

  horticulturae-09-00453




horticulturae-09-00453







Horticulturae 2023, 9(4), 453; doi:10.3390/horticulturae9040453




Review



Managing Lethal Browning and Microbial Contamination in Musa spp. Tissue Culture: Synthesis and Perspectives



Nandang Permadi 1[image: Orcid], Mohamad Nurzaman 2, Arshad Naji Alhasnawi 3[image: Orcid], Febri Doni 2[image: Orcid] and Euis Julaeha 4,*





1



Doctorate Program in Biotechnology, Graduate School, Universitas Padjadjaran, Bandung 40132, Indonesia






2



Department of Biology, Faculty of Mathematics and Natural Sciences, Universitas Padjadjaran, Jatinangor 45363, Indonesia






3



Department of Biology, College of Education for Pure Sciences, Al-Muthanna University, Samawah 66001, Iraq






4



Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Padjadjaran, Jatinangor 45363, Indonesia









*



Correspondence: euis.julaeha@unpad.ac.id







Academic Editors: Orsolya Borsai, Clapa Doina, Mirela Irina Cordea, Monica Harta and Songling Bai



Received: 23 February 2023 / Revised: 21 March 2023 / Accepted: 22 March 2023 / Published: 1 April 2023



Abstract

:

Browning and contamination are regarded as the main constraints in the plant tissue culture of Musa spp. that can hinder the success of plant propagation in vitro. Browning is caused by enzymatic reactions due to explant injury, while microbial contamination is caused by phyllospheric, rhizospheric, and endophytic microorganisms that reside on, in, and inside the plants. When not properly addressed, they can cause decreased regenerative ability, decreased callus growth, inhibited adventitious shoot growth, and even tissue death. To overcome the browning problem, various attempts have been made in vitro, e.g., immersing the explants in an anti-browning solution, incorporating anti-browning compounds into the medium, and manipulating cultural practices. Correspondingly, to control the problem of contamination, efforts have been made, for example, using various methods, such as thermotherapy, chemotherapy, and cryotherapy, and chemical agents, such as disinfectants, antiseptics, and nanoparticles. This review aims to investigate and provide a comprehensive understanding of the causes of browning and contamination as well as the many approaches used to control browning and contamination problems in Musa spp. tissue cultures.
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1. Introduction


Bananas and plantains (Musa spp.) are among the main food commodities in developing countries [1,2]. Bananas are predominantly produced in Asia, Latin America, and Africa. The biggest banana producer countries are India, which produced 29 million tons per year on average between 2010 and 2017, followed by China which can produce up to 11 million tons per annum. Production in both countries mostly serves the domestic market. Other large producers are the Philippines, with an annual average of 7.5 million tons produced between 2010 and 2017, and Ecuador and Brazil, both producing an average of 7 million tons [3].



Currently, the best ways to produce banana and plantain explants are using plant tissue culture micropropagation techniques [4,5]. This method is able to produce disease-free plants, high-quality banana plants, and high-quality planting material, and the rapid production of many uniform plants in a short time, which can support strong plant growth during the subsequent growth cycle [6,7]. However, explant browning and contamination are the main obstacles that often occur in the micropropagation of banana and plantain explants using tissue culture techniques [8,9,10].



Browning is usually caused by a variety of chemical reactions, such as caramelization, phenylalanine deamination, carbonyl amine reaction, o-quinone secondary reactions, lipid oxidation, and enzymatic oxidation [8,11,12]. Enzymatic browning of plant tissues causes unappealing changes in the explants and can cause explant death and failure of regeneration in explant culture for propagation [13], thus affecting both the survival and competitive ability of the explants.



Meanwhile, contamination is caused by phyllospheric, rhizospheric, and endophytic microorganisms that reside on, in, and inside the plants [14,15]. When the contamination of explants is not properly treated, it can cause a decrease in the regenerative ability, reduction in callus growth, and inhibition of adventitious shoot growth [15,16,17]. The presence of microbial contaminants also leads to an increase in plant mortality, variation in growth (reduction in shooting proliferation and rooting), tissue necrosis, and even explant death [18].



Many studies have reported the approaches used in managing lethal browning and contamination in the tissue culture of bananas and plantains [17,19,20,21,22,23,24]. In general, the browning treatment was carried out by removing phenolic compounds, modifying the redox potential, inhibiting the activation of phenol oxidase enzymes, and reducing phenolase activity and substrate availability by immersing the explants in anti-browning solutions, incorporating anti-browning compounds into the medium, and manipulating the cultural practices [9,17,21]. Meanwhile, the treatment of microbial contamination is generally carried out using the methods of chemotherapy, thermotherapy, and cryotherapy. In addition, chemical agents such as antiseptics, disinfectants, and nanoparticles are also incorporated into plant tissue culture media to control microbial contaminants [24,25,26,27].



