, Canada) was used for instrument control, data acquisition, and quantification. Three independent biological replicates were analyzed.




2.4. Flavonoid Analyses


Flavonoid compounds were extracted from shoots and from petals. Briefly, 1 cm shoot fragments were excised at the basal cut site of the shoot cuttings (Supplementary Figure S2) and collected and frozen in liquid nitrogen. Whole petals were detached from the stock plants and collected and frozen in liquid nitrogen. Each shoot sample and each petal sample was processed separately for flavonoid extraction using the same extraction protocol. Ground-up shoot tissues (20 mg) or ground-up petals (20 mg) were transferred to 2 mL Eppendorf tubes, and 1 mL of 70% methanol was added. The samples were sonicated for 45 min and centrifuged at 1500 rpm for 10 min at 20 °C. The supernatant was transferred to another vial, and the pellet was re-extracted with the same process. The supernatant of the two extractions were combined in the same vial, diluted 4 times, and filtered through a syringe filter (0.22 µm).



The standard solutions for the calibration curve were prepared from the mixed stock solution containing epicatechin, kaempferol, nicotiflorin, quercentin-rha-xyl-gal, quercetin-xyl-gal, rutin, apigenin, orientin, isovitexin, luteolin, luteolin-4-O-glc, luteolin-di-glc, myricetin, naringin, naringenin, biochanin A, daidzein, daidzin, formononetin, genistein, genistin, sissotrin, coumestrol, and medicarpin, in the range of 0.095–400 ng/mL. The content of the flavonoid compounds was detected by QTRAP 4500 LC/LC-MS platform [25]. Analyst Software (version 1.6.1, Concord, ON, Canada) was used for instrument control, data acquisition, and quantification. Three independent biological replicates were analyzed.



LC-MS/MS analysis of the basal cut end of the stem and the petals identified 24 flavonoid compounds (Table 1). Flavonoid groups detected in this study included flavanol, flavonol, flavone, flavanone, isoflavone, coumestan, and pterocarpan, with one, five, seven, two, seven, one, and one metabolites, detected, respectively.




2.5. Statistical Analyses


Data analyses from three independent experiments were performed using R (version 3.3.1, R Core Development Team, 2017, Vienna, Austria). Pairwise comparisons were performed by t-test.





3. Results


3.1. Deep Blue Ocean and White Ocean Genotypes Present Differences in the Flavonoid Composition of Petals


Flavonoids are a diverse group of phenolic compounds and play an important role as flower pigments [26]. The obtained metabolic profile revealed a clear difference in the accumulation of flavonoids between genotypes with different colored flowers. In Deep Blue Ocean petals, flavones were predominant, accounting for 60.58% of the total flavonoids analyzed (Figure 1A), whereas in White Ocean, flavonols were predominant, accounting for 79.50% of the total of the flavonoids analyzed (Figure 1B). Flavonols accounted for 38.12% of the total flavonoids investigated in Deep Blue Ocean petals, followed by flavanols (0.46%), flavanones (0.41%), isoflavones (0.42%), and pterocarpans (0.01%). In White Ocean petals, flavones accounted for 17.90% of the total flavonoids investigated, followed by isoflavones (1.34%), flavanones (0.96%), pterocarpans (0.16%), and flavanols (0.14%).



Luteolin-di-glc was one of four major flavonoids in Deep Blue Ocean petals (16,500 ng/g DW), the other three major components were nicotiflorin (7160 ng/g DW), quercetin-xyl-gal (2004 ng/g DW), and rutin (1726 ng/g DW) (Table 2). All of these were components of the flavonol group (Figure 1). Together, these four compounds accounted for 94.4% of the total flavonoids found in Deep Blue Ocean petals. In White Ocean petals, nicotiflorin was the main compound found (4400 ng/g DW), followed by myricetin (602 ng/g DW), rutin (240 ng/g DW), and kaempferol (228 ng/g DW), which together accounted for 88.6% of the total flavonoids found in the petals of the White Ocean genotype. The Deep Blue Ocean and White Ocean genotypes showed differences in flavonoid accumulations. Kaempferol, apigenin, and genistein were detected only in White Ocean petals, and myricetin was significantly higher in the White Ocean petals (2.2-fold higher) than in the Deep Blue Ocean petals (Table 2). Eleven compounds accumulated to greater levels in Deep Blue Ocean petals than in White Ocean petals. For example, rutin and luteolin were 7.1 and 2.7-fold higher, respectively, in Deep Blue Ocean than in White Ocean petals.




