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Abstract

:

Fusarium wilt, caused by the soil-borne fungus Fusarium oxysporum f. sp. cubense (Foc) race 1, is a major disease of bananas in East Africa. Triploid East African Highland (Matooke) bananas are resistant to Foc race 1, but the response of diploid (Mchare and Muraru) bananas to the fungus is largely unknown. A breeding project was initiated in 2014 to increase crop yield and improve disease and pest resistance of diploid and triploid East African Highland bananas. In this study, eight Mchare cultivars were evaluated for resistance to Foc race 1 in the field in Arusha, Tanzania. In addition, the same eight Mchare cultivars, as well as eight Muraru cultivars, 27 Mchare hybrids, 60 Matooke hybrids and 19 NARITA hybrids were also screened in pot trials. The diploid Mchare and Muraru cultivars were susceptible to Foc race 1, whereas the responses of Mchare, NARITAs and Matooke hybrids ranged from susceptible to resistant. The Mchare and Matooke hybrids resistant to Foc race 1 can potentially replace susceptible cultivars in production areas severely affected by the fungus. Some newly bred Matooke hybrids became susceptible following conventional breeding, suggesting that new hybrids need to be screened for resistance to all Foc variants.
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1. Introduction


Banana cultivation in East and Central Africa (ECA) is dominated by a group of cooking bananas commonly referred to as East African Highland bananas (EAHB). These bananas were introduced into the region from Asia about 2500–3000 years ago, where after secondary evolution took place in the highlands of Uganda and Tanzania [1,2]. Today, EAHBs sustain the livelihoods of millions of small-scale farmers in ECA [3,4]. Their productivity is, however, low due to biotic stresses such as Fusarium wilt, Sigatoka leaf diseases, Xanthomonas wilt, nematodes weevils, and abiotic constraints such as declining soil fertility and drought. To overcome these stresses, banana in the region needs genetic improvement [5,6].



EAHBs comprise diploid and triploid bananas [1,7,8,9,10]. The diploids (AA) include Mchare bananas that are grown in the Kilimanjaro and Arusha (north-central) areas of Tanzania, and in the Mbeya (southern highlands) region, whereas the Muraru bananas are grown at the foothills of Mount Kenya, Mlali bananas in Mayotte and the Comoros Islands, and Paka bananas in Zanzibar [7,10,11,12]. Mlali bananas are also found in other regions of Tanzania such as Morogoro and Bukoba [11]. Mchare, Muraru and Mlali bananas are genetically similar, although phenotypic traits can distinguish them from each other [10]. While these diploids are mostly cooking types, Muraru bananas are consumed as dessert bananas in Kenya [11]. Triploid EAHBs (AAA), which are genetically uniform [9,13], include the Matooke (cooking) and Mbidde (juice/beer) bananas in the Lujugira-Mutika subgroup [14]. Matooke and Mbidde are widely grown throughout the ECA region [7,11,12].



Fusarium wilt of banana, a disease caused by the soil-borne fungus Fusarium oxysporum f. sp. cubense (Foc), is present in most banana-growing regions of ECA [15]. Foc infects banana plants through the roots and colonizes the vascular tissues to prevent water and nutrients from reaching the aerial parts [16,17]. This results in the yellowing and wilting of leaves and, ultimately, death of the entire banana plant [16]. Foc produces chlamydospores that can survive in the soil for many years, making it impossible to control [16,17,18]. The fungus spreads with infected planting material and soil attached to shoes, vehicles and plantation equipment [16,19,20,21,22,23]. The only means to deal with Fusarium wilt is to prevent the introduction of the fungus into banana fields, and to plant Fusarium wilt-resistant varieties [24].



Foc is diverse and comprises three races based on their pathogenicity to a group of differential cultivars, with Foc races 1, 2 and 4 causing disease to Gros Michel, Bluggoe and Cavendish bananas, respectively [25,26]. All three races are present in Africa, but only Foc races 1 and 2 have been reported in ECA [22,27,28]. Foc strains belonging to the two races are phylogenetically related and group together as Foc Lineage VI [29,30]. Fusarium wilt in ECA was first reported in Tanzania, Uganda and Kenya in the 1950s [16,19,20,21,26]. Cultivars susceptible to Foc race 1 include Sukari Ndizi (Apple banana, AAB) and Kayinja (Pisang Awak, ABB), with Foc race 2 affecting Bluggoe (ABB) bananas [22]. Matooke bananas are resistant to Foc races 1 and 2 [31,32], but diploid EAHBs have only been partially evaluated. Seven Mchare cultivars maintained at Kawanda in Uganda were found to be susceptible to Foc race 1 in a screen house evaluation [33], but there are no scientific reports of Fusarium wilt of Mchare bananas in the field in Uganda and Tanzania. The disease has, however, been reported on a close relative of Mchare bananas, the Muraru banana [34].



Bananas can be evaluated for Fusarium wilt resistance in pot assays under screen house and greenhouse conditions, or in the field. Results obtained from pot and field screenings are not always similar. Field screenings provide an evaluation of plant response under prevailing environmental and geographic conditions, but depend on the distribution of inoculum in the soil and the Foc strain present [35]. Pot assays are conducted under controlled environments, but are affected by Foc inoculum levels, the age of plantlets, temperature, the soil and the inoculation method used [20,36,37,38]. It is, therefore, important that the small plant techniques provide an accurate account of the banana plant’s field response.



In 2014, a project to breed EAHB for higher yields and for disease and pest resistance started in Uganda and Tanzania. Mchare hybrids were derived from crosses between Mchare cultivars and diploid bananas resistant to Foc race 1 [39]. Nineteen NARITA and 60 Matooke hybrids were also developed from crosses between Matooke bananas and diploid bananas. The NARITA hybrids were jointly developed by the National Agricultural Research Organization (NARO) of Uganda and the International Institute of Tropical Agriculture (IITA) for high yield and black Sigatoka resistance, and were a result from crossing tetraploid females (triploid Matooke x Calcutta 4) and improved diploid males [40,41]. It was hypothesised that some of the Mchare hybrids would be more resistant to Foc race 1 than the parent cultivars, and that some NARITA and Matooke hybrids might be susceptible due to the breeding parents used. The first objective of the current study, was to evaluate eight Mchare (AA) cultivars in pot and field trials for resistance to Foc race 1 to determine the reliability of pot trials to estimate field resistance. Pot trials were then used to evaluate Muraru cultivars and Mchare, NARITA and Matooke hybrids.




2. Results


2.1. Evaluation of Mchare Cultivars in Arusha, Tanzania, against Foc Race 1


2.1.1. Screen House Evaluation


All Mchare cultivars and Sukari Ndizi, the susceptible control, developed internal rhizome symptoms of Fusarium wilt in the screen house 10 weeks after inoculation with Foc race 1 with disease incidence between 88.9–100% (Table 1). The disease was slow to develop on the Mchare cultivars compared to Sukari Ndizi, but the cultivars were severely affected at the end of the trial with a rating of at least 3 on a scale of 1 to 6. Fusarium wilt symptoms that developed on Mchare Laini and Makyughu II did not differ significantly from Sukari Ndizi at the end of the pot trial. Grande Naine, the resistant control, did not develop Fusarium wilt symptoms, and was significantly more resistant than all the Mchare cultivars and Sukari Ndizi (Table 1).




