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Abstract

:

In vitro micrografting is an important technique supporting the micropropagation of a range of plant species, particularly woody plant species. Over the past several decades, in vitro micrografting has become a strategy to facilitate shoot recovery and acclimatization of in vitro-grown horticultural species. This review focuses on studies on horticultural crops over the past two decades that cover the establishment of in vitro micrografting, discusses factors affecting the success of in vitro micrografting, and provides commentary on the contribution of micrografting applications to the field of micropropagation. Considering the important roles of micrografting in the restoration of vigor and rooting competence, in promotion of shoot recovery following somatic embryogenesis and organogenesis, and in facilitation of shoot regrowth after cryopreservation, the potential use of this technique in facilitation of genetic engineering and safe conservation of horticultural species are specially highlighted.
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1. Overall Developments and Characters of Micrografting


Plant grafting, a common practice for vegetative propagation of crops, refers to the natural or the deliberate connection of two discrete plant segments [1]. Grafting can be used to avoid juvenility of perennial woody species and can confer important agronomic traits to scions such as uniformity of plant architecture and tolerance to biotic and abiotic stresses [1,2,3,4]. In addition, the scion–rootstock combination can influence tree vigor, yield and fruit quality, and can extend the harvest season [5,6]. Following the advent of in vitro plant tissue culturing in the early 1900s [7], a grafting system using tissue culture (micrografting) was first demonstrated by Doorenbos [8] in ivy and then Holmes [9] in chrysanthemum in the 1950s, and was later developed and standardized for virus eradication from citrus species by Murashige et al. [10] and Navarro et al. [11]. To date, in vitro micrografting (IVM) has been widely applied (1) in pathogen management to facilitate the eradication, indexing and transmission of pathogens, as well as the assessments of graft incompatibility induced by pathogen infection [11,12,13,14,15]; (2) to facilitate in vitro rooting [16,17,18,19], to invigorate regenerating plant tissue cultures during micropropagation [19,20,21,22], and for the rapid assessment of graft compatibility [23,24,25,26]; and (3) in studies focusing on the molecular mechanism of graft compatibility, as well as the exchange and trafficking of macromolecules between scions and rootstocks [27,28,29,30].



IVM is an important technique that facilitates the micropropagation of horticultural crops and forest species because of the following characteristics. Firstly, IVM is often performed on seedlings to obtain rooted plants in species in which in vitro root induction is difficult [16,31]; secondly, it can reduce species-specific responses of scions to the culture medium, as the rootstock mediates the delivery of the hormonal and nutritional requirements necessary for the scion regrowth from the medium [18,32,33]; thirdly, IVM can be performed throughout the year using scions and rootstocks at the same physiological stage, while the success of in vivo grafting is season-dependent [17,21]. IVM is performed in an aseptic controlled environment with a high humidity. This stable in vitro environment and the probable pathogen-free status of micro-scion/rootstock may favor callus formation and rapid establishment of vascular reconnection between scions and rootstocks required for grafting success [34,35]. Micrografting protocols have been developed for many fruit crops including almond [18], apple [36], apricot [23], avocado [37], cacao [38], cashew [39], cherimoya [19], cherry [21], citrus [40,41], guava [4], grape [34], jujube [42], mulberry [43], hazelnut [44], kiwifruit [25], passion fruit [26], olive [45], peach [46], pear [47], pistachio [17], plum [48], walnut [49,50], and watermelon [51].



To highlight how IVM can be used to improve micropropagation in horticulture, this review presents findings from recent studies using IVM, with a focus on factors that affect the micrografting success.




2. Establishment of Micrografting


2.1. Preparation of Scions


The origins and type of scion material are some of the determinants in successful micrografting [34,52,53,54]. The scions used in micrografting, usually shoots or shoot tips, can be obtained from in vitro or ex vitro grown plants. Scion material has traditionally been sourced from in vitro plants, having the advantage of being free from fungal and bacterial contaminations, the desired size, and being available year-around [35,53,55]. The use of ex vitro material, however, may introduce a seasonality component to the procedure, as the excised plant material may remain in a dormant stage [53]. However, shoot apices newly excised from actively growing trees in the field or in the greenhouse can be used in micrografting procedures [17,34]. Shoot apices sourced from in vivo plants are surface sterilized immediately prior to shoot/shoot tip preparation followed by micrografting. Usually, a short treatment of 70% ethyl alcohol is combined with a longer treatment of sodium hypochlorite or mercuric chloride for the surface sterilization [56].



Tissue browning is a common problem during the establishment of in vitro cultures [41,57]. Likewise, in IVM, wounding in scion/rootstock preparation may also cause browning and oxidation of plant tissues resulting in poor graft success [36,56,58]. The adverse effects of tissue browning may be minimized by presoaking scions in antioxidant solutions [39,59,60]. In cashew (Anacardium occidentale L.) and apple (Malus domestica), Thimmappaiah et al. [31] and Nunes et al. [61], respectively, reduced phenolic exudation by presoaking the cut edge of the scion with 0.01% ascorbic acid and 0.015% citric acid (1:1) prior to in vitro grafting. Reduced tissue browning in cashew can also be achieved by pre-conditioning in vitro stock shoots in culture media enriched with 0.1% polyvinylpyrrolidone before scion preparation [31]. In developing a protocol for micrografting of native and commercial roses, Davoudi Pahnekolayi et al. [59] showed that silver nitrate, as an antioxidant, played a key role in preventing production of phenolic compounds that could lead to micrografting failure. They found that a quick dip treatment (5–10 min) of wounded explants (scions and rootstocks) with silver nitrate (50 mg L−1) prior to micrografting could prevent tissue browning and consequently increase the survival of micrografts [59]. In contrast, Wu et al. [55] noted that micrografts of Protea cynaroides had reduced viability when scions were presoaked in ascorbic acid and citric acid solution; treatment with antioxidant solution induced more browning in scions than in those that were untreated. These results indicated that the fast operation of micrografting was more important in preventing tissue browning than pre-treatment, as suggested by Navarro [62]. Another possible reason could be the insufficient concentration of antioxidants which counterproductively promoted the spread of phenolic oxidation because of the improved wetness of the graft site [55]. Therefore, the response of antioxidants to the reduction/inhibition of phenolic browning may be species-dependent, and their concentrations and/or combinations are other critical points to be addressed.