3.2. Deep Blue Ocean and White Ocean Genotypes Have Contrasting Efficiency to Adventitious Root Formation


To explore the ability of two genotypes to form AR, explants were set up in an aeroponic system and root formation was observed (Figure 2A). After 4 days of growth in the aeroponic system, Deep Blue Ocean explants started to form ARs (Figure 2B). AR formation in White Ocean explants started after 15 days of growth in the aeroponic system (Figure 2B). After 21 days, 100% of the Deep Blue Ocean explants and 25% of the White Ocean explants showed ARs. Deep Blue Ocean showed an average of 4 times more AR per explant compared to the White Ocean genotype (Figure 2C). The average root length in the Deep Blue Ocean genotype was 155% longer than the root length in the White Ocean (Figure 2D). Deep Blue Ocean showed an average of 6.5 times more lateral roots compared to the White Ocean genotype (Figure 2E).



Analysis of the root biomass of the two genotypes revealed that Deep Blue Ocean showed 260% and 400% higher fresh and dry weight, respectively, when compared with White Ocean (Figure 2F,G). The analysis of shoot biomass showed no significant differences between the two genotypes (Supplementary Figure S3). Average leaf area, number of leaves, stem length, and diameter also did not present statistically significant differences between genotypes (Supplementary Figure S3). Taken together, the results showed that the ability to form ARs was greater for the Deep Blue Ocean than for the White Ocean genotype of C. portenschlagiana, and both genotypes had the same vegetative growth rate. Deep Blue Ocean can be considered an easy-to-root C. portenschlagiana genotype, whereas White Ocean is a hard-to-root genotype.




3.3. Deep Blue Ocean and White Ocean Genotypes Show Discrepant Concentrations of Endogenous Plant Hormones


Plant hormone analyses were performed at the basal cut site of both the Deep Blue Ocean and White Ocean genotypes for a better understanding of the differences in AR formation. The analyses showed that two forms of auxin, IAA and indole-3-butyric acid (IBA), had higher concentrations in the Deep Blue Ocean than in the White Ocean genotype (Figure 3A,B). High levels of free IAA at the basal cut site in explants are essential for AR formation [28], and the conversion of IBA to IAA is also important in AR formation in many species [29]. The IAA and IBA content differences between Deep Blue Ocean and White Ocean could partially explain the differences in the ability to form ARs.



Our results showed that GA content is higher in the Deep Blue Ocean than in the White Ocean genotype (Figure 3C). The content of ABA was higher in the White Ocean than in the Deep Blue Ocean genotype (Figure 3D), suggesting that a lower level of ABA may collaborate to AR formation in C. portenschlagiana. In Vaccinium corymbosum, treatment with exogenous auxin increased the AR formation and decreased ABA endogenous content [30]. Although CYT were shown to negatively regulate AR formation in some species [31], no significant difference in trans-zeatin 6-purine content was observed between the Deep Blue Ocean and White Ocean genotypes (Figure 3E and Figure S4).




3.4. Deep Blue Ocean and White Ocean Genotypes Present Differences in the Flavonoid Composition in the Basal Part of the Stems


Flavonoids have been demonstrated to play significant roles in regulating root growth and lateral root formation [32]. The stems of both Deep Blue Ocean and White Ocean genotypes contained flavones as the predominant compounds, accounting for 97.67% and 86.02%, respectively, of the total flavonoids analyzed. The Deep Blue Ocean stem also contained 2.13% flavonols, 0.15% flavanols, and 0.02% flavanones. The amount of isoflavones and coumestan, pooled together, corresponded to 0.004% of the total compounds analyzed in Deep Blue Ocean (Figure 4A). In the White Ocean stem, flavanols accounted for 9.63% of the total flavonoids analyzed, followed by flavanones (4.11%), isoflavones (0.16%), and coumestan (0.049%). Further, in Deep Blue Ocean flavonols accounted for 2.13% of the total flavonoids analyzed, whereas in White Ocean genotypes they are not observed.



