









	[image: images]
	Phyton-International Journal of Experimental Botany
	[image: images]






DOI: 10.32604/phyton.2023.029667

REVIEW

Tissue Culture of Calla Lily (Zantedeschia spreng.): An Updated Review on the Present Scenario and Future Prospects

Xuan Sun1,2, Xue Wang1, Bijaya Sharma Subedi3, Yin Jiang1,2, Di Wang1,2, Rongxin Gou1,2, Guojun Zhang2, Wenting Xu4,* and Zunzheng Wei1,*

1Institute of Grassland, Flowers and Ecology, Beijing Academy of Agriculture and Forestry Sciences, Beijing, 100097, China
2College of Horticultural Science & Technology, Hebei Key Laboratory of Horticultural Germplasm Excavation and Innovative Utilization, Hebei Normal University of Science & Technology, Qinhuangdao, 066004, China
3Department of Agroecology and Plant Health, The Robert H. Smith Faculty of Agriculture, Food and Environment, The Hebrew University of Jerusalem, Rehovot, 7610001, Israel
4Zhejiang Institute of Landscape Plants and Flowers, Zhejiang Academy of Agricultural Sciences, Hangzhou, 311251, China
*Corresponding Authors: Wenting Xu. Email: xuwenting_1128@126.com; Zunzheng Wei. Email: weizunzheng@163.com
Received: 02 March 2023; Accepted: 28 April 2023; Published: 28 June 2023


Abstract: The calla lily (Zantedeschia spreng.) is a bulbous flower native to the tropical regions of Africa. Calla lily has gained significant popularity in the international market owing to its intricate morphology and prolonged flowering duration. Despite such advantages, for two sub-groups of calla lily, known as group Zantedeschia and group Aestivae, there are challenges in terms of hybrid production due to the ‘plastome-genome incompatibility’ therebetween. Tissue culture is a fundamental biotechnological tool used in gene editing research, with a focus on disease resistance and flower color in calla lily breeding programs. The present review provides a brief background on the history and development of the calla lily, as well as a comprehensive and critical summary of calla lily tissue culture research. The regeneration pathways for both group Zantedeschia and group Aestivae can be divided into de novo organogenesis and somatic embryogenesis. Both groups are capable of obtaining replants through such means. However, only some species in group Aestivae have been reported to be successful in the somatic embryogenesis pathway. In the present review, special attention was paid to the influence of explant types, plant growth regulators, and culture conditions on both de novo organogenesis and somatic embryogenesis in calla lily tissue culture. Ultimately, future research prospects were determined based on integrated analysis of recent progress in calla lily tissue culture research.
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Nomenclature



	6-BA
	N-(Phenylmethyl)-9H-purin-6-amine



	NAA
	1-Naphthylacetic acid



	KT
	Kinetin



	IAA
	Auxin



	TDZ
	Thidiazuron



	2,4-D
	2,4-Dichlorophenoxyacetic acid



	IBA
	1H-indole-3-butyric acid



	PEM
	Pre-embryogenic Mass



	SE
	Somatic Embryo



	PGRs
	Plant Growth Regulator





1  Introduction

The calla lily (Zantedeschia spreng.), a member of the Araceae family, is an herbaceous, bulbous, perennial ornamental flowering plant with a horseshoe-shaped spathe [1]. Calla lily is native to the tropical regions of the African continent, from the marshy plains of the coastal area of South Africa to the mountainous regions of Southeastern Africa. Zantedeschia, scientifically known as calla lily, consists of eight species classified into two sub-groups. The first subgroup, Zantedeschia, consists of two evergreen species, Z. aethiopica and Z. odorata, with white flowers that blossom from late winter to late spring in their natural habitat. The second subgroup, Aestivae, includes six species with colorful flowers that bloom in summer. Thousands of hybrids of the Aestivae group have been introduced worldwide [2]. While the former (hereafter referred to as white calla lily) is accessible on the market and is dominated by intraspecific hybrids of Z. aethiopica, the latter (hereafter referred to colored calla lily) is derived from interspecific or intraspecific hybrids of other species, including Z. elliottianna, Z. rehmannii, Z. albomaculata, Z. jucunda, Z. pentlandii, and others. Owing to their intricate morphology and prolonged flowering duration, both varieties of calla lily have witnessed a substantial surge in market turnover in recent years, thereby making them the most in-demand bulbous flowers in the global market.