This article reviews and compiles information on the lethal browning and contamination in the tissue culture of bananas and plantains, as well as the causes of each, in one document. The key species of bacteria and fungi that cause the contamination are also covered in this review, along with the genes responsible for explant browning and several techniques for preventing browning and contamination in different tissue cultures of bananas and plantains. This review will therefore increase our understanding of the mechanisms and occurrence of explant browning and contamination in banana micropropagations and may be helpful for designing methods to effectively control browning and contamination in banana explants.




2. The Causal Agents of Browning in Musa spp. Propagation


Browning in plant tissue culture refers to the discharge of brown material from the surface to the media during the early differentiation or subdivision of the plant explants, causing the medium to gradually turn brown and the explants to diminish [8]. Tissue browning can be characterized as enzymatic or non-enzymatic, depending on whether enzymes are involved or not in the browning processes [28]. Enzymatic browning is the principal cause of explant browning in plant tissue culture [29]. When explants are sliced, phenols are released and oxidized to quinones by enzymes, resulting in enzymatic browning. Furthermore, quinones formed by enzymatic reactions can form cross-links with proteins or polymerize in tissues via a series of complex biochemical reactions such as dehydration and polymerization, resulting in dark-colored melanin compounds, disrupting tissue metabolism, inhibiting growth, and thereby causing browning and death of the explants [29,30,31]. The schematization of browning process is shown in Figure 1.



The main enzymes involved in browning are polyphenol oxidases (PPOs), peroxidase (POD), and phenylalanine ammonia-lyase (PAL) [32,33,34]. PPOs and POD oxidize phenolic substances to quinone derivatives, which are further oxidized to generate melanin pigmentation, which is present in organisms and is responsible for browning processes [35,36]. PPOs are a group of copper-containing enzymes that can catalyze the o-hydroxylation of monophenols to o-diphenols (tyrosinase activity) as well as the oxidation of o-diphenols to quinones (catecholase activity) in the presence of oxygen [37,38]. PAL converts phenylalanine into trans-cinnamic acid, which acts as a precursor for the further synthesis of phenolic compounds [34]. Other enzymes also play a role in inducing or inhibiting the browning of explants, such as ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), and superoxide dismutase (SOD) [39].



In Musa spp., the PPO gene family has been extensively studied [40,41,42,43]. PPO proteins include two highly conserved copper-binding domains (CuA and CuB), each with three histidine residues, which create a Cu2+ binding site when combined [44]. Typically, PPO proteins also encompass an N-terminal transit peptide, determining the import of PPOs into the thylakoid lumen, a dicopper center, and a C-terminal region [41]. High levels of PPO activity were detected in banana flesh throughout fruit growth and ripening. BP01, BP011, BP034, and BP035 PPO cDNA were recovered from the banana. The BP01 genomic sequence was discovered to have an 85 bp intron, whereas the others did not. Expression analysis revealed a different expression pattern in the genes throughout the different stages of fruit development. BP01 was present in banana flesh early in development [42].




3. Microbial Contamination in Musa spp. Tissue Culture


Tissue culture technology is useful for providing disease-free and consistent planting materials that can be made available throughout the year [45]. Thus, the technique is crucial for banana and plantain micropropagation, ensuring the availability of genetically identical and disease-free plantlets for commercial production of the crop, which would significantly improve food security and economic benefits for farmers and consumers around the world [10]. Despite the multiple benefits of tissue culture technologies to banana and plantain production and agricultural growth, contamination has been a serious impediment to their use in crop micropropagation [46].



Filamentous fungi, bacteria, yeasts, viruses, and micro-arthropods including mites and thrips have been identified as contaminant agents in plant tissue culture [14], breaking through sterilizing barriers to produce contamination. Poorly prepared culture media, insufficient sterilization of explants, and contaminated working instruments are also major contributors to the high occurrence of microbial contaminations [47]. Microbial contamination can cost time, labor, and materials, resulting in significant economic losses [48,49].



3.1. Bacterial Contamination


Endophytic and phyllospheric bacteria, which are colonizing plants in their growing environment, can be considered the single most important damaging factor in plant tissue cultures. Surface disinfection cannot remove internal bacterial contamination (intra- or inter-cellular). These bacteria are not always pathogenic or detrimental to the plants in the natural environment; however, they can cause major contamination during in vitro propagation of the plants. Endophytic bacteria are useful to host plants because they improve disease resistance in plants as well as increase plant fitness [50]; however, they create serious problems in tissue culture micropropagation [51].