The diversity of flavonoid compounds was smaller in the cut stems than in the petals (Figure 4B–G). The following nine flavonoid components were identified in petals, but they were absent from the stems: medicarpin, daidzin, genistein, myricetin, biochanin A, quercetin-rha-xyl-gal, quercetin-xyl-gal, kaempferol, and apigenin (Table 2 and Table 3). Analogous to the petal findings, luteolin-di-glc was also the main compound found in the Deep Blue Ocean stem (185,200 ng/g DW), accounting for 97.4% of the total flavonoid (Table 3). The other three major components were rutin (2586 ng/g DW), nicotiflorin (1476 ng/g DW), and epicatechin (295 ng/g DW). Luteolin-di-glc was also the main flavonoid detected in White Ocean stem (3670 ng/g DW), accounting for 75.8% of the total flavonoids in the stem of that genotype, although its level was 50-fold lower than in the Deep Blue Ocean genotype. Epicatechin (466 ng/g DW), isovitexin (280 ng/g DW), and luteolin (190 ng/g DW) were the three other major components found in White Ocean stems. Two compounds were not found in petals but were exclusive components in the stem: coumestrol (the only coumestan analyzed in this study) and isovitexin (a flavone).



The PCA (Principal Component Analysis) biplot illustrated the relationship of the 24 flavonoids analyzed in the Deep Blue Ocean and White Ocean genotypes in the stem end and the flowers (Supplementary Figure S5). Two principal components, Dim1 and Dim2, were extracted at 58.3% and 29.5%, respectively. The cumulative contribution rate reached 87.8%. The Deep Blue Ocean and White Ocean genotypes have contrasting petal colors purple and white, respectively (Supplementary Figure S5). The PCA score plot showed clear separation of the petals of the Deep Blue Ocean and White Ocean genotypes. Deep Blue Ocean petals were associated with quercetin-xyl-gal, quercetin-rha-xyl-gal, sissotrin, luteolin, formononetin, biochanin A, naringin, daidzin, nicotiflorin, and medicarpin; whereas White Ocean petals were associated with myricetin, daidzein, genistein, apigenin, and kaempferol. Analysis of the score plot revealed that Deep Blue Ocean and White Ocean stems were allocated in the same quadrant, with both associated with orientin, epicatechin, naringenin, genistin, isovitexin, coumestrol, and luteolin-di-glc.





4. Discussion


Flavonoids are secondary metabolites that accumulate in most plant species, where they play various roles. As antioxidants, flavonoids protect plants against abiotic and abiotic stresses; as color pigments, they help to attract pollinators to flowers. By interacting with plant hormones, flavonoids also affect many growth and developmental processes in plants. In this study, we found a greater accumulation of flavones and flavonols in petals of a blue-flowered Campanula genotype than in a white-flowered genotype (Table 2). The blue-flowered genotype also accumulated more flavonoids in the basal part of the cutting (Table 3) and had a greater capacity for AR formation (Figure 2). The enhanced capacity to form AR in the blue-flowered genotype was related to higher auxin and lower ABA concentrations in the basal part of the cuttings than were found in the cuttings of the white-flowered genotype (Figure 3). The higher concentrations of auxins and lower concentrations of ABA, a stress hormone, in the genotype with better rooting capacity are in agreement with the known hormonal effects of auxin and ABA on AR development [33]. Flavonoids might contribute to AR formation through a modulation of plant hormone activity in the basal part of the stem.



4.1. Crosstalk of Flavonoids, Auxin, and ROS


Higher accumulations of flavonols and flavones in the petals and in the basal part of the stem of the Deep Blue Ocean cultivar indicate a greater synthesis of these flavonoids in the easy-to-root genotype, independent of plant tissue. In addition, greater biosynthesis of flavonoids in one plant part can contribute to enhanced concentrations in another part due to flavonoid transport, as shown in experiments with Arabidopsis [34]. The higher concentrations of both flavonoids and auxins in the basal parts of cuttings might indicate a causal relationship between these compounds, where a higher flavonoid concentration can contribute to higher auxin levels. The effects of flavonoids on auxin levels might occur through modulation of auxin stability and/or auxin transport.



The effects of flavonoids on auxin stability arise through their interference with the first step of IAA oxidation [35]. The oxidative degradation of auxin appears to be developmentally important, especially under conditions of oxidative stress [36]. Interestingly, in our study, the concentrations of both the major natural auxin IAA [4] and IBA were higher in the easy-to-root than in the hard-to-root genotype. IBA was initially considered a “synthetic auxin” that elicits auxin-like effects, such as root initiation, and is widely used as the active ingredient in plant propagation media to induce AR initiation in stem cuttings [37]. Subsequent studies have shown that IBA is an endogenous compound in a variety of plant species [38]. However, because of its lengthened side chain, IBA cannot bind to the auxin receptor. Therefore, IBA can contribute to auxin responses only after its carbon side chain is reduced and it is converted to IAA through a fatty acid β-oxidation process [39].



