

  agronomy-12-02094




agronomy-12-02094







Agronomy 2022, 12(9), 2094; doi:10.3390/agronomy12092094




Review



Taro in West Africa: Status, Challenges, and Opportunities



Joy Jesumeda Oladimeji 1,2[image: Orcid], P. Lava Kumar 2[image: Orcid], Ayodeji Abe 3, Ramesh Raju Vetukuri 4[image: Orcid] and Ranjana Bhattacharjee 2,*[image: Orcid]





1



Department of Plant Breeding, Pan African University Life and Earth Sciences Institute (Including Health and Agriculture), Ibadan 200284, Nigeria






2



International Institute of Tropical Agriculture, Ibadan PMB 5320, Nigeria






3



Department of Agronomy, University of Ibadan, Appleton Road, Ibadan 200132, Nigeria






4



Department of Plant Breeding, Swedish University of Agricultural Sciences, Alnarp, SE-234 22 Lomma, Sweden









*



Correspondence: r.bhattacharjee@cgiar.org







Academic Editors: Isabel Marques and David Draper Munt



Received: 19 June 2022 / Accepted: 29 August 2022 / Published: 1 September 2022



Abstract

:

Taro is an ancient nutritional and medicinal crop woven into the fabric of the socio-economic life of those living in the tropics and sub-tropics. However, West Africa (WA), which has been a major producer of the crop for several decades, is experiencing a significant decline in production as a result of taro leaf blight (TLB), a disease caused by Phytophthora colocasiae Raciborski. A lack of research on taro in WA means that available innovative technologies have not been fully utilized to provide solutions to inherent challenges and enhance the status of the crop. Improvement through plant breeding remains the most economically and environmentally sustainable means of increasing the productivity of taro in WA. With this review, we provide insights into the importance of the taro crop in WA, evaluate taro research to date, and suggest how to address research gaps in order to promote taro sustainability in the region.
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1. Introduction


Taro [Colocasia esculenta (L.) Schott] is the most commonly cultivated species in genus Colocasia [1] and is the fourth most consumed tuber crop globally [2]. It is a member of family Araceae, sub-family Aroideae, and is a tropical monocotyledonous, vegetatively propagated, perennial crop grown primarily for its starchy corm or underground stem. Taro is one of the world’s oldest food crops, with its domestication dating back over 9000 years [3]. It was probably first domesticated in Southeast Asia and thereafter spread across the world, to become one of the most important staple food crops in the Pacific Islands. It is widely distributed across Africa, Oceania, Asia, and the Americas [4,5]. The crop has been largely maintained by smallholder farmers, and the species’ genetic resources have remained largely within local communities [3]. In many societies, taro is considered a sacred plant of strong cultural importance and is used in religious festivals, domestic and agricultural rituals, and as bride price [3,6].



Taro is an important food crop for millions of people in many parts of Africa, where it is widely grown as a backyard crop and an intercrop [6,7,8,9,10]. It is also used as an ornamental plant [11]. It is a staple food for millions of people in West Africa (WA) and can be found in virtually all countries in the region [12]. Taro contains about 35 g of total carbohydrate per 100 g of the corm, which is twice that of potatoes [13]. It also contains 11% protein by dry weight and is rich in minerals, vitamin C, thiamine, riboflavin, and niacin [14]. Taro is nutritionally better than many kinds of cereals, such as rice, wheat and sorghum, in terms of vitamins C and E, and potassium [13]. Besides its nutritional value, it is also often used as a traditional medicinal plant, providing bioactive compounds with important properties [15]. In 2020, more than 12.8 million tons of taro were produced worldwide from 1.8 million hectares [16]. According to the Food and Agricultural Organization (FAO) of the United Nations production data for 2020, Nigeria was the largest producer of taro, with a global share of 25%, followed by Ethiopia, China, Cameroon, Ghana, and Papua New Guinea [16]. In WA, taro is reported to be present in all countries [9,12,17,18] except for Mauritania, where there is a paucity of information on its production. However, taro production in WA has been severely affected by the emergence of taro leaf blight (TLB), caused by Phytophthora colocasiae Raciborski [19,20,21]. Since its outbreak in WA, TLB has accounted for an economic loss of more than USD 1.4 billion annually, leading to the genetic erosion of the crop in this region [19].



