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Abstract

:

The fresh fruits of ‘Grande Naine’ (Cavendish AAA—Musa spp.) dominate the world market, especially in countries with a population in a situation of social vulnerability. However, Fusarium wilt, caused by the fungus Fusarium oxysporum f.sp. cubense race 4 Subtropical (Foc ST4), emerges as a serious threat to banana production, requiring the development of resistant cultivars based on biotechnological strategies, such as the induction of mutation in tissue culture. This study aimed to identify and characterize genetic variation in somaclones resistant to Fusarium oxysporum f.sp. cubense subtropical race 4 (Foc ST4), derived from ‘Grand Naine’ bananas, by molecular markers based on retrotransposons IRAP (Inter-retrotransposon Amplified Polymorphism) and REMAP (Retrotransposon-Microsatellite Amplified Polymorphism). Nine combinations of IRAP and six combinations of REMAP primers were used. The low number of polymorphic bands did not allow for genetic diversity studies; however, ten polymorphic bands between the somaclones and control were sequenced. Of these, three presented good base calling and were aligned, namely, 1AF, 2AF, and 3AF bands. Only the 1AF band presented function related to stress response with homology to a calcium-binding protein. These proteins act early in plant infection as secondary messengers activated by pathogen-associated molecular patterns (PAMPs), initiating the cascade of plant defense signals. The fact that this band is present in all somaclones reinforces previous assessments of their resistance to Foc ST4. The use of markers IRAP and REMAP produced polymorphic bands that can, through future primer design and field validations, accelerate the identification of resistant banana genotypes for use in banana genetic breeding programs.
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1. Introduction


Originating in Southeast Asia, bananas, Musa spp., are one of the most planted fruits of tropical and subtropical regions [1,2,3], especially those from the Cavendish subgroup (AAA), an important commodity in the global market and staple food for socially vulnerable populations [3,4]. In 2022, global banana production reached approximately 135 million tons in an area of 5.9 million hectares, with Asia accounting for 51.8% of total production, followed by the Americas (23.8%) and Africa (22.8%) [1].



This wide geographical distribution and adaptation of bananas in different environments resulted in varied interactions between their genotypes and local pathogens. However, the Musa genus has a very narrow genetic background regarding resistance-related genes [1], and commonly cultivated bananas are susceptible, with different levels of tolerance or resistance to bacterial, viral, and fungal diseases [5,6,7]. Among fungal diseases, Fusarium wilt caused by the fungus Fusarium oxysporum f. sp. cubense, (E.F. Smith) W.C. Snyder and H.N. Hansen (Foc), races 1, 2, and 4 are very destructive, whereas the latter causes the most damage [8,9]. The fact that Foc spores can stay in the soil for many years in the form of clamydospores aggravates the situation in banana plantations worldwide. There is no chemical control for Foc, and resistant varieties are still the main means of control. This disease impacts banana productivity, leading, in some cases, to the complete loss of production [10,11], in addition to economically and environmentally burdening disease mitigation actions, making it impossible for small producers to continue in the activity and, thus, aggravating poverty [9,12,13,14].



The Cavendish subgroup is resistant to Fusarium wilt caused by race 1. However, it is susceptible, as are all commercial triploids, to tropical race 4 (Foc TR4) and subtropical race 4 (Foc ST4), which differ in the severity of symptoms and existence of a conditioning factor, low temperatures, and water stress for the development of the disease caused by Foc ST4 [11,15].



Bananas are parthenocarpic fruits, or have a low seed count with viable seeds, a condition endemic to the species, which eventually leads to a narrow genetic background. Genetic somaclonal variation is an alternative source of variability [16,17] and may occur due to pre-existing conditions or related to the specificities of in vitro tissue culture [18]. These variations consist of a set of phenotypically expressed changes caused by induced stress [19,20,21] or resulting from the many sub-cultivations during the in vitro multiplication process [22,23] and can result in changes in the DNA sequence, genes, or chromosomes being stable and heritable [23] and can genetically differentiate derived somaclones.



Retrotransposon-based DNA molecular markers are promising tools for detecting somaclonal variation due to the close relationship between stress, biotic or abiotic [24], and the activation of transposable elements in plant DNA. Its applicability is related to its displacement characteristic, “copy and paste” along the DNA strand, creating copies of itself by a transcription mechanism, which can be inserted in different loci [25]. Thus, their new insertions are traces detectable with target amplification mechanisms using polymerase chain reactions, enabling studies of genetic variability and diversity in the genus Musa [26,27,28].



