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Abstract

:

Kohlrabi (Brassica oleracea var. gongylodes) is a vegetable cultivated for its edible stem tuber. Although valued for its nutritional properties and tolerance to abiotic stress, kohlrabi is one of the least studied brassicas. In this review, we summarize the results of our decade-long research on in vitro morphogenesis of kohlrabi, starting from 2013. Protocols for efficient in vitro regeneration with minimal requirements for external application of plant growth regulators (PGRs) have been developed, both by somatic embryogenesis (SE) and by de novo shoot organogenesis (DNSO). Efficient regeneration by direct SE was achieved using immature zygotic embryos as explants incubated on PGR-free media, and the production process was maintained in culture thanks to highly efficient secondary SE. Conversely, efficient regeneration by indirect DNSO was achieved using entire seedlings as explants and adding only cytokinin (CK) without the need for exogenous auxin. Comprehensive phytohormone analyses revealed that different exogenously applied CKs differentially affected the composition of endogenous phytohormones and induced changes in the expression of cell cycle-related genes and other genes involved in the organogenic response. The addition of high sucrose concentrations to the nutrient media failed to induce the formation of stem tubers in in vitro culture, but revealed a complex interaction with exogenously applied CKs, interfering with both the endogenous phytohormonome and the expression of organogenesis-related genes. Our work has provided substantial biotechnological advances in the field of in vitro regeneration of kohlrabi, as well as in understanding the underlying phytohormonal regulation. The review aims to introduce kohlrabi to the scientific community as a model system for both basic and applied research, while we continue seeking answers to the outstanding questions and trying to pave the way for the development of more resistant varieties.
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1. Kohlrabi: Brassica’s Hidden Gem


Kohlrabi (Brassica oleracea var. gongylodes), a low, biennial plant in the Brassicaceae family, is grown for the edible tuber that develops on the lower part of the stem. The interior of the tuberous flesh is always white, regardless of the white, purple, or green exterior color of the plant stem [1].



Similarly to most brassicas, kohlrabi is characterized by high nutritive and medicinal value due to its high content of fibers, vitamin C, and other vitamins (A, B1, B2, B5, B6, and E), minerals (K, Ca, Mg, Zn, and Fe), and antioxidants with anticancer activity [2,3]. However, unlike some other brassica crops distinguished by a bitter taste, kohlrabi has a luscious and mellow taste, presumably due to the higher content of hydrophilic amino acids [4]. Also, kohlrabi flesh is rich in starch, sucrose, and reducing sugars, primarily fructose and glucose [1,4,5].



With a short vegetation period and greater resistance to low temperatures (especially in purple varieties) and drought compared to other crucifers, kohlrabi is able to grow in less favorable areas, which makes it a suitable alternative to more economically popular family members [6,7]. A comparative analysis of the nutritive, structural, and functional features of kohlrabi and radish (Raphanus sativus) confirmed a higher total level of free amino acids as well as essential amino acids in kohlrabi, pointing to the better nutritional value of this crop [4]. Additionally, kohlrabi stems were shown to contain the most glucoiberverin and glucoiberin among 16 different types of identified glucosinolates, which is significant from a nutritional perspective [8]. Compared to examined edible parts of other Brassica oleracea subspecies, kohlrabi had remarkable amounts of glucoraphanin, which can be further transformed to isocyanate sulforaphane [8,9], known for its anticarcinogenic properties [10]. Shetty and co-authors [11] analyzed the content of kohlrabi peroxidases, and the results indicated that kohlrabi could serve as a possible alternative source of these enzymes that have great commercial importance nowadays.



All these features are considered highly beneficial for preserving human health. Being more favorable in taste than most other brassicas and comprising a large variety of functional compounds, it is not surprising that kohlrabi has been recently receiving more and more attention both as food and feed [3]. In this context, the number of studies on ex vitro grown kohlrabi has increased, including studies on the metabolism of phenolic compounds and glucosinolates [8,12], their antioxidant and antimicrobial potential [13], biosynthesis of anthocyanin [14,15], effects of plant growth regulators and various means of biofortification on growth, yield, and quality traits of kohlrabi [16,17,18], as well as reports on transcriptomic [19,20] and hormonomic [21] analysis of stem tuber formation.



However, several problems are encountered when it comes to the cultivation of kohlrabi. The most significant are weight loss, excessive hardening during winter storage, and disease development [1]. Kohlrabi is susceptible to numerous pests and pathogens such as bacteria, insects, and fungi, including Rhizoctonia solani and Plasmodiophora brassicae, causing the bottom rot disease [22] and the clubroot disease [23], respectively. Thus, as a complement to conventional breeding, biotechnological means could be the solution to improve existing traits in dealing with different pests and pathogens to develop resistant varieties. The use of such methods, like genetic engineering, genuinely requires an efficient and reproducible system for in vitro growth and regeneration as a prerequisite.




2. In Vitro Growth and Regeneration as a Biotechnological Approach for Studying and Improvement of Kohlrabi


The key characteristic of plant cells for their regeneration potential is totipotency [24,25,26]. This provides the possibility for the development of complete plants from isolated organs or their smaller fragments, even from single cells, under specific conditions. This means that plant cells can regain totipotency, but they are not totipotent per se. Or, to put it another way, “not all plant cells are totipotent, but under appropriate conditions, certain cells may become totipotent” [25].



Regeneration in plant tissue culture in vitro provides the best evidence for the existence of totipotency. By culturing plant cells, tissues, organs, and their parts (explants) under controlled physical and chemical conditions in vitro, a large number of vegetative clones of the mother plant can be obtained. Identification of the conditions for the expression of totipotency of plant cells in vitro is difficult and still is mostly of empirical character.



The in vitro development and regeneration of plants depend on various factors, such as plant species, genotype, age and developmental stage of explants, and physiological state of the mother plant serving as the explant source [27]. Very important factors are also the composition of the nutrient medium and the culture conditions, such as light and temperature. The interplay of all these factors leads to the induction and expression of a specific pathway of dedifferentiation/transdifferentiation of cells and tissues, or in other words, cellular reprogramming, resulting in the development of a new plant [28,29,30]. Plant regeneration in vitro proceeds through two main morphogenetic pathways: somatic embryogenesis (SE) and de novo shoot organogenesis (DNSO). Both pathways play important roles in the development of whole regenerated plants in in vitro culture, as well as in protocols for plant transformation, mutagenesis, polyploidization, and germplasm storage, and can also serve as useful experimental systems for studying the regulatory mechanisms of plant development [31].