This article presents a review of the origin, domestication, and dispersal of taro and evaluates current research on taro in WA. To address the identified gaps in taro research, recommendations are made that can contribute to a revival in taro production, to meet the region’s nutritional demands, and to contribute to the food and income security of smallholder farmers.




2. Origin, Domestication, and Dispersal of Taro


Taro is believed to have originated in the tropics, extending from India to Indonesia [22]. It is still found in the wild, with the greatest diversity of wild Colocasia species apparently extending from northeast India to southern China. The occurrence of taro wildtypes is, however, unclear, because the location of its first use by humans is unknown, and in some areas, it is difficult to distinguish between wild and cultivated taro [7].



As a food, medicinal, ornamental, or fodder plant, the geographical range of wildtype taro has been extended by humans, with or without cultivation. It is thought to be one of the world’s oldest cultivated crops and was present 28,000 years ago in the Solomon Islands [23]. Based on the high genetic diversity reported for the Indian germplasm, it may be that taro was domesticated in India and then spread to countries in the Asia-Pacific region. This is supported by the work of Chair et al. [8], who reported a higher genetic diversity among genotypes collected from Asia than among those from the Pacific, Africa, and the Americas. A secondary domestication of taro may have occurred in New Guinea [24]. Ivancic and Lebot [24] have suggested that all cultivars in the Pacific are diploids, produce flowers, and are naturally pollinated by insects, contributing to their higher genetic diversity and clonal richness.



Taro is presumed to have reached WA as a result of human introduction, and most cultivars are probably of Indian origin [8]. It is likely that taro was introduced to Africa together with bananas and the greater yam (Dioscorea alata L.) [25]. Clonal propagation combined with natural mutations probably then led to taro diversification in Africa.




3. Genetic Diversity of Germplasm Resources for Improvement


Taro belongs to the Araceae family, which is a large, ancient, monocotyledonous plant family characterized by high morphological diversity [26]. Taro is suspected to have originated from the Indo-Malayan region, based on its enormous varietal diversity there [27]. The number of species in genus Colocasia ranges from 5 to 10, with taro (C. esculenta) being the most widely cultivated species, with over 10,000 landraces worldwide [24]. Taro is highly polymorphic, and two widely cultivated types are C. esculenta var. esculenta, called the “dasheen” type, which has a large cylindrical corm with few or no cormels, and C. esculenta var. antiquorium, called the “eddoe” type, which has usually a small globular corm with several cormels [28]. Most taro cultivated in Asia and the Pacific is of the dasheen type. Typically, C. esculenta is propagated by asexual reproduction, but it can also reproduce sexually through its protogynous flowers, with the aid of insect pollinators or mechanical means [18]. It has a high adaptive plasticity and can thus be found in varying environments, ranging from full sunlight to deeply shaded regions and from dry soils to saline and flooded soils [29]. The crop, overall, has high diversity, which probably accounts for its resilience to variable environmental conditions [30,31]. It is believed that there are at least two main evolutionary lineages in taro, and it is likely that the hybridization between these two lineages added to the overall diversity of cultivated forms [22]. There is much to be learned through the analysis of both the plastid and nuclear genomes, together with systematic morphological evaluation and characterization.



Although the genetic base of taro as an introduced crop in Africa and the Americas is likely to be narrow [8,30,32], this can be broadened by the introduction of new germplasm, improving the crop’s ability to withstand the vagaries of climate variability and associated biotic and abiotic stresses [30]. It is, therefore, necessary to understand and assess the extent of taro’s genetic diversity within a region, to identify gaps that can inform the collection of additional germplasm and the introduction of new germplasm [3].



Several studies documenting the genetic diversity of taro from Asia and Oceania have revealed greater variation in Asia. A global experiment including taro cultivars and improved hybrids across 14 countries in Asia, Africa, America, and the Pacific revealed that the introduced genotypes were readily adopted by farmers if they met their needs [30]. In this cited study, 50 introduced genotypes were compared with local cultivars using a participatory approach, to strengthen the smallholder farmers’ capacity to adapt to climate change and to broaden the genetic base of the crop to cope with climate variability.



The majority of taro cultivars found in WA are believed to have originated in India, and Indian cultivars are reported to be cytogenetically variable, with varying chromosome numbers and ploidy levels (diploids and triploids) [8]. Several studies on genetic diversity in taro have grouped the majority of cultivars as diploids, with 2n = 2x = 28 chromosomes, and triploids, with 2n = 3x = 42 chromosomes, whereas tetraploids (2n = 4x = 56) are rare [8]. There are also reports of cultivars with a basic chromosome number of n = x = 12 [32]. This difference in ploidy levels among cultivars (diploids and triploids) impedes hybridization and gene flow among cultivars, thus reducing the extent of genetic diversity in WA [8].