Additionally, their movement can result in insertion in regions close to genes, and their regulatory and signaling elements can interfere with the expression pattern of these genes, as well as inactivate them by silencing with methylation action [29]. Inter-retrotransposon amplified polymorphism (IRAP) and retrotransposon-microsatellite amplified polymorphism (REMAP) are two dominant methods of DNA polymorphism detection, based on retroelements, that are widely used [24,30].



The IRAP marker method was developed from the proximity between two LTRs (Long Terminal Repeats) [31] and amplifies the region between the final LTR portion of one retrotransposon and the other. The REMAP marker identifies intrageneric and intraspecific polymorphisms and amplifies the region between the LTR portion and the next microsatellite. Research using IRAP and REMAP markers has been conducted, aiming, for example, to evaluate the variability and genetic structure of populations of Musa spp., Medicago polymorpha, and Avena sativa [28,32,33]; the transfer and reproducibility of markers between Piper nigrum species [34] and the analysis of intravarietal diversity and between cultivars and local varieties of Vitis vinifera [35,36].



In general, the molecular approach with IRAP and REMAP provides evidence of the activation of these markers, with high polymorphism [37,38]. In some cases, these markers are correlated with phenotypic characteristics [37,39], as reported by Rashid et al. [40], as they show a strong correlation between the IRAP marker and the phenotypic characteristic of resistance of Carica papaya accessions to the mosaic virus.



In tissue culture, the polymorphism and, in some cases, its relationship with the response of plants to abiotic and biotic stress was investigated. Shingote et al. [41] used 32 IRAP markers and 100 ISSR markers in the clonal fidelity test in 47 accessions of Saccharum spp., with an IRAP marker identifying a clonal variant whose unique bands were confirmed with sequencing. Mirany et al. [42] investigated the somaclonal variation in date palms, detecting a high percentage of similarity between the regenerators and the mother plant. In the study conducted by Nasri et al. [43], the IRAP and ISSR markers made it possible to identify chrysanthemum mutants as a function of the cultivar and the characteristic of the chemical inducer. Arvas et al. [24] demonstrated, with IRAP and REMAP markers, the differentiated activation of retroransposons in genomic DNA extracted from different mutant and non-mutant parts of Oryza spp. in response to salt stress in tissue culture. Muhammad and Othman [44] evaluated mutant somaclones resistant and susceptible to Fusarium oxysporum f. sp. cubense race 4, identifying polymorphism with IRAP and random amplified polymorphic DNA (RAPD) markers without, however, identifying specific bands that were exclusive to the clones of the cultivars Rastali (susceptible) or Mutiara (resistant).



In studies on somaclonal variation in bananas, although extensive, few report the sequencing of polymorphic bands between resistant and susceptible genotypes in order to evaluate the ability to aggregate information to the polymorphic individual. In our study, ‘Grande Naine’ (GN) somaclones, induced by phytoregulators thidiazuron (TDZ) and paclobutrazol (PBZ), previously infected by a virulent Foc ST4 isolate—CNPMF218A- and considered resistant, were selected and compared to the GN mother plant with retrotransposon markers. Thus, this study aimed to identify and characterize somaclonal variation in plants derived from the cultivar Grande Naine (Cavendish—AAA), previously considered resistant to Foc STR4 compared to its control (mother plant moderately resistant), using two retrotransposon-based molecular marker systems, IRAP and REMAP.




2. Materials and Methods


2.1. Plant Material


Twelve plants resistant to Foc ST4, derived from the cultivar Grande Naine (Cavendish—AAA, Musa spp.), belonging to the Banana Germplasm Bank (BAG-Banana) of Embrapa Mandioca e Fruticultura, located in Cruz das Almas, Bahia, Brazil, were evaluated. To identify somaclonal variation, the plant derived from the commercial cultivar Grande Naine, moderately resistant to Foc ST4, namely “Control”, was also evaluated, allowing the comparison between the somaclones and between them and the cultivar of origin (Control).