The conditions for plant regeneration in vitro in numerous members of the genus Brassica have been intensively studied in recent decades (reviewed in [32,33,34]). Somatic embryogenesis was described in B. napus [35,36], B. oleracea [37,38,39,40], B. rapa [41], B. carinata [42,43], B. repanda [44], and B. juncea [45] using immature zygotic embryos, hypocotyls, cotyledons, leaves or roots as source plant material.



In many Brassica species, DNSO is considered the fundamental tool for plant regeneration in vitro [32]. Several protocols have been developed using different starting plant materials such as hypocotyls [38,46,47,48], leaves [49,50], roots [51], cotyledons [52,53], protoplasts [54], petioles [55], and floral segments [56].



For a long time, the only successful protocol for kohlrabi regeneration in vitro was published in 1988 by Glendening and Sjölund [49] and required the application of extremely high concentrations of cytokinin N6-benzyladenine (BA; 10 mg L−1). However, the application of high concentrations of PGRs often leads to numerous side effects such as inhibition of rhizogenesis, acclimatization problems, or induction of morphological abnormalities [57]. Additional studies were carried out with microspore culture, but the procedure was complicated and associated with a lower regeneration rate [58].



In the last decade, our team succeeded for the first time in establishing and optimizing protocols for efficient regeneration of kohlrabi in vitro, using both somatic embryogenesis and de novo shoot organogenesis [59,60] (Figure 1). Since then, this system has been used productively as a model system for studying plant morphogenesis in vitro [61,62,63,64].




3. Direct Somatic Embryogenesis from Kohlrabi Immature Zygotic Embryos


A prerequisite for establishing a successful system for somatic embryogenesis implies a good selection of plant material, that is, explants need to be a source of competent cells. On the other hand, the determination of the physical and chemical factors that induce the embryogenic path of development is also very important [65,66,67].



Somatic embryogenesis can be initiated from different types of explants, such as whole seedlings and their fragments: petioles, leaves, roots, cotyledons, and shoot meristems, as well as seeds or zygotic embryos. The different types of explants used to induce SE show the greatest response at a certain age [35,68]. As with zygotic embryos, the higher embryogenic potential is most commonly observed in younger zygotic embryos [69]. However, cases have also been observed in which embryogenic potential increases as zygotic embryos mature [65,70]. It has also been shown that the maturity of the zygotic embryo affects the type of somatic embryogenesis, i.e., more mature zygotic embryos enter the direct SE, while in younger ones, callus is first formed, from which somatic embryos subsequently develop [65,71,72].



Immature zygotic embryos represent the most commonly used source of embryogenic cells. Their use has allowed the induction of SE in plant species where it could not be obtained by other means [73,74]. In kohlrabi, cv. Vienna Purple, immature zygotic embryos showed high regeneration potential via direct and repetitive embryogenesis when grown at a temperature of 25 ± 2 °C and 16/8 h (light/dark) photoperiod [59] (Figure 1A).



The developmental stage of immature kohlrabi zygotic embryos significantly affected embryogenic competence, as shown for other members of the genus Brassica [28,35,65,75,76]. Zygotic embryos at the torpedo and late cotyledonary stages of development were less responsive, in contrast to explants at the early cotyledonary stage, for which the highest frequency of SE was recorded [59]. The observed discrepancy could be the consequence of a different physiological status of explant tissue at different developmental stages [76].



A high potential for SE in kohlrabi was recorded for hypocotyls of germinated immature zygotic explants [59]. This is consistent with results from other plant species, such as Rosa hybrida [77], Brassica napus [75], and Brassica carinata [43], suggesting that young hypocotyls are favorable targets for the induction of SE. Konar and co-authors [78] attributed this potential to epidermal hypocotyl cells that have retained meristem characteristics, i.e., regeneration capacity. On the other hand, similarly to DNSO [79], pericycle-like stem cells could be possibly responsible for this high regeneration capacity; however, this is still a matter of debate [25].



The key factors for the acquisition of embryogenic competence are auxins and cytokinins (CKs), which is related to their involvement in the cell cycle and control of cell division [80]. Hence, their exogenous application, particularly of auxin, is generally considered a prerequisite for successful SE induction in vitro [27,81,82].



The most commonly used auxin in SE induction is 2,4-dichlorophenoxyacetic acid (2,4-D) [73], which has been shown to be particularly effective in numerous plant species [28,39,65,83]. However, 2,4-D negatively affected the SE of kohlrabi [59], resulting in a decrease in SE efficiency in immature zygotic embryos, while also having no stimulatory effect on further somatic embryo development. Both processes were more effective on a medium without growth regulators (Figure 1A). Moreover, the presence of 2,4-D induced irregular growth and deformation of explants, regardless of their developmental stage, and the degree of deformity increased with increasing 2,4-D concentration. A compact callus was observed only in a smaller number of explants grown at higher 2,4-D concentrations, and in other cases, somatic embryos developed directly on the explant, without an intermediate callus phase [59].



2,4-D also acts as a strong stressor [68]. Hence, its use in the medium for SE induction may have deleterious effects, such as the development of malformed embryos [84,85]. This is thought to be a consequence of the disruption of the polar transport of endogenous auxins as a result of exogenous auxin application [86]. Application of auxin may also result in inhibition of the development of embryogenic masses into somatic embryos, by either disrupting cell polarity or preventing the formation of an auxin gradient [80,87].



Somatic embryogenesis on media without PGRs is a rare event [28,68], thus, a SE frequency of more than 80% on a PGR-free medium obtained in kohlrabi can be considered exceptional [59]. In most species that do not require the addition of PGRs for the induction of SE, endogenous levels of auxins and CKs were crucial factors in determining the embryogenic response [28,80,88].



Secondary somatic embryogenesis (SSE) occurs when new (secondary) somatic embryos arise from somatic embryos as explants [73]. This phenomenon provides a potential long-term source of somatic embryos and is one of the most advantageous techniques for in vitro multiplication, regeneration, and genetic transformation in certain species [89,90,91]. The presence of auxin is required for the induction of SSE in most cases. Some systems require a combination of auxin with CKs [91,92] or SSE occurs in the absence of PGRs [35,93]. In kohlrabi, secondary embryos also appeared spontaneously on primary embryos during cultivation on a substrate lacking growth regulators (Figure 1A). Exogenously applied CKs generally did not significantly increase the frequency of secondary embryogenesis [59].