2.1.2. Field Evaluation


Makyughu II, Mchare Laini, Akondro Mainty, Mchare Mlelembo, Huti Green Bell and Ijihu Inkundu developed internal rhizome discolouration in the plant crop at Arusha, with a RDI that did not differ significantly from that of the susceptible control, Sukari Ndizi (Table 1). Huti White, Kahuti, and the resistant control variety Nakitengwa, did not show any internal rhizome symptoms in the plant crop, but displayed external leaf yellowing symptoms typical of Fusarium wilt, as indicated by the area under the disease progress curve (AUDPC) (Table 1, Figure S1). Leaf yellowing symptoms in the developed substantially slower than that of the susceptible control Sukari Ndizi (Figure S1). In the first ratoon, all the Mchare cultivars developed internal rhizome symptoms, and the RDI and AUDPC differed significantly from that of Nakitengwa, the resistant control (Table 1). They were, also, significantly less susceptible to Foc race 1 than Sukari Ndizi. The disease incidence for the susceptible control in both production cycles was 98.1%, while it ranged from 58.5–98.1% for the Mchare cultivars, except for Huti White and Kahuti that did not develop internal rhizome symptoms in the plant crop.




2.1.3. Correlation between Screen House and Field Evaluation


The RDI rating obtained for the screen house and field evaluation of Mchare cultivars was significantly positively correlated for the first ratoon (r = 0.76) (Table 2). This indicates that screen house testing could be used for the mass screening of banana accessions.





2.2. Screen House Evaluation of Muraru Cultivars and Mchare Banana Hybrids against Foc Race 1 in Arusha, Tanzania


The Muraru cultivars were all susceptible to Foc race 1 with disease incidence between 88.9–100% and disease severity ranging from 3.7 for Muraru M3 to 5.8 for Njuru, compared to the 6.0 for the susceptible Sukari Ndizi (Table 3). Disease severity for all the cultivars differed significantly from the resistant Nakitengwa control. Rhizome discolouration of Muraru White, Mraru Mchare, TTZ 4 and Njuru cultivars were not significantly different from that of Sukari Ndizi, the susceptible control (Table 3). Although the disease severity in Muraru M3, Majimaji, Muraru Red and Mlalu was low compared to the susceptible control, the rating score was at least 3.7 on a scale of 6 (Table 3). Of the 23 Mchare hybrids, eight were considered resistant with disease incidence between 0–44.4%, five partially resistant with disease incidence between 66.7–100% and 10 susceptible to Foc race 1 with disease incidence between 88.9–100% (Table 3).




2.3. Screen House Evaluation NARITA Hybrids against Foc Race 1 in Kawanda, Uganda


Nineteen NARITA hybrids were evaluated in the screen house. Of these, only NARITA 16 and NARITA 12 developed Fusarium wilt symptoms (disease incidence between 55.6–88.9%), with disease severity significantly higher than those in Mbwazirume, the resistant control, but also significantly less than those in Sukari Ndizi, the susceptible control (Table 4). NARITA 16 and NARITA 12, therefore, could be considered as partially resistant. Some NARITA 7, NARITA 11 and NARITA 4 plants developed internal rhizome symptoms (disease incidence between 11.1–22.2%), but average disease severity was not different from that of the resistant control, and were thus ranked as resistant. None of the other NARITA hybrids developed Fusarium wilt symptoms, and were considered resistant (Table 4).




2.4. Screen House Evaluation of Matooke Hybrids against Foc Race 1 in Kawanda, Uganda


Sixty Matooke hybrids were evaluated for resistance against Foc race 1. Thirty-eight of these were considered resistant, as their disease severity did not differ from that of Mbwazirume, the resistant control. Among the 38 resistant hybrids, 25 hybrids did not develop any Fusarium wilt symptoms (disease incidence 0%), whereas 13 hybrids had a few plants displaying internal spots in the inner rhizomes (disease incidence between 11.1–83.3%), with an average RDI below 2 on a scale of 6 (Table 5). Sixteen hybrids developed significantly more disease than Mbwazirume, the resistant control, but significantly less than Sukari Ndizi, the susceptible control, with disease incidence between 75–100%. They were grouped as hybrids with a partially resistance. The six remaining hybrids were considered susceptible because disease severity did not differ from that of Sukari Ndizi. Disease incidence in susceptible hybrids were between 88.9–100% (Table 5).





3. Discussion


Until recently, a limited amount of information was available on the response of diploid EAHB bananas to Foc race 1, despite the seasonal appearance of Fusarium wilt on Mchare and Muraru bananas in Tanzania and Kenya, respectively [33,34]. This lack of information delayed the management of banana Fusarium wilt in areas where losses occur, including efforts to improve EAHB diploids genetically for Fusarium wilt resistance. This study, therefore, provides the first comprehensive evaluation of diploid EAHB cultivars and hybrids for resistance to Foc race 1. It expands on the works of Arinaitwe et al. (2019) [33], which found seven Mchare cultivars were susceptible to Foc race 1 in screen house evaluations, and the report of Kung’U and Jeffries (2001) [34] which found a Muraru cultivar in Kenya to be affected by Fusarium wilt. Kung’U and Jeffries (2001) [34] also showed Muraru to be less susceptible to Foc race 1 (VCGs 0124 and 01220) than Bluggoe and Gros Michel bananas [34]. The resistant diploid EAHB cultivars identified in the current study, therefore, are potentially useful replacements for the susceptible cultivars in the area.



The results obtained from pot and field evaluations were well correlated, indicating that the pot assay can be used for the mass screening of banana varieties. Results obtained from pot trials when using the millet seed technique reflected those from field evaluation. The millet seed technique has also been widely used for the mass screening of banana varieties for Fusarium wilt resistance [33,43,44]. Foc-infected millet seeds were also successfully used for the field screening of banana for Fusarium wilt resistance [45].



Among the Mchare hybrids tested, hybrids obtained from the same parents (i.e., Huti White x Calcutta 4) did not produce the same results. T.2274-6 and T.2273-2, for instance, were resistant, while T.2269-2 and T.2691-15 were susceptible to Foc race 1. Calcutta 4 is resistant to Foc race 1 [46] and Huti White was found to be susceptible in this study, suggesting that the genes controlling resistance to Foc race 1 in the parent plants were heterozygous. These genes have most likely segregated in the gamete cells, resulting in different responses in the F1 offspring. An advanced screening of F2 population could confirm the nature of the inheritance of resistance.



Matooke bananas are resistant to Foc race 1 [31,32]. NARITA 12 (Matooke hybrid), NARITA 16 (Matooke hybrid) and a number of newly developed Matooke hybrids were, however, susceptible to Foc race 1. The Matooke hybrids were not expected to be infected by Fusarium wilt because they resulted from crosses between resistant tetraploid Matooke hybrids and a diploid parent resistant to Foc race 1. For instance, NARITA 12 was partially resistant to Foc race 1, but its parents 1201 K-1 (Nakawere x Calcutta 4) and 9128-3 (Tjau Lagada x Pisang Lilin) are resistant [40]. Nakawere (Matooke), Calcutta 4, Tjau Lagada and Pisang Lilin are all bananas known to be resistant to Foc race 1 [31,47,48]. Although the Matooke cultivars are resistant to Foc race 1 and potentially to Foc tropical race 4 (TR4) [31,32], this study indicated that their hybrids can lose resistance following conventional breeding. This suggests that a number of genes confer resistance to Foc in Matooke bananas, and that these genes segregated during meiosis into gamete cells leading to loss in resistance of the newly bred Matooke hybrids. It is, for this reason, important for breeding programs to screen all new hybrids for resistance to all Foc variants.



The disease development in the Mchare cultivars Kahuti and Huti White at the field site in Arusha was slow compared to other Mchare cultivars. Makyughu II, Mchare Mlelembo, Akondro Mainty, Huti Green Bell and Ijihu Inkundu developed Fusarium wilt in the plant crop, but Kahuti and Huti White only showed internal rhizome symptoms during the first ratoon. It is unlikely that these varieties escaped the disease in the first production cycle, as diseased plants had been spread in the field during trial preparation. The delayed disease development might, however, be attributed to low inoculum levels or the uneven distribution of inoculum in the soil. If the cultivars were not evaluated for at least two production cycles, they would have been ranked as resistant. It is therefore important to consider increasing the inoculum in the field and/or to evaluate two production cycles when evaluating banana for disease resistance in the field.