A higher endogenous pool of IBA can positively contribute to IAA levels; however, IBA itself is synthesized from IAA [40]. Therefore, the higher level of IAA in the easy-to-root genotype cannot be explained by a higher level of IBA accumulation. Thus, de novo auxin biosynthesis and/or reduced oxidative degradation might contribute to the observed increases in the levels of both IAA and IBA.



The importance of auxin biosynthesis in AR formation is also indirectly supported by our previous experiments, where the application of amino acid tryptophan, the precursor for auxin biosynthesis, enhances AR formation, especially for the hard-to-root genotype of Campanula plants [27]. Interestingly, the same study shows a similar stimulating effect on AR formation by applying another amino acid, glutamate. However, glutamate seems to decrease the responses to auxin [41], indicating that in addition to auxin, other signaling pathways are involved in the regulation of AR formation.



The higher auxin concentration in the basal part of shoots after cutting can be due to a reduction in oxidative IAA degradation and/or enhanced polar auxin transport (PAT). Indeed, previous studies with petunia (Petunia hybrid) showed that PAT is essential for AR formation [42], as the basipetal PAT is conserved after cutting as an important component explaining early IAA accumulation in the rooting zone.



Flavonols, a major class of flavonoids, inhibit PAT, as shown in studies with Arabidopsis [8]. If flavonols inhibit PAT, we would expect a smaller auxin accumulation in the basal parts of cuttings in the easy-to-root Deep Blue Ocean cultivar, which had a higher flavonol level. However, we found the opposite result, as this cultivar accumulated more auxin and more flavonols in basal parts of the cuttings. The higher auxin concentration might reflect the contribution of higher concentrations of flavonoids to IAA stability due to a reduction in oxidative IAA degradation. Moreover, the inhibitory effect of flavonols on PAT might be related to the molecular structure of specific flavonols, such as derivatives of quercetin and kaempferol, as shown in Arabidopsis studies [43,44]. However, these flavonols were not found in stems of both genotypes. By contrast, in our study, other flavonols (nicotiflorin and rutin) showed differential accumulation in the basal parts of the cuttings from the two contrasting Campanula genotypes (Table 3).



One possible mechanism of action of flavonols on PAT occurs through their binding to the ABCB1/19 protein [45,46], which is an auxin transporter. However, flavonols can have less specific actions on auxin transport, because flavonoids have antioxidant properties and reduce ROS levels in cells. The ROS level itself is important in the regulation of auxin transport. For example, treatments that increase ROS levels in the cells, such as pharmacological inhibition of glutathione (GSH) biosynthesis, as well as mutations in GSH biosynthesis (cad2 and rml1) and THIOREDOXIN REDUCTASE (ntra ntrb), all reduce the expression of the auxin efflux-mediating PIN proteins, which are the main facilitators of PAT [47]. The higher levels of several flavonoids in the Deep Blue Ocean cultivar might contribute to reduced ROS levels, resulting in an enhancement of auxin transport through the upregulation of PIN proteins. Thus, we can hypothesize that the antioxidant properties of flavonoids can contribute to higher auxin concentrations at the basal parts of cuttings due to decreased IAA oxidative degradation and stimulation of PIN-related PAT.



In our study, different classes of flavonoids were regulated differently in the easy-to-root genotype than in the hard-to-root genotype. In the basal parts of cuttings, the easy-to-root genotype has a higher concentration of flavonols and flavones and a lower concentration of flavonones (Table 3). High accumulation of the flavone luteolin-di-glc in the easy-to-root genotype raises the question of a potential role for this compound in AR formation. This requires further investigation. Different classes of flavonoids have different efficiencies in scavenging different ROS. Flavonols are the most effective at reducing ROS levels. By contrast, flavones are the least effective, having no antioxidant capacity for H2O2 and a very slight capacity for 1O2, while flavonones show very little action on H2O2 and no antioxidant action on 1O2 [48].