The resistant somaclones evaluated were obtained in a previous study by inducing somaclonal variation, according to the methodology used by Rebouças et al. [21] with a subculture of shoot apices in Murashige and Skoog medium enriched with the phytoregulators thidiazuron (TDZ) and paclobutrazol (PBZ). The selection of resistant somaclones was performed with controlled inoculation in a greenhouse with the CNPMF218A isolate, corresponding to Foc ST4. The 14 surviving somaclones without symptoms (Embrapa 4 and Embrapa 17) were micropropagated, acclimated, and planted in an experimental field of Embrapa Mandioca e Fruticultura for agronomic evaluations. Of these 14 micropropagated somaclones that survived, four of them were pre-selected for evaluation in this study.



At the time of this study, the somaclones micropropagated were established in the field in their first production cycle, when three clones of each of the four treatments evaluated (T1—Embrapa 14, T2—Embrapa 15, T3—Embrapa 16, and T4—Embrapa 17) were randomly selected, making up, together with the control plant, the sample set (Table 1).




2.2. Extraction and Quantification of Genomic DNA


Fresh cuts of young leaves (300 mg) were collected from each plant, and DNA was extracted and purified following the modified CTAB protocol by Ferreira et al. [45]. The leaf tissues were macerated with the aid of an adapted bench drill in the presence of 3 mL of CTAB extraction buffer (2.4%) containing EDTA (20 mM), NaCl (1.7 M), Tris-HCl pH 8.0 (0.1 M), PVP (2%) and β-mercaptoethanol (0.4%). DNA samples were standardized at a concentration of 10 ng·µL−1.




2.3. Polymerase Chain Reaction and Molecular Characterization


For the detection of somaclonal variation, two multilocus techniques based on polymerase chain reaction (PCR) were employed. For analysis using the PCR-IRAP (Inter-Retrotransposon Amplified Polymorphism) technique, eight LTR (long terminal repeat) primers [26,46] from different families were paired (Table 2).



For this work, only the markers that generated electrophoretic profiles with good resolution, with easily visualized bands, were considered. The same procedure was adopted for the other reactions and marker systems.



The markers used in the PCR-REMAP (Retrotransposon-Microsatellite Amplified Polymorphism) technique were obtained from the paired combination between an LTR-type retrotransposon primer and one of the six microsatellite primers (SSR—single simple repeat) [31], as shown in Table 3.



PCR-IRAP and PCR-REMAP amplification reactions were performed with a final volume of 15 µL per sample, containing 4 µL of template DNA (40 ng), 0.75 µL of MgCl2 (50 mM), 1.5 µL of 10 × PCR buffer, 1.2 µL of dNTP (2.5 mM), 1.5 µL of each primer (10 mM) paired, 0.3 µL of commercial Taq DNA polymerase (1 U·µL−1), and nuclease-free water. The amplification program consisted of an initial denaturation step at a temperature of 94 °C for 3 min, followed by 35 cycles consisting of denaturation at 94 °C for 30 s, annealing temperature for 60 s, and extension at 72 °C for 45 s per cycle, followed by final extension, with maintenance at 72 °C for 5 min and completion of the reaction with a temperature reduction up to 10 °C until the samples were removed from the thermocycler.



After amplification, all products of the PCR-IRAP and PCR-REMAP reactions were stained with 3 µL of running buffer solution containing GelRed®. The amplified fragments were separated with 2% agarose gel electrophoresis in 5× TBE buffer under a constant voltage of 85 V for approximately three hours, and they were visualized with photography obtained under UV light using the Loccus (Mountain View, CA, USA) L-PIX EX 25 × 30 image capture system. The length of the amplified bands was inferred by comparison to the Invitrogen Plus 1 Kb reference ladder (Waltham, MA, USA). The electrophoretic profiles generated were used for the comparison and identification of polymorphism between the somaclones and the control plant.




2.4. Molecular Data Analysis and Sequencing


The agarose gels with the combinations of primers used in the study did not have a sufficient number of polymorphic bands for use in calculating a genetic diversity matrix. However, the few polymorphic bands between the somaclonal variants and the control were selected and paired-end sequenced (ACTGene https://actgene.com.br/, accessed on 1 May 2024).



The Seqassem software (version 1.0.0.0.) was used to align the sequences, and the BLASTn (Basic Local Alignment Search Tool) tool in the NCBI database (https://www.ncbi.nlm.nih.gov/, accessed on 1 May 2024) was used with complementation of the biological function.