The evaluation of internal rhizome symptoms of Fusarium wilt near harvest proved to be of greater value than the rating of external leaf symptoms. Kahuti and Huti White varieties displayed yellowing of leaves that were rated as Fusarium wilt symptoms in the plant crop, but transverse cutting of rhizomes near harvest time showed no disease. This suggests that leaf yellowing may have been caused by other stresses. The rating of internal rhizome symptoms to assess Fusarium wilt is therefore needed when trial material presents little or no external symptoms. The leaf symptoms of Huti White and Kahuti that were visible in plant crop were probably caused by other stresses such as drought, deficiencies or nematodes, as the resistant control Nakitengwa also displayed a level of leaf yellowing.



In future, Mchare and Matooke hybrids with Foc race 1 resistance should be evaluated for agronomic performances and resistance to other important banana pests and diseases. Resistant diploids can also be used in banana breeding programs as sources of Foc race 1 resistance. Foc race 1-resistant EAHB hybrids should also be screened for resistance against Foc TR4. Foc TR4 has first been detected in northern Mozambique in 2013 (Viljoen, personal communication), and poses a serious threat to banana production in neighbouring Tanzania. It is known that banana cultivars respond differently to Foc race 1 and TR4, and that Foc TR4 has a larger host range [26,43,49,50].




4. Materials and Methods


4.1. Planting Materials


Eight Mchare cultivars and eight Muraru cultivars were evaluated for resistance to Foc race 1 in Arusha (Table 1 and Table 3), together with 23 Mchare hybrids (AA) from the IITA banana breeding programme in Tanzania. The Mchare cultivars are all endemic to the Arusha, Kilimanjaro and Mbeya regions in Tanzania. Nineteen NARITA hybrids (Table 4) and 60 Matooke hybrids from the IITA banana breeding programme in Uganda (AAA) (Table 5) were evaluated for resistance to Foc race 1 in Sendusu. The NARITA bananas are high-yielding Matooke hybrids that were developed in a joint breeding project by IITA and NARO. The plants were all tissue culture-derived, and were hardened-off for 2–3 months in screen houses before field and pot trial screenings.




4.2. Fungal Isolates


Foc isolates CAV 3733 and CAV 3856, collected from infected bananas in Kawanda and Arusha, respectively, were used in Uganda and Tanzania as inoculum. The isolates were identified with Foc Lineage VI-specific DNA markers and by vegetative compatibility group (VCG) analysis. The Foc isolates were identified as Foc VCG complexes 0124/5/8/22 (CAV 3733) and 0124/22 (CAV 3856), respectively, which both belong to Foc race 1. The isolates are stored at the culture collection of Stellenbosch University’s Department of Plant Pathology.




4.3. Preparation of the Inoculum


A millet seed technique was used to inoculate banana plantlets in screen house trials [51]. Finger millet (Eleusine corocana) seeds were washed and soaked in tap water for 6 h, the water was drained and the millet seeds autoclaved in 415 × 600 mm autoclavable bags (LabFriend Pty Ltd. Level, South Sydney, Australia) on two consecutive days for 20 min at 120 °C. Twenty to 30 mycelial plugs (10 mm × 10 mm) from a Foc race 1 isolate, grown on PDA for 4–5 days at 25 °C, were then used to inoculate 3 kg of sterile millet seeds in the autoclaved bags. The bags were incubated in the dark at 25 °C for 10–14 days and shaken every third day to ensure that the fungus properly colonised the millet seeds.




4.4. Evaluation of Bananas for Resistance to Foc Race 1


4.4.1. Pot Trials in Screen Houses


For screen house inoculations, 2-month-old banana plants were inoculated with Foc-colonised milled seed mixed into the potting soil. The eight Mchare cultivars, as well as the Matooke and NARITA hybrids, were planted in plastic pots containing 2 kg potting soil mixed with 20 g of the inoculum. The Muraru cultivars and Mchare hybrids, however, were replanted into 1 kg potting soil inoculated with 25 g of Foc-colonized millet seed. Before the greenhouse trials were conducted, a pilot study showed that the two inoculum concentrations gave the same result. After inoculation, the experiments were set up in a completely randomized block design (CRBD) with three plants per block, replicated three times. Thus a total of nine plants were used for each accession tested.



In Arusha, Tanzania, Grand Naine (Cavendish, AAA) and Nakitengwa (EAHB) were used as resistant controls for the evaluation of Mchare cultivars, and Sukari Ndizi as the susceptible control (Table 1). For the Muraru cultivars and Mchare hybrids, however, only Nakitengwa and Sukari Ndizi were used as resistant and as susceptible controls, respectively (Table 3). In Sendusu, Uganda, Mbwazirume and Sukari Ndizi were used as resistant and susceptible controls, respectively, for the evaluation of NARITA and Matooke hybrids (Table 4 and Table 5). The 60 Matooke hybrids were evaluated in two groups, with the first group of 43 hybrids being inoculated in May 2019, and the second group of 17 hybrids in September 2019.



For the screen house experiments plants were considered ready for rating when 50% of the susceptible control plants displayed leaf symptoms. This corresponded to a period ranging from 10–12 weeks after inoculation. During evaluation the rhizomes were cut open and the discolouration of inner rhizomes scored on a rating scale ranging from 1–6 [51].




4.4.2. Field Evaluation


Field evaluation of Mchare banana cultivars for Foc race 1 resistance was conducted in Arusha, Tanzania. The land used was naturally infested by the fungus, and additional inoculum was added before the trial began by cutting up banana plants with Fusarium wilt symptoms, and spreading the diseased plant tissue across the trial site. Eight Mchare cultivars were then planted in a CRBD in April 2017, with 18 plants per cultivar in each block, replicated three times. (Table 1). Nakitengwa was included as the resistant control, and Sukari Ndizi as the susceptible control. No manure was applied to the field during or after planting, and weeding was done by hoeing.



Disease in the field was monitored for two production cycles, known as the plant crop and the first ratoon. Disease progression in the field were scored using a 1–5 rating scale based on leaf discoloration [51]. The plant crop evaluation started 10 months after planting and disease was scored monthly for 7 months. The first ratoon evaluation started 24 months after the original planting, and disease was scored monthly for 6 months. At the end of the plant crop (17 months after planting) and first ratoon cycles (30 months after planting) respectively, the rhizomes of plants were cut open transversely, and internal symptoms scored on a rating scale of 1 to 6 [51]. When plants died before flowering or harvesting, they were scored as 6 (dead plants). A rhizome disease index (RDI) was the calculated as follows: Mid-percentages were assigned to each classification value. If RDI = 1 (no internal symptoms.); if RDI = 2 (mid-percentage = 5 indicating a few internal spots (<10%)); if RDI = 3 (mid-percentage = 25 with 10–33% of the rhizome discoloured); if RDI = 4 (mid-percentage = 50 with 33–66% of the rhizome discoloured); if a RDI = 5, (mid-percentage = 75 and 66–80% of the rhizome was discoloured); Finally, RDI = 6 (mid-percentage = 100 when the entire rhizome was discoloured and the plant was dead). A disease incidence was also calculated by dividing the number of plants displaying an internal rhizome discolouration of at least 2 by the total number of plants for each cultivar. Ten samples were collected from diseased plants and analysed to confirm infection by Foc race 1with Foc Lineage VI-specific PCR markers [52].