Thus, the modulation of flavonoid concentrations can change the total ROS level as well as the ratio between different ROS, such as H2O2 and 1O2, and different ROS play different roles in root development. For example, in the root tip, the H2O2/superoxide ratio regulates the transition of cells from a zone of cell division to a zone of cell elongation and differentiation [17]. In lateral roots, both H2O2 and superoxide are localized in all developmental stages of lateral root primordia [19].



The participation of ROS in adventitious rooting is still poorly understood. Some lines of evidence indicate that H2O2 might act as a signaling molecule that induces AR formation [20,49]. For example, in mung bean hypocotyl, H2O2 concentrations increase with time after excision, and ascorbate, a reducing substrate for H2O2 removal, prevents AR induction [50]. In poplar, the optimal concentration of H2O2 accelerated AR formation, whereas higher concentrations slowed down this process and reduced root growth [51].



Other important relationships between the major players guiding root development have also been identified. Specifically, auxin itself can enhance ROS formation. For example, application of the auxin IBA promoted H2O2 production in mung bean seedling [49]. Wounding induced ROS-modulated auxin biosynthesis-related and transport-related genes, leading to the accumulation of this phytohormone at the base of Arabidopsis cuttings [20]. In addition, ROS enhance flavonoid biosynthesis [52]. All these functional relationships indicate the operation of a complex network of interactions between flavonoids, ROS, and auxin that guide AR formation in Campanula.




4.2. ABA Is a Potential Additional Regulator of Ar Development


The other plant hormone that regulates AR development is ABA [53]. Our funding that the easy-to-root genotype contained lower ABA concentrations in the basal part of cuttings indicates that ABA can be a second regulator responsible for inhibition of AR formation in the hard-to-root genotype. ABA blocks both AR [53] and lateral root development [54]. However, experiments with Arabidopsis mutants of ABA receptors showed that the mechanisms that block root development differ for adventitious and lateral root development [53].



Antagonistic interactions between flavonoids and ABA have been found in “downstream” components of ABA signaling, such as H2O2 and a range of protein kinases (MAPKs) [55,56]. Flavonols may regulate the ABA signaling pathway primarily by countering the oxidative burst and the consequent generation of H2O2 driven by enhanced ABA biosynthesis [57,58]. ABA, in turn, can enhance flavonoid biosynthesis, possibly, through the generation of ROS. Thus, an additional feedback loop, where some flavonoids inhibit ABA signaling and ABA stimulates flavonoid biosynthesis might be involved in the regulation of AR formation. In our study, the stimulatory effect of ABA on flavonoid biosynthesis did not appear to play a dominant role in the regulation of flavonoid accumulation, because the easy-to-root genotype accumulated a higher amount of both ABA and flavonoids. The regulation of ABA biosynthesis can also affect AR development independent of flavonoids. Specifically, a disruption in ABA biosynthesis leads to the accumulation of carotenoid precursors, which have been shown to stimulate anchor root formation [59].



Another player that can contribute to AR development is GA. In previous research, gibberellins inhibited AR formation in hybrid aspen and Arabidopsis by affecting auxin transport [60]. In rice, GA stimulates AR formation via a mechanism that requires ethylene [1]. In our investigation, the easy-to-root genotype accumulated a higher GA content. Further investigations are required to understand the role of GA in AR formation in C. portenschlagiana.