4. Taro Production in Africa


The current distribution of taro as a cultivated food crop extends from southern to northern Africa [6,33], western Asia to eastern Asia, across Southeast Asia and the Pacific Islands, and through the Americas, from the USA to Brazil [34]. The root crops that have an important role in many African countries are potato, cassava, sweet potato, yam, taro, and the new cocoyam [35]. Within Africa, four countries, Nigeria, Ethiopia, Ghana, and Cameroon, accounted for about 67% of total production in 2020 [16]. Numerous taro cultivars are found across WA and occupy an important role in local agriculture and traditions, indicating a long history of the crop in the region. Grimaldi [36] produced a taro distribution map for the period between 1849 and 2012 based on several reports and academic articles on taro cultivation at specific locations and region in African countries. Figure 1 shows the distribution of African countries where taro was cultivated between 1961 and 2020, indicating that it is grown in hot, humid areas with high rainfall, such as the tropical sub-Saharan region, but that it can also be grown in drier regions along streams, such as in Egypt, Algeria, and Libya. Taro can thrive under diverse agro-ecological and soil conditions and is referred to as an ecologically friendly crop [37]. The crop optimally grows at altitudes extending from 60 to 1850 m above sea level in the tropics and temperate zones [7,38,39]. However, despite its wide geographical presence, there are limited research effort and funding for the large-scale assessment of the production, trade, and usage of this crop. Changes in the environment and agricultural systems in Africa have also led to a decline in taro production.



Traditionally, taro is propagated using corms, cormels, suckers, and tops (huli, a Hawaiian vernacular term used to describe a plant part). The use of tops and suckers is preferred because the growing season from planting to harvest is shorter than that of cormels, corms, or corm pieces (setts), although cultivars with many suckers produce smaller corms [37]. The yield of taro is optimized when the soil is appropriately managed and agronomic practices are carried out well [3]. On average, taro requires a well-drained sandy loam soil with good water retention capacity, and benefits from the application of NPK fertilizers [18,40]. Quality organic materials and bio-fertilizers (Mycorrhizae, Azotobacter, and Phosphorine) can also be used via furrow placement and split application, respectively [3].




5. Taro Production Trends


Data on taro production and consumption are limited. The FAO Crop Production Statistics (FAOSTAT) includes data for 47 major taro-producing countries globally [16]. However, production data in several countries where more taro is consumed as a traditional food crop are not accounted for in FAO global statistics, as most production is either in backyards or as an intercrop [41,42].



Globally, taro ranks 5th among root and tubers and 17th among staple crops, representing about 12 million tons of production from about 2 million hectares, with an average yield of 7 tons/ha [16]. Taro production in terms of total harvested area has substantially increased in the last two decades. Most of the global production comes from developing countries characterized by smallholder production systems relying on minimum resource inputs [43]. Based on FAOSTAT [16], Africa has consistently contributed more than 70% of taro production worldwide for the past two decades, accounting for about 76% in 2000. Despite declining yields per unit area since 2009, Africa provided about 77% (9.3 million tons) of world production in 2019 (the highest in two decades). This increased production in Africa has largely been achieved by increased area for taro production rather than increased yield per hectare [19]. The average yield per land area (tons/ha) in Africa is relatively low (Figure 2) and fell from 6.60 tons/ha in 2000 to 5.80 tons/ha in 2019, while Nigeria, the leading taro producer, experienced a decline from 6.62 tons/ha in 2000 to 3.91 tons/ha in 2019 [16]. Africa recorded the lowest taro yield per land area in 2020 compared with other regions, such as Asia (16.3 tons/ha), America (11.0 tons/ha), and Oceania (9.0 tons/ha). This yield difference in Africa can be attributed to limited input use, taro cultivation on marginal lands, and the emergence of TLB in WA in 2009 [19].