The majority of plant species show a higher frequency of SSE compared to the induction of primary SE [73,91,94]. Furthermore, some cultures are able to maintain competence for secondary embryogenesis for many years [90,95,96]. Comparable results were obtained in kohlrabi research, where cultures retained high embryogenic potential after one year of repetitive SE on a nutrient medium without PGRs [59]. The highest efficiency of SSE was recorded in embryogenic lines derived from zygotic explants at the early cotyledonary stage. This efficiency was almost three times higher than in the primary SE from the same explants, presumably due to the use of young tissue as starting material. Overall, the results indicate the possibility of generating a large number of embryos in a relatively short time. All tested secondary embryos germinated into normal diploid plants (Figure 1A), indicating that the risk of somaclonal variation occurring during this regenerative procedure is very low.



The early concept of somatic embryogenesis assumed that a somatic embryo originates from a single cell [97], which has been shown in various plants such as carrot [98]. However, the unicellular origin of somatic embryos is not the rule, and there are examples of the simultaneous occurrence of embryos with unicellular and multicellular origins in one regenerative system [99]. Regenerative systems that can guarantee a unicellular origin of somatic embryos are thought to be very rare [25]. Somatic embryos formed from the callus, that is, through indirect SE, have a higher probability of a multicellular origin, whereas direct SE is more likely to result in somatic embryos from a single cell [28]. In most cases where PGRs were not used for embryogenic induction, somatic embryos are formed directly on the explant surface without callus formation [80]. Histological analysis indicated that the kohlrabi somatic embryos were presumably of unicellular origin and formed directly from the surface cells, that is, explant layers, without an intermediate callus phase [59].



Somatic embryos usually develop into small plants, similar to seedlings, on a nutrient medium without growth regulators. In many SE induction systems, a large number of embryos is formed, but many of them do not subsequently develop into plants. For the development of somatic embryos into plants, gibberellic acid [100,101], glutamine, or casein hydrolysate [87] are usually added to the medium. Indole-3-butyric acid (IBA), abscisic acid (ABA), or CKs are also used for these purposes [70,102,103]. In kohlrabi, 96% of somatic embryos spontaneously developed into young plants, and after one month of acclimatization in the greenhouse, the survival rate was 72.5% with no ploidy variation in acclimatized plants [59] (Figure 1A). The efficient conversion of embryos into plants is an important prerequisite for the application of this protocol in potential biotechnological kohlrabi breeding programs.



Establishing the efficient kohlrabi regeneration system as one of the model systems in which the addition of PGRs is not necessary for the induction of somatic embryogenesis may also help to elucidate early regulatory events in embryo development and provide insights that could apply to other plant groups.




4. One-Step De Novo Shoot Organogenesis in Kohlrabi


A balance of appropriate PGRs, namely auxin and cytokinin, in the nutrient medium is necessary for the initiation of the process of de novo organogenesis in plants. Back in the middle of the 20th century, Skoog and Miller demonstrated the regulatory effect of these hormones on the process of organogenesis in vitro, whereby their presence at certain concentrations in nutrient medium plays a role in determining the morphological path of the explant and the formation of the various organs [104,105]. A high ratio of auxin to low CKs promotes root formation, whereas the reverse situation, in which CKs prevail, leads to shoot formation. Moreover, not only the ratio but also the concentration of exogenously administered hormones plays an important role in directing cell differentiation during organogenesis toward the formation of shoots or roots [106]. Although the importance of Skoog and Miller’s research to plant regeneration is enormous, it has been shown that not all plants are equally sensitive to growth regulators [107]. A number of processes take place prior to the actual regeneration of the organ, so different treatments are required depending on the plant species [108,109].



In 1988, Valvekens and co-authors [110] developed a simple and efficient protocol for shoot regeneration from the root of A. thaliana by applying a series of callus induction medium containing high auxin and low CK concentrations, and, conversely, shoot induction medium with a ratio of high CK and low auxin. Since then, this two-step shoot regeneration practice has become standard and is widely used for the regeneration of numerous plant species [111].



However, when establishing and optimizing kohlrabi shoot regeneration in vitro, it was found that kohlrabi tissue was able to develop callus and subsequently de novo shoots when grown on medium only supplemented with CK (Figure 1B) and skipping preincubation with auxin [60]. This indirect one-step DNSO protocol was accomplished for both investigated cultivars—Vienna Purple (VP) and Vienna White (VW), at the same growth conditions as previously described for somatic embryogenesis induction. Exceptions to the basic two-step shoot regeneration methodology have been demonstrated in other plant species among conifers, dicots, and monocots, both as direct and indirect shoot organogenesis [112,113,114]. The advantage of such methodology, which excludes the exogenous application of auxin, is the shorter duration of the procedure itself, lower costs, and, most importantly, the avoidance of the negative effects that auxin may have in plant tissue culture [24]. Regardless of the presence or absence of auxin in regenerative media, it has been shown that the same processes are very likely to occur at the molecular level during DNSO stages in plant tissue competent for regeneration (reviewed in [30,111]).



The success of in vitro plant regeneration depends on the choice of plant tissue, that is, explant type [113]. Cotyledons, roots, and hypocotyls have been shown to be good starting materials for regeneration in many brassicas, with the hypocotyl generally considered the most competent [32,115,116,117,118]. Indeed, kohlrabi hypocotyl explants have been shown to be more successful than roots and cotyledons in shoot regeneration [60]. However, compared to hypocotyls, intact seedlings showed almost ten times higher regeneration frequency in both studied kohlrabi cultivars, especially when 5 mg L−1 BA or 2 mg L−1 thidiazuron (TDZ) were applied [60].