5. Outlook


Several players, such as flavonoids, auxins, and ROS, are involved in a network that guides AR formation. Flavonoids inhibit ROS, but ROS stimulate flavonoid biosynthesis. Conversely, ROS inhibit auxin activity, but auxins stimulate ROS production. Among other hormones, ABA can also contribute to the regulation of AR formation, as indicated by the lower level of ABA in the easy-to-root genotype and the well-known inhibitory effect of ABA on AR formation. Further investigations with higher temporal and special resolution are required regarding the crosstalk between flavonoids and plant hormones to understand the different strategies by which AR development is regulated in ornamental plants.
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Figure 1. Flavonoid compounds accumulated in Deep Blue Ocean (DBO) and White Ocean (WhO) Campanula portenschlagiana genotypes. (A) Percentage of flavonoid groups in DBO petals. (B) Percentage of flavonoid groups in WhO petals. 
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Figure 2. Adventitious root formation by Deep Blue Ocean (DBO) and White Ocean (WhO) genotypes Campanula portenschlagiana. (A) DBO and WhO genotypes at the fifteenth and twenty-first day after cutting. (B) Percentage of explants of DBO (dark purple line) and WhO (light gray line) with adventitious root at the fourth, fifteenth, and twenty-first day after cutting. (C) Average number of adventitious roots of DBO (dark purple box) and WhO (light gray box) at the twenty-first day after cutting. (D) Average root length (cm) of the adventitious root of DBO (dark purple box) and WhO (light gray box) at the twenty-first day after cutting. (E) Average number of lateral roots of DBO and WhO at the twenty-first day after cutting. (F) Average fresh root weight of DBO (dark purple box) and WhO (light gray box) genotypes at the twenty-first day after cutting. (G) Average dry root weight of DBO (dark purple box) and WhO (light gray box) at the twenty-first day after cutting. Scale bars: 0.5 cm. Error bars represent standard deviation. t-test significance: *** p < 0.001; n= 20. The data for genotypic differences in AR formation were previously presented at the 1st International Electronic Conference on Horticulture [27]. 
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Figure 3. Plant hormone quantification in Deep Blue Ocean (DBO) and White Ocean (WhO) Campanula portenschlagiana genotypes. (A) Indole-3-acetic acid (IAA) content DBO (dark purple box) and WhO (light gray box) in ng/g dry weight (DW). (B) Indole-3-butyric acid (IBA) content. (C) Gibberellic acid 3 (GA) content. (D) Abscisic acid (ABA) content. (E) Clustering heat map of all plant hormone analyzed. Each sample is represented by a column, and each metabolite is represented by a row. The up-regulated and down-regulated metabolites are shown with different color shades. WHI: White Ocean. GA3: Gibberellic acid. CK: Trans-zeatin. t-test significance: * p < 0.05, ** p < 0.01, *** p < 0.001, n= 3. The data for hormone composition in the basal parts of cuttings were presented at the 1st International Electronic Conference on Horticulture [27]. 






Figure 3. Plant hormone quantification in Deep Blue Ocean (DBO) and White Ocean (WhO) Campanula portenschlagiana genotypes. (A) Indole-3-acetic acid (IAA) content DBO (dark purple box) and WhO (light gray box) in ng/g dry weight (DW). (B) Indole-3-butyric acid (IBA) content. (C) Gibberellic acid 3 (GA) content. (D) Abscisic acid (ABA) content. (E) Clustering heat map of all plant hormone analyzed. Each sample is represented by a column, and each metabolite is represented by a row. The up-regulated and down-regulated metabolites are shown with different color shades. WHI: White Ocean. GA3: Gibberellic acid. CK: Trans-zeatin. t-test significance: * p < 0.05, ** p < 0.01, *** p < 0.001, n= 3. The data for hormone composition in the basal parts of cuttings were presented at the 1st International Electronic Conference on Horticulture [27].



[image: Horticulturae 09 00121 g003]







[image: Horticulturae 09 00121 g004 550] 





Figure 4. Flavonoid groups accumulated in stems of Deep Blue Ocean (DBO) and White Ocean (WhO) Campanula portenschlagiana genotypes. (A) Percentage of flavonoid groups in DBO and WhO. Concentrations (ng per g dry weight) of (B) flavanols, (C) flavonols, (D) flavone, (E) flavanones, (F) isoflavones, and (G) coumestan in stems of DBO (dark purple column) and WhO (light gray column) genotypes. t-test significance: * p < 0.05, ** p < 0.01, *** p < 0.001, ns = no significance; n= 5. 
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Table 1. Names and classification of flavonoid compounds quantified in Campanula portenschlagiana.
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	Common Name
	Systematic Name
	Chemical Group





	Epicatechin
	2,3-trans-catechin
	Flavanol



	Kaempferol
	3,4‘,5,7-tetrahydroxyflavone
	Flavonol



	Nicotiflorin
	Kaempferol-3-O-rutinoside
	



	Quercetin-rha-xyl-gal
	Quercetin-3-O-D-rhamnosyl-(1-6)D-[xylosyl-(1-2])—D-galactoside
	



	Quercetin-xyl-gal
	Quercetin-3-O-[xyl(1-2)-gal]
	