As the need for calla lily in the market has increased, the issues associated with its commercial exploitation have become more noticeable. Consequently, breeders have started to prioritize the production of novel varieties with disease resistance and color-rich spathe. It has been widely reported that white calla lily can adapt to the humid environment during cultivation in greenhouses, and is more resistant to bacterial soft rot [3] despite the homogeneous flower color. In contrast, colored calla lily, despite the diverse flower colors, is highly susceptible to soft rot due to the poor tolerance to moisture [4]. Recently, Guttman et al. [3] characterized the morphological and biochemical differences between white and colored calla lilies. The findings suggest that such differences may account for the heightened susceptibility of colored calla lilies to soft rot following Pectobacterium spp. bacterial infection compared to their white counterparts. The study further revealed that in contrast to white calla lily, colored calla lily had rougher abaxial leaf surfaces, as well as more compact aerenchyma and fewer total air spaces in leaf tissue. Such factors contribute to the increased growth of soft rot bacteria. Moreover, the colored calla lily’s immune response and activation of defense-related genes against such bacteria were found to be hindered. Overall, the research facilitates a comprehensive understanding of the distinct characteristics of white and colored calla lilies that contribute to their divergent susceptibility to soft rot. Researchers have made significant attempts to cross-breed the white and colored varieties of calla lily, so as to merge the desirable qualities of both [5]. As an example, the disease resistance of white calla lily was introduced into the colored variant and the spathe color of colored calla lily was added to the white calla lily. However, the findings of the experiment demonstrated that there was ‘plastome-genome incompatibility’ between the two, producing albino hybrid seedlings [6], which failed to produce regular plants. As a result, the focus of calla lily breeding has shifted towards the already existing white and colored calla lily germplasm independently.

Molecular breeding techniques [7], including gene editing, are now available for early utilization in some of the most extensively studied ornamental plants. Such techniques have the ability to manipulate intrinsic genes, leading to the development of modified plants with new and improved agronomic traits [8]. In Ipomoea nil, for instance, the Dihydroflavonol-4-reductase-B (DFR-B) gene, which encodes anthocyanin biosynthetic enzymes, was targeted with CRISPR/Cas9 via Agrobacterium-mediated transformation to produce 24 (75% positive rate) transgenic plants with anthocyanin-free white flowers [9]. Additionally, attempts were made to induce mutations in the flavonoid 3-hydroxylase (F3H) gene, which encodes a critical enzyme in flavonoid synthesis, in Torenia fournieri [10]. The use of the CRISPR/Cas9 system to modify T0 plants resulted in a high frequency of light blue (almost white) flowers (about 80% of regenerated lines) [11]. Such findings present a potential opportunity to develop novel calla lily germplasm with exceptional targeted traits without using hybridization between white and colored calla lilies [9]. Research on the molecular biology and genetic transformation of calla lilies is still in its initial phases, and there are numerous obstacles to overcome. Nonetheless, with the availability of the calla lily genome (which has been sequenced and assembled at the chromosome level by the present group but has not yet been released) and the identification of candidate genes for critical phenotypic traits, transgenic gene editing has emerged as a vital avenue for significantly modifying genetic traits.