2.2. Preparation of Rootstocks


In vitro germinated seedlings and segments of in vitro cultured shoots are the two major sources of rootstocks used in micrografting (Table 1). To prepare rootstock seedlings for micrografting, in vitro germination of seeds is the first step, with varied protocols needed to promote germination. Miguelez-Sierra et al. [38] found that cacao seeds did not require any pretreatment for the effective in vitro seed germination; in their protocol, seeds were taken from mature pods, were surface sterilized, inoculated in culture medium, and three-week-old seedlings were used as rootstocks. However, removal of the seed coat is necessary in many cases of in vitro germination. For example, for the preparation of in vitro rootstocks of almond, seeds were firstly removed from their endocarps (hard seed coat) before surface sterilization and in vitro germination [33,63]. Similarly, in pistachio, the mature kernels of seeds were surface sterilized after removing the outer pericarp and shells [17]. Likewise, the mature seeds of cashew [39] and jujube [42] were scarified in concentrated hydrochloric acid and sulfuric acid, respectively, before surface sterilization, to promote seed germination. In some cases, to achieve good germination, embryos have been removed from surface-sterilized seeds and grown in germination medium. In Protea cynaroides, a successful shoot tip micrografting technique was developed using 30-day-old in vitro-germinated embryos as rootstock [55]. Following seed germination, the duration of which varies between species, the root is shortened and the seedlings can be either decapitated above the cotyledons, leaving the epicotyls as the site for grafting [33,37], or cut below the cotyledons to make use of the hypocotyls as grafting sites [38,39,42,64].



In species with high levels of adventitious rooting, in vitro shoots can also be used as rootstocks [21,34,61,65]. Following grafting, the grafted shoots are cultured on a medium used for root induction of the rootstock genotype: this requires prior optimization of the rooting medium [65]. In cherry, Bourrain and Charlot [21] obtained a successful grafting rate of 79% when shoots (rootstock) were induced to root prior to grafting. In apple, Obeidy and Smith [66] achieved a graft success up to 45% when rooted in vitro shoots were used as rootstocks and apical 2-cm shoots as scions. When comparing the performance of Uapaca kirkiana (Muell. Arg) micrografts arising from in vitro rooted and unrooted rootstocks, Nkanaunena et al. [67] found that the three-month-old rooted rootstocks produced the highest graft success rate (at least 60%), with better development of grafted shoots. The positive response in the success of micrografting from the use of rooted rootstocks may be related to the species studied. Working on grapevine cultivar (cv.) ‘Superior’ micrografted onto different rootstocks, Sammona et al. [68] found no differences in grafting success between rooted and unrooted rootstocks.
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Table 1. Applications of in vitro micrografting for restoration of scion vigor and establishment of plants with roots.






Table 1. Applications of in vitro micrografting for restoration of scion vigor and establishment of plants with roots.













	Plant Species (Scion)
	Scion Source and Size
	Rootstock Source and Age
	Grafting

Technique
	Success Rate (%) and (No. Scions Tested)
	Reference





	Amygdalus communis (Almond)
	Shoots of 1.5–2.0 cm in length
	Almond seedlings of 2 weeks old
	Top slit
	100 (1)
	[18]



	Anacardium occidentale (Cashew)
	In vitro shoot apices
	Cashew seedlings, 5–8 cm in height (age not specified)
	Apical and side grafting
	45–73 (1)
	[69]



	
	Shoots of 3–15 mm in length
	Cashew seedlings of 20–25 days old
	Top slit and side grafting
	80 (top wedge) and 100 (side grafting) (1)
	[31]



	Annona cherimola (Cherimoya)
	Nodal section of 2 cm in length
	Cherimoya seedling of 42 days old
	Side insertion
	31–70 (3)
	[19]



	Citrus deliciosa (Kinnow mandarin)
	Shoot tips less than 1.0 mm in size
	C. jambhiri, C. carrizo and C. reshnii seedlings of 15–20 days old
	Side reverse T insertion
	Up to 66.5 (1)
	[70]



	Garcinia indica
	Apical shoots of 0.5–1.0 cm in length for the initial grafting and 1.0–1.5 cm for the subsequent grafting
	Garcinia indica seedlings of 2 months old
	Top slit
	95 (1)
	[71]



	Malus domestica (Apple)
	Field grown shoots (size not specified)
	Apple shoots of 3 weeks old
	Vertical slit
	42–93 (3)
	[36]



	Olea europea (Olive)
	Greenhouse-grown shoots of 1.0–1.5 cm in length
	Olive seedlings of 3 weeks old
	Top slit
	Up to 83 (1)
	[45]



	Opuntia ficus-indica (Cactus)
	Shoots of 0.5 cm in length
	Shoots of O. strepacantha, O. robusta, O. cochinera, O. leucotricha and O. ficus-indica, 1.0 cm in length (age not specified)
	Top wedge and horizontal graft
	30 (top wedge) to 90 (horizontal) (1)
	[54]



	Passiflora edulis (Passion fruit)
	Nodal segments of 1.5 cm in length
	Passion fruit shoots of 2 months old
	V-shaped joint with grafting devices
	73.3 (1)
	[26]



	Pelecyphoraaselliformis (Cactus)
	Apical and subapical segments of 5 and 3 mm, respectively
	O. ficus-indica shoots, 10 mm in length (age not specified)
	Horizontal graft
	81 and 97 for the subapical and apical scions, respectively (1)
	[72]



	Pistacia vera var. Siirt (Pistachio)
	Shoot tips of 0.5–10 mm in length
	Pistachio seedlings of 10–14 days old
	Top slit and top wedge
	Up to 80 (1)
	[17]



	Protea cynaroides (King Protea)
	Shoots of 5 mm in length
	King Protea seedling of 30 days old
	Top slit
	80 (1)
	[55]