4.5. Data Collection and Statistical Analysis


An analysis of variance (ANOVA) was performed to compare Fusarium wilt resistance of the banana genotypes evaluated in the screen house and field trials, based on their RDI. XLSTAT software (XLSTAT, version 2018.1) was used to compute ANOVA, and multiple comparisons were performed between variables according to Fisher’s test at the 0.05 level of least significance difference (LSD). Pearson correlation test was performed between screen house and field screenings of Mchare cultivars in Arusha. The genotypes were ranked as ‘resistant’ when their RDI was less than ‘2’, as ‘partially resistant’ when it was between 2 and 3, and as ‘susceptible’ when the RDI was more than ‘3. To compare the progression of leaf yellowing in the field trial in Arusha, Tanzania, the AUDPC was measured [42] and an ANOVA performed.



The AUDPC was calculated as follows: AUDPC =     ∑   i = 1   n − 1    (     x i  +  x  i + 1    2   )  x    (   t  i + 1   −  t i   )   , where xi is the severity of the disease observed at time ti, xi+1 the severity of the disease at the time of the subsequent evaluation i + 1, ti the time (months) at the time of observation i; ti+1 the time (months) at the time of the subsequent evaluation i + 1, and n the total number of evaluations.









Supplementary Materials


The following are available online at https://www.mdpi.com/2223-7747/9/9/1082/s1, Figure S1: Field evaluation of Mchare cultivars for resistance to Fusarium oxysporum f. sp. cubense race 1 at Arusha, Tanzania.





Author Contributions


Conceptualization: D.M., G.M., A.B., B.U., R.S., R.T. and A.V.; data curation, P.N., D.M., G.M., H.M., A.B., B.U., R.S., R.T. and A.V.; investigation, P.N., D.M., M.C.M., K.J., H.J.M. and H.M. methodology, P.N., D.M., M.C.M., K.J., H.J.M., H.M. and A.V.; project administration, R.S. and A.V., writing—original draft preparation, P.N. and D.M.; writing—review and editing, all authors; supervision, D.M., G.M., A.B., B.U., R.T. and A.V.; project administration, R.S. and A.V.; funding acquisition, R.S., A.V. All authors have read and agreed to the published version of the manuscript.




Funding


We would like to acknowledge funding provided by the International Institute of Tropical Agriculture (IITA) (ID: OPP1093845) through the project ‘Improvement of Banana for Smallholder Farmers in the Great Lakes Region of Africa). Additional funding support was provided by the Belgian Directorate General for Development Cooperation and Humanitarian Aid (DGD) through the Consortium for Improving Agricultural Livelihoods in Central Africa (CIALCA).




Acknowledgments


We would like to acknowledge the technical and administrative staff at Stellenbosch University, Nelson Mandela African Institution of Science and Technology and National Agricultural Research Organisation, Uganda, for invaluable support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Karamura, E.B.; Frison, E.A.; Karamura, D.A.; Sharrock, S. Banana production systems in Eastern and Southern Africa. In Bananas and Food Security; Picq, C., Fourie, E., Frison, E.A., Eds.; INIBAP: Montpellier, France, 1998; pp. 401–412. [Google Scholar]

	



Perrier, X.; De Langhe, E.; Donohue, M.; Lentfer, C.; Vrydaghs, L.; Bakry, F.; Carreel, F.; Hippolyte, I.; Horry, J.P.; Jenny, C.; et al. Multidisciplinary perspectives on banana (Musa spp.) domestication. Proc. Natl. Acad. Sci. USA 2011, 108, 11311–11318. [Google Scholar] [CrossRef]

	



Sharrock, S.; Frison, E. Musa Production Around the World-Trends, Varieties and Regional Importance. In Networking Banana and Plantain, INIBAP Annual Report 1998; INIBAP: Montpellier, France, 1999; pp. 42–47. [Google Scholar]

	



Lescot, T. Genetic diversity of the banana. FruitTrop 2015, 231, 98–102. [Google Scholar]

	



Wairegi, L.; van Asten, P.J.A.; Tenywa, M.; Bekunda, M. Abiotic constraints override biotic constraints in East African Highland Banana systems. Field Crop. Res. 2010, 117, 146–153. [Google Scholar] [CrossRef]

	



Van Asten, P.J.A.; Fermont, A.M.; Taulya, G. Drought is a major yield loss factor for rainfed East African Highland Banana. Agric. Water Manag. 2011, 98, 541–552. [Google Scholar] [CrossRef]

	



De Langhe, E.; Karamura, D.; Mbwana, A. Tanzania Musa Expedition 2001; INIBAP/IPGRI: Kampala, Uganda, 2001. [Google Scholar]

	



Christelova, P.; De Langhe, E.; Hribova, E.; Cizkova, J.; Sardos, J.; Husakova, M.; Van den houwe, I.; Sutanto, A.; Kay Kepler, A.; Swennen, R.; et al. Molecular and cytological characterization of the global Musa germplasm collection provides insights into the treasure of banana diversity. Biodivers. Conserv. 2016, 26, 801–824. [Google Scholar] [CrossRef]

	



Němečková, A.; Christelová, P.; Cizkova, J.; Nyine, M.; Van den houwe, I.; Svačina, R.; Uwimana, B.; Swennen, R.; Dolezel, J.; Hribova, E. Molecular and cytogenetic study of East African Highland Banana. Front. Plant Sci. 2018, 9, 1371. [Google Scholar] [CrossRef] [PubMed]

	



Perrier, X.; Jenny, C.; Bakry, F.; Karamura, D.; Kitavi, M.; Dubois, C.; Hervouet, C.; Philippson, G.; De Langhe, E. East African diploid and triploid bananas: A genetic complex transported from South-East Asia. Ann. Bot. 2019, 123, 19–36. [Google Scholar] [CrossRef] [PubMed]

	



Onyango, M.; Karamura, D.; Keeley, S.; Manshardt, R.; Haymer, D. Morphological characterisation of East African AAB and AA dessert bananas (Musa spp.). Acta Hortic. 2011, 897, 95–105. [Google Scholar] [CrossRef]

	



Karamura, D.; Karamura, E.; Tinzaara, W. Banana Cultivars: Names, Synonyms and Their Usage in Eastern Africa; Bioversity International: Kampala, Uganda, 2012; p. 122. [Google Scholar]

	



Kitavi, M.; Downing, T.; Lorenzen, J.; Karamura, D.; Onyango, M.; Nyine, M.; Ferguson, M.; Spillane, C. The triploid East African Highland Banana (EAHB) genepool is genetically uniform arising from a single ancestral clone that underwent population expansion by vegetative propagation. Theor. Appl. Genet. 2016, 129, 547–561. [Google Scholar] [CrossRef] [PubMed]

	



Karamura, D.; Pickersgill, B. A classification of the clones of East Africa Highland bananas (Musa) found in Uganda. Plant Genet. Resour. News 1999, 119, 1–6. [Google Scholar]

	



Nkuba, J.; Tinzaara, W.; Night, G.; Niko, N.; Ndyetabula, I.; Mukandala, L.; Ndayihazamaso, P.; Niyongere, C.; Gaidashova, S.; Rwomushana, I.; et al. Adverse impact of banana Xanthomonas Wilt on farmers’ livelihoods in Eastern and Central Africa. Afr. J. Plant Sci. 2015, 9, 279–286. [Google Scholar]

	



Stover, R.H. Fusarium Wilt (Panama Disease) of Bananas and Other Musa Species; Commonwealth Mycological Institute: London, UK, 1962; p. 117. [Google Scholar]

	



Ploetz, R.C. Fusarium wilt of banana is caused by several pathogens referred to as Fusarium oxysporum f. sp. cubense. Phytopathology 2006, 96, 653–656. [Google Scholar] [CrossRef] [PubMed]