Plant in vitro regeneration via tissue culture is a critical component in genetic transformations mediated by A. tumefaciens, electroporation, and particle bombardment [12]. Such regeneration procedures usually include both de novo organogenesis (formation of shoots and roots in vitro from cultivated explants) [13] and somatic embryogenesis (generation of embryos from plant somatic cells without gamete fusion) [14]. The use of both regeneration procedures has been reported in the development of transgenic ornamentals [15]. For example, in Ornithogalum, somatic embryogenesis was used as a platform for transformation, the target plasmid was introduced into the embryonic callus derived from leaf base induction via particle bombardment, and disease-resistant transgenic plants were obtained after in vitro regeneration [16,17]. In two Lilium species (Lilium pumilum and L. longiflorum), two stable and effective genetic transformation protocols based on somatic embryogenesis and adventitious bud regeneration were established [18]. The hypothesis was that the likelihood of chimera formation in the genetic transformation was reduced and the transformation process was made more efficient [18]. Such findings could be attributed to the embryogenic callus being made up of a large number of embryogenic cells, each of which can develop into a somatic embryo on its own [19]. However, the genetic transformation by de novo organogenesis, such as adventitious bud regeneration, is faster as compared to the regeneration pathway via somatic embryogenesis [17].

With regard to addressing the prevailing breeding constraints in calla lily, the development of a highly efficient in vitro plant regeneration system is essential for the future implementation of gene editing-mediated molecular breeding. There have been many reports of calla lily regeneration in vitro, but the methods used have been found to be ineffective and inefficient. The present review covers the current efforts in calla lily in vitro regeneration, including the effects of various explants, phytohormones, and treatment conditions on the effectiveness of the process. The review can serve as a guide and a reference for the future application of molecular breeding programs for the improvement of calla lily varieties.

2  Summary of Tissue Culture Studies of Calla Lily

In the early 1990s, Wu et al. [20] conducted the first study on the in vitro regeneration of calla lily. The leaf of white calla lily was inoculated with additional auxin and cytokinin (NAA and KT) on MS medium and developed a callus after 10 days. Afterward, buds emerged and formed clusters of shoots within approximately three weeks. The shoots, which grew to a length of approximately 3 cm, were then transferred to a rooting medium to facilitate the development of complete plants. The most recent developments in in vitro tissue culture of calla lily are shown in Fig. 1A, while a summary of the research on calla lily de novo organogenesis and somatic embryogenesis since 1985 is shown in Fig. 1B. Notably, the research on somatic embryogenesis in calla lily was initiated later and has experienced less progress than de novo organogenesis. Detailed notes of the in vitro regeneration routes of the calla lily are shown in Fig. 1C; however, somatic embryogenesis has yet to be achieved.
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Figure 1: Research on tissue culture of calla lily. (A) Historical progress of tissue culture research in calla lily; (B) Summary of study quantity; (C) Research results of tissue culture of calla lily

3  Advances in Organogenesis of Calla Lily

As has been repeatedly demonstrated, plants have extensive regeneration potential, with both inter- and intra-specific differences in their ability to divide and regenerate cells [21]. According to the existing research, de novo organogenesis in calla lily involves both direct organogenesis from thin-walled tuber cells and indirect organogenesis through the production of callus induced from tubers and leaves. There are several factors, including plant genotype, explant type, plant growth regulators (PGRs) and culture conditions that contribute to successful organogenesis [22]. The present review provides a comprehensive overview of the direct and indirect pathways involved in calla lily organogenesis.

3.1 Effects of Explants on Organogenesis

Various calla lily explants, including leaf, petiole, spathe, tuber, and anther, have been included in numerous experiments for the organogenesis process. Such studies suggest that although all vegetative cells possess the capacity to regenerate complete plants, the ease or difficulty of inducing such capacity may differ considerably [23].