	Prunus dulcis (Almond)
	Apical shoots of 1.5–2.0 cm in length
	Shoots of almond/peach hybrid rootstock of 3–7 weeks old
	Top slit
	50–70 (2)
	[65]



	
	Shoots (size not specified)
	Almond seedlings of 2 weeks old
	Top slit
	Up to 100 (1)
	[63]



	
	Shoot tips of 4, 8 and 15 mm in length
	Almond seedlings of 14 days old
	Top slit and top wedge
	90–100 (2)
	[33]



	Prunus avium (Cherry)
	Shoot tips of

0.3–1.0 cm in length
	P. avium × (P. canescens × P. tomentosa) shoots, 3–4 cm in length (age not specified)
	Top slit
	Up to 79 (1)
	[21]



	Pyrus communis (‘Old Home’ x ‘Farmingdale 333′) (Pear)
	Shoots of 10 mm in length
	P. elaeagrifolia seedlings of 10–14 days old
	Cleft
	97.9 (1)
	[24]



	Rosa hybrida cvs./(Rose)
	Shoots 10–15 mm in length
	R. canina and R. multiflora shoots, 20 mm in length (age not specified)
	With grafting devices
	Up to 100 (2)
	[59]



	Theobroma cacao (Cacao)
	Shoots of 4–6 mm in length
	Cacao seedlings of 5–6 weeks old
	Not specified
	>50 (1)
	[73]



	
	Bud sticks with apical or axillary buds (sourced from potted plants) of 1 cm in length
	Cacao seedlings of 3 weeks old
	Top slit and side grafting
	55–95 (1)
	[38]



	Vitis vinifera (Grape)
	Shoot tips of 0.2–0.5 mm in length
	White to slightly coloured hypocotyls from white somatic embryos
	Side grafting
	18–30 (4)
	[74]



	
	In vitro/in vivo derived shoot tips of 0.3–0.8 mm in length
	Shoots of V. vinifera × V. berlandieri, 1.0 cm in length (age not specified)
	Not specified
	40–61 (in vitro shoot tips) and 12–17

(in vivo shoot tips) (4)
	[34]



	Ziziphus mauritiana (Jujube)
	Shoots of 5–10 mm in length
	Jujube seedlings (7 spp.) of 4 weeks old
	Top wedge
	28–100 (1)
	[42]









2.3. Grafting Techniques


The success of a micrografting procedure depends on the successful union of the rootstock and scion. The skill of the grafter is a key determinant of in vitro graft success. Various grafting techniques have been described, and the choice of which to use may depend on the type and size of the scion propagule and the purpose of the micrografting. The top-slit or top-wedge methods are the most frequently used in vitro grafting techniques and have been tested across a wide range of genera (Table 1). A slit or cleft is made onto the rootstock and wedge-shaped scions inserted into the cleft [17,33,55,75]. When rootstock thinner than scions are being used, micrografting can be performed by a reverse-cleft graft in which a slit is made at the bottom of the scions for the insertion of the rootstocks with a wedged top [76]. When small shoot tips were used as scions, their placement into the slit made at the top or directly over the rootstocks is usually referred as apical micrografting [69]. The insertion of small shoot tips into a slit on one side of the rootstock is termed side grafting (or side insertion) [69,74]. In Citrus, side grafting by inserting the shoot apices into inverted T-cuts of rootstocks has been successfully used [70]. Side insertion was also applied when longer shoots or nodal sections were used as scions [19,77,78]. The major methods applied in micrografting are illustrated in Figure 1.



In vitro propagules used in micrografting procedures are highly susceptible to moisture, whereby dehydration of the cut scion or rootstock surface can negatively affect the graft success. Therefore, in order to avoid dehydration, IVM should be performed promptly after the preparation of rootstock and scions to avoid dehydration [21]. In addition, ensuring a firm contact between the rootstock and scion is extremely important in developing a strong graft union [36,55].



Several devices have been used to enable fast and effective union between the rootstock and scion, such as the elastic electric-wire tube [44], aluminum foil [66,76], Parafilm® strip [42], silicon tube [13,79,80], paper bridge [59], silicone chip [30], plastic clamps [50] or alginate gel beads [44,75,81]. These grafting devices are used to support the graft and hold the scion and rootstock together during graft healing, particularly for the top-slit and top-wedge methods.



In addition to grafting devices, the practice of dipping the lower end of the scion in the culture medium before fitting it into the rootstock [12], or applying agar solution on the grafting zone as an adhesive material [36,82] to hold the graft, are also strategies to establish and fix the graft union, particularly when the scion does not fit properly into the rootstock. Pathirana and McKenzie [12] suggested that, in addition to delivering nutrients directly to the graft site, the strategy of dipping the lower end of the scion in the culture medium before grafting keeps the cut surfaces moist until the high relative humidity within the vessel is re-established after closure. This strategy resulted in a high success rate of 75–85% in micrografting of grapevine. Dobránszki et al. [82] described an effective method for IVM of apple using agar–agar solution to stick the scion to the vertical slit of the rootstock. Briefly they placed the V-shape cut scion base in an antioxidant solution (0.15 mg L−1, 0.1 mg L−1 ascorbic acid, and 0.1 mg L−1 gibberellic acid) to inhibit oxidative browning, followed by treatment with 1% agar–agar solution, and then two drops of agar solution were placed around the graft zone before attaching the scion to the rootstock. With this method, the graft success rate was 95% and all acclimatized plants survived [82]. In contrast, medium-supported grafting resulted in lower micrograft survival rates than the unsupported technique in Protea cynaroides [55]. Similarly, working on conifer micrografts, Ponsonby and Mantell [83] and Cortizo et al. [84] found either a reduction in graft union success or no response, respectively, when antioxidant additives or culture medium solution was applied to the micrograft union. Therefore, we suggest that medium-supported grafting be applied as a back-up strategy for IVM.