	Rutin
	Quercetin-3-O-rutinoside
	



	Apigenin
	4‘,5,7-trihydroxyflavone
	Flavone



	Orientin
	Luteolin-8-C-glucoside
	



	Isovitexin
	6-(β-D-glucopyranosyl)-4’,5,7-trihydroxyflavone
	



	Luteolin
	3‘,4‘,5,7-tetrahydroxyflavone
	



	Luteolin-4-O-glc
	Luteolin-4-O-glucoside
	



	Luteolin-di-glc
	Luteolin-3‘,7-di-O-glucoside
	



	Myricetin
	3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)chromen-4-one
	



	Naringenin
	4‘,5,7-trihydroxyflavanone
	Flavanone



	Naringin
	Naringenin-7-O-neohesperidoside
	



	Biochanin A
	5,7-dihydroxy-4‘-methoxyisoflavone
	Isoflavone



	Daidzein
	4‘,7-dihydroxyisoflavone
	



	Daidzin
	Daidzein-7-O-glucoside
	



	Formononetin
	7-hydroxy-4‘-methoxyisoflavone
	



	Genistein
	4‘,5,7-trihydroxyisoflavone
	



	Genistin
	Genistein-7-O-D-glucoside
	



	Sissotrin
	Biochanin A 7-O-β-D-glucopyranoside
	



	Coumestrol
	3,9-dihydroxy-[1]benzofuro[3,2-c]chromen—6-one
	Coumestan



	Medicarpin
	3-hydroxy-9-methoxypterocarpan
	Pterocarpan
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Table 2. Predominant flavonoids compounds in Deep Blue Ocean and White Ocean Campanula portenschlagiana petals. Flavonoid concentrations are expressed in ng/g of dry weight (DW) of petals.
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	Flavonoid Compound
	Chemical Group
	Deep Blue Ocean
	SD
	White

Ocean
	SD
	t-Test





	Epicatechin
	Flavanol
	132
	12
	9
	2
	***



	Kaempferol
	Flavonol
	0
	---
	228
	---
	---



	Nicotiflorin
	
	7160
	125
	4400
	110
	**



	Quercetin-rha-xyl-gal
	
	158
	14
	8
	1
	***



	Quercetin-xyl-gal
	
	2004
	210
	25
	4
	***



	Rutin
	
	1726
	123
	240
	21
	***



	Apigenin
	Flavone
	0
	---
	228
	---
	---



	Luteolin
	
	580
	36
	213
	15
	**



	Luteolin-4-O-glc
	
	184
	21
	158
	16
	ns



	Luteolin-di-glc
	
	16,500
	255
	7
	1
	***



	Myricetin
	
	270
	25
	602
	30
	**



	Naringenin
	Flavanone
	38
	10
	7
	2
	**



	Naringin
	
	80
	12
	53
	8
	*



	Genistein
	Isoflavone
	0
	---
	74
	---
	---



	Sissotrin
	
	106
	18
	1
	0.6
	***







The ng/g DW numbers are mean. SD: standard deviation. t-test significance: * p < 0.05, ** p < 0.01, *** p < 0.001, ns: no significance; n= 5.
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Table 3. Predominant flavonoids compounds in Deep Blue Ocean and White Ocean Campanula portenschlagiana stems. Flavonoid concentrations are expressed in ng/g of dry weight (DW) of the basal parts of cuttings.
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	Flavonoid Compound
	Chemical Group
	Deep Blue

Ocean
	SD
	White

Ocean
	SD
	t-Test





	Epicatechin
	Flavanol
	295
	58
	466
	56
	*



	Nicotiflorin
	Flavonol
	1476
	145
	0
	---
	---



	Rutin
	
	2586
	236
	0
	---
	---



	Orientin
	Flavone
	26
	12
	18
	3
	ns



	Isovitexin
	
	184
	56
	280
	25
	**



	Luteolin
	
	130
	26
	190
	24
	*



	Luteolin-4-O-glc
	
	22
	3
	0
	---
	---



	Luteolin-di-glc
	
	185,200
	2541
	3670
	265
	***



	Naringenin
	Flavanone
	21
	3
	146
	25
	**



	Naringin
	
	26
	5
	53
	12
	*



	Daidzein
	Isoflavone
	0.6
	0.1
	0
	---
	---



	Formononetin
	
	0
	---
	0.04
	0.01
	---



	Genistin
	
	4
	2
	8
	2
	*



	Sissotrin
	
	0.8
	0.1
	0
	---
	---



	Coumestrol
	Coumestan
	2
	0.8
	2
	1
	ns







The ng/g DW numbers are mean. SD: standard deviation. t-test significance: * p < 0.05, ** p < 0.01, *** p < 0.001, ns: no significance; n = 5.
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