In a case in which three distinct explants (petiole, leaf, and spathe) were employed to induce the callus, the petiole was revealed to possess the greatest dedifferentiation capacity following callus induction without the usage of PGRs (Table 1). The highest petiole callus induction rate [24] was maintained when all three explants were cultured on a medium supplemented with N-(Phenylmethyl)-9H-purin-6-amine (6-BA) and auxin (IAA). In previous studies, it was found that a significant proportion of leaves in the culture exhibited withering, while only a small number formed callus [25]. Additionally, it was observed that anthers used as explants were particularly susceptible to browning [26,27]. The utilization of seed as explants in the white calla lily variety ‘Green Goddess’ was found to require high concentrations of 6-BA stimulation to generate multiple young shoots [28]. However, due to a lack of repeatability with successful protocols in seed-as-explant experiments, the stability of such systems is uncertain. Contrastingly, tuber as explants has a high regenerative capacity in the organogenesis pathway [26]. In 2006, the anthers of four species of calla lily were used for the first time on a medium supplemented with 6-BA and 1-Naphthylacetic acid (NAA); all 1,380 anthers expanded but did not form callus, while callus was induced but eventually turned brown on a medium supplied with thidiazuron (TDZ) and NAA [27]. Further observations have shown that the combination of Kinetin (KT) and 2,4-D stimulated anthers to form callus more effectively [26]. One potential explanation for the varying responses of explants to different hormones is the differences in their endogenous hormone levels, which can be influenced by various exogenous hormones [28–32]. Based on the aforementioned findings, it can be concluded that 6-BA and NAA activate the indirect organogenesis pathway in all explants, except for anthers. Further, the system for inducing callus via tubers is the most established among the indirect organogenesis pathways and has exhibited the greatest stability across multiple studies.
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In addition, the physiological state of the plant, as well as the type, size, source, sampling period, and inoculation orientation of the explants, are all significant factors that can influence in vitro tissue culture [35,36]. Findings were made that the induction efficacy of clumped shoots could be determined by calla lily tuber explants at different periods. For instance, the induction of dormant tubers was four to five times more effective than that of growing tubers, and the sterilizing duration may be decreased by 50% [37]. At the same time, the orientation of the explant on the medium may influence the initiation position, polarity, and regeneration efficiency of callus or shoots [38], with horizontal induction of explants on the medium being more efficient than vertical induction [39].

3.2 Effects of PGRs on Organogenesis

Plant organogenesis depends on the addition of PGRs and the response of plants to such hormones during tissue culture [40–43]. There are certain essential steps that must be completed in order to achieve the desired organogenesis and regeneration of plants, including the initiation of shoots, elongation of shoots, and initiation of roots. In contrast to direct organogenesis, indirect organogenesis entails the formation of a callus, which is subsequently differentiated into shoots, roots, or somatic embryos, depending on the type of PGR utilized [44]. Therefore, the selection of a particular PGR is closely associated with the fate of the explants [45].

The direct organogenesis pathway of calla lily induces clumps of buds primarily using 6-BA, TDZ, and KT. An experiment using three different types of PGRs (6-BA, TDZ, and KT) on tuber of colored calla lily revealed that a medium supplemented with 6-BA induced the highest adventitious bud proliferation rate [27]. In a separate investigation, the efficacies of four types of cytokinins (TDZ, 6-BA, KT, and 2iP) in inducing cluster buds were evaluated using stem tips of calla lily. The study revealed that 6-BA and TDZ were more effective in inducing cluster buds [34], and that increasing the concentration of 6-BA led to a greater number of cluster buds [46]. However, additional research has demonstrated that the growth-promoting effect of cytokinin tends to be restricted when cytokinin concentrations exceed the optimum level, leading to low shoot proliferation and stunted growth [47]. As an example, adding 6-BA to the tuber induction medium of colored calla lily at 0.5 mg/L resulted in the highest induction efficiency, but increasing to 3 mg/L resulted in a reduced induction rate [48]. Such trend is supported by other research results [49,50]. In a subsequent study, findings were made that low concentrations of 6-BA induced adventitious buds in explants, while high concentrations induced callus [51,52]. For instance, using colored calla lily stem tips cut from axillary buds, a medium supplemented with 1 mg/L 6-BA was used to form multiple buds, while the medium supplemented with 3 mg/L 6-BA effectively supported the growth of the callus [53].