2.4. Culture Conditions


Various culture conditions have been tested to optimize the regrowth of micrografts with success dependent on the plant species and the source of plant material used. In rootstock seedlings, seeds are usually germinated under continuous darkness for 1 to 6 weeks [40,64,85,86], but successful protocols using seedlings germinated in light conditions have also been reported [27,51,72,87]. Working on grapefruit micrografted onto seedling sour orange, Ali et al. [40] showed that the grafting success was related to the light conditions during seedling development. The frequency of graft success increased from 5 to 50% when rootstock seedlings were obtained from seeds germinated under continuous darkness for two weeks compared with success using seeds germinated under continuous light [40]. Similarly, in Citrus cultivars Cadenera Fina and Pera (sweet oranges) micrografted onto different rootstocks, Navarro et al. [11] found a greater graft success rate when rootstock seedlings from seeds germinated and grown in darkness were used (37.5%) than seedlings germinated in light conditions (2.7%). In contrast, working on Tahitian lime and Valencia orange micrografted to seedlings from the mandarin (Cleopatra), Suárez et al. [87] found moderate rates of success that ranged from 14 to 28%, respectively, on rootstocks from seeds germinated under light conditions.



The conditions in which plants are grown following micrografting can influence graft success. Micrografted plants of jujube tree (Ziziphus mauritiana ‘Gola’) were first grown in darkness for ten days and then transferred to light conditions [42]. They found that a period in the dark before and after grafting was important to avoid the photo oxidation at the grafting point as well as to minimize the destruction of the auxins synthesized in the scion [42]. In almond, micrografted plants were cultured on rooting medium and incubated in the dark for 7 days, then transferred to the light of 35–40 μmol m−2 s−1 for two weeks, and finally to 60 μmol m−2 s−1 for one week before in vivo acclimatization [65]. Several studies have reported successful micrografts without a dark incubation period following the grafting procedure [13,24,72,82,86].



Different supporting systems have been used with growth media in micrografting procedures. Paper bridges, perlite and vermiculite have been used for supporting micrografted plants in liquid culture medium [63,88,89], as well as the solid and semi-solid culture media [21,25,34,72,86]. For example, liquid medium with perlite or a paper bridge was used as the supporting system in micrografting of almond [63] and lime shoots [90]. Liquid medium has also been used in micrografting cashew [39] and cut rose [59]. An adjustable paper bridge can be made to better support the micrografts cultured with liquid medium [66]. The advantages of using liquid medium lie in the better availability and absorption of nutrients, and the reduced damage to the root system when moving plants [39]. In micrografting of cherry, an agar-solidified medium with vermiculite was successfully used to obtain high-quality grafted plants [21]. In apple, the highest graft success was achieved when micrografted plants were cultured on agar-solidified medium [89].




2.5. Acclimatization of Micrografted Plants


Once micrografted plants are well rooted and showed clear scion regrowth, they can be transferred to potting mix following a gradual transition of light intensity and ventilation to achieve successful acclimatization [17,18,21,77]. Acclimatization is a critical phase within micrografting protocols: significant losses can occur when transplanting micrografted plants to ex vitro conditions [62]. Micrografts are removed from in vitro conditions and rinsed with tap water to remove any remaining medium from the roots, and finally grafted plants are transferred to pots containing substrate [21,22,33]. During the first few days, micrografted plants are maintained in high relative humidity and gradually transferred to ex vitro conditions [43,59,87,91]. Micrografted plants of jujube cultured for one month on growth medium and with the scion having grown to 5–10 cm in length (scions were initially with 5–10 mm) could be successfully acclimatized (83–87%) [42]. Miguelez-Sierra et al. [38] found that micrografted plants of cacao grown in vitro for two weeks could be transferred to ex vitro conditions. They observed that only plants with at least 1 cm of scion elongation and two expanded leaves survived acclimatization [38]. The presence of roots on the rootstock is essential for micrografted plants to survive acclimatization. Hieu et al. [26] found that the micrografted plants of passion fruit without roots did not survive acclimatization; plants with roots formed in vitro achieved the highest survival rate during the acclimatization phase. The survival rate during acclimatization of micrografted plants varies among species. For example, in apple, survival rate of grafted plants reached 100% [82], for almond it was 85–100% [92], it was 82% in cacao [36], and 75% in passionfruit [26], whereas in Tahitian lime and Valencia orange, survival rates ranged from 47 to 50%, respectively [87]. Contrasting results were also reported by Kobayashi et al. [93] in micrografting of sweet orange buds derived from organogenesis. In that instance, the fully developed in vitro micrografts grew slowly in the greenhouse, so the micrografted plants were re-grafted onto three-month-old seedlings of Rangpur lime for rapid acclimatization and normal development of the plants. In general, however, there was a higher acclimatization success rate of micrografted plants than for ungrafted plants when plants were difficult to manage in conventional tissue culture or to establish roots on [65].





3. Factors Affecting the Success of Micrografting


3.1. Scions


In micrografting of cacao, Miguelez-Sierra et al. [38] used two types of bud sticks with either apical or axillary buds as scions. While better graft survival was achieved with the apical shoot apices (85 to 100%), the latter showed a more rapid post-grafting regrowth, resulting in better acclimatization [38]. In micrografts of a cactus (Pelecyphora aselliformis Ehrenberg), the use of apical and sub-apical slices as scions produced successful rates of 97% and 81%, respectively [72]. For in vitro grafting of jujube, shoot tips excised from in vitro cultures as scions showed significantly higher survival (70%) and scion growth (3.3 cm) than those collected from mature trees (33% survival and scion growth of 1.3 cm) [42]. Working on micrografts of pistachio, Onay et al. [17] observed that there was a seasonal variation in success rate when micrografting ex vitro material as scions. They found that the month at which shoot tips were harvested from the field growing trees significantly affected graft success: 80% of success at June compared with 10 and 30% for February and December, respectively. In contrast, similar success rates (50 to 80%) were obtained year-round when using in vitro-sourced shoot tips as scions [17].