Endophytic bacteria are typically difficult to eliminate since systemic sterilizers, such as mercuric chloride and systemic fungicides, might harm the explants [15]. Contaminants are typically not visible at the time of culture establishment, but they can emerge after numerous subcultures. Some explants survive and flourish in the presence of bacteria; however, bacterial infection can cause significant harm to plant material due to bacterial proliferation. Several bacteria genera have been identified as banana colonizers, including Bacillus, Enterobacter, Erwinia, Klebsiella, and Pseudomonas [52,53,54,55,56,57]. Table 1 summarizes bacterial contamination in Musa spp. tissue culture propagation.




3.2. Fungal Contamination


Fungal contaminants continue to be a substantial barrier to the successful in vitro micropropagation of plants. They become a serious challenge at every stage of the in vitro plant culture process, and their formation and expansion are faster than the plant culture’s growth [58], resulting in time, resources, and, eventually, huge economic loss [48,51,59]. Accurate identification of common contaminants is required to effectively combat the threat of fungal contamination. Animasaun et al. [10] isolated and identified eleven fungi strains of five genera, Aspergillus, Cladosporium, Fusarium, Penicillium, and Trichoderma as the significant contaminants of in vitro banana culture. In early studies, Odutayo et al. [60] and Rahman et al. [61] identified four and five genera of fungi contaminants in tissue culture materials, respectively. Table 2 summarizes the fungal contamination in Musa spp. tissue culture.



Fungi have also been reported to form capsules around their spores in order to avoid stressful situations such as hostile host immunological reactions [25,62]. To defend themselves, fungi can produce extracellular enzymes or exhibit an antibiosis mechanism [63]. For example, Fusarium spp. secrete lipases, which allow the fungi to infect the host plants [64], whereas Aspergillus spp., for example, A. flavus, produce various enzymes such as amylases, lipases, and proteases, which allow the fungi to colonize and infect the host [65].



Extracellular enzymes such as esterases, lignases, glutathione 5-transferases, and cytochrome are also involved in fungicide breakdown [66], which explains why fungi are resistant to most preferred sterilants. Most fungal species can produce secondary metabolites and release them into the surrounding environment [67]. These bioactive compounds can negatively influence the plant explants through nutrient and space competition, lysing plant cells, or blocking specific functions related to the host’s growth and metabolism, such as shutting down the host’s defense mechanisms, thereby allowing the pathogen to attack without resistance [22,23,49,67].





4. Managing Browning in Musa spp. Tissue Culture


Potential problems with banana and plantain in tissue culture include browning of the medium and excised faces of explants during the initiation and subculture phases [6], browning of young leaves, shoot necrosis, and plantlets death during the proliferation and rooting phases [68]. These phenomena are mostly caused by phenolic compound oxidation [21], but they are also likely to be caused by a depletion in the medium of mineral nutrients, growth regulators, or both [69].



4.1. Pre-Soaking Explants in Anti-Browning Solutions


Several studies reported the successful use of anti-browning agents during explant preparation to prevent browning in Musa spp. tissue culture (Table 3). For example, Titov et al. [70] reported that an antioxidant wash of 0.125% potassium citrate: citrate (K-C: C in a 4:1 w/w) solution was useful for preparing Musa spp. cv. Kanthali explants. Similarly, Ngomuo et al. [21] reported that dosing explants with 1.2 g/L ascorbic acid during explant preparation reduced the extent of deadly browning in Musa spp. cv. Mzuzu. Onuoha et al. [71] reported that soaking plantain (M. paradisiaca) aux bud in 0.1–0.5 mg/mL potassium citrate and citrate (K-C: C) for 2 h can protect the plants from browning.




4.2. Incorporation of Anti-Browning into Growing Media


The successful use of anti-browning compounds which were added into the growing media can prevent Musa spp. explants from browning during in vitro tissue culture propagation as reported in several studies (Table 4). For instance, Ko et al. [20] reported on the addition of ascorbic acid to the tissue culture medium during the micropropagation of Cavendish banana cv. Formosana. This chemical compound is involved in cell division, cell differentiation, and cell elongation of apical meristems during plant morphogenesis. Ascorbic acid contains ascorbate, which inhibits PPO directly [72]. Furthermore, AA transforms colorless o-quinones produced by PPO action back to diphenols, preventing browning [73]. According to Titvo et al. [70], AA scavenges oxygen radicals to prevent phenolic component oxidation in injured tissues, minimizing tissue browning. The addition of 15 mL/mL ascorbic acid to the Murashige and Skoog (MS) culture medium effectively prevented oxidation in Musa spp. banana tree explants [73]. Moreover, Nathan et al. [74] added cysteine to the growth medium, which significantly reduced the explant browning in banana tissue culture.