6. Taro Production Constraints in Africa


The major biotic stress for taro is TLB, a disease caused by P. colocasiae; it is an oomycete disease with highly devastating effects [44]. Phytophthora colocasiae was first reported in Java by Raciborski [45] and has now spread all over the tropics [46,47]. The disease thrives where day and night temperatures range between 25–28 °C and 20–22 °C, respectively, and can assume epidemic proportions all year round under favorable conditions [48]. TLB was not known in WA before 2009, when there were simultaneous outbreaks in Nigeria, Cameroon, Ghana, and other neighboring countries [20,21]. It is estimated that TLB in WA accounts for an economic loss of about USD 1.4 billion annually [19].



Phytophthora colocasiae reproduces asexually during rainy seasons, with the production of sporangia from sporangiophores at the extremity of lesions in infected leaves. Sporangia leave the pedicel during rain fall and germinate to produce motile zoospores that can swim for short distances in water and encyst to form germ tubes that can penetrate the host. This can happen within two hours at a favorable temperature of 20 °C and a minimum humidity of 90%. At an ideal temperature of 24–27 °C, symptoms present 2–4 days after penetration of the germ tube [46,47]. Phytophthora colocasiae is heterothallic with two mating types, A1 and A2, and can produce oospores via sexual reproduction [49].



In the field, P. colocasiae is spread mainly by zoospores and sporangia. The propagules are short-lived in the infected leaves and tissues and are carried by water to a host through rain splashes [47,50]. Taro corms are, however, rarely harvested from the field and can sustain the pathogen. Usually, planting is carried out within a short time frame after harvesting; any infected tissue debris left in the field is, therefore, a source of inoculum for subsequent infection of new plants [49,50]. An entire field can become symptomatic of the disease within seven days when conditions are favorable [19,48]. A symptomatic plant initially displays water-soaked lesions with a diameter of 1.5 cm around the leaf edges; the fluid exudates from the lesions are of bright-yellow to dark-purple colors when dried. As the disease progresses, the lesions enlarge, developing a zonate appearance characterized by brownish to purplish-brown colors. White fuzz also appears on both sides of the leaves, indicating sporangia, which continues to develop until the leaves are completely covered [46,48]. The white fuzz of sporangia around lesions is a characteristic symptom of P. colocasiae infection [46]. The infected leaf tissues collapse after 20 days, unlike healthy leaves, which last 40 days before senescence [50]. TLB also affects the corms, causing them to rot, and yield losses as a result of this disease can be as high as 70–100% [46,48,51].



TLB is usually controlled with the use of copper fungicides at a rate of 38 Lha−1, using 2.24 kg of copper oxychloride as the active ingredient. Fungicide applications start from four months after planting (MAPs) and continue until nine MAPs, weekly during rainfall periods and bi-weekly when conditions are dry. Dithane M-45 can also be used, at a rate of 1.68–2.25 kilograms in 189.3–378.5 liters of water per hectare. This application can be weekly or bi-weekly, depending on the severity of the disease, but should not exceed 25 applications and cannot be used once the crop is nine months old [48]. Metalaxyl fungicides have also been effectively used to control TLB [49]. In Hawaii, planting distance has been used as a control measure, with a decrease in disease incidence achieved by increasing the planting distance from 46 cm to 75 cm. In the Solomon Islands, improved sanitation, via pruning and removing infected leaves on a bi-weekly basis, has also reduced disease incidence.



The use of resistant and immune varieties is the most viable control measure for TLB in terms of environmental impact and sustainability [43,52,53,54,55,56,57]. However, the use of resistant varieties has been limited by a lack of crop improvement programs and a lack of desirable economic market value traits in resistant genotypes. This is compounded by a lack of understanding of the genetic structure of pathogen populations [56]. Compared with other species of Phytophthora, very little attention has been paid to P. colocasiae, either globally or at a regional level. Some research has been carried out on screening for disease-resistance genotypes and their adaptability in WA and beyond. For example, Ackah et al. [58] evaluated taro genotypes from Ghana for resistance to TLB and found all the genotypes to be susceptible to varying degrees. Similarly, Amadi et al. [58] characterized some local and exotic collections of taro for yield, local adaptation, and TLB resistance in Nigeria and found some promising genotypes, although no single genotype combined all the desired traits.