Shoots regenerated from kohlrabi seedlings appeared to be more viable, but interestingly, the average number of regenerated shoots per explant was lower in seedlings compared to those obtained from hypocotyl explants. Most studies have shown that explants derived from seedlings several days old have optimal regeneration frequencies. In B. rapa ssp. oleifera, three-day-old seedlings provided better material for regeneration than four-day-old ones [119,120]. Explants from four-day-old B. napus seedlings had a regeneration frequency of 90% [121], and in B. juncea, the highest shoot regeneration efficiency was obtained with explants from 3 to 5-day-old seedlings [122]. Moreover, the optimal age of hypocotyls for shoot production via DNSO has been shown to be up to seven days [48,118,123,124]. However, hypocotyl sections were excised from two-week-old seedlings in kohlrabi experiments because the younger seedlings were not sufficiently developed [60]. For similar reasons, hypocotyl explants isolated from nine-day-old [53] or two-week-old seedlings [125] have also been used for shoot regeneration in cabbage.



In many plant species, including members of the genus Brassica, BA and TDZ are considered the most efficient PGRs when it comes to de novo organogenesis of shoots, and for this reason, they are also the most commonly used CKs [47,50,126,127,128]. Synthetic CK-like growth regulators, such as TDZ, are thought to be able to influence plant morphogenesis differently than isoprenoid and aromatic CKs [129]. TDZ appears to be less sensitive to enzymatic degradation in vivo compared to natural CKs, so it may elicit a stronger response at low concentrations. In addition, TDZ is known to inhibit the activity of the CK catabolic enzyme, CK oxidase/dehydrogenase [130,131,132]. However, this growth regulator may also cause some adverse effects and abnormalities in plant tissues grown in vitro, such as inhibition of shoot elongation or hyperhydricity [133,134]. The high efficiency of both BA and TDZ was recorded in inducing DNSO in kohlrabi seedlings without significant side effects [60].



Similarly, trans-zeatin (transZ) induced high regeneration frequency in seedlings of both cultivars as well as in VW hypocotyls and was the most successful among exogenously applied CKs in terms of the number of de novo induced shoots from the VP hypocotyls. Other studies also showed a strong effect of transZ on shoot regeneration compared to other CKs [135,136,137,138].



For a long time, the physiological activity of zeatin was believed to be limited to transZ only, which is typically considered the most active of all CK nucleobases [139,140,141], whereas cis-zeatin (cisZ) was considered to have little or no activity at all [142,143]. Meanwhile, some recent discoveries indicated that the cis-isomers of zeatin may have unique physiological functions in plants after all [144,145,146,147]. Accordingly, regeneration of kohlrabi shoots, both from hypocotyls and intact seedlings, was also achieved on a medium containing cisZ, but cisZ proved to be significantly less active than transZ in inducing shoot regeneration in the case of kohlrabi seedlings [60].



Nutrient media supplemented with BA are considered the best media for in vitro propagation of shoots in numerous plant species [55,122,148,149,150]. Cultivation of regenerated kohlrabi shoots on 0.5 mg L−1 BA (Figure 1B) provided an additional opportunity to study differences in multiplication potential between shoots regenerated from hypocotyl explants and seedlings, as well as between pretreatments with different CKs [60]. The effect of CK pretreatment on the multiplication of shoots regenerated from seedlings differed between the two tested cultivars, with a noticeable impact in VP in contrast to VW, in which the effect of pretreatment was not pronounced. This difference between genotypes may be due to the differences in their metabolism. It is possible that the upper limit of tissue sensitivity to growth regulators in VW shoots was exceeded, which is why the expected stimulation of shoot multiplication was absent [60].



The ultimate goal for a successful regeneration protocol should comprise the efficient development of regenerated shoots into viable plants that are subsequently acclimatized to ex vitro conditions. To this end, the development of a robust root system is necessary, for which auxins are routinely used following shoot regeneration [151,152]. Application of IBA at a concentration of 4 mg L−1 (Figure 1B) increased the frequency of rhizogenesis as well as the number of roots formed per shoot in both kohlrabi cultivars, compared to 2 mg L−1 [60]. The average root length was also increased, but Pavlović and co-authors [48] found that the higher IBA concentration (4 mg L−1) had negative effects on parameters of rhizogenesis in different varieties of Brassica oleracea L. Abbasi and co-authors [50] showed the maximum response when 3 mg L−1 IBA was applied, while higher concentration had an inhibitory effect in B. rapa L. var. turnip as well. Hence, kohlrabi appears to be less sensitive to IBA than other Brassica species in which rhizogenesis has been studied. A well-developed root system enabled the successful acclimatization of kohlrabi plants (Figure 1B). All acclimatized plants continued to develop normally, flowered, and formed pods without any change in ploidy. All these indicate the success and efficiency of the regeneration protocol for kohlrabi through DNSO.




5. Hormonal Input during Growth and Regeneration of Kohlrabi In Vitro


Plant hormones act as integrating metabolites essential for the normal growth and functioning of plants. Their homeostasis and dynamics fluctuate in response to various external and internal stimuli and depend on the stage of plant development, as has been shown for the initial life phases of in vitro grown kohlrabi.



A comprehensive phytohormone analysis of VP kohlrabi seedlings during growth and shoot regeneration in vitro was performed for the first time by our group [60,63,64]. Depending on the type of investigated phytohormone and corresponding metabolite, individual changes were observed on a time scale (four developmental stages T1–T4, defined arbitrarily in [63]), showing specific hormone profiles (Figure 2A).



Growth on PGR-free medium from the T1 stage represented by kohlrabi seedlings with two cotyledons to plantlets with two young and developing true leaves at the T2 stage resulted in a significant increase of the precursor of bioactive GAs, gibberellin GA20. Another significant change at T2 involved a decrease in the content of one of the most abundant indole-3-acetic acid (IAA) conjugates, IAA aspartate (IAA-Asp) [64]. In contrast, the content of zeatin nucleobases, comprising transZ, cisZ, and dihydrozeatin (DHZ), increased sharply, reaching the maximum value at T2. CK nucleobases are considered the bioactive CK forms in plants [153]. They are the least abundant of all CK groups [154,155], with kohlrabi seedlings being no exception [60,63], and with transZ mostly contributing throughout all developmental stages studied [64]. The strong increase of these bioactive CK forms argues for their specific role in controlling important processes in young developing kohlrabi seedlings, together with shaping the shoot apical meristem [156].