Ascorbic acid has been used by many researchers to manage tissue browning during in vitro propagation. The addition of ascorbic acid to the medium at dosages ranging from 10 mg/L to 150 mg/L has been shown to minimize the occurrence of tissue darkening [75]. This wide range of needed concentrations could be attributed to the genotype [19]. High quantities of ascorbic acid (100 and 200 mg/L) given to the culture media for the banana cultivar Mzuzu are helpful in decreasing tissue browning throughout 4 weeks of culture [21]. However, at low concentrations (50 mg/L), the efficacy of ascorbic acid is limited to the first week of culture.



The addition of ascorbic acid to the culture media during the proliferating or rooting phase prevents the deadly browning of plantlets, reduces the oxidation process, and recovers plantlets that have already been harmed [20]. It is thought that the ascorbic acid taken up by the plantlet migrates to the leaves to avoid phenolic compound oxidation, making its presence in the culture media favorable to plantlet proliferation [20,76]. Because ascorbic acid can be easily damaged by heat, it is best to add it to the surface of the culture media after sterilization. The addition of ascorbic acid to the culture media prior to sterilizing may explain some of the product’s ineffectiveness in decreasing browning as reported in some circumstances [19,20].



Citric acid can also be utilized to efficiently control tissue browning, darkening, and death. Citric acid, like ascorbic acid, can be added to the culture medium at concentrations ranging from 10 to 150 mg/L [75]. A 0.125% solution of citric acid and potassium citrate (4:1 m/m ratio) was successfully used to treat explants such as the banana flower apex [70] and plantain shoot apices [71]. The combination of citrate and citric acid acts as a chelating agent for the ions responsible for polyphenol oxidase activation. A concentration of 50 mg/L cysteine has been proposed to treat the explant for a few minutes before its implantation in vitro [74].



The primary adsorbent which has been widely utilized for in vitro banana and plantain culture is activated charcoal. Activated charcoal is made up of carbon particles that are organized in a quasi-graphitic pattern [77]. It has a fine network of pores with an extremely wide surface area that can be used to absorb several chemical compounds [78]. In plant tissue culture, activated charcoal is frequently used to promote growth and cell development [79,80]. Its primary benefits include the adsorption of inhibitory substances in the culture medium, a significant reduction in phenolic oxidation or brown exudate accumulation, adjustment of the medium pH to an optimum level for morphogenesis, and the establishment of a darkened environment in the medium, which simulates soil conditions [81].



Activated charcoal is commonly used to improve roots in banana and plantain micropropagation at concentrations ranging from 1.0 to 2.5 g/L [74,82,83]. Activated charcoal alone at 1.5 g/L or in combination with 150 mg/L of ascorbic acid or citric acid inhibited phenolic component oxidation and increased plantlet growth in the Grande Naine cultivar [17]. Thus, the adsorbent can aid in browning control, particularly during the initiation phase, when phenolic chemicals are released into the culture media by the excised faces of the explant.
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Table 4. Anti-browning added to the medium of explants.






Table 4. Anti-browning added to the medium of explants.





	Anti-Browning
	Concentration
	Plant Species
	Explant Types
	References





	Ascorbic Acid
	50 mg/L
	Cavendish cv. Formosa
	Shoot tip
	[20]



	Ascorbic Acid
	15 mL/mL
	Musa spp.
	Aux bud
	[73]



	Citric Acid
	150 mg/L
	Musa spp.
	Shoot tip
	[75]



	Ascorbic Acid
	100–200 mg/L
	Musa spp. cv. Mzuzu
	Shoot tip
	[21]



	Activated Charcoal
	1.5 g/L
	Musa spp. cv. Grand Naine
	Shoot tip
	[17]



	Lime Peel Extract
	300 mg/L
	M. paradisiaca cv. Kepok Tanjung
	Shoot tip
	[84]









4.3. Manipulating Cultural Practices


Another approach for protecting explants from the detrimental effects of browning is to quickly shift them to a fresh medium two or three times during the culture period. Frequent transfer of explants within the same medium or into fresh medium fairly prevents in vitro browning of explants [85]. During this time, the cut end of the explant seals up and phenolic leaching ceases [86]. This also allows for the avoidance of tissue infiltration by harmful by-products of phenol oxidation. These subcultures can be conducted once or twice a week [74].