Despite such findings, organogenesis in most plants is controlled by more than one type of hormone [54]. To illustrate, applying a certain concentration of 1H-indole-3-butyric acid (IBA) can increase the average number of axillary buds and significantly increase the bud length and fresh weight when 6-BA is the primary exogenous hormone in the induction stage of calla lily [55]. Under the combined treatments of 6-BA 1 mg/L and NAA 0.1 mg/L, the bush buds produced in the primary culture achieved simultaneous root and bud differentiation [56], which significantly decreased the culture period of in vitro seedlings and reduced the culture cost. Although there is evidence that 6-BA can stimulate callus production in calla lily, bud growth is not promoted. Notably, the addition of NAA can address such issue and induce bud differentiation [57]. In general, a culture containing 6-BA at a concentration of 2 mg/L and NAA at 0.5 mg/L for a duration of 60 days can lead to the development of a callus exhibiting a dense green bud point [58]. Such findings were confirmed in different varieties [59]. Auxin and cytokinin are central endogenous signaling molecules that regulate plant callus formation [60]. Generally, high auxin and low cytokinin concentrations are used to induce tissue mass dedifferentiation and maintain cells in a proliferative state [61,62]. RNA-Seq analysis of Anthurium andraeanum cv. ‘Alabama’ tissue revealed that, following a 2-day culture period, there was up-regulation of the auxin biosynthesis gene expression, while the expression of the cytokinin biosynthesis gene remained unchanged. Such findings suggest that the explants were unable to produce sufficient endogenous cytokinin required for the induction of callus [63]. Therefore, the addition of high concentration of cytokinin and low concentration of auxin to the medium is conducive to callus formation. For callus-inducing explants of calla lily, such method can be used to adjust the PGR ratio.

Currently, there is no consensus regarding the optimal exogenous hormones for inducing rooting, although most commonly used hormones belong to the auxin class, such as indole-3-acetic acid (IAA) and naphthaleneacetic acid (NAA) [64,65]. Studies have found that rooting can also be promoted without adding hormones in the culture environment of 1/2 MS medium and 200 mg/L activated carbon [55]. Many researchers have reported NAA to be the strongest auxin compared with others [58]. A number of existing studies on calla lily have shown that NAA exhibits a noticeable promoting effect on the rooting stage, as root initiation can only be stimulated by adding NAA to the rooting medium. However, an increase in the concentration of NAA results in a lengthening of the rooting induction period [64]. Therefore, the primary goal of the research on the initiation of root is to determine the proper concentration of NAA.

3.3 Effects of Genotype on Organogenesis

Regeneration in tissue culture is highly dependent on genotype, and tissue regenerative potential is determined empirically and varies from species to species [66]. Different genotypes of calla lily have different responses to PGRs. Changes in the concentration of PGRs and genotype of species can affect the number of buds produced by explants [67], and the use of PGRs in aseptic culture has a long-term effect on ontogeny [68]. Calla lily hybrids introduced into New Zealand (‘Pink Petticoat’, ‘Golden Sun’, ‘Galaxy’, ‘Red Beauty’, ‘Red Gold’, ‘Pink Persuasion’, ‘Golden Affair’ and ‘Pink Satin’) were found to be able to induce clumping shoots on differentiation medium. However, the quantity of clumping shoots varied depending on the variety, with ‘Galaxy’ being the highest producer of clumping shoots. Further findings were made that ‘Galaxy’ also demonstrated strong rooting ability throughout the rooting stage [33]. In subsequent studies that used tubers generated by tissue culture seedlings, the proliferation coefficients of tubers from 10 calla lily varieties showed significant differences, with yellow flower varieties having higher proliferation coefficients than safflower and purple flower [36]. To screen the optimal conditions for adventitious bud proliferation and plant regeneration, adventitious buds of three varieties of calla lily; ‘Purple’, ‘Flame’ and ‘Parfum’, were used as test materials. The stages of proliferation and rooting of the three varieties were found to be significantly different [64].