	



Ploetz, R.C. Panama Disease: A classic and destructive disease of banana. Plant Health Progress 2000, 1, 10. [Google Scholar] [CrossRef]

	



Stover, R.H. Fusarium wilt of banana: Some history and current status of the disease. In Fusarium Wilt of Banana; Ploetz, R.C., Ed.; APS Press: St. Paul, MN, USA, 1990; pp. 1–7. [Google Scholar]

	



Gatsinzi, F.; Sebasigari, K. La maladie de Panama due à Fusarium oxysporum f. sp. cubense (E.F. Smith) Snyder & Hansen au sein de la communauté économique des pays des grands lacs (Burundi-Rwanda-Zaire). FAO Plant Prot. Bull. 1989, 40, 68–74. [Google Scholar]

	



Ploetz, R.C.; Pegg, K.G. Fusarium wilt of banana and Wallace’s line: Was the disease originally restricted to his Indo-Malayan region? Aust. Plant Path. 1997, 26, 239–249. [Google Scholar] [CrossRef]

	



Blomme, G.; Ploetz, R.; Jones, D.R.; De Langhe, E.; Price, N.; Gold, C.; Geering, A.; Viljoen, A.; Mbi, D.; Pillay, M.; et al. A historical overview of the appearance and spread of Musa pests and pathogens on the African continent: Highlighting the importance of clean Musa planting materials and quarantine measures. Ann. Appl. Biol. 2013, 162, 4–26. [Google Scholar] [CrossRef]

	



Karangwa, P.; Blomme, G.; Beed, F.; Niyongere, C.; Viljoen, A. The distribution and incidence of banana Fusarium wilt in subsistence farming systems in East and Central Africa. Crop Prot. 2016, 84, 132–140. [Google Scholar] [CrossRef]

	



Ploetz, R.C. Fusarium wilt of banana. Phytopathology 2015, 105, 1512–1521. [Google Scholar] [CrossRef]

	



Pegg, K.G.; Langdon, P.W. Fusarium Wilt (Panama Disease): A Review. In Banana and Plantain Breeding Strategies, Proceedings of the an International Workshop, Cairns, Australia, 13–17 October 1986; Persley, G.J., De Langhe, E.A., Eds.; Australian Centre for International Agricultural Research, International Network for Improvement of Banana and Plantain: Brisbane, Australia, 1987; pp. 119–123. [Google Scholar]

	



Ploetz, R.C.; Pegg, K.G. Fusarium wilt. In Diseases of Banana, Abaca and Enset; Jones, D.R., Ed.; CABI Publishing: New York, NY, USA, 2000; pp. 143–159. [Google Scholar]

	



Viljoen, A. The status of Fusarium wilt (Panama disease) of banana in South Africa. S. Afr. J. Bot. 2002, 98, 341–344. [Google Scholar]

	



Butler, D. Fungus threatens top banana. Nature 2013, 504, 195–196. [Google Scholar] [CrossRef]

	



Fourie, G.; Steenkamp, E.T.; Gordon, T.R.; Viljoen, A. Evolutionary relationships among the Fusarium oxysporum f. sp. cubense vegetative compatibility groups. Appl. Environ. Microb. 2009, 75, 4770–4781. [Google Scholar] [CrossRef] [PubMed]

	



Karangwa, P.; Mostert, D.; Ndayihanzamaso, P.; Dubois, T.; Niere, B.Z.F.; Schouten, A.; Blomme, G.; Beed, F.; Viljoen, A. Genetic diversity of Fusarium oxysporum f. sp. cubense in East and Central Africa. Plant Dis. 2017, 102, 552–560. [Google Scholar] [CrossRef] [PubMed]

	



Molina, A.B.; Sinohin, V.O.; Fabregar, E.G.; Ramillete, E.B.; Yi, G.; Sheng, O.; Karamura, D.; Van Den Bergh, I.; Viljoen, A. Resistance to Fusarium oxysporum f. sp. cubense tropical race 4 in African bananas. Acta Hortic. 2016, 1114, 107–110. [Google Scholar] [CrossRef]

	



Zuo, C.; Deng, G.; Li, B.; Huo, H.; Li, C.; Hu, C.; Kuang, R.; Yang, Q.; Dong, T.; Sheng, O.; et al. Germplasm screening of Musa spp. for resistance to Fusarium oxysporum f. sp. cubense tropical race 4 (Foc TR4). Eur. J. Plant Pathol. 2018, 151, 723–734. [Google Scholar] [CrossRef]

	



Arinaitwe, I.K.; Teo, C.H.; Kayat, F.; Tumuhimbise, R.; Uwimana, B.; Kubiriba, J.; Swennen, R.; Harikrishna, J.A.; Othman, R.Y. Evaluation of banana germplasm and genetic analysis of an F1 population for resistance to Fusarium oxysporum f. sp. cubense race 1. Euphytica 2019, 215, 175. [Google Scholar] [CrossRef]

	



Kung’U, J.N.; Jeffries, P. Races and virulence of Fusarium oxysporum f. sp. cubense on local banana cultivars in Kenya. Ann. Appl. Biol. 2001, 139, 343–349. [Google Scholar]

	



Carlier, J.; De Waele, D.; Escalant, J.V. Global evaluation of Musa germplasm for resistance to Fusarium wilt, Mycosphaerella leaf spot diseases and nematodes. Performance evaluation. In INIBAP Technical Guidelines 7; Vézina, A., Picq, C., Eds.; INIBAP: Montpellier, France, 2002; pp. 3–57. [Google Scholar]

	



Brake, V.M.; Pegg, A.K.G.; Irwin, J.A.G.; Chaseling, J. The influence of temperature, inoculum level and race of Fusarium oxysporum f. sp. cubense on the disease reaction of banana cv. Cavendish. Aust. J. Agric. Res. 1995, 46, 673–685. [Google Scholar] [CrossRef]

	



Mak, C.; Mohamed, A.A.; Liew, K.W.; Ho, Y.W. Early screening technique for Fusarium wilt resistance in banana micropropagated plants. In Banana Improvement: Cellular, Molecular Biology, and Induced Mutations; Swennen, R., Jain, M.S., Eds.; Science Publishers: New Ipswich, NH, USA, 2004; pp. 219–227. [Google Scholar]

	



Smith, L.J.; Smith, M.K.; Tree, D.; O’Keefe, D.; Galea, V.J. Development of a small-plant bioassay to assess banana grown from tissue culture for consistent infection by Fusarium oxysporum f. sp. cubense. Australas. Plant Path. 2008, 37, 171–179. [Google Scholar] [CrossRef]

	



Brown, A.; Mduma, H.; Swennen, R. First-Ever Tanzanian Mchare Banana Hybrids Produced. In IITA Annual Report 2017; IITA: Ibadan, Nigeria, 2017; pp. 21–22. Available online: www.iita.org (accessed on 18 November 2019).