Light and high temperatures accelerate browning by increasing enzyme activity [85]. Tissues produced in the dark, for example, frequently exhibit lower levels of browning than those grown in the light [87,88]. The most acceptable medium for shoot regeneration was MS media supplemented with 1.6 mg/L IAA and 4.0 mg/L BAP without ascorbic acid and activated charcoal under darkness for 4 weeks [73,89]. Keeping the cultures completely in the dark for a week can also help reduce browning by blocking or lowering the activity of enzymes involved in both phenol production and oxidation [74,86].





5. Control of Contamination in Musa spp. Tissue Culture


Another problem with the culture of Musa spp. in addition to browning is microbial contamination. Even though this contamination does not have a direct impact on the cultured explants, the bacteria and fungi can grow very quickly on the culture medium, which in turn can inhibit the growth of the explants. Thus, microbial contamination must be treated during the culture period.



5.1. Chemotherapy


Bacteria genera such as Pseudomonas, Staphylococcus, Corynebacterium, Bacillus, Agrobacterium, Propionibacterium, and Proteus are the most destructive bacterial contaminants as they can compete with the plant’s explant for nutrients in the growing medium [90,91]. To inhibit the growth of these bacterial contaminants, antibiotics such as tetracycline, streptomycin, vancomycin, rifampicin, gentamycin, cefotaxime, and others can be added to the culture medium [92]. To obtain better outcomes, these antibiotics can be administered singly or in combination. The agar embedding system, in which antibiotics were added to the agar and embedded onto protonema, has been reported as a novel method for eliminating bacterial contamination during the in vitro propagation of Moss protonema, thereby reducing microbial growth due to continuous contact between the tissues and antibiotics [93]. As another example, contamination in Gauda angustifolia Kunth was treated with kanamycin and streptomycin sulfate with kanamycin at a dosage of 10 g/mL, which exhibited the greatest results with no phytotoxicity [94].



Endophytic fungal species such as Acremonium, Alternari, Aspergillus, Cladosporium, Curvularia, Fusarium, Penicillium, Rhizopus, and Trichoderma have been found in meristematic tissue culture [14,47]. These endophytic microorganisms are identified and exploited to produce phytochemicals with anti-cancer, anti-depressant, anti-neoplastic, and other medicinally essential substances such as taxol [95]. They may, on the other hand, constitute a hazard to plants in vitro. Systemic fungicides can also be used to control the growth of most fungal endophytes.



Bavistin (50% carbendazim) is the most used fungicide in culture medium. Bavistin at concentrations ranging from 150 to 300 mg/L added to medium reduced fungal contamination significantly [96]. In fungal cells, it exhibits antimitotic and antineoplastic properties. Its structure is similar to that of cytokinin (adenine derivatives). Bavistin has been shown to promote shoot growth in Stevia rebaudiana cultures [97]. Other fungicides, such as ProClin®300, mancozeb, and thiabendazoles, have been used to prevent yeast contamination in apple cultures [98].



Anti-viral compounds are useful in the control of plant viral diseases. Chemical compounds, such as azidothymidine, ribavirin (RBV) (virazole), and 2-thiouracil [99], and some antiviral drugs, such as S-adenosylhomocysteine hydrolase inhibitors, neuraminidase (NA) inhibitors, and inosine monophosphate dehydrogenase (IMPDH) inhibitors, are generally used in plant chemotherapy [100,101]. Chemotherapy was used prior to meristem tip culture to totally remove the Lily symptomless virus [102].




5.2. Thermotherapy


Plant thermotherapy creates a cellular environment that is less suitable for viral survival [90]. The effects of heat treatment, for example, on the functioning of viral movement proteins result in decreased limitation of infected tissues [103]. The plants are cultivated at high temperatures (38–42 °C) for 4–6 weeks prior to thermotherapy [99]. This is easily performed in tropical or subtropical circumstances by erecting a tiny compartment of a glasshouse fitted with a roof vent on one end and an exhaust fan on the opposite end, both being temperature-regulated [100]. This method eliminates extra heat and offers a steady high-temperature treatment during the day.



In temperate climates, the same effect can be obtained using fluorescent lights, including ballasts, and/or heat-generating incandescent lamps, positioned at the required minimum distance from the plants to be treated in a dark box just large enough to accommodate the plants [103]. A similar approach has been used to eliminate viruses in sweet potatoes [104]. After thermotherapy, 0.2–0.4 mm explants are cultivated separately in test tubes. If the explant is excessively large, it is likely to have a vascular system that contains microbiological pollutants such as viruses. The resulting plants are multiplied and reindexed. A preferable technique would be to cultivate 2–5 mm long explants for 4–5 weeks, then keep the in vitro-grown plant at high temperature for 4–5 weeks before excising 0.2–0.4 mm or even longer explants to commence subcultures [100]. This method eliminates in vivo contamination issues while providing a high rate of survival and multiplication.