The size of scions can affect the success of micrografting. Thimmappaiah et al. [39] reported higher success of micrografting (80%) in cashew when scion size was 6–15 mm, while scions of less than 5 mm only had 0.5% of graft success. Similarly, in pistachio, a scion of 4–6 mm resulted in a significantly higher success rate (79%) than 2–4 mm and over 10 mm, which gave 57% and 17% micrografting success, respectively [17]. In micrografting of almond, Yıldırım et al. [33] noted no significant difference in the success rate with scion size ranging from 4 to 15 mm, but significantly improved shoot length and leaf number were observed when larger scion size was used (15 mm). By contrast, in micrografting of cherry, a scion size of 3–5 mm produced higher graft success (42–46%) than the 29% when 10-mm-long scions were used [21].



Channuntapipat et al. [65] compared the effects of various hardness of scions on micrografting survival in almond using wood-stem shoots as rootstocks. Results showed that the highest micrografting survival was found from ‘hard scion/hard stem’, while no successful graft was found from the combination of ‘soft scion/wood stem’ [65].




3.2. Rootstocks


Scions can be grafted onto either the hypocotyls or epicotyls of in vitro germinated seedlings. Hypocotyls are usually preferred because epicotyls may contain axillary meristems that compete with the scions and may grow following the grafting, thus adding extra steps of identifying and removing rootstock-derived shoots [78]. In micrografting of cashew, Thimmappaiah et al. [39] noted that side grafting of shoots onto the hypocotyl resulted in higher grafting success (100%) than top-wedge grafting on epicotyls (80%), attributing this to better cambial contact established when side-grafting to hypocotyls. Although comparable micrografting success was achieved when shoot apices of cashew were side micrografted onto the hypocotyl and epicotyl of seedlings, the hypocotyl grafts grew more vigorously than the epicotyl ones [69]. All these studies highlight the advantages of using of hypocotyls as the micrografting sites, when in vitro-germinated seedlings are used as the rootstocks.



Scions grafted onto the same species (homografts) had significantly higher success rates and subsequent growth than heterografts in cactus [54]. In this study, five different combinations of micrografts were tested, with the scion growth of homografts extending from 0.5 to 28.8 cm after 90 days of post-grafting cultures, significantly higher than with the four heterograft combinations [54]. Similarly, graft incompatibility was reported in micrografting in vitro Ziziphus mauritiana ‘Gola’ of west Africa onto an American jujube (Z. joazeiro), while achievable results were obtained using those originating from the Old World as rootstocks [42].



The age of rootstock seedlings can also affect the success of micrografting. Working with grapefruit grafted onto sour orange seedlings, Ali et al. [40] found that the highest percentage of successful micrografts was obtained when two- (60%) to three- (40%) week- old seedlings were used, while a further week of seedling growth resulted in a high percentage of unsuccessful grafts (70%). In addition, they observed that most (80%) of the shoot tips grafted onto one-week-old seedlings became quiescent and turned into calluses. Similarly, working on Kinnow mandarin grafted onto Carrizo citrange seedlings, Chand et al. [94] found the highest micrografting success (38%) when 12-day-old seedlings were used, whilst the success was reduced to 24% with 18-day-old rootstock seedlings. They suggested that the reduction in micrografting success with older rootstocks may be due to the harder stem, which made it more difficult to preparing the cut edges for the grafts as well as to insert the scions [94].




3.3. Micrografting Methods


The success of micrografting depends on numerous factors including the grafting method used [87]. Establishing good contact between the microscion and rootstock fosters the reconnection of the cambial tissue and is pivotal to formation of the micrograft union [55,65]. In micrografts of almond, Yıldırım et al. [33] found that the top-slit method resulted in better connection, leading to fusion between scion and rootstock with success rates of 90–100%, while significantly higher numbers of displaced micrografts were detected in top wedge micrografting, which produced only 30–40% of successful grafts. Similar results were produced in micrografting of pistachio by Onay et al. [17] where the top-slit method was compared with the top-wedge method, and 80% success was obtained from the top-slit compared with 60% from the top-wedge.



In Tahitian lime and Valencia orange micrografted onto mandarin seedlings, Suárez et al. [87] only found moderate rates of micrografting success, ranging from 14 to 28%, respectively, when scion shoot tips (<5 mm long) were placed in a slanted position on the decapitated surface of the rootstocks. Shoot tips either positioned at the top or on the side-chip buds of the rootstocks failed completely [87].



Estrada-Luna et al. [54] compared horizontal and wedge grafts for micrografting of Opuntia spp. They found the horizontal grafts more successful, owing the reduced scion displacement. In micrografting small Vitis shoot apices onto rootstocks of much greater diameter, Torres-vinals [74] observed that side grafting was more successful than top grafting (19% versus 14%). Similarly, in cashew, the side grafting of small shoot apices led to a significantly higher success rate (66%) than the apical grafting method (45%) [69].




3.4. Culture Conditions


The carbon source is a factor that may induce in vitro plant recalcitrance and affect micrografting success [21,95]. In cherry, the highest rates of successful micrografts (79%) were obtained when 30 g L−1 of glucose was used as a carbon source compared with sucrose (58%) [21]. In addition, they observed that the incremental increase of 30 to 75 g L−1 for both sucrose and glucose did not increase grafting success [21]. In contrast, in micrografts of cut roses, elevating sucrose concentration (50 g L−1) in the culture medium resulted in significantly higher micrografting success than 30 g L−1 [59]. Similarly, in Kinnow mandarin and Succari oranges micrografted on ‘Rough’ lemon seedlings, Naz et al. [96] found that increasing sucrose concentration in the culture medium from 30 to 50 g L−1 improved graft success rates from 21 to 33% in both cultivars. In addition, a further increment of graft success (to 38%) was found in Kinnow mandarin grown in culture medium supplemented with 70 g L−1 sucrose [96]. Similar improvements in successful micrografting for other Citrus species, by increasing sucrose concentration in the culture medium, have been reported by Navarro et al. [11,62], Ali et al. [40], and Singh et al. [97].



Almond micrografts cultured in liquid medium with perlite as a support system showed better survival and scion growth than those supported by paper bridges [63]. Thimmappaiah et al. [39] noted that liquid medium may be better for supporting growth of cashew micrografts as availability and absorption of nutrients was higher and there was less damage to the root system, compared with use of a solid medium. Liquid woody plant medium was successfully used to support Prunus micrografts [98]. In using agar-solidified medium to support micrografts of cherry, Bourrain and Charlot [21] found adding vermiculite to the medium increased the grafting success from 12 to 52%. Furthermore, they noticed that the aerated structure of the medium in the presence of vermiculite enhanced the root system and favored the development of secondary roots [21]. Successful micrograft unions in apple, cherry, and Citrus were achieved using either agar-solidified medium or vermiculite to hold the grafts during the healing period, with no difference in rate of success [66].