	



Tushemereirwe, W.; Batte, M.; Nyine, M.; Tumuhimbise, R.; Barekye, A.; Tendo, S.; Talengera, D.; Kubiriba, J.; Lorenzen, J.; Swennen, R.; et al. Performance of NARITA Hybrids In The Preliminary Yield Trial For Three Cycles in Uganda; National Agricultural Research Organization, International Institute of Tropical Agriculture: Kampala, Uganda, 2015; p. 35. [Google Scholar]

	



Batte, M.; Swennen, R.; Uwimana, B.; Akech, V.; Brown, A.; Tumuhimbise, R.; Hovmalm, H.P.; Geleta, M.; Ortiz, R. Crossbreeding East African Highland bananas: Lessons learnt relevant to the botany of the crop after 21 years of genetic enhancement. Front. Plant Sci. 2019, 10, 81. [Google Scholar] [CrossRef]

	



Shaner, G.; Finney, R.E. The effect of nitrogen fertilization on the expression of slow-mildewing resistance in Knox wheat. Phytopathology 1977, 67, 1051–1056. [Google Scholar] [CrossRef]

	



Ribeiro, L.R.; Amorim, E.P.; Cordeiro, Z.J.M.; De Oliveira, E.; Silva, S.; Dita, M.A. Discrimination of banana genotypes for Fusarium wilt resistance in the greenhouse. Acta Hortic. 2011, 897, 381–386. [Google Scholar] [CrossRef]

	



Chen, A.; Sun, J.; Matthews, A.; Armas-Egas, L.; Chen, N.; Hamill, S.; Mintoff, S.; Tran-Nguyen, L.T.T.; Batley, J.; Aitken, E.A.B. Assessing variations in host resistance to Fusarium oxysporum f. sp. cubense Race 4 in Musa species, with a focus on the subtropical race 4. Front. Microbiol. 2019, 10, 1062. [Google Scholar] [CrossRef] [PubMed]

	



Smith, M.K.; Langdon, P.W.; Pegg, K.G.; Daniells, J.W. Growth, yield and Fusarium wilt resistance of six FHIA tetraploid bananas (Musa spp.) grown in the Australian subtropics. Sci. Hortic. 2014, 170, 176–181. [Google Scholar] [CrossRef]

	



Orjeda, G. Evaluating Bananas: A Global Partnership. Results of IMTP Phase II; INIBAP: Montpellier, France, 2000; p. 466. [Google Scholar]

	



Pegg, K.G.; Moore, N.; Bentley, S. Fusarium wilt of banana in Australia: A review. Aust. J. Agric. Res. 1996, 47, 637–650. [Google Scholar] [CrossRef]

	



Ribeiro, L.R.; Silva, S.O.; Oliveira, S.A.S.; Amorim, E.P.; Serejo, J.A.S.; Haddad, F. Sources of resistance of Fusarium oxysporum f. sp. cubense in banana germoplasm. Rev. Bras. Frutic. 2018, 40, 1–8. [Google Scholar] [CrossRef]

	



Guo, L.; Yang, L.; Liang, C.; Wang, G.; Dai, Q.; Huang, J. Differential colonization patterns of bananas (Musa spp.) by physiological race 1 and race 4 isolates of Fusarium oxysporum f. sp. cubense. J. Phytopathol. 2015, 163, 807–817. [Google Scholar] [CrossRef]

	



Dong, H.; Fan, H.; Lei, Z.; Wu, C.; Zhou, D.; Li, H. Histological and gene expression analyses in banana reveals the pathogenic differences between races 1 and 4 of banana Fusarium wilt pathogen. Phytopathology 2019, 109, 1029–1042. [Google Scholar] [CrossRef]

	



Viljoen, A.; Mahuku, G.; Massawe, C.; Ssali, R.T.; Kimunye, J.; Mostert, G.; Ndayihanzamaso, P.; Coyne, D.L. Banana Pests and Diseases: Field Guide for Disease Diagnostics and Data Collection; International Institute of Tropical Agriculture: Ibadan, Nigeria, 2017; p. 82. [Google Scholar]

	



Ndayihanzamaso, P.; Karangwa, P.; Mostert, D.; Mahuku, G.; Blomme, G.; Beed, F.; Swennen, R.; Viljoen, A. The development of a multiplex PCR assay for the detection of Fusarium oxysporum f. sp. cubense Lineage VI strains in East and Central Africa. Eur. J. Plant Pathol. 2020. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Screen house and field evaluation of Mchare cultivars (AA) for resistance to Fusarium oxysporum f. sp. cubense race 1 at Arusha, Tanzania.
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Cultivar

	
ITC Code

	
Screen House Evaluation 1

	
Field Evaluation 1




	
Plant Crop

	
First Ratoon




	
Incidence (%) 4

	
Mean RDI 2,

	
AUDPC 3

	
Mean RDI 2

	
Incidence

(%) 4

	
AUDPC 3

	
Mean RDI 2

	
Incidence

(%) 4






	
Sukari Ndizi (Susceptible control)

	
-

	
100

	
6.0 a

	
18.9 a

	
4.5 a

	
98.1

	
14.7 a

	
3.9 a

	
98.1




	
Makyughu II

	
ITC 1446

	
100

	
5.1 ab

	
12.8 bc

	
3.3 a

	
73.6

	
10.4 bc

	
2.4 c

	
76.5




	
Mchare Laini

	
-

	
100

	
5.1 ab

	
14.3 b

	
2.5 ab

	
72.0

	
12.0 b

	
2.2 c

	
66.0




	
Huti White

	
-

	
100

	
4.9 b

	
10.2 cd

	
1.0 b

	
0

	
12.0 b

	
2.5 c

	
72.2




	
Kahuti

	
ITC 1468

	
100

	
4.8 b

	
8.6 de

	
1.0 b

	
0

	
9.9 c

	
2.3 c

	
58.5




	
Akondro Mainty

	
ITC 0281

	
100

	
4.3 b

	
8.8 de

	
2.7 ab

	
69.8

	
10.5 bc

	
3.1 b

	
77.4




	
Mchare Mlelembo

	
ITC 1455

	
88.9

	
4.2 b

	
10.1 cd

	
3.3 a

	
64.2

	
10.2 bc

	
2.5 bc

	
78.8




	
Huti Green Bell

	
ITC 1559

	
100

	
4.1 bc

	
10.2 cd

	
3.8 a

	
88.7

	
10.6 bc

	
2.4 c

	
73.1




	
Ijihu Inkundu

	
ITC 1460

	
88.9

	
3.0 c

	
11.9 bcd

	
3.8 a

	
98.1

	
10.5 bc

	
2.5 c

	
79.6




	
Grande Naine (Resistant control)

	

	
0

	
1.0 d

	
-

	
-

	
-

	
-

	
-

	
-




	
Nakitengwa (Resistant control)

	
ITC 0085

	

	
-

	
6.1e

	
1.0 b

	
0

	
5 d

	
1.0 d

	
0








1 Means with the same letter within the same column do not differ significantly according to Fisher’s test of least significant differences (p < 0.05). 2 The rhizome discolouration index (RDI) was scored on a rating scale ranging of 1 to 6, with 1 indicating no internal rhizome symptoms and 6 indicating the discolouration of the entire inner rhizome. RDI in the screen house was rated 10 weeks after inoculation, and in the field at the end of the plant crop and first ratoon production cycles. 3 The area under the disease progress curve was calculated using the formula developed by Shaner and Finney [42]. 4 Incidence was calculated as the mean percentage of plants affected by Fusarium wilt per cultivar.
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Table 2. Correlation between screen house and field evaluation of Mchare cultivars for resistance to Fusarium oxysporum f. sp. cubense in Arusha, Tanzania.
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	RDI Screen House
	RDI Plant Crop
	RDI First Ratoon





	RDI Screen house
	1
	
	



	RDI Plant crop
	0.34

(p = 0.334)
	1
	



	RDI First ratoon
	0.76 *

(p = 0.010)
	0.63

(p = 0.051)
	1







* Values in bold indicate a significant correlation.
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Table 3. Screen house evaluation of Muraru cultivars (AA) and Mchare hybrids (AA) for resistance to Fusarium oxysporum f. sp. cubense race 1 in Arusha, Tanzania.
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	Genotype
	Parents
	Incidence (%)
	Mean RDI 1,2,3
	Grouping





	Controls
	
	
	
	