After in vitro thermotherapy to remove all contaminating viruses from potatoes, in vitro cultures were grown from several millimeter-long shoot tips and axillary buds [104]. It was feasible to remove viruses A, Y, and X from potato cultivars using this approach in a single step [90]. A method known as the multiple lateral shoot approach for in vitro eradication of three prevalent potato viruses, X, Y, and S, has also been published. A stem with at least five nodes is treated with ribavirin in a liquid medium and cultivated for 5 days at room temperature in this procedure. The stems are then treated with thermotherapy for 25 days at 32–35 °C, following which apical buds are plucked from the lateral shoots and cultivated on a solid medium [105]. ELISA is then used to test the developing plantlets for viral infection.



The capacity of virus particles to travel differently in plant tissues frequently determines the choice of elimination treatment [99]. When compared to meristem culture, which is more suitable for phloematic viruses that are limited to vascular tissues and rarely found in parts of the plant where differentiated tissues are absent, thermotherapy is the more effective control procedure against viruses that are characterized by parenchymatic localization [100]. However, discrepancies in phloem and parenchymatic viral localization in the host tissue have not entirely explained their differing susceptibilities to thermotherapy elimination [105].



Over the last 20 years, advancements in research aimed at investigating the metabolic processes involved in plant defense mechanisms have suggested an interpretation of heat treatment effects based on new metabolic “pathways” triggered by the infected plant’s natural antiviral response, with particular reference to Virus-Induced Gene Silencing (VIGS) induced by the presence of viral RNA in infected plants [100].



RNA silencing has been regarded as such a powerful defense that it constitutes a genetic immunity mechanism [106]. Studies using temperatures lower than those used in typical thermotherapy protocols (36 °C) demonstrated that gene silencing and heat treatments promote recovery in infected plants [107]. Furthermore, in a study performed by Szittya et al. [108], Nicotiana benthamiana plants infected with Cymbidium ringspot virus were subjected to a variety of heat regimes ranging from 15 °C to 27 °C. The amount of short interfering RNA (SiRNA) was measured for each heat treatment, with significant concentrations of SiRNA detected at 27 °C but undetected at 15 °C. In addition, in comparison to the treatments, a growing SiRNA concentration gradient was detected beginning at 21 °C.



Some researchers discovered hyperactivity in the system of temperature-dependent gene silencing as a mechanism of plant antiviral defense in connection to the differential distribution of virus particles seen in the temperature range examined [103]. Virus-induced gene silencing is characterized as a defensive system that acts ineffectively at low temperatures, increasing the plant’s susceptibility to viral infections that do not face virus-blocking gene systems. Increased heat stress, on the other hand, increases the capability of the host defense system by forming a barrier to infection [107]. Chellapan et al. [109] used heat treatment (25–30 °C) on cassava (Manihot esculenta) and tobacco (Nicotiana benthamiana) plants infected with Cassava mosaic disease to assess the impact of temperature on viral silencing in Geminivirus (ssDNA).




5.3. Cryotherapy


Pathogens such as viruses, phytoplasma, and bacteria are subjected to low temperatures (−196 °C) for an extended period of time in plant cryotherapy, which efficiently eradicates viral complexes, resulting in virus-free plants with a high frequency when compared to meristem tip culture [110]. For example, three Closteroviridae viruses that cause leafroll disease in grapevine were reported to be eliminated with vitrification utilizing dehydrating material-based cryotherapy of buds from contaminated clones [111]. Cryotherapy has the advantage of treating a large number of plantlets at the same time, and the approach is appropriate regardless of shoot tip size. However, one significant downside is the high consumption of some gases such as Argon and Nitrogen [90].




5.4. Use of Disinfectants, Antiseptics, and Nanoparticles


In addition to the use of thermotherapy, chemotherapy, and cryotherapy to manage pollutants in culture medium, disinfectants, antiseptics, and nanoparticles are also added into plant tissue culture media. Weber et al. [112], for example, demonstrated the use of 5–10 ppm NaOCl during in vitro potato growth to suppress pathogenic contamination. Disinfection of contaminated culture medium with active chlorine at 0.001% and 0.005% yielded comparable results to traditional techniques [113]. The addition of active chlorine to the medium preserves the stability of heat-sensitive substances such as Vitamin B and growth regulators [114]. Plant Preservative MixturesTM, which comprise a mixture of methylisothiazolinone (MIT) and chloromethylisothiazolone, have also been added into the culture media (CMIT) [115]. Major enzymes generated in the microbial metabolic and energy production pathways are inhibited by these chemical substances [116].