Colored calla lily is the subject of most studies on genotype differences, while white calla lily has fewer varieties and related studies. The genotype effect in calla lily tissue culture has been found to be largely influenced by the concentration of endogenous plant hormones in different varieties [64]. Several studies have shown that the gene expression pattern of endogenous PGRs and the balance between endogenous and exogenous PGRs are significant factors in in vitro culture [69]. A detailed study of the metabolism of endogenous PGRs in different varieties can reveal the dynamic inter-relationships therebetween and provide a new research direction for the establishment of regeneration systems in different varieties. At present, there is a scarcity of research on the endogenous hormone metabolism of different varieties of calla lily. As such, exploring the endogenous hormone metabolism of different genotypes of calla lily may become another direction of future research.

3.4 Other Important Influencing Factors

The majority of research has focused on the effects of PGRs and the type of explants and genotypes on calla lily organogenesis, which has resulted in a lack of information on many other factors. Therefore, analyzing other factors may lead to the invention of high-frequency regenerative systems or a reduction in production costs. In this section, a discussion is provided on several promising strategies for improving regeneration protocols. Carbohydrates serve as a source of energy for cell cultures and are the primary regulators of the osmotic environment. As a critical energy-supplying substance, both the source and concentration of carbohydrates are crucial factors that influence cell culture. Sucrose, glucose, and fructose have been extensively studied as the most important carbohydrates in Agave angustifolia [70], Pinus koraiensis [71], Vitis vinifera [72], Brassica napus [73], A. angustifolia [74] and P. koraiensis [75] exhibited the most favorable response to sucrose, while Brassica napus and V. vinifera exhibited a positive reaction to both glucose and fructose. Sucrose has mainly been discussed in terms of its effects on organogenesis in the calla lily. Findings were made that root length and number were significantly increased when the sucrose concentration ranged from 51.15–56.5 g/L [55]. The culture medium with sucrose concentrations ranging from 0–60 g/L, containing 30 and 60 g/L of sucrose, produced the highest number of leaves (4.13) and the greatest fresh weight (0.9 g) of the aboveground portion [56]. To summarize, sucrose can affect not only the rooting of adventitious buds, but also affect the growth of the aboveground parts in tissue culture of calla lily.

The source, intensity, and quality of light are pivotal in in vitro organogenesis [76,77]. A variety of physiological processes can be regulated through the use of light emitting diodes, which provide spectra with the capability of regulating plant morphogenesis [78,79]. Red light and blue light had a significant influence on plant phenotypes [63]. The regeneration process of the calla lily was affected differently by various light treatments. Under the same culture conditions, the number of calla lily leaves under blue light was higher than that under white light. Branch elongation and the fresh and dry weights of tufted shoots increased significantly under blue or red light [80].

In addition, the physical forms of medium and sterilization methods have also been partially studied in terms of the organogenesis process of calla lily. Such factors affect regeneration efficiency to varying degrees. Due to the difference in osmotic pressure between solid and liquid conditions, the physical state of the medium also affects the differentiation and rooting of explants. Several studies have shown that a solid medium is better than a liquid medium in the bud induction stage of calla lily, while there is no significant difference between the two conditions in the rooting stage [81]. In liquid culture conditions, tuft shoots of white calla lily exhibited the lowest water content. Sterilizing calla lily tubers for tissue culture has long been a challenging issue. Recent disinfection methods involved a hot water bath at different temperatures (30°C, 35°C, 40°C, 45°C, 50°C) and for different durations (30, 35 min). Among such methods, treatment at 45°C for 35 min was found to be the most effective, achieving a pollution rate reduction of less than 10% [82].