A range of mineral formulations with difference ionic content have been used in micrografting protocols [12,25,42,62,74,98,99]. There is no “best” or “standard” mineral formulation: the selection of a culture medium is influenced by plant species used. In addition, the phytohormones applied in the culture medium can also affect the development of micrografts. Cytokinin and auxin are the most frequently used phytohormones in growth media when micrografts are used [22,26,91]. In pistachio, Onay et al. [17] found that the micrografts cultured in a growth medium with 2.22 μM 6-benzylaminopurine (BAP) were significantly more successful (72%) than those cultured in medium containing 2.46 μM indole-3-butyric acid (IBA) (36%) or in phytohormone-free medium (47%). In contrast, in almond, the medium in which the grafted plants were cultured had no effect on micrografting success [18,33]. It is also worth noting that almond micrografts grown in medium containing 1.0 mg L−1 IBA had an increased number and length of roots, while grafts grown in medium with 1.0 mg L−1 BAP resulted in higher scion proliferation [18,33]. The different effects of auxin and cytokinin on the survival and growth of Kinnow mandarin micrografts were reported by Kumar et al. [70]. They found that the highest graft survival (66.9%) was observed in graft growth medium supplemented with 3.0 mg L−1 2,4-Dichlorophenoxyacetic acid (2, 4-D), while early bud sprouting and increased scion length were obtained in growth medium supplemented with 1.0 mg L−1 BAP [70].



There have been many successful reports of micrografting without the use of phytohormones in the growth medium [21,24,25,34,40,66,72,98]. This would minimize the need to test the genetic stability of regenerants, as high concentrations of plant growth regulators may cause somaclonal variation within in vitro tissue cultures [25,98,100,101,102].





4. Applications of Micrografting in Micropropagation


4.1. Root Promotion


In vitro rooting is an important stage of micropropagation protocols [56,103]. For some species, the main challenge of micropropagation has been the difficulty in inducing adventitious root formation [18,22,70,104]. IVM is an alternative means to provide roots and overcome rooting difficulties in the vegetative propagation of these species [18,22,55,71], Table 1. For example, IVM of microshoots onto rootstock seedlings was applied to solve the in vitro recalcitrance of Protea cynaroides, an important ornamental species endemic to South Africa [55]; Lens culinaris, an important pulse crop of Mediterranean area [16]; and some Prunus species [21,33,55,66]. The development of suitable micrografting techniques to overcome rooting difficulties of plant species has been highlighted in previous reviews [15,105,106].



Root induction is the limiting step in the in vitro propagation of Garcinia indica [71]. To overcome this difficulty, Chabukswar and Deodhar [71] proposed a micrograft protocol where shoot tips were repeatedly grafted on to in vitro juvenile seedlings to restore rooting competence. They conducted micrografting using the 2-month-old in vitro-grown seedlings as rootstocks to reinvigorate in vitro shoots established from 20-year-old trees. The elongated shoots (scions) about 0.5–1.0 cm in length were cut into a V-shape at the bottom and inserted into a vertical incision in the rootstock, after they had been decapitated at the lowest node. After the graft union formed (6–8 weeks), the apical region (1–1.5 cm in length) of the scion was cut, and it was re-grafted onto new in vitro seedling rootstocks. After five successive micrograftings, 75% of the grafts were rooted and successfully acclimatized [71]. In vitro rooting of Annona cherimola shoots was also difficult, but it could be achieved after 2–3 consecutive cycles of micrografting onto rootstock seedlings [19]. Similarly, three cycles of in vitro grafting improved the rooting ability in jujube [42]. While numerous studies made use of micrografting in order to promote rooting, in Juglans rejia (walnut), the in vitro adult clones did not produce adventitious roots, even after two consecutive cycles of micrografting onto rootstock seedlings [107]. However, an acceptable root induction rate could be obtained after 30 cycles of in vitro subcultures [107]. Further study is therefore still needed to improve the promotion of rooting in walnut. Micrografting for improved rooting often utilizes in vitro germinated seedlings as rootstocks; some examples can be found in Table 1.




4.2. Promotion of Shoot Proliferation


Long-established in vitro plants often demonstrate declined regenerative ability [108,109]. The reduced proliferation could be reversed in vitro following successive grafting onto vigorous rootstocks [19,33,106,110]. In order to improve the micropropagation process of three cherimoya cultivars, Padilla and Encina [19] micrografted its nodal segments onto in vitro germinated seedlings. It was found that proliferation from shoot segments was significantly improved in all micrografted plants compared with conventionally in vitro cultured segments [19]. The restoration of shoot proliferation was also achieved in the almond cultivars Ferragnes and Ferraduel micrografted onto in vitro germinated wild almond seedlings [33].



Farahani et al. [45] repeatedly micrografted mature olive segments (1–1.5 mm in length containing lateral meristem) onto three-week-old germinated seedlings for improved shoot proliferation of the cultivar Zard over a number of culture cycles. The micrografting success, shoot elongation and bud sprouting were improved, particularly after the third successive micrografting [45]. In Ziziphus mauritiana, repetitive micrografting (≥2 times) of in vitro shoots onto in vitro germinated seedlings improved the growth of the scions as well as the percentage of rooted micrografts [42]. Improved in vitro rooting and shoot proliferation were also achieved following micrografting in several plant species, such as cherimoya [19], mandarin and sweet orange [106,111]. The improved scion growth was a consequence of reinvigorated rooting either from direct support by the in vitro germinated seedlings [45] or through recovered adventitious rooting [19].