Nanoparticles have been created in order to eliminate the presence of microbial contaminants in plant tissue cultures. At a concentration of 200 mg/L, zinc nanoparticles and zinc oxide nanoparticles have been found to exhibit antibacterial capabilities and no antagonistic action in plant tissue cultures, such as banana cultures [117]. Similarly, silver nanoparticles (AgNPs) have been found to have the capacity to minimize bacterial contamination in Valeriana officinalis tissue cultures at concentrations ranging from 20 to 100 mg/L [118]. The mechanism of action of nanoparticles, particularly silver nanoparticles, for the control of microbial contaminants in meristematic tissue culture includes adhesion to microbial cell membranes [119], penetration inside the cells [120], reduction in oxygen species and free radical generation, induced cellular toxicity and oxidative stress, and modulation of microbial signal transduction pathways [121]. However, silver nanoparticles cause cytotoxicity, genotoxicity, and an inflammatory response in cell-type dependent explants. This has generated concerns about the use of AgNPs in the control of microbial contaminants in the culture of meristematic tissues [122].





6. Challenges and Limitations


Controlling browning by immersing explants in an anti-browning solution during preparation was reported to be capable of inhibiting browning in Musa spp. tissue culture, but this method was not optimal due to the limited ability of the explants to absorb anti-browning compounds, causing oxidation of phenolic compounds to continue during the culture period [20,70]. Other methods such as adding anti-browning compounds to the culture media prior to sterilization were also reported to be capable of effectively inhibiting the browning process [17,75]. Some synthetic anti-browning compounds which have melting points above the autoclave temperature are very likely to be added to the media prior to the sterilization process, but this is not possible for natural anti-browning compounds such as plant extracts [84].



Another method that can be used as an alternative to prevent browning in explants is by increasing the frequency of subcultures or storing the explants in the dark [85]. Increasing the sub-culture frequency has the potential to cause contamination by rhizosphere microbes, making it less effective. Likewise, storing explants in the dark period can only be performed at shoot initiation [73], while for other phases of micropropagation, this is not possible. The combination of using anti-browning compounds in prepared explants with the addition of these compounds to the media may inhibit browning in explants much more effectively in each culture phase by adding to the treatment of storing explants in the dark period during the shoot initiation stage [21,84].



Currently, the most widely used method of handling contamination with chemotherapy is by adding antibiotics to the media, but on the other hand, the continuous use of antibiotics can cause microbial resistance [92]. For thermotherapy and cryotherapy methods, the existence of high-temperature treatment on explants can cause faster oxidation reactions which cause browning in explants; however, cryotherapy requires a lot of argon and nitrogen gasses. Other alternative methods that can be used include adding disinfectants, antiseptics, extracts and plant essential oils, and nanoparticles and genome editing such as clustered regularly interspaced short palindromic repeats (CRISPR) and transcription activator-like effector nucleases (TALENs) [117].



The use of plants’ extracts and essential oils was reported to be capable of inhibiting microbial contamination effectively in Aloe vera, Fragaria ananassa, Phoenix dactylifera, Pennisetum purpureum, Manihot utilissima, and Zea mays cultures [13,123,124,125]. In addition, the application of the CRISPR and TALENs methods was successful in producing disease-free plants in Oryza sativa, Solanum lycopersicum, and Malus domestica towards pathogenic microbes such as Blumeria graminis, Oidium neolycopersici, and Magnaporthe oryzae [126,127,128,129]. In the future, the use of extracts and plant essential oils as well as CRISPR and TALENs has the potential to be applied in handling plant tissue culture browning and contamination, especially for Musa spp.




7. Conclusions


Browning and contamination are significant challenges in Musa spp. plant tissue culture that, if not properly addressed, will eventually decrease banana production. Based on the described protocols, it is possible to control enzymatic browning during the in vitro propagation of Musa spp. by soaking the explants in an anti-browning solution, incorporating the anti-browning compounds into the media, and other methods such as frequent sub-culturing or culture incubation in a dark environment. Similarly, attempts have been made to reduce contamination issues, such as using thermotherapy, chemotherapy, and cryotherapy, as well as the use of chemical agents such as disinfectants, antiseptics, and nanoparticles as summarized in Figure 2. Future research using CRISPR and TALENs to overcome browning and microbial contamination in tissue cultures of Musa spp. must be accelerated in order to increase the productivity and vigor of banana and plantain explants.
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Figure 1. The lethal browning and microbial contamination processes in Musa spp. tissue culture. 
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Figure 2. Different strategies used to manage lethal browning and microbial contamination in Musa spp. tissue culture. 
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Table 1. Bacterial species that cause contamination in Musa spp. tissue culture.
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	No.
	Bacteria Species
	Explants
	Refs.