During the T3 developmental stage, kohlrabi plantlets continued to grow intensely developing leaves and roots. This growth stage was characterized by an increase in IAA levels (Figure 2A). Presumably, this was a consequence of the hydrolysis of IAA conjugates, which was consistent with lowered IAA-Asp levels at the previous stage [64]. As key growth regulators, auxins are involved in cell division and expansion, stimulation of lateral root initiation, and adventitious root formation, among others. Importantly, auxin also plays a critical role in regulating leaf growth and development [157,158]. Additionally, a significant drop in concentrations of the physiologically inactive IAA catabolite, 2-oxindole-3-acetic acid (OxIAA), argues for increased auxin action, since oxidation of IAA moderates IAA signaling [159].



The content of indole-3-acetamide (IAM), an inactive precursor of IAA, increased even more than IAA at this time. Several plant species have been shown to contain IAM [160], and large amounts of IAA have been detected in transgenic lines overexpressing the iaaM gene coding for tryptophan 2-monooxygenase, which catalyzes the conversion of Trp to IAM [161]. Furthermore, IAM hydrolases that convert IAM to IAA have been isolated from Arabidopsis and Nicotiana tabacum [162,163], suggesting that the IAM pathway is an alternative route of IAA biosynthesis in plants, possibly including kohlrabi.



At the same time, reaching the T3 stage, kohlrabi plantlets develop extensively, consuming nutrients and releasing exudates, resulting in a stressful setting. One of the key regulators of adaptation to these types of stresses and plant survival under such conditions is abscisic acid (ABA), which rapidly accumulates in plants exposed to environmental stress [164,165]. However, the expected response of ABA did not occur in kohlrabi [64]. Levels of ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) declined, indicating possible elevated synthesis of ethylene as well as its expected release into the kohlrabi surroundings. On the other hand, kohlrabi plantlets at the T3 stage greatly accumulated active jasmonates ˗ jasmonic acid (JA) and (+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile), as well as salicylic acid (SA) (Figure 2A). JA signaling in plants is closely associated with other hormones and can interact with ABA, ethylene, and SA as well as GAs in controlling both plant responses to stress and physiological processes. Depending on the context, these interactions can be either synergistic or antagonistic [166], thus the observed changes in kohlrabi are likely complex.



The content of endogenous plant hormones depends on the plant species and genotype, as well as on the type of explant and developmental stage [167], but is also strongly affected by the composition of PGRs in the nutrient medium [168,169,170,171]. CKs, applied in the regeneration media, initiated callogenesis and de novo shoot formation (corresponding to stages T3 and T4, respectively), while at the same time strongly affecting the kohlrabi phytohormonome, particularly endogenous CKs [60,63,64] (Figure 2B).



Exogenous transZ led to a significant increase in endogenous levels of all CK forms, including CK nucleobases, ribosides, O-glucosides, N-glucosides, and phosphates, throughout kohlrabi development, ultimately contributing to the enrichment of the total CK pool [60,63]. It can be assumed that this was predominantly due to uptake from the media, since the application of both naturally occurring CKs, transZ or cisZ, particularly contributed to an increase in the content of the same type of CKs as added to the nutrition medium (transZ- or cisZ-type, respectively). In addition, transZ induced a less pronounced increment of the endogenous content of cisZ-type CKs and vice-versa [60]. However, it is not clear whether this process is due to the possibility of interconversion between cis- and transZ, which has already been shown in several other studies [170,172,173].



Significant effect of transZ was also observed for ABA and its metabolite phaseic acid (PA), as well as for SA, 1-aminocyclopropane-1-carboxylic acid (ACC), and GA20 [64]. The observed relations suggest a complex network between growth regulators involved in the induction of shoot organogenesis and endogenous tissue-specific hormones, as well as a crosstalk among different phytohormone pathways, using a large number of confirmed and potential points of interaction [174].



In contrast to the transZ treatment, the total content of endogenous CKs was lowest when a synthetic diphenylurea-type CK, TDZ, was added to the nutrient medium [60]. The composition of endogenous CKs was similar to the control, and TDZ even led to a decrease in the concentrations of certain CK groups at certain developmental stages compared to the control [63,64]. A significant decline after TDZ treatment was also observed in other phytohormonal groups [64] (Figure 2B).



The principal component analysis confirmed that the difference between transZ and TDZ treatments was substantial at the first three analyzed stages in kohlrabi development, but greatly reduced as proceeding to the last stage [64]. The differences between the effects of transZ and TDZ can be attributed to their different modes of action. TDZ is able to competently bind receptors for CKs [175]; it can inhibit CKX [130,131,132] and consequently affect the metabolism of endogenous CKs [176]. TDZ can also affect the metabolic pathways of other phytohormones, such as auxin, ultimately disturbing their regulation [129].



Hormonal analysis of kohlrabi hypocotyl explants with regenerated shoots (HRSs) and intact seedlings with regenerated shoots (SRSs) after 6 and 8 weeks of in vitro culture, respectively, corresponding to a prolonged T4 stage, helped to clarify the correlation between the endogenous status of hormones, particularly CKs and auxins, and the application of an efficient CK-rich regeneration medium in relation to the regenerative potential of the explants used [60]. Differences were observed between HRSs and SRSs, with HRSs generally characterized by a higher amount of CKs compared to SRSs. However, SRSs contained more IAA and, as a consequence, a higher ratio of IAA to bioactive CKs (Figure 2C).



The exogenous CKs not only affected the endogenous levels of total CKs, but their application also significantly elevated the IAA content in both types of explants with regenerated shoots, regardless of the kohlrabi cultivar [60]. The results obtained for kohlrabi are consistent with the well-known fact that CKs influence both auxin biosynthesis as well as polar auxin transport in plants, although this influence is quite variable [177,178]. Several examples of the complex relationship between these two groups of hormones pointed to the possibility that the increase in endogenous IAA content in kohlrabi exposed to treatment with exogenous CKs was actually a result of CK-induced auxin biosynthesis [60].