3. Results


3.1. Evaluation of Somaclones Based on the Electrophoretic Profile


Both tools, IRAP and REMAP, generated electrophoretic profiles with multiple bands.



The combinations of primers that generated monomorphic profiles were LTR6149F + SukkulaF, LTR6150R + 3′LTRF, LTR6150R + C0795, LTR6150R + C0945, 5′LTR2R + SukkulaF, 3′LTRF + 3′LTRF, 3′LTRF + C0945, NikitaF + SukkulaF, NikitaF + C0795, and C0795 + C0945 using IRAP markers and LTR7286 + 8564 using REMAP markers.



In the other nine reactions using IRAP markers (C0795 + 3′LTR, 5′LTR2 + LTR6150, 5′LTR2 + Nikita, LTR6149 + Nikita, 5′LTR2 + 3′LTR, LTR6150 + Nikita, 3′LTR + Nikita, LTR6150 + Sukkula, and C0945 + Nikita) and reactions using REMAP markers, most gels presented monomorphic bands, so it was not possible to calculate a genetic dissimilarity matrix due to a very low number of polymorphic bands.



A profile of agarose gels using IRAP and REMAP markers is shown in Figure 1A–D.



However, polymorphic bands were detected in the primer combinations, as follows: LTR6149 (T1B2P6) + Nikita, 3′LTR (T1B2P2) + Nikita, and Sukula + LTR6150 (Figure 2A–C) and chosen randomly for sequencing.




3.2. Analysis of Polymorphic Bands and Sequencing


From the paired combination between eight LTR primers (Table 2), 19 amplification reactions were performed using the PCR-IRAP method, of which 9 generated electrophoretic profiles that were analyzed in this study. The Nikita primer constituted five of the nine polymorphic reactions, while the 3′LTR and 5′LTR2 primers, were used in three of them.



The optimal annealing temperature of the IRAP primers ranged from 45 °C (C0795 +3′LTR) to 48.4 °C (5′LTR2 +3′LTR), averaging 46.7 °C.



The polymorphic bands presented in Figure 2 (white arrow) were sequenced (paired-end) and aligned. The result of alignment, BLASTn (https://www.ncbi.nlm.nih.gov/, accessed on 1 May 2024), and function are shown in Table 4.





4. Discussion


4.1. Evaluation of Somaclones Based on Electrophoretic Profiles


The classical genetic breeding in Musa spp. is based on the development of hybrid cultivars that aggregate genes that confer palatability to fruits, short stature, high production, and resistance to main biotic and abiotic factors [47,48]. However, the transfer of desired traits by sexual reproduction between diploids and triploids is a challenge posed by the absence of viable seeds in commercial triploids and parthenocarpy innate to the species. In this context, the induction of somaclonal variation in tissue culture is an important source of variability for the banana genetic breeding programs [17,21] aiming to obtain resistance to abiotic and biotic stresses in a permanent and heritable way.



In this study, we evaluated variant somaclones previously considered resistant to Fusarium oxysporum f.sp. cubense race 4 subtropical (Foc ST4), derived from the cultivar Grande Naine. Fifteen combinations of primers 9 IRAP [26,49,50] and 6 REMAP [31]; electrophoretic profiles were generated and analyzed.



Starting from the Copia type LTR of BARE-1, Sabrina, Nikita, and Sukkula families, 10 primer combinations of IRAP markers, and 1 combination for the REMAP markers generated monomorphic profiles. Among the other PCR reactions, most of the primer combinations used generated monomorphic bands, in principle, not allowing a deeper study of genetic dissimilarity between the somaclones analyzed.



Genetic somaclonal variation can sometimes involve base changes arising from variation in a single nucleotide. When evaluating somaclones derived from seven cultivars of the Cavendish subgroup (“Hsien Jen Chiao”, “Grande Naine”, “Umalag”, “Williams”, “Giant Cavendish”, “Valery”, and “Tai-Chiao N°2”– TC2), all resistant to tropical Foc race 4, Hou et al. [51] identified polymorphism using RNA sequencing, confirming the occurrence of single nucleotide variation, as well as deletions in chromosomes and chimerism.