	1
	Acinetobacter baylyi
	Cavendish AAA
	[24]



	2
	Bacillus flexus
	Cavendish AAA
	[24]



	3
	Bacillus licheniformis
	Musa spp.
	[6]



	4
	Bacillus megaterium
	Cavendish AAA
	[24]



	5
	Bacillus pumilus
	Musa paradisiaca L. Grand Naine; Cavendish AAA
	[15,24]



	6
	Bacillus subtilis
	Musa paradisiaca L. Grand Naine; Musa spp.
	[6,15]



	7
	Corynebacterium spp.
	Musa spp.
	[6]



	8
	Enterobacter cloacae
	Galil 18 and Tropical
	[57]



	9
	Enterobacter gergoviae
	Galil 18 and Tropical
	[57]



	10
	Erwinia spp.
	Musa spp.
	[6]



	11
	Erwinia chrysanthemi
	Galil 18 and Tropical
	[57]



	12
	Geobacillus stearothermophilus
	Musa paradisiaca L. Grand Naine
	[15]



	13
	Herbaspirillum seropedicae
	Cavendish AAA
	[24]



	14
	Herbaspirillum rubrisubalbicans
	Cavendish AAA
	[24]



	15
	Klebsiella pneumoniae
	Galil 18 and Tropical
	[57]



	16
	Paenibacillus spp.
	Musa paradisiaca L. Grand Naine
	[15]



	17
	Paenibacillus polymyxa
	Galil 18 and Tropical
	[57]



	18
	Pseudomonas fulva
	Cavendish AAA
	[24]



	19
	Pseudomonas huttiensi
	Galil 18 and Tropical
	[57]



	20
	Pseudomonas putida
	Cavendish AAA
	[24]



	21
	Pseudomonas syringae
	Musa spp.
	[6]



	22
	Rhizobium radiobacter
	Cavendish AAA
	[24]



	23
	Rhizobium etli
	Cavendish AAA
	[24]



	24
	Salmonella spp.
	Galil 18 and Tropical
	[57]
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Table 2. Fungi species that cause contamination in Musa spp. tissue culture.
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	No.
	Fungi Species
	Explant
	Refs.





	1
	Alterneria tenius
	Musa spp.
	[6]



	2
	Aspergillus spp.
	Musa textiles Nee; Musa spp.
	[14,25]



	3
	Aspergillus awamori
	Banana FIA 9
	[10]



	4
	Aspergillus flavus
	Banana FIA 9; Musa spp. cv. Grand Nain
	[10,26]



	5
	Aspergillus fumigatus
	Musa spp.
	[6]



	6
	Aspergillus niger
	Musa spp.; Banana FIA 9; Musa spp. cv. Grand Nain
	[6,10,26]



	7
	Aspergillus parvissclerotigenus
	Banana FIA 9
	[10]



	8
	Chrysosporium spp.
	Musa textiles Nee
	[14]



	9
	Cladosporium spp.
	Musa spp.
	[25]



	10
	Cladosporium tenuissimum
	Banana FIA 9
	[10]



	11
	Cunninghamella spp.
	Musa spp.
	[25]



	12
	Fusarium spp.
	Musa spp.
	[25]



	13
	Fusarium chlamydosporum
	Banana FIA 9
	[10]



	14
	Fusarium culmorum
	Musa spp.
	[6]



	15
	Penincillium spp.
	Musa spp.
	[25]



	16
	Penincillium citrinum
	Banana FIA 9
	[10]



	17
	Penincillium expansum
	Musa spp. cv. Grand Nain
	[26]



	18
	Trichoderma viride
	Banana FIA 9
	[10]
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Table 3. Anti-browning agents used in the pre-soaking of explants.
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	Anti-Browning
	Concentration
	Plant Species
	Explant Type
	References





	Potassium Citrate and Citrate
	0.125%
	Musa spp. cv. Kanthali
	Shoot tip
	[70]



	Potassium Citrate and Citrate
	0.1–0.5 mg/mL
	M. paradisiaca
	Aux bud
	[71]



	Ascorbic Acid
	1.2 g/L
	Musa spp. cv. Mzuzu
	Shoot tip
	[21]
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