During de novo organogenesis of shoots, specific changes occur in the expression of genes involved in auxin and cytokinin signaling pathways, as well as corresponding transcription factors [111,179,180]. Using the standard two-step in vitro regeneration protocol, it was shown that exogenous auxin initially mediates processes such as the acquisition of competence for organ formation, cell dedifferentiation, and the formation of callus and organogenic primordia within it. Then, exogenous CK from the nutrient medium to which explants are further transferred mediates the determination of the developmental pathway from organ primordia to the shoot [30,181]. Formation of local gradients of phytohormones is necessary for the activation of organogenesis-related events; CKs affect local changes in auxin levels and vice versa [178,182,183]. The endogenous auxin level in explant tissue has an important impact on regeneration viability. Arabidopsis mutants with high expression of genes involved in auxin biosynthesis exhibited high regenerative capacity even in protocols that exclude the first step of incubation on auxin-containing medium [184]. Thus, elevated endogenous auxin levels in kohlrabi hypocotyl explants and seedlings during cultivation on media to which CKs were added may have been satisfactory for initiating the first phase of organogenesis in these explants without the need to supplement growth media with auxin [60].



It has been shown that a high IAA/bioactive CK ratio is essential for DNSO induction in various plant species [185,186]. This ratio reached the maximum values in seedlings with regenerated shoots of both kohlrabi cultivars after treatments with BA, TDZ, or transZ [60]. The same treatments were those that elicited the best response in terms of regeneration frequency, so it seems that the efficiency of regeneration as well as the viability of regenerated kohlrabi shoots is indeed correlated with the high ratio of endogenous IAA to bioactive CKs (Figure 2C). In contrast, a significantly lower IAA/bioactive CKs ratio was observed in the hypocotyl explants, which regenerated more shoots compared with the seedling explants [60]. Thus, kohlrabi hypocotyls might have a greater potential for later stages of shoot regeneration compared with other plant parts thanks to the different composition of endogenous hormones. This could be the reason why hypocotyl explants on average produced a higher number of shoots than intact seedlings, even though the regeneration from kohlrabi seedlings was more successful overall.



Hence, a specific balance of CKs and auxins is necessary for organogenesis, and their continuous interaction depends on phytohormone signaling pathways that take place in intact plants [187]. Thus, the intact kohlrabi seedlings might represent a better source of efficient shoot regeneration compared with explants obtained from isolated tissues such as hypocotyls, cotyledons, or roots in which the interaction between endogenous phytohormones from different plant parts is excluded.




6. Genetic Insights into De Novo Shoot Organogenesis of Kohlrabi


The peculiar ability of kohlrabi seedlings to regenerate efficiently by one-step de novo shoot organogenesis raised the question of the activity of some important elements of the signaling cascade driving this process. Since the mechanisms of callus development from different tissue types of Arabidopsis, a closely related member of the Brassicaceae family [188], have been thoroughly characterized [79,189,190], it was possible to compare the genetic regulation of the one-step regeneration in kohlrabi with the previously described model system [61].



Coordinated cell divisions are the basis for the development of multicellular tissues, which occurs during the process of DNSO. The cell division cycle in plants is controlled by cyclins and cyclin-dependent kinases, CDKs [191,192]. CDKs play a central role in controlling cell cycle progression, with their activation regulated by binding to the appropriate cyclin at various checkpoints [193,194]. The activity of these complexes is tightly controlled during the cell cycle and organ development, and these complexes may also be involved in the regulation of signal transduction and differentiation [195,196].



Andersen and co-authors [197] showed that endogenous levels of auxin and CKs were altered in the case of CDKB2 loss-of-function mutation; tissue with impaired CDKB2 function failed to translate hormonal signals into proper development, even though the tissue was normal at the time of explant isolation. This led to the conclusion that coordination of the cell cycle and the developmental program by plant hormones is of exceptional importance. Besides, B2-type CDKs were found to be active in the shoot apical meristem and necessary for its functioning; their activity is closely related to the functions of classical meristem regulators [198]. On the other hand, CKs are thought to control the course of the cell cycle by affecting the phase-specific change of cyclin in complex with CDKs through binding to the ATP-binding site in CDKs [199]. They regulate the transition from G2 to the M phase [200,201] and increase the activity of the corresponding CDKs [202].



Under different CK treatments, regenerated kohlrabi shoots appeared with different dynamics, which was followed by the expression of two cell cycle-related genes, CDKB2;1 and CYCB2;4, whose expression change correlated with certain phases of de novo organogenesis [61]. A precise balance between cell divisions and transdifferentiation in different sections of the meristem is necessary to properly maintain the structure and function of this tissue. In this sense, it is essential that signals from meristematic regulators are correctly construed by the cellular regulatory machinery [30,203].



The inclusion of two auxin transporter genes (PIN3 and PIN4), a cytokinin response regulator (ARR5), and two shoot apical meristem-related transcription factors (CUC1 and RGD3) in the expression analysis, in addition to the two cell cycle-related genes analyzed, helped to obtain a broader image of mechanisms involved in DNSO of kohlrabi [61] (Figure 3A). The profiles of relative expression of selected genes were generally similar and exhibited a two-phase pattern in most CK treatments (Figure 3B). The first expression peak was detected typically after 7 days of cultivation on CK-supplemented media. Since all analyzed genes are thought to respond to CKs [30], this first peak was presumed to be a result of direct upregulation by CK from the regeneration medium. The second peak occurred in accordance with callus formation, especially in treatments with one of the two zeatin isomers. This reflects the acquisition of organogenic competence, typically characterized by strong upregulation of most organogenesis-related genes during the conventional two-step protocol for in vitro regeneration [30,109,181,204].



Interestingly, the second upregulation of most organogenesis-related genes in BA and TDZ treatments followed the same time pattern as in cis- or transZ, despite the fact that calli formed earlier in BA- and TDZ-treated kohlrabi plantlets than in zeatin-treated ones [61]. Thus, it can be assumed that BA, similarly to TDZ has a different mode of action and affects the process of kohlrabi organogenesis differently than the isoprenoid CKs used in kohlrabi studies. These differences could also be the reason for the morphological dissimilarities between kohlrabi seedlings cultivated on different CK treatments [60,61]. The functional difference between TDZ, BA, and zeatin isomers during DNSO of kohlrabi remains a matter of debate until now. However, it is evident that the roles of organogenesis-related genes in the distinct phases of the regeneration process coincide in both one-step and classical two-step regeneration protocols, confirming their importance and universal role, at least in the Brassicaceae family.