Similar results were found by Mirani et al. [42] in screening somaclonal variants derived from two date palm cultivars (Phoenix dactylifera) using IRAP markers. The authors distinguished nine clonal variants according to the number of subcultures and the genotype of the Gulistan and Kashuwari cultivars in a sample of 90 individuals. Although polymorphism was detected in nine variant regenerants, 100% similarity was detected in relation to the mother plant, forming two distinct groups referring to the cultivars.




4.2. Evaluation of Polymorphic Bands and Sequencing


A relevant consequence of the wide distribution and adaptation of bananas to various environments is the diversity of interactions between the genotypes of edible bananas and local pathogens. The genera Musa and Ensete have narrow genetic bases for genes related to disease resistance [1], and although a plant’s immune system does not exist per se, plants have the innate ability to recognize external stressors and strategically initiate defense responses as to confer resistance or susceptibility to host plants [8].



In our study, despite the high rate of similarity between the somaclones and between them and the control plant, it was possible to identify a polymorphic segment potentially related to defense pathways. The selected bands (Figure 2A–C) blasted against the databases are all of the Musa genus (Table 4); however, only one of them, the 1AF band, had an interesting result regarding disease resistance, as it signals the presence of calcium-binding proteins, more precisely, calcium-binding proteins similar to kinesin-interacting Ca2+-binding protein (KIC). Calmodulin (CaM) is a calcium-binding protein related to motility and microtubule clustering [52], and kinesins are molecular motors involved in several cellular processes. KCBPs are calmodulin-binding proteins of the kinesin type. In this context, KIC proteins have a CaM-like sequence and compete with them for binding to KCBP [53].



The study conducted by Reddy et al. [53] describes the KIC protein, detailing its constitution and function. KIC proteins exhibit a single EF-hand binding motif and compete with calmodulin (CaM) proteins for the binding site on calmodulin-linked, kinesin-like proteins (KCBPs). Like CaM, KIC inhibits the interaction of KCBPs with microtubules as a function of Ca2+ concentration, interfering with trichome morphogenesis. KIC differs from CaM proteins by requiring a low concentration of Ca2+ for the inactivation of KCBPs. The authors also emphasize that the inhibition triggered at a low concentration of free Ca+2 in the cell can be interpreted as early inactivation of KCBP to signal an initial increase in the concentration of free Ca+2 in the formation of trichomes. Finally, the results also demonstrated that inactivation does not prevent trichome morphogenesis but results in reduced trichomes.



In the search for a correlation between microtubules and fungal development, Konzack et al. [54] characterized a kinesin superfamily protein (kipA) for its composition and function in Aspergillus nidulans. Their results showed that the kinesin motor protein isolated by them (kipA) is responsible for the growth and directional orientation of microtubules in A. nidulans. Therefore, Konzac et al. [54] concluded that the correct orientation of growth of the microtubes depends on the integrity of the motion protein.



With the understanding of the function of the KIC proteins, it is necessary to also understand the importance of calcium-binding proteins. Calcium-binding proteins are responsible for the interception, decoding, and amplification of the meaning of these variations in calcium concentration, enabling the necessary and sometimes specific defense responses [55,56]. Ca+2 ions are important secondary messengers related to numerous metabolic pathways in plants and are highly susceptible to biotic and abiotic stresses, which rapidly alter their concentration in cells [55]. The increase in Ca+2 concentration is the first trigger to initiate the interaction between receptors and molecular patterns activating calcium-bound proteins [57]. The ability of plants to recognize stressing agents stems from the interaction between their pattern recognition receptors (RRPs) and the molecular patterns associated with microbes or pathogens (M/PAMPs). When this relationship is established, defense strategies are initiated, and the process is referred to as immunity triggered by PAMPs [58].



Many studies that have focused on gene expression in response to biotic stresses have reported the identification of calcium-bound proteins. Meng et al. [44,59], aiming to identify genes resistant and susceptible to Phytophthora nicotianae in tobacco cultivars, Beihart1000-1 (BH) and Xiaohuangjin 1025 (XHJ), performed RNA sequencing, detecting 23,753 and 25,187 differentially expressed genes. In their results, in addition to resistance and disease-related proteins, four calcium-binding proteins were identified. Likewise, studies conducted by Lu et al. [56] that aimed to evaluate the role of the TaCML36 gene in the immune response of wheat to Rhizoctonia cerealis detected high gene expression with consequent transcription of a calcium-binding protein similar to calmodulin, whose main role is gene regulation. According to Lu et al. [56], the set of results guides the strong and positive action of the protein in the innate immunity response by modulating the expression of defense genes with possible impacts on the ethylene pathway.