4.3. Embryo Rescue or the Promotion of Organogenesis-Derived Shoot Regrowth


Recovery of plants via de novo organogenesis and somatic embryogenesis can be important for obtaining genetically modified plants, and in vitro mutagenesis [112,113,114,115]. However, it can be problematic in some horticultural species owing the difficulties of rooting [116,117] or to inadequate callus maturation and tissue culture [37].



Micrografting has been applied to overcome the inability of many organogenesis-derived regenerants to readily produce roots [77,78,93,113]. The poor rooting ability observed in regenerated shoots of sunflower was resolved by micrografting shoots regenerated from leaves onto in vitro-germinated seedlings using a side insertion method [77]. In this method, best survival (75%) was obtained by inserting the 0.5–1.0-cm-long shoots with a wedge-shaped base into the longitudinal cut at the hypocotyl. The micrografted sunflowers were successfully acclimatized, and they flowered and produced seeds [77]. Kobayashi et al. [93] applied IVM to support the growth of sweet orange (Citrus sinensis) regenerated from thin sections of mature stem segments. Using the same regeneration system in four sweet orange cultivars, Almeida et al. [118] tested the use of micrografting with plantlets of Carrizo citrange as rootstocks to support shoot recovery after genetic transformation. IVM was also applied in pepper (Capsicum annuum) to obtain rooted transgenic plants regenerated from cotyledon-derived organogenesis [119].



Noticeably, ex vitro micrografting was used in legumes using in vitro-regenerated shoots as scions and ex vitro-germinated seedlings as rootstocks to facilitate grafting and acclimatization simultaneously in field pea (Pisum sativum L.) [120] and chickpea (Cicer arietinum L) [121]. Similar protocols were also used to obtain rooted plants from cotyledon-derived adventitious pear shoots [122].



IVM was first reported in 1992 to support the recovery of shoot regenerated from somatic embryos (SEs) of cocoa plants [123]. In avocado, Raharjo and Litz [37] proposed an effective micrografting procedure for SE shoot rescue. Briefly, in their study, SE-derived shoots of 5–10 mm in length were grafted (V-shaped cut) onto in vitro rootstock seedlings, and then grafted plants were grown on a phytohormone-free medium. Using this protocol, micrografted plants were established after 3–4 weeks, and 70.5% of the SE-derived shoots were rescued, whereas only 30.4% of nonmicrografted SE shoots survived and normal plantlets were never recovered [37]. In addition, the micrografting protocol was followed by ex vitro grafting, and this has served as a protocol for rescuing transformed avocado materials [37]. Palomo-Ríos et al. [124] also reported successful recovery of transgenic plants by IVM in avocado. In this study, globular somatic embryos established from immature zygotic embryos were transformed using Agrobacterium. After selection on kanamycin, the germinated somatic embryos were then elongated to 3–5 mm before micrografting onto in vitro-germinated seedlings to achieve better recovery [124]. Likewise, in seedless sweet orange, micrografting of ovary-derived somatic embryos onto in vitro seedlings was applicable to achieve full recovery or somatic organogenesis [117]. Some examples of applying IVM to promote the shoot recovery from de novo organogenesis and somatic embryogenesis are listed in Table 2.




4.4. Shoot Regrowth after Cryopreservation


Cryopreservation is currently considered an applicable strategy to facilitate long-term, cost-effective maintenance of plant genetic resources [125,126]. Shoot tip cryopreservation of many horticultural species has been established in cryobanks; a high level of post-thaw recovery is a requirement of successful cryopreservation [126,127]. Direct shoot tip recovery could not be obtained in some species, such as Citrus; thus, micrografting of cryopreserved shoot tips onto in vitro prepared seedlings was used to overcome this [128,129,130], Table 2. In successful recovery of citrus shoot tips after cryopreservation, Volk et al. [128] prepared six-week-old in vitro ’Carrizo’ citrange seedlings as rootstocks to support the shoot tips cryopreserved by a vitrification protocol. Briefly, in their study, rootstock seedlings with a height of at least 3 cm were decapitated 1 cm above the cotyledonary node with a 2-mm deep incision made into the cut surface, followed by horizontal cut through the seedling to create a “ledge” or “step” at the cut surface. Cryopreserved shoot tips were trimmed (0.2 mm of the basal portion) and placed on this rootstock ledge [128]. This post-thaw protocol resulted in 53% of regrowth on average for eight Citrus and Fortunella species [128]. Volk et al. [129] applied the same IVM procedure to support the post-thaw recovery of 150 pathogen-free citrus accessions representing 32 taxa after a droplet-vitrification cryopreservation. With this procedure, 24 taxa had mean regrowth levels of over 40% after cryopreservation [129]. There are ongoing efforts to use this successful procedure to recover plants following cryopreservation of a wide range of citrus species [86].
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Table 2. Applications of in vitro micrografting in promoting of plants recovery after shoot organogenesis, somatic embryogenesis and shoot tip cryopreservation.
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Plant Species (Scion)

	
Scion Source and Size

	
Rootstock Source and Age

	
Grafting Technique

	
Success Rate (%) and (No. Scions Tested)

	
Reference






	
Citrus sinensis (Sweet orange)

	
Shoots of 1–2 mm in length (sourced from greenhouse plants)

	
Carrizo citrange seedlings of 2 weeks old

	
Side insertion

	
90 (1)

	
[93]




	

	
Shoots recovered from germinated somatic embryos (size not specified)

	
Carrizo citrange seedlings (age not specified)

	
Not specified

	
90 (1)

	
[117]




	
Citrus spp.