	Nakitengwa
	Resistant control
	0.0
	1.0 l
	Resistant



	Sukari Ndizi
	Susceptible control
	100.0
	6.0 a
	Susceptible



	Muraru cultivars
	
	100.0
	
	



	Muraru M3
	Landrace
	100.0
	3.7 gh
	Susceptible



	Majimaji
	Landrace
	100.0
	4.4 defg
	Susceptible



	Muraru Red
	Landrace
	100.0
	4.7 cdefg
	Susceptible



	Mlalu
	Landrace
	88.9
	4.8 bcdef
	Susceptible



	Muraru White
	Landrace
	88.9
	5.0 abcde
	Susceptible



	Mraru Mchare
	Landrace
	100.0
	5.0 abcde
	Susceptible



	TTZ 4
	Landrace
	100.0
	5.7 ab
	Susceptible



	Njuru
	Landrace
	100.0
	5.8 ab
	Susceptible



	Mchare hybrids
	
	
	
	



	T.2327-1
	Huti White x Cv Rose
	0.0
	1.0 l
	Resistant



	T.2274-6
	Huti White x Calcutta 4
	11.1
	1.1 kl
	Resistant



	T.2273-2
	Huti White x Calcutta 4
	12.5
	1.1 kl
	Resistant



	NM 185-1
	Mchare Laini x Borneo
	16.7
	1.2 kl
	Resistant



	T.2274-12
	Huti White x Calcutta 4
	22.2
	1.2 kl
	Resistant



	T.1768-1
	Huti White x Calcutta 4
	25.0
	1.3 kl
	Resistant



	T.2274-3
	Huti White x Calcutta 4
	44.4
	1.7 jkl
	Resistant



	T.2274-7
	Huti White x Calcutta 4
	44.4
	1.9 jkl
	Resistant



	NM 211-1
	Kahuti x Calcutta 4
	100
	2.0 jkl
	Partially resistant



	T.2003-1
	Nshonowa x Calcutta 4
	66.7
	2.0 jkl
	Partially resistant



	T.2269-1
	Huti White x Calcutta 4
	77.8
	2.0 jkl
	Partially resistant



	T.2070-1
	Huti White x Borneo
	77.8
	2.1 jk
	Partially resistant



	T.2203-1
	Nshonowa x Calcutta 4
	100.0
	2.4 ij
	Partially resistant



	NM 154-1
	Kahuti x Borneo
	100.0
	3.3 hi
	Susceptible



	T.2691-9
	Huti White x Calcutta 4
	100.0
	3.8 fgh
	Susceptible



	NM 226-11
	Mchare Laini x Calcutta 4
	100.0
	4.1 efgh
	Susceptible



	T.2274-8
	Huti White x Calcutta 4
	100.0
	4.3 defgh
	Susceptible



	T.2731-2
	Mchare Laini x Borneo
	88.9
	4.4 defg
	Susceptible



	T.2269-2
	Huti White x Calcutta 4
	100.0
	5.3 abcd
	Susceptible



	T.2691-15
	Huti White x Calcutta 4
	100.0
	5.6 abc
	Susceptible



	NM 226-5
	Mchare Laini x Calcutta 4
	100.0
	5.8 a
	Susceptible



	T.2317-1
	Huti White x Borneo
	100.0
	6.0 a
	Susceptible



	NM 226-16
	Mchare Laini x Calcutta 4
	100.0
	6.0 a
	Susceptible







1 The rhizome discolouration index (RDI) was scored on a rating scale ranging of 1 to 6, with 1 indicating no internal symptoms and 6 indicating the discolouration of the entire inner rhizome. 2 Means with the same letter within the same column do not differ significantly according to Fisher’s test of least significant differences (p < 0.05). 3 RDI in the screen house was rated 10 weeks after inoculation.
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Table 4. Screen house evaluation of NARITA hybrids (high-yielding selected Matooke hybrids) for resistance to Fusarium oxysporum f. sp. cubense race 1 in Kawanda, Uganda.
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	Genotype
	Parents (Female x Male)
	Pedigrees for the Female Parent
	Pedigrees for the Male Parent
	Incidence (%)
	RDI 1,2,3
	Grouping





	Mbwazirume 4
	Resistant control
	-
	-
	0.0
	1.0 c
	Resistant



	NARITA 3
	917K-2 x SH3362
	Enzirabahima x Calcutta 4
	SH3217 x SH3142
	0.0
	1.0 c
	Resistant



	NARITA 8
	917K-2 x SH3217
	Enzirabahima x Calcutta 4
	SH2095 x SH2766
	0.0
	1.0 c
	Resistant



	NARITA 9
	917K-2 x SH3217
	Enzirabahima x Calcutta 4
	SH2095 x SH2766
	0.0
	1.0 c
	Resistant



	NARITA 10
	917K-2 x SH3217
	Enzirabahima x Calcutta 4
	SH2095 x SH2766
	0.0
	1.0 c
	Resistant



	NARITA 13
	1201K-1 x SH3362
	Nakawere x Calcutta 4
	SH3217 x SH3142
	0.0
	1.0 c
	Resistant



	NARITA 14
	917K-2 x 7197-2
	Enzirabahima x Calcutta 4
	SH3362 x Long Tavoy
	0.0
	1.0 c
	Resistant



	NARITA 15
	660K-1 x 9128-3
	Enzirabahima x Calcutta 4
	Tjau Lagada x Pisang Lilin
	0.0
	1.0 c
	Resistant



	NARITA 17
	1438K-1 x 9719-7
	Entukura x Calcutta 4
	Madang x Calcutta 4
	0.0
	1.0 c
	Resistant



	NARITA 19
	1201K-1 x 8075-7
	Nakawere x Calcutta 4
	SH3362 x Calcutta 4
	0.0
	1.0 c
	Resistant



	NARITA 20
	Entukura x 365K-1
	Unkown
	Kabucuragye x Calcutta 4
	0.0
	1.0 c
	Resistant



	NARITA 21
	1201K-1 x 7197-2
	Nakawere x Calcutta 4
	SH3362 x Long Tavoy
	0.0
	1.0 c
	Resistant



	NARITA 22
	917K-2 x 9128-3
	Enzirabahima x Calcutta 4
	Tjau Lagada x Pisang Lilin
	0.0
	1.0 c
	Resistant



	NARITA 25
	Unknown x Unknown
	Unkown
	Unknown
	0.0
	1.0 c
	Resistant



	NARITA 26
	Unknown x Unknown
	Unkown
	Unknown
	0.0
	1.0 c
	Resistant



	NARITA 7
	1201K-1 x SH3217
	Nakawere x Calcutta 4
	SH2095 x SH2766
	11.1
	1.1 c
	Resistant



	NARITA 11
	1201K-1 x 9128-3
	Nakawere x Calcutta 4
	Tjau Lagada x Pisang Lilin
	22.2
	1.2 c
	Resistant



	NARITA 4
	660K-1 x 9128-3
	Enzirabahima x Calcutta 4
	Tjau Lagada x Pisang Lilin
	22.2
	1.3 c
	Resistant



	NARITA 16
	917K-2 x SH3362
	Enzirabahima x Calcutta 4
	SH3217 x SH3142
	55.6
	2.3 b
	Partially resistant



	NARITA 12
	1201K-1 x 9128-3
	Nakawere x Calcutta 4
	Tjau Lagada x Pisang Lilin
	88.9
	2.7 b
	Partially resistant