Additional major taro diseases are caused by viruses and other microorganisms that are specific to the Pacific [41]. These reduce corm size and quality, with yield losses of up to 20%. For example, the co-infection of taro with taro bacilliform virus (TaBV) and Colocasia bobone disease virus (CBDV) is thought to be lethal to the crop. TaBV, along with taro bacilliform CH virus (TaBCHV) diseases [59] and dasheen mosaic virus disease [10], has been reported in Africa. Several other taro viruses have also been found in the Pacific, which currently restricts international movement of germplasm; thus, many countries do not have access to agronomically elite genotypes and selected traditional cultivars. Taro diseases reported in the Pacific include taro soft rot, caused by several species of Pythium, sclerotium rot, caused by Sclerotium rolfsii, and cladosporium leaf spot, caused by Cladosporium colocasiae [41]. Taro soft root rot and cladosporium leaf spot have been reported in Africa [19,60].




7. Botany and Uses of Taro


Taro is a perennial herbaceous plant that grows to a height of 1–2 m. The plant consists of a central corm (lying below the soil surface) from which leaves grow upwards and roots grow downwards, while cormels and runners (stolons) grow laterally. The leaves are simple peltate in shape, arranged spirally in a rosette. The petioles can reach about 1 m in length, each having a distinct sheath, a cordate blade of about 85 cm by 60 cm with rounded basal lobes and long anterior lobe. The central veins of each lobe and primary lateral veins (ribs) are raised, and the tertiary venation of the lamina is reticulated (net-veined). The inflorescence is composed of an outer spathe and inner spadix borne on a peduncle (Figure 3). The inflorescence is protogynous because the female flowers (on the lower spadix) mature before the male flowers (upper spadix). Each fruit is a berry consisting of numerous seeds, the shape of which ranges from ovoid to ellipsoid, about 2 mm in length, with an extensive endosperm. Pollination in taro and its wild relatives is primarily by insects (drosophilid flies in genus Colocasiomyia) [61]. Fruit set and seed production only occasionally occur under natural conditions. For production purposes, the crop is considered mature when the mother corm is fully expanded. The average time to maturity for taro ranges between 6 months and 12 months [18,30,62]. Corm formation starts about three months after planting, while cormel formation follows soon afterward. In the dasheen types, the corm is cylindrical and large (Figure 4). The plant can grow up to 30 cm long and 15 cm in diameter and constitutes the main edible part of the plant. In eddoe types, the corm is small, globoid, and surrounded by several cormels (stem tubers) (Figure 4). Corms and cormels are similar in their internal structure, with the outmost layer being a thick brownish periderm (Figure 4).



The main economic parts of a taro plant are the corms and cormels, as well as the leaves. Taro corms are an essential food in the African diet, eaten in a variety of ways (boiled, fried, roasted, and porridge) and used as a food additive [63]. The leaves are used as a vegetable and are a good source of vitamins, especially folic acid. They contain 23% protein by dry weight and are a rich source of calcium, phosphorus, iron, vitamin C, thiamine, riboflavin, and niacin [64]. The inflorescence is a delicacy in some food cultures of Asia and the Pacific. The corms and leaves are also used for medicinal purposes. They are used as a curative for arterial hypertension, liver infections, rheumatism, and snake bites [28,64,65], and the mucilage serves as a good carrier for drug administration [66]. As a fermented product, taro is rich in probiotics, which can be used to help to ameliorate the symptoms of gastroenteritis, Crohn’s disease, depressed immune function, and inadequate lactose digestion [64]. Taro is a good source of calcium for children who cannot take milk as a result of lactose intolerance [5,28] and is gluten-free, making it suitable for people with gluten intolerance. The starch grains are minute, making it highly digestible (99%).



The resilience of taro makes it a good alternative crop when other crops fail under extreme weather conditions [40,67]. Taro is used as an ornamental plant [15,64]. The peels and wastes of taro plant can be used as animal feed [29]; the crop can be used to produce biofuel [68,69] and biodegradable plastics [70], and the corm can be used to prepare nutrient media for nematode growth [71].




8. Taro Improvement


Taro is an important crop in several cultures in Asia, the Pacific, and Africa but still lacks international recognition [3,63,72,73]. The crop is understudied compared with other staple crops such as maize, wheat, rice, cassava, and potato. While there is ongoing research on taro in the Pacific region, Oceania, and Asia, which has led to the release of varieties with improved disease resistance and good agronomic and culinary attributes [3,27,55], there is a need to establish national and regional interest in the crop in WA. The focus should be on germplasm collection, conservation, maintenance, and characterization and on the initiation of breeding programs to facilitate the development and release of improved cultivars and revive taro production in WA.