Several other recent studies have demonstrated the expression of calcium-binding proteins in the resistance response of plants to the Fusarium spp. complex [60]. The wheat infection by Fusarium graminearum induces in plants resistant to ear burning the expression of HisR, a calcium-binding protein rich in histidine but with mutation represented by deletion of 752 bp at the 5′ end [61]. The results of the research by Li et al. [61] demonstrate that this protein, detected in each chromosome of the three genomes (A, B, C) of wheat, encodes 260 amino acids, and the intensity of its expression is positively correlated with plant resistance. The first study of differentially expressed genes related to tomato fusariosis under field conditions was carried out by Ribeiro et al. [57]. In this study, the authors observed a positive correlation between the intensity of infection and the expression of transcription factor WRKY41 and calcium-binding genes, CBEF, both involved in innate resistance to Fusarium oxysporum and F. incarnatum-equiseti.



Calcium-binding proteins also have a close relationship with defense responses to abiotic stress, such as water stress [62], chemical stress from pesticide application [63], and salt stress [64]. The relationship between these proteins and abiotic stresses is well listed in Zeng et al. [65].



In our work, the markers IRAP and REMAP were important in the detection of polymorphism, enabling the identification of a polymorphic fragment involved with plant defense response. It is worth mentioning that Embrapa Mandioca e Fruticultura is one of the most renowned institutions carrying out the genetic breeding program of bananas worldwide and one of the most representative in Latin America, with more than 400 accessions in its collection and new improved diploids and new hybrids constantly being developed through its ongoing breeding program. Being able to explore new markers and bioinformatic tools in order to contribute to its ongoing genetic banana breeding program can remarkably accelerate the obtainment of more resistant and productive banana varieties.



Our work demonstrates that IRAP and REMAP markers, along with sequencing and bioinformatics, are interesting tools for identifying polymorphism of interest when it comes to somaclonal variants. Many more bands of the somaclones derived from the same mother plant should be sequenced, but the initial results demonstrate that the band identified in our work may be used in marker-assisted selection in banana breeding programs in the seedling phase, given new primer designs and extensive field validations.





5. Conclusions


Biotechnological advances are an important driving factor in the genetic improvement of plants, aiming at the rapid adaptation of cultivars and commercial varieties to biotic and abiotic stresses. The use of IRAP and REMAP markers in a banana breeding programs where activities are ongoing in the search for the development of varieties more resistant/tolerant to the main biotic and abiotic factors is of paramount importance when it comes to MAS to accelerate results. In the case of Musa spp., given the inherent parthenocarpy of the species along with the narrow genetic base, the use of these tools is of outmost necessity. With the use of molecular markers based on retrotransposons, we confirmed the desirable genomic stability in the somaclones that were induced by mutation. However, the markers used made it possible to detect a polymorphic band that, when sequenced, identified variants in the somaclones, a gene related to a calcium-binding protein. With the continuity of the research, it will be possible to evaluate the resistance, in the field, of the variant somaclones. It will also be possible to measure the effectiveness and scope of the marker identified in this study in assisted selections for resistance to Foc ST4 in the genus Musa. Therefore, the results presented show that biotechnology combined with bioinformatic tools enable better design of crop breeding strategies within a scenario that aims to aggregate information to contribute to a more sustainable and promising production chain and agribusiness of this important fruit.
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Figure 1. A total of 2% agarose gel with the monomorphic electrophoretic profile of the control and 12 somaclone samples derived from the cultivar Grande Naine. C = control (GN), 1–12: somaclones (Table 1). M = Ladder marker (Invitrogen®, Waltham, MA, USA). (A–D): IRAP and REMAP marker primer combinations (A) LTR7286 + 8081 (REMAP), (B) 5′LTR + Sukkula (IRAP), (C) LTR7286 + 8385 (REMAP), and (D) LTR7286 + 8386 (REMAP). 
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Figure 2. Electrophoretic profile of ‘Grande Naine’ control and somaclones (1–12) on 2% agarose gel. C = control (GN), 1–12: somaclones (Table 1). M = Ladder marker (Invitrogen®). (A) Band 1AF (white arrow), LTR6149 (T1B2P6) + Nikita (T1B2P6: 1–12), (B) Band 2AF (white arrow), 3′LTR (T1B2P2) + Nikita (T1B2P2: 1–11), and (C) Band 3AF (white arrow), Sukula + LTR6150 (T1B2P2: 1–11). 
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Table 1. List of evaluated somaclones previously considered resistant to Foc ST4 derived from the cultivar Grande Naine (Musa spp.; Cavendish—AAA) and degree of resistance.
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Treatment