4  Somatic Embryogenesis

Research on somatic embryogenesis in calla lily is still in its early stages, with few related reports available. Most studies have focused on the indirect somatic embryogenesis pathway of calla lily, examining the effects of factors such as explants, plant growth regulators (PGRs), and other related factors on induction efficiency. In the study of the embryogenic callus of calla lily, three types of explants were used: leaf, tuber, and anther (Table 2). In 2006, the tuber of ‘Captain Tendens’ was first used to induce embryogenic callus and regeneration into a complete plant [29]. Subsequently, the tuber of ‘Gagsi’ was utilized as explants to produce calla lily embryogenic callus, and regenerated complete plants were obtained from such callus [26]. Although callus induction was observed in the leaves of ‘Pink Gian’, complete plant regeneration was not achieved. Additionally, an attempt was made to induce embryogenic callus using anthers in calla lily. However, only one explant out of 900 anthers inoculated developed a somatic embryo on medium containing 0.5 mg/L TDZ and 2 mg/L NAA, and all the callus that was obtained eventually turned brown [83].
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The combination of auxin and cytokinin is required for the induction of embryogenic callus in the calla lily. The main PGRs affecting embryogenic callus development were 2,4-Dichlorophenoxyacetic acid (2,4-D), NAA, and 6-BA [64]. By applying 6-BA 1.5 mg/L and NAA 0.5 mg/L to the tuber of ‘Gagsi’ as explants in MS media, the embryogenic callus induction rate was 25% [26]. Leaves of ‘Pink Gian’ were induced by MS supplemented with 2,4-D 4.0 mg/L, 6-BA 0.5 mg/L, and NAA 0.2 mg/L, and the callus induced in the first generation was subjected to two rounds of subculture [27]. The results showed that MS containing 2,4-D 2 mg/L and 6-BA 2 mg/L was the optimal medium for callus subculture and promotion of their transformation into somatic embryos. The media containing 2 mg/L 6-BA and 2 mg/L NAA were found to be most effective in promoting embryogenic callus formation and regenerating normal plants. However, different combinations of concentrations eventually resulted in browning and death, without any somatic embryogenesis. The browning of explants is a natural phenomenon that occurs due to enzymatic oxidation of polyphenolic compounds. Notably, the oxidation process may potentially hinder the proliferation of callus in plant tissue culture [84,85]. Certain kinds of antioxidants such as Vitamin C or AgNO3 can be added to the culture medium to inhibit oxidative browning [86,87].

Although there is a scarcity of research on the somatic embryogenesis of calla lily, there have been many reports on somatic embryogenesis in other Araceae plants. The leaves of Anthurium andraeanum Lind, another member of the Araceae family, have been used to establish a stable and efficient system for somatic embryogenesis [88]. Such system utilizes leaves to induce embryogenic callus, which differentiates to form pre-embryogenic mass (PEM), and then develops into a somatic embryo. Maintaining the pre-embryonic mass in a homogenous developmental state makes the transformation process to somatic embryo smoother [89,90]. Moreover, a liquid culture can be used for propagation, in which PEM is used instead of embryonic callus or mature somatic embryo for proliferation [66]. In the study of the main factors affecting PEM proliferation, somatic embryo (SE) development and somatic embryo germination, findings have been made that in a liquid culture system, lower concentrations of plant growth regulators, mineral nutrients and sucrose promoted the proliferation of PEM, formation and germination of SE. A liquid medium containing 1/2 MS (half strength MS medium) + 2,4-D 2 mg/L + 0.5 mg/L KT + 3% sucrose produced the highest proliferation coefficient of leaves [58]. The proliferation curve of callus in liquid suspension culture typically exhibits an S-shape [83], which is more conducive to the proliferation of embryonic callus. By utilizing the inflorescence of the ‘fine wine’ variety as explants, it was observed that the optimal hormone combination for inducing embryogenesis of primary somatic cells in inflorescence was 5 mg/L 6-BA + 0.5 mg/L TDZ + 0.1 mg/L NAA [64,65].