The success of taro improvement heavily depends on the genetic resources that are maintained in the farmers’ fields. Taro is a vegetatively propagated crop, and the expected genetic diversity of existing germplasm in farmers’ fields greatly varies in different regions and has not been systematically compared across Asia, Africa, Oceania, and Americas. Because of the lack of characterization data and the absence of a centrally located database, it is difficult to estimate the full extent of available genetic material. The main challenge for breeders is sourcing genetic resources specific to traits such as resistance/tolerance to pests and diseases, morphology, and quality. Current breeding programs are generally led by national institutes, and international collaboration among breeders and a standard procedure for germplasm exchange has not been fully established. Similarly, taro germplasm is usually maintained by national institutes with limited facilities that face several challenges, with no international centers.



While taro is widely cultivated by resource-poor farmers in different ecological habitats of tropical and sub-tropical regions across the world, the largest area of cultivation is WA, which accounts for the majority of output [37,74]. Taro breeding in WA has not progressed beyond conventional means [18,57,58,73,75]. Some information on germplasm characterization is available, and promising genotypes have been identified for resistance to TLB disease and adaptability to the local environment. However, the major constraints in WA are a lack of concerted interest in the crop by plant breeders, inadequate funding from national or international agencies, and inadequate research infrastructure [76]. In addition, the complexity of the flowering biology of taro, such as protogyny, variation in ploidy, little or no flowering, and natural pollination, restricts progress in improving disease resistance and agronomic performance [18,30,32]. Several factors are necessary for taro improvement, as outlined below.



8.1. Taro Germplasm Collection and Conservation


Germplasm collection and documentation are necessary for the effective conservation, management, and utilization of plant genetic resources. It is well known that many genotypes/landraces of taro are scattered across diverse environments, and their conservation, genetic diversity status and genetic improvement are not fully documented. More needs to be known about the genetic variability of existing germplasm to then develop conservation and breeding strategies for further the improvement and utilization of the genetic resources. In Southeast Asia and the Pacific, several germplasm collections have been established and characterized using internationally standard morphological descriptors [77], which provide information on the extent of genetic diversity within that geographical region [78]. In addition, South Pacific Commission (SPC) Centre for Pacific Crops and Trees (CePaCT) currently maintains the largest taro collection (1136 accessions), comprising germplasm mainly from the Pacific and Southeast Asia [79,80]. This germplasm has been used in breeding experiments to produce TLB-resistant varieties. Similarly, the World Information and Early Warning System (WIEWS) on Plant Genetic Resources for Food and Agriculture has a total of 1685 taro (Colocasia spp.) accessions that were conserved ex situ in 2017 by 14 institutes, including some from a few countries in Africa (Table 1) [81]. While taro germplasm collection and genetic diversity have been documented at country and regional levels in Asia and the Pacific, few reports of such germplasm collection and maintenance are available from Africa.



The role of gene banks for breeding improved cultivars with targeted traits such as disease resistance, quality traits, etc., cannot be over-emphasized. Between 2011 and 2018, CePaCT distributed taro germplasm, including TLB-resistant lines, worldwide, and several countries in Africa were recipients [79]. In addition, SPC-CePaCT distributed 50 virus-indexed taro genotypes to 15 countries in Africa, including Nigeria, Ghana, Burkina Faso, and Kenya, in response to the TLB outbreak and spread in WA [80]. These recipient countries further characterized the introduced taro germplasm and released cultivars to farmers; for example, 9 genotypes were released in Nigeria [18], 30 genotypes in Ghana [75], and 22 in Burkina Faso [82].



As vegetative propagation and the fixation of somatic mutations are common in taro, cultivars/genotypes can be distinct in morphotype even with the same genetic background [83]. This characteristic of taro means it is essential that landraces from countries within West and Central Africa (Nigeria, Ghana, and Cameroon) and other countries in Africa are collected, characterized, and conserved for further utilization and improvement.