7. Sucrose as an Important Component Affecting Multiple Aspects of Kohlrabi Growth and Regeneration In Vitro


Plant growth and development are coordinately controlled by exogenous and endogenous signals. On the one hand, phytohormones transmit and coordinate both external and internal cues to enable proper biological processes at physiological, morphological, and molecular levels. On the other hand, the availability of nutrients, predominately sugars, is necessary for normal plant growth. Sugars act as a carbon source and also as important signaling molecules that interact with other components of the plant regulatory machinery, such as plant hormones, affecting each other to varying extents [205].



In the development of an in vitro system for kohlrabi growth and regeneration, it was proven that the optimal concentration of sucrose in the growth media is 3% [59,60,62]. Since kohlrabi has the distinctive ability to form aboveground stem tubers, our team attempted to induce this process in vitro by applying higher sucrose concentrations (6% and 9%), among other potential regulators—fructose, glucose, xylose, and mannitol [62]. Presence of the latter sugar alcohol in nutrient media induced severe damage to kohlrabi seedling growth, to a much higher extent than the other used carbon sources [62]. Although tuber formation did not occur after the applied treatments, increased sugar availability was shown to affect kohlrabi at morphological, molecular, and phytohormonal levels (Figure 3C), with dynamic changes depending on the level of sucrose applied [62,63,64].



Kohlrabi plantlets (cv. Vienna Purple) cultivated on elevated sucrose tended to be shorter in height and developed stems and even leaves that were darker in color (Figure 3C), indicating anthocyanin accumulation, presumably as a result of sucrose-induced osmotic stress [62]. This effect is particularly pronounced at the later developmental stage, marked as T4 [63]. Carbohydrates are known to affect anthocyanin biosynthesis [206,207], as they act as signaling molecules. Sucrose is considered a key carbohydrate involved in the stimulation of the anthocyanin biosynthetic pathway [208] through the regulation of gene expression [206]. Moreover, a significant increase in JA levels in kohlrabi seedlings at the T4 stage grown at high sucrose concentrations [64] (Figure 3C) was likely involved in high sucrose-induced anthocyanin accumulation, as it has been shown that stress-induced anthocyanin accumulation is mediated by the JA signaling pathway [209].



While auxins, as a major group of phytohormones, interact extensively with other plant hormones, they have also been shown to importantly crosstalk with sugars and together tightly regulate certain processes in plants [205]. Sugars modulate both auxin formation and degradation; for example, sugar affects auxin biosynthesis [210,211,212]. Furthermore, glucose is known to stimulate IAA biosynthesis by affecting the levels of IAA precursors such as IAM and indole-3-acetonitrile (IAN) and consequently promoting the accumulation of IAA conjugates [213]. Consistent with this, endogenous levels of IAA, IAM, and IAN were elevated in kohlrabi grown at higher concentrations of sucrose [64]. Auxin is also related to starch accumulation [214], supporting the possible scenario that overloaded sucrose uptaken from the media is stored in kohlrabi plantlets.



Sucrose application affected other phytohormonal groups in kohlrabi, including the ethylene precursor ACC as well as ABA and its related metabolites PA and dihydrophaseic acid (DPA), increasing their levels, particularly at the last developmental stage studied, T4 [64] (Figure 3C). The previously proposed positive feedback loop between sugars and biosynthesis of ABA [215,216] supports the existence of a specific sugar regulation of ABA biosynthetic gene activity, leading to subsequent ABA accumulation in kohlrabi plantlets. On the other hand, the increased GA20 levels on sucrose treatments at the same stage were in contrast to the negative feedback loop suggested for gibberellin biosynthesis [217].



The presence of increased amounts of sucrose in the growth media additionally affected the CK content of VP kohlrabi [63,64], particularly with a significant increase in the levels of CK nucleobases at all stages studied [63] (Figure 3C). While the simultaneous use of exogenous CKs and high sucrose resulted in different relations in the content of various phytohormones, the most striking increase in CK content was induced when transZ and 9% sucrose were used together. Their pronounced synergistic effect is reflected particularly in the contents of zeatin nucleobases, at stages T3 and T4, which correspond to callus formation and shoot regeneration [63,64]. This suggested, as mentioned above, that the observed increase in CK levels could be the result of uptake from the nutrient medium, which in this case was further stimulated by the high sucrose concentration.



It is controversial whether phytohormone signaling depends entirely on endogenous hormone content in plant tissues, as affirmed in some cases [218]. Later, it was shown that endogenous plant hormones could be related to PGRs from regeneration media, whereby exogenous and endogenous plant hormones could coordinate to trigger callus formation and subsequently shoot organogenesis [219]. On the other hand, sugars are involved in the biosynthesis, transport, and signaling of CKs [220,221,222,223], and sugar-induced CK accumulation could be attributed to the upregulation of some IPT genes [224,225]. What mechanism allows the combined effects of naturally occurring zeatin and high amount of sugar to cause such remarkable accumulation, particularly of endogenous zeatin as the most bioactive CK form, is yet to be fully elucidated. It can be attributed to several potential factors, including osmotic stress, the activity of CK transporters, and impairment of cell membranes or other specifically induced signals.



Organogenesis-related genes selected for analysis during kohlrabi DNSO and with proven CK responsiveness [61] were significantly affected by a high concentration of sucrose solely, expressing only reduced activity [63] (Figure 3C). This reduced expression of organogenesis-related genes at 6% and 9% sucrose was clearly related to the observed delay of morphogenic events related to DNSO at high sucrose concentrations. Apparently, the stress associated with high sucrose concentration was able to significantly affect the efficiency of shoot regeneration [63].



In the case of exogenous transZ application, the combination with a high sugar concentration at the T4 stage led to the opposite effect, inducing the amplified expression of most of the investigated genes. The negative correlation between the content of CK nucleobases and the expression of most of the studied genes at both T3 and T4 stages in this treatment confirms the existence of a negative feedback loop that regulates high levels of endogenous CKs in kohlrabi as a consequence of transZ treatment [63].



The development of an efficient in vitro system for kohlrabi growth and DNSO allowed us the opportunity to study sugar metabolism in young kohlrabi plants, further investigating the effects of elevated sucrose and CKs application in the sense of stem tuber formation elucidation. Preliminary results of expression analysis of selected genes involved in sugar partitioning in plants seem to point to similar effects of both sucrose and CKs, suggesting an altered metabolism and transport of soluble sugars in kohlrabi (data not published).