The majority of studies have concentrated on the induction of callus and the development of embryogenic callus in colored calla lily, but there have been no relevant reports in white calla lily. To date, the research on somatic embryogenesis of calla lily is still in its initial phase, and extensive research is necessary to produce high-quality somatic embryos that can be directly utilized or transformed into artificial seeds for the reproduction of high-value hybrids.

5  Prospects of Future Research

Nanotechnology is a highly active area of research in modern materials science. Recent studies have demonstrated the effectiveness of NMs in the removal of microbial contaminants from explants. Further, nanomaterials have also been found to have beneficial effects on various processes in plant tissue culture, including somatic embryogenesis, callus induction, plant cell dedifferentiation and redifferentiation, somaclonal variation, genetic modification, and secondary metabolite production [86]. In the future, further investigations can be conducted into the improvement effect of nanomaterials on the tissue culture of calla lily. Additionally, activated charcoal is a critical factor in tissue cultures, promoting micro-propagule growth and development. Research has shown that activated charcoal supplementation in the culture medium can darken the medium to simulate the soil conditions and absorb toxic metabolites, thereby increasing shoot and root development in ornamental plants [87–89]. As such, the efficiency of tissue culture of calla lily can be improved by using activated carbon.

In white calla lily, regenerated plants using organogenesis were observed to be more reproducible and effective, and the regeneration duration was shorter than that of inducing embryogenic callus. As such, the organogenetic pathway can be used as the basis of a genetic transformation platform to introduce color genes and create new varieties of white calla lily with rich colors. However, a high reproduction coefficient of embryonic callus and fewer chimeras have natural advantages for genetic transformation in plants [91,92]. Further investigation into the somatic embryogenesis pathway is necessary to optimize the system and increase the efficiency of regeneration and subsequent genetic transformation in the white calla lily. Although there are few studies on embryogenic callus induction in calla lily, existing reports suggest that there is significant application potential in colored calla lily callus, and thus, further research is needed. In order to improve the disease resistance of calla lily, the indirect somatic embryogenesis pathway can be used as the basis of the genetic transformation system, and the susceptible genes can be knocked out by gene editing to obtain new varieties of calla lily that are resistant to soft rot. Fig. 2 depicts an upcoming genetic engineering breeding blueprint for two groups of calla lily species.
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Figure 2: Schematic diagram of Agrobacterium-mediated gene transformation

The focus of the present study was on the main influencing factors of calla lily tissue culture, such as genotype, explant type, and PGRs, as well as other factors. Further, relevant studies of other Araceae species were reviewed to establish a foundation for calla lily tissue culture research, the development of a genetic transformation platform, and the generation of novel ideas for improving desirable traits.
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Table 2: Summary of somatic embryogenesis studies of calla lily

Explants Medium Induction rate Ref.
Indirect path Tuber MS+6-BA 1.5 mg/L + NAA 0.5 mg/L 25% [83]
Leaf MS+2,4D 4.0 mg/L + 6-BA 0.5 mg/L + NAA 0.2 mg/LL — [26]
Anther MS+6-BA 2 mg/L + IBA 0.5 mg/L — [29]
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Table 1: Summary of organogenesis studies of calla lily

Explants Medium Induction rate  Ref.
Indirect path  Tuber MS+6-BA 2.0 mg/L + NAA 0.1~0.2 mg/L 80% [26]
Anthers B5+KT1.0 mg/L + 2,4-D 0.5 mg/L 3.78% [27]
Spathe MS+6-BA 2 mg/L + IBA 0.5 mg/L — [22]
Petiole = MS+BAP2 mg/L + IBA 1-2 mg/L 78.9% [24]
Leaf MS+6-BA 2.0 mg/L + NAA 0.5 mg/L — 28]
Direct path  Leaf MS+NAA 0.5 mg/L + 6-BA 2 mg/L + 2,4-D 2 mg/LL  45% 28]
Tuber MS+6-BA 0.5-2 mg/L + NAA 0.1-0.2 mg/L 97% 33]
Bud MS+6-BA 1.0 mg/L + NAA 0.1 mg/L 95% [34]
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