8.2. Taro Germplasm Characterization


There is some information available on taro germplasm characterization using morphological traits and molecular markers. As a species, taro is highly polymorphic [84] for phenotypic traits such as the size of corms and the number of cormels. Singh et al. [85] reported high variability among 859 taro accessions from Papua New Guinea using 10 quantitative and 20 qualitative traits. High morphological variability has also been reported among taro accessions from Southeast Asia and Oceania [86,87]. Similar agro-morphological variability was observed among 2,298 taro accessions collected within the TaroGen project [88]. In Ethiopia, morphological variability has been observed among taro accessions [89], while limited variability has been reported among five taro cultivars in Nigeria [90]. Several molecular techniques have been used for the characterization of taro in the Pacific and Asia, such as isozymes [3], amplified fragment-length polymorphisms (AFLPs) [5], microsatellites [8,91], and inter-simple sequence repeats (ISSRs) [54]. Chaïr et al. [8] reported variability among 357 taro cultivars from 19 countries in Asia, the Pacific, America, and Africa using microsatellites and suggested that most taro genotypes grown in WA originated from India. Although high morphological variability was observed among 2298 taro accessions collected from seven countries within the TaroGen project, Lebot et al. [88] reported a narrow genetic base among these accessions based on isozymes and AFLP fingerprinting. The genetic diversity of a clonally propagated crop such as taro is expected to be narrow, especially in countries where it was introduced through vegetative propagules. This narrow genetic base not only makes the crop extremely susceptible to biotic stresses such as TLB but also to abiotic stresses. Collecting and conserving the existing wild and cultivated genetic diversity in the countries of origin and sharing this diversity with producer countries in other parts of the world, such as Africa, the Americas, and the Caribbean, is strongly recommended.





9. Opportunities for Improved Taro Production in WA


Among root crops, taro currently has the lowest average yield (5.4 tons/ha globally) [92]. WA countries dominate as the major producers of taro globally, producing 4.9 million tons of the estimated 12.0 million tons of taro produced in the world [79]. In the same year, Nigeria, the world’s largest producer of taro, harvested approximately 3.2 million tons from 0.8 million hectares, followed by Ghana with 1.68 million tons [81]. Currently, there is no taro germplasm repository in WA responsible for preserving, characterizing, and distributing taro germplasm. The International Institute of Tropical Agriculture (IITA) in collaboration with the National Root Crop Research Institute of Nigeria (NRCRI) had collected and preserved taro landraces. However, this collection was lost during the outbreak of TLB in West and Central Africa, including Nigeria [20], Ghana [21], and Cameroon [93]. Breeding resistant cultivars offers the best long-term control of TLB disease in most production systems; thus, urgent and collaborative efforts among research groups and donors are needed to combat the TLB epidemic and prevent taro from going extinct in the region.



In recent years, scientists in WA and beyond have been gathering information, developing strategies, and evaluating stress factors to help to improve the taro crop [8,18,19,58,64,94,95,96,97,98]. Two of the improvements achieved to date are outlined as follows:




	i.

	
Standardized collection protocols: Dansi [95] has outlined a collection procedure for root and tuber crops, including taro. The methodology is based on synthesized information from the publications of international bodies such as Biodiversity International, World Conservation Union (IUCN), FAO, and United Nations Environment Programme (UNEP). This helps to ensure that collection programs are executed using international standard procedures;




	ii.

	
Characterization of local and exotic germplasm for agro-morphological traits, disease resistance, and nutritional qualities, to be used as the basis for taro improvement: Several authors have used morphological characterization to evaluate taro cultivars, including agro-morphological traits, diseases, and flowering ability [58,75,90,97]. This has helped the classification of taro into different morphotypes, which can then be used in taro improvement programs.









There is still more to be done with taro in WA, however. There is a scarcity of information on the use of molecular techniques in the characterization of taro, which would facilitate the understanding of the genetic phylogeny of local accessions and fast-track the improvement of the crop. In addition, there is a need to raise awareness among different stakeholders, including producers and consumers, about the crop’s potential contribution to food security, health, and economics, so that the improved production of the crop is prioritized at regional and country levels.




10. Breeding Efforts in Taro


Taro breeding efforts should focus on traits that are important for both producers and consumers, such as yield, pest and disease resistance, nutritional quality, shelf life, plant architecture, maturity, and culinary characteristics [99]. Breeding programs involving different stakeholders can be used to gather more information and adopt new technologies. For example, there is a need to assess the acridity levels of different cultivars so that consumers can develop suitable cooking methods for increased edibility.



Taro breeding was initiated in the late 1970s, and varieties were released in Fiji (1978), Samoa (1982; 1996), Solomon Islands (1978; 1992), Papua New Guinea (1993), and India (1995) [100,101]. The first successful controlled hybridization of taro in Nigeria was reported in 2015 [18]. Breeding schemes such as bi-parental crossing and recurrent selection were used at an early stage of plant development for traits such as taro corm flesh and corm fiber colors, which were correlated with the color of different petiole zones [102]. There have been several efforts in Papua New Guinea towards resistance breeding, but one of the difficulties is getting rid of deleterious traits from wild types. Breeding programs have been initiated in Hawaii for agronomic traits, and pests and disease resistance, to develop improved varieties for the restaurant and landscape trades [103].