	
Origin Research Center

	
Degree of Resistance






	
C

	
Control (‘Grande Naine’)

	
Embrapa Mandioca e Fruticultura

	
MR




	
1

	
Embrapa 14—T1B2P2

	
Embrapa Mandioca e Fruticultura

	
HR




	
2

	
Embrapa 14—T1B2P3

	
Embrapa Mandioca e Fruticultura

	
HR




	
3

	
Embrapa 14—T1B2P6

	
Embrapa Mandioca e Fruticultura

	
HR




	
4

	
Embrapa 15—T2B1P1

	
Embrapa Mandioca e Fruticultura

	
HR




	
5

	
Embrapa 15—T2B1P5

	
Embrapa Mandioca e Fruticultura

	
HR




	
6

	
Embrapa 15—T2B1P7

	
Embrapa Mandioca e Fruticultura

	
HR




	
7

	
Embrapa 16—T3B2P4

	
Embrapa Mandioca e Fruticultura

	
HR




	
8

	
Embrapa 16—T3B2P6

	
Embrapa Mandioca e Fruticultura

	
HR




	
9

	
Embrapa 16—T3B2P8

	
Embrapa Mandioca e Fruticultura

	
HR




	
10

	
Embrapa 17—T4B1P2

	
Embrapa Mandioca e Fruticultura

	
R




	
11

	
Embrapa 17—T4B1P4

	
Embrapa Mandioca e Fruticultura

	
R




	
12

	
Embrapa 17—T4B1P6

	
Embrapa Mandioca e Fruticultura

	
R








MR: Moderately resistant; HR: highly resistant; R: resistant.













 





Table 2. Detail of IRAP primers used in somaclones resistant to Foc ST4 derived from the cultivar Grande Naine, indicating orientation, origin, sequence, and referenced authors.
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	Primers
	Family
	Sequence (5′-3′)
	Reference





	5′LTR2 ←
	Bare 1
	5′-ATCATTGCCTCTAGGGCATAATTC-3′
	[26]



	3′LTR →
	Bare 1
	5′-TGTTTCCCATGCGACGTTCCCCAACA-3′
	[26]



	Sukkula
	Sukkula
	5′-GATAGGGTCGCATCTTGGGCGTGAC-3′
	[26]



	Nikita →
	Nikita
	5′-CGCATTTGTTCAAGCCTAAACC-3′
	[26]



	LTR6149 →
	Bare 1
	5′-CTCGCTCGCCCACTACATCAACCGCGTTTATT-3′
	[26]



	LTR6150 ←
	Bare 1
	5′-CTGGTTCGGCCCATGTCTATGTATCCACACATGTA-3′
	[26]



	C0795
	Bare 1
	5′-TCCCATGCGACGTTCCCC-3′
	[46]



	C0945
	Sabrina
	5′-GCAAGCTTCCG TTCCGC-3′
	[46]







→: Forward; ←: Reverse.













 





Table 3. Detailed list of microsatellite primers (SSRs) and retrotransposon LTR [31], used in somaclones resistant to Foc ST4 derived from the cultivar Grande Naine, with orientation and nucleotide sequence.
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	Primers
	Sequence (5′-3′)
	Reference





	SSR
	
	[31]



	8081 →
	(GA)9C
	[31]



	8082 →
	(CT)9G
	[31]



	8385 →
	(CAC)7G
	[31]



	8386 →
	(GTG)7C
	[31]



	8387 →
	(CA)10G
	[31]



	8564 →
	(CAC)T7
	[31]



	8565 →
	GT(CAC)7
	[31]



	LTR
	
	



	LTR7286 ←
	GGAATTCATAGGATGGATAATAAACGATTATC
	[31]







Arrows to the right (→)—Forward and arrows to the left (←)—Reverse.