	
Shoot tips (1–1.5 mm in length) cryopreserved by droplet-vitrification

	
Carrizo citrange seedlings up to 6 weeks old

	
Side grafting

	
10–100 (32); average of 56%

	
[129]




	
Helianthus annuus (Sunflower)

	
Shoots (0.5–1 cm in length) from leaf explants

	
Sunflower seedlings of 7–10 days old

	
Side insertion

	
47–85 (7)

	
[77]




	

	
Shoots (1 cm in length) from cotyledon explants

	
Sunflower seedlings of 1–2 weeks old

	
Side insertion

	
69 (1)

	
[78]




	
Lens culinaris (Lentil)

	
Shoots (1–1.5 cm in length) from cotyledonary nodes

	
Lentil seedlings of 5–6 days old

	
Top slit

	
90–100 (3)

	
[16]




	
Persea americana (Avocado)

	
Shoots regenerated from somatic embryos (SEs)

	
Avocado seedlings of 7–12 days old

	
Top slit

	
70.5 (1)

	
[37]




	
Shoots derived from previously micrografted SE shoots

	
100 (1)




	
Shoots of 5–10 mm in length

	
59 (1)




	

	
Shoots (size not specified) regenerated from genetically transformed SEs

	
Avocado seedlings of 3 weeks old

	
Top slit

	
83.6 (1)

	
[112]




	

	
Shoots of 3–5 mm in length from genetically transformed SEs

	
Avocado seedlings of 4 weeks old

	
Top slit

	
60–80 (1)

	
[124]




	
Solanum lycopersicum

F1 hybrids (Tomato)

	
Shoots (size not specified) regenerated from cotyledon explants

	
Tomato seedlings of 3 weeks old

	
Top slit

	
75–83 (3)

	
[131]




	
Ziziphus jujuba (Chinese jujube)

	
Shoot tips (0.2–1 mm in length) cryopreserved by droplet-vitrification

	
Z.spinosa seedling of 4 weeks old

	
Side grafting

	
5–75 (1)

	
[132]









Micrografting was necessary to support the recovery of cryopreserved Chinese jujube (Ziziphus jujuba) shoot tips [132]. Cryopreserved shoot tips cultured on recovery medium, without micrografting, developed only leaves without shoot regrowth. In contrast, a high shoot recovery rate of 75% was obtained when shoot tips were micrografted onto sour jujube (Ziziphus spinosa) rootstock seedlings. This procedure was also effective to produce plants free of jujube witches’ broom phytoplasmas. Therefore, micrografting provided technical support in cryopreservation and production of phytoplasma-free plants [132].



While micrografting in Citrus to support cryopreservation protocols has been moving from research [128] to full-scale implementation [86,129], it has not been well explored in other species. Micrografting has potential to improve the regrowth of cryoprocessed shoot tips of woody plants that are still recalcitrant to cryopreservation. Plants that might benefit from this approach include Pistacia species, in which shoot tip cryopreservation resulted in low recovery levels ranging from 5.0 to 17.6% [133]. In avocado, although SEs have been shown to be amenable to cryopreservation, studies focusing on shoot tip cryopreservation are still needed for the safe conservation of elite avocado cultivars [134]. Micrografting could therefore be considered as a tool to support shoot tip regrowth after cryopreservation in the cases of pistachio, avocado, and other recalcitrant plant species.





5. Conclusions and Future Prospects


This review focuses on studies highlighting the use of micrografting in micropropagation of horticultural species in the 21st century. As an important technique supporting basic and applied research, IVM consists of preparation of rootstocks and scions, the micrografting process and post-grafting cultures, steps that have all been developed from in vitro tissue culture techniques.



IVM protocols have been developed for many plant species with differing degrees of success. The successful recovery of plants following micrografting depends on numerous factors, such as the origin and preparation of rootstocks and scions, grafting methods, graft growth conditions, as well acclimatization, with these factors being genotype- and species-specific, just as in in vitro tissue culture. Therefore, further development and optimization of micrografting techniques, especially for recalcitrant species, are needed, to expand the use of micrografting in micropropagation. While successful micrografting protocols have been established in most horticultural species, they rely on technically difficult protocols, performed by well-equipped, skilled and well-trained technicians. Progress is thus still needed to simplify micrografting procedures. In addition, the programs applying IVM for micropropagation always include the transfer of the micrografted plants to ex vitro conditions, and thus, the effects of acclimatization on the survival of micrograft plantlet as well as long-term survival in case of partial graft incompatibility should also be evaluated.



Although progress has been made over the years on in vitro plant tissue cultures, in some plant species, IVM is still applied as a necessary step to provide roots for in vitro grown propagules, thus enabling further acclimatization (Figure 2). In species with problematic in vitro rooting, seedlings produced from in vitro germinated seeds are often used as rootstocks in micrografting procedures. For species that showed decreased rooting and shoot proliferation following prolonged in vitro cultures, consecutive micrografting of shoots onto in vitro germinated seedlings has proved effective in restoration of vigor and rooting competence in some instances (Figure 2).



Moreover, IVM has assisted the recovery of shoots generated from de novo organogenesis and somatic embryogenesis (Figure 2), which have been widely used as sources of explants for genetic transformation. Therefore, IVM has been implemented as a step in supporting the genetic transformation of horticultural species such as citrus and avocado. Likewise, the cryopreservation of citrus shoot tips also relies on IVM to sustain post-thaw recovery and shoot regrowth after cryopreservation (Figure 2). The large-scale cryopreservation of citrus has been established with the assistance of micrografting, ensuring the safe and long-term preservation of its valuable genetic resources. The successes observed in citrus cryopreservation would encourage the use of micrografting in the recovery of cryopreserved species that are still recalcitrant to cryopreservation procedures.
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Figure 1. Schematic illustrations of in vitro micrografting methods. An in vitro-germinated seedling decapitated at the epicotyl is demonstrated as the rootstock. Black arrows indicate the preparation of scion and rootstock before the grafting process. Red arrows indicate the micrografting of shoot tips onto the rootstock using the top grafting and side grafting methods. Blue arrows indicate the use of in vitro shoots as scions in micrografting, and the top-wedge grafting, the top-slit grafting and the side grafting are illustrated. 
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Figure 2. A summary of the applications of in vitro micrografting (IVM) for improved micropropagation. A (black arrows), the use of IVM for in vitro rooting and reinvigoration. A1 indicates the use of consecutive micrografting for reinvigoration of in vitro adventitious rooting and vegetative growth; A2 illustrates the one-step use of micrografting for in vitro rooting. B (red arrows), the use of IVM to assist in the recovery and regrowth of shoots derived from somatic embryogenesis/shoot organogenesis. C (blue arrows), the use of IVM to support the regrowth of cryopreserved shoot tips. The green arrow indicates rootstock preparation. 
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