	Sukari Ndizi 4
	Susceptible control
	-
	-
	100.0
	4.1 a
	Susceptible







1 The rhizome discolouration index (RDI) was scored on a rating scale ranging of 1 to 6, with 1 indicating no internal symptoms and 6 indicating the discolouration of the entire inner rhizome. 2 Means with the same letter within the same column do not differ significantly according to Fisher’s test of least significant differences (p < 0.05). 3 RDI in the screen house was rated 10 weeks after inoculation. 4 Mbwazirume and Sukari Ndizi were used as resistant and susceptible control respectively.
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Table 5. Screen house evaluation of Matooke hybrids for resistance to Fusarium oxysporum f. sp. cubense race 1 in Kawanda, Uganda.
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Genotype

	
Parents (Female x Male)

	
Genome Composition

	
Incidence (%)

	
Mean RDI 1,2,3

	
Grouping






	
Matooke hybrids evaluated in May 2019




	
Mbwazirume 4

	
Resistant control

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
29586S-4

	
1438K-1 x 5610S-1

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
24948S-9

	
1438K-1 x 5610S-1

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
29114S-24

	
5610S-1 x Malaccensis_250

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
28256S-1

	
917K-2 x Cv. Rose

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
28068S-9

	
917K-2 x Cv. Rose

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
27579S-3

	
1201K-1 x Malaccensis_250

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
27262S-1

	
1201K-1 x 9128-3

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
26975S-2

	
917K-2 x 9128-3

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
26666S-1

	
917K-2 x SH3362

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
26316S-7

	
1201K-1 x SH3362

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
26315S-1

	
1201K-1 x SH3142

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
25974S-31

	
917K-2 x SH3362

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
25499S-7

	
1438K-1 x SH3142

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
25117S-1

	
917K-2 x 5610S-1

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
26337S-11

	
1201K-1 x SH3217

	
AAA

	
0.0

	
1.0 j

	
Resistant




	
28476S-8

	
917K-2 x SH3362

	
AAA

	
11.1

	
1.1 ij

	
Resistant




	
28033S-23

	
917K-2 x Malaccensis_250

	
AAA

	
11.1

	
1.1 ij

	
Resistant




	
27873S-26

	
660K-1 x Malaccensis_250

	
AAA

	
11.1

	
1.1 ij

	
Resistant




	
28030S-2

	
1201K-1 xMalaccensis_250

	
AAA

	
22.2

	
1.2 ij

	
Resistant




	
25623S-11

	
917K-2 x 8817S-1

	
AAA

	
22.2

	
1.2 ij

	
Resistant




	
28492S-1

	
917K-2 x 1968-2

	
AAA

	
22.2

	
1.2 ij

	
Resistant




	
28260S-2

	
Enzirabahima x Calcutta 4

	
AAA

	
22.2

	
1.2 ij

	
Resistant




	
26990S-4

	
917K-2 x 5610S-1

	
AAA

	
22.2

	
1.2 ij

	
Resistant




	
28165S-1

	
1201K-1 x 1968-2

	
AAA

	
33.3

	
1.3 hij

	
Resistant




	
26337S-43

	
1201K-1 x SH3217

	
AAA

	
33.3

	
1.3 hij

	
Resistant




	
26337S-22

	
1201K-1 x SH3217

	
AAA

	
33.3

	
1.4 hij

	
Resistant




	
26337S-2

	
1201K-1 x SH3217

	
AAA

	
55.6

	
1.6 ghij

	
Resistant




	
25031S-17

	
5610S-1 x 2180K-6

	
AA

	
83.3

	
1.8 fghi

	
Resistant




	
27914S-1

	
1438K-1 x Cv. Rose

	
AAA

	
100.0

	
2.0 efgh

	
Partially resistant




	
25031S-7

	
5610S-1 x 2180K-6

	
AA

	
80.0

	
2.2 defg

	
Partially resistant




	
28260S-2

	
Enzirabahima x Calcutta 4

	
AAA

	
88.9

	
2.3 def

	
Partially resistant




	
28200S-3

	
917K-2 x Malaccensis_250

	
AAA

	
88.9

	
2.3 def

	
Partially resistant




	
25974S-30

	
917K-2 x SH3362

	
AAA

	
88.9

	
2.3 def

	
Partially resistant




	
27524S-22

	
917K-2 x Malaccensis_250

	
AAA

	
85.7

	
2.6 cdef

	
Partially resistant




	
27935S-1

	
1201K-1 x Cv. Rose

	
AAA

	
85.7

	
2.6 cdef

	
Partially resistant




	
28257S-1

	
917K-2 x Malaccensis_250

	
AAA

	
75.0

	
2.6 cde

	
Partially resistant




	
25583S-2

	
1201K-1 x 5610S-1

	
AAA

	
88.9

	
2.9 bcd

	
Partially resistant




	
27914S-18

	
1438K-1 x Cv. Rose

	
AAA

	
88.9

	
2.9 bcd

	
Partially resistant




	
27914S-7

	
1438K-1 x Cv. Rose

	
AAA

	
88.9

	
3.3 abc

	
Susceptible




	
28434S-9

	
1201K-1 x 5610S-1

	
AAA

	
88.9

	
3.4 ab

	
Susceptible




	
28776S-2

	
Tereza x 8075-7

	
AAA

	
88.9

	
3.6 ab

	
Susceptible




	
28246S-7

	
1201K-1 x Cv. Rose

	
AAA

	
100.0

	
3.7 a

	
Susceptible




	
Sukari Ndizi 4

	
Susceptible control

	
AAB

	
100.0

	
3.9 a

	
Susceptible




	
26260S-3

	
660K-1 x 5610S-1

	
AAA

	
100.0

	
4.0 a

	
Susceptible




	
Matooke hybrids evaluated in September 2019




	
Mbwazirume 4

	

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
25737S-1

	
917K-2 x 9128-3

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
25435S-4

	
917K-2 x 9128-3

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
29285S-20

	
1201K-1 x Cv. Rose

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
28452S-11

	
Nakasabira x Calcutta 4

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
27914S-26

	
1438K-1 x Cv. Rose

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
25583S-2

	
1201K-1 x 5610S-1

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
26337S-11B

	
1201K-1 x SH3217

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
26337S-22B

	
1201K-1 x SH3217

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
25974S-17

	
917K-2 x SH3362

	
AAAA

	
0.0

	
1.0 c

	
Resistant




	
29285S-20

	
1201K-1 x Cv. Rose

	
AAA

	
0.0

	
1.0 c

	
Resistant




	
27579S-1

	
1201K-1 x Malaccensis_250

	
AAA

	
55.6

	
2.0 b

	
Partially resistant




	
24948S-13

	
1438K-1 x 5610S-1

	
AAA

	
77.8

	
2.1 b

	
Partially resistant




	
27346S-4

	
1201K-1 x Malaccensis_250

	
AAA

	
77.8

	
2.3 b

	
Partially resistant




	
26840S-10

	
1201K-1 x SH3362

	
AAA

	
100.0

	
2.4 b

	
Partially resistant




	
24948S-10

	
1438K-1 x 5610S-1

	
AAA

	
87.5

	
2.4 b

	
Partially resistant




	
27770S-4

	
1201K-1 x Cv. Rose

	
AAA

	
100.0

	
2.6 b

	
Partially resistant




	
25328S-3

	
1438K-1 x 1537K-1

	
AAA

	
100.0

	
3.7 a

	
Susceptible




	
Sukari Ndizi 4

	
Susceptible control

	
AAB

	
100.0

	
4.2 a

	
Susceptible








1 The rhizome discolouration index (RDI) was scored on a rating scale ranging of 1 to 6, with 1 indicating no internal symptoms and 6 indicating the discolouration of the entire inner rhizome. 2 Means with the same letter within the same column do not differ significantly according to Fisher’s test of least significant differences (p < 0.05).3 RDI in the screen house was rated 10 weeks after inoculation. 4 Mbwazirume and Sukari Ndizi were used as resistant and susceptible control respectively.
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