 





Table 4. Information of the polymorphic bands sequenced based on polymorphism between control and possible somaclones, primers used, alignment of the sequences in the Seqassem software, approximate size of the bands, and function according to the BLAST/NCBI algorithm.
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	Name
	Seqassem
	Size (bp)
	BLAST: ID
	Function





	1AF

Primer forward:

LTR6149 (T1B2P6)

1AR

Primer reverse:

Nikita
	>CTGCAAACACGACCTCCCTCTCGATCGCCTTCTCCAGCCACGCCTCGGCGTCCGCCATCATCTCCGGGCTCAGCCTCACCATCAGCACGCAGAACTCCTTCTCGTCGAGCGCCCCGTCCCCGTCCATGTCCCCTTCCCTCACCATCGCCGCCGCATCCTCCGCCGTCATCCCCGCCATCCCCAGCGCCGCCGCGTTCCTCCTCAGGCTCTCCGGCGTTATGACCCCCCTCCCGGGCTCCGCCAGCAACCGGAAGCCCCCGCaCAGCTCCGACACGAACTGCTCCGCTTCCAGCCTCTCGGCCATCACCGGCACCAAGTCCTCGTACTCCTCCGACTCCGTCGCAGCTGCGTGCTTCTCTTCCTCCATCGCCAGACCTTCCAAGTCTCTGTTGATGCTGCARARATGGTTTAGGCTTG
	Approximately 400
	Musa acuminata subsp. malaccensis isolate AA chromosome 15

Sequence ID: XM_065104944
	calcium-binding protein KIC-like



	2AF

Primer forward:

3′LTR (T1B2P2)

2AR

Primer reverse:

Nikita
	>GGTGTTAACTATTACTATATAGTAAATAGGGCTCTCGAACAACACTTGAGGAATCACTCACTCCTACTTAGCTACTATCTGAACTCACTCCTACAGTTGCTCACAAGAACCGGAGCAGTCAAACTAGGGACAAGAACAAGAAAAGGACTACTATCTTCTTGCCAACCCTTAATACAGGACTTGTAATAACTCTGGAACCTCTCTCTCCACTACTTGGGAAAGCCAATATTAGATGAGATGAGCCTCATTCCGCAAGTAAGAATGAAGTTAGGGTACTAGAATTAGCAGTGCCCCCGGGCATCTAGAATTAGCAGTGCTAGTTATAAAGTAAGG
	Approximately 300
	Musa acuminata subsp. malaccensis strain

Doubled-haploi.

Score: 544 Evalue:

8.3 × 10−150 Accession:HG996478.1
	



	3AF

Primer forward:

Sukkula (T1B2P2)

3AR

Primer reverse:

LTR6150
	>ACCAGTAGCAGCCCATTCAGACCCAGATTTCTTGGCCGGCGGTGGCATTGCCCAGGAGCTCAGGAAAGCTAGGCAGTGCAATAGCCCGGGTCAGGGGGTGGTACCACCTGGGCTTAGTCTCCGAGCAAGACTGGGCAGTGGTACCACTTGGGCTAAATCTCTGAGCGAGACTGGGCAGTGGTACCGCCCCTATCAGGCAGTGGTACTGCCTGAGCTCGGTCTCCGAGAGGTAGTACTGCCCAGTTATATTGGTAGTACCGCCAGGACCTCGGAAATCTAGGAGATGACACATTTGAGCTCCAAATTCAAATCAGTTGGGGGCTATATGTAATATCCCTCACTTTTAAAAATTTATTAATAAGGATTTATATGTAAATTGGAGGACCTATATGTAAATATAGAAATTTTAAGGATTAAACTGTTAAGTTGCAAAAAGAAAAAAAAATTAAAGAAAACCGAAGAGGGAAAAGAAGAAAGAAAGAAGAGGGAGAAGAGAAGAAAAGAAGAAGAAGAAGAGAGGGAAGAGGGAGCGGGATGAGAAAGATAGCTGCAGTAGATAGGGCTGCAGCGCCTCTGTTTCGTGTAGGAGGAAACARAGGAGTACATGTGTGGATACATASACATGGGCSGAACCASACAAA
	Approximately 600
	Musa acuminata subsp. malaccensis isolate AA chromosome 14

GenBank: CP126383.1
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