8. Conclusions and Further Perspectives


Our work led to the development of protocols for the regeneration of kohlrabi (Brassica oleracea var. gongylodes) cultivars Vienna Purple and Vienna White, with minimal use of plant growth regulators and with remarkably high regeneration rates (up to 100% in SSE). We have shown that both secondary somatic embryogenesis from immature zygotic embryos incubated on growth media without PGRs and one-step de novo shoot organogenesis from whole seedlings grown on media containing only cytokinin can be used for efficient shoot regeneration and subsequent recovery of viable and fertile kohlrabi plants (Figure 4A). These regeneration protocols have the potential to be used in future biotechnological approaches to improve the characteristics of kohlrabi cultivars, particularly with respect to resistance to pests and pathogens, which remain the weakest links in commercial kohlrabi production.



The physiological regulation of complex plant morphogenic responses to environmental cues such as PGRs and sucrose applied in in vitro culture can be studied in well-defined model systems, such as the one-step DNSO of kohlrabi. The tendency to accumulate carbohydrates in the form of starch in specialized organs—the stem tubers—makes kohlrabi an attractive model system for studying the regulatory circuits involving sugars and the phytohormones CK and auxin, which are involved in both shoot regeneration and assimilate partitioning. In the regeneration media, both CK and sucrose are uptaken by kohlrabi seedlings, leading to marked changes in the composition of their phytohormonome and the expression of CK-responsive genes involved in cell cycle regulation and shoot organogenesis. A particularly surprising outcome of the interaction between CK and sucrose is the dramatic (>150-fold) increase in endogenous transZ-type CKs when transZ is supplemented specifically in combination with 9% sucrose—the mechanism for this is currently unclear.



Moreover, as a “distant cousin” of the model species Arabidopsis thaliana which belongs to a distant clade of the same family Brassicaceae, kohlrabi is a perfect secondary model system to make comparisons with the thoroughly investigated regeneration and metabolism of Arabidopsis. The expression patterns of organogenesis-related genes confirmed that similar genetic mechanisms underlie both the two-step regeneration of Arabidopsis and the one-step regeneration of kohlrabi (Figure 4A). The highly efficient regeneration rates achieved for both SSE and DNSO in kohlrabi with minimal requirement for exogenous supplementation of PGRs could therefore serve as a starting point for understanding the universal factors that determine competence for highly efficient shoot regeneration in plants on a broader scale.



Taken together, kohlrabi, the Brassica’s hidden gem, remains a vegetable with many potentials (Figure 4B). Its high nutritional value, tolerance to abiotic stress, ability to accumulate high levels of anthocyanins in the stem of purple varieties, good suitability for regeneration through both somatic embryogenesis and shoot organogenesis, as well as suitability as a model system for studying regulatory interactions between phytohormones and sugars make it a promising model system for basic and applied research. The exciting journey to learn about kohlrabi has started, and will continue in many directions in the years to come.
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Figure 1. Schematic representation of protocols for efficient regeneration of kohlrabi in vitro, via somatic embryogenesis (SE) and de novo shoot organogenesis (DNSO). (A) Direct SE from immature zygotic embryos of cv. Vienna Purple (VP), where the highest regeneration frequency was obtained on a nutrient medium without plant growth regulators (PGRs). Secondary somatic embryogenesis (SSE) occurred on primary embryos used as explants without the need for PGRs. The embryos developed into normal diploid plantlets that were subsequently successfully acclimatized. (B) Indirect DNSO from hypocotyl explants and intact seedlings of VP and cv. Vienna White (VW) with successful regeneration in both tissue types on cytokinin (CK)-rich nutrient medium. Shoots that regenerated from intact seedlings were viable and multiplied well on a medium containing N6-benzyladenine (BA; 0.5 mg L−1). They were further effectively rooted using indole-3-butyric acid (IBA; 4 mg L−1) and acclimatized. Histological analyses confirmed two individual ways of kohlrabi regeneration. The red frames indicate the distinct starting material that successfully followed the path to develop a whole plant. 
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Figure 2. Phytohormonal input during growth and de novo shoot organogenesis (DNSO) of kohlrabi in vitro. (A) Significant changes in phytohormonome during the four (T1–T4) developmental stages of kohlrabi seedlings grown on a nutrient medium without plant growth regulators (PGRs). (B) Main effects of exogenous application of cytokinins (CKs) on hormone levels. (C) Differences between two types of kohlrabi tissues used in the DNSO process along with regenerated shoots; additionally, the correlation between endogenous levels of CKs and auxins, the type of nutrient medium, and the regenerative potential of the explants used are indicated. GA20: gibberellin GA20; IAA: indole-3-acetic acid; IAA-Asp: IAA aspartate; OxIAA: 2-oxindole-3-acetic acid; JA: jasmonic acid; JA-Ile: (+)-7-iso-jasmonoyl-L-isoleucine; SA: salicylic acid; ACC: 1-aminocyclopropane-1-carboxylic acid; transZ: trans-zeatin; TDZ: thidiazuron; HRS: hypocotyl with regenerated shoots; SRS: seedling with regenerated shoots (terminology according to [60]). 
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Figure 3. (A) Analysis of organogenesis-related genes in kohlrabi cv. Vienna Purple (VP) de novo shoot organogenesis (DNSO) obtained by exogenous application of cytokinins (CKs). (B) Arbitrary illustration of the relative expression profile corresponding to selected genes displaying a two-phase pattern for the expression of most genes investigated in the majority of CK treatments. (C) Effects of increased sucrose application during growth and regeneration of kohrabi in vitro at morphological, phytohormonal, and molecular levels. ABA: abscisic acid; PA: phaseic acid; DPA: dihydrophaseic acid; IAA: indole-3-acetic acid; IAM: indole-3-acetamide; IAN: indole-3-acetonitrile; JA: jasmonic acid; ACC: 1-aminocyclopropane-1-carboxylic acid; GA20: gibberellin GA20. 
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Figure 4. (A) List of relevant publications [59,60,61,62,63,64] related to kohlrabi in vitro development and regeneration summarized in the present review with highlights from each performed investigation. (B) Schematic representation of significant traits that make kohlrabi an interesting model system for research. SE: somatic embryogenesis; PGR: plant growth regulator; DNSO: de novo shoot organogenesis; CK: cytokinin; BA: N6-benzyladenine; IAA: indole-3-acetic acid. 
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