The major objectives of taro breeding so far have been to improve plant architecture (such as optimal number of suckers, absence of stolons, optimal number of leaves, etc.), corm yield, resistance/tolerance to diseases such as TLB, and quality traits (such as dry-matter content, low levels of phenolic compounds causing irritation, etc.) [104]. Breeding activities with parents from a diverse genetic base could result in improved targeted traits. However, taro is usually propagated through vegetative means, seldom through flowers; the flowers are protogynous, making conventional breeding methods difficult [32]. Taro breeding has been initiated in many countries within the South Pacific under two major programs, TaroGen and TANSAO [105]. These programs have focused on hybridization to develop new cultivars with higher yields, better taste, and improved resistance to TLB [106,107]. Hybridization in taro is promising, but it is labor intensive and lengthy in terms of the induction of flowering (although gibberellic acid has been used to induce flowering in taro [18,47,75]), pollination, and seed harvesting. It takes 10 years or more from pollination for a new improved cultivar to be developed [108]. There is a scarcity of reports on taro breeding in WA, and the majority of the work is limited to the agro-morphological characterization or evaluation of local landraces. Amadi et al. [18] did achieve 109 crosses using 15 exotic taro cultivars and 4 local Nigerian cultivars, of which only 20 crosses (18.3%) were successful, with 9 crosses reaching maturity and producing seeds. The limited success with taro breeding can be linked to the weak institutional capacities of most national institutes engaged in breeding, coupled with a lack of genetic resources and funding for establishing a sustainable taro breeding program in WA. The work of existing national, regional, and international networks should also be consolidated to optimize breeding methodologies.



The application of biotechnological techniques for the disease-free clonal propagation of taro plants is another viable option. Tuia [109] developed an efficient taro multiplication protocol and reported that it was possible to eliminate viruses using meristem cultures. There are also reports of somatic embryogenesis in taro [110,111,112], but the regeneration rate is low. Similarly, Fukino et al. [113] reported transformation in taro (C. esculenta var. antiquorum) calluses by particle bombardment, but only two putative transgenic plants were obtained. Transformation in Colocasia esculenta var. esculenta via microprojectile bombardment [114] and Agrobacterium tumefaciens [115,116] was also reported. These efforts show that using biotechnology to generate taro plantlets is a possibility, but there is a need to validate the vigor of plants in terms of growth rate, pest and disease resistance, and corm characteristics, in addition to extensive field trials to record the frequency of somaclonal variations [112].




11. Constraints to Taro Breeding


11.1. Variation in Ploidy and Chromosome Number


Cytological studies of taro indicate confusion over the basic chromosome number. Various cytotypes have been observed, with 2n = 28 (diploid) and 42 (triploid) forms and a basic chromosome number of 14 [117]. It has been suggested that the chromosomes are prone to unpredictable behavior during cell division; thus, the chromosome number per cell may not be uniform [118,119]. From a breeding perspective, the occurrence of polyploidy in taro may result in changes in cellular structures, leading to irregular meiosis. Therefore, the viability of gametes and zygotes is very low [120].




11.2. Poor Flowering


Taro genotypes rarely flower, and flowering is strongly influenced by environmental, physiological, genetic, and developmental conditions [121]. Cultivars or landraces are not stable regarding flowering and may have abnormalities in the inflorescence structure, which is the main limiting factor for conventional hybridization. Additionally, the flowering ability of diploid cultivars is poorly understood, although some may flower easily when allowed to reach reproductive maturity [24].




11.3. Sexual Crossing and Seed Set


Sexual crossing is labor intensive and takes time in terms of field preparation, the planting of parents, the induction of flowering using gibberellic acid (GA), pollination, the development and maturation of fruits, and seed harvesting [122]. In addition, the development of new, improved cultivars takes 10 years or more after successful pollination. There are reports of taro plants producing viable seeds under natural conditions; however, the germination of seeds is affected by genotype, environment, harvesting and storage conditions, and germination protocols [107].




11.4. Narrow Genetic Base


Taro production is extremely low in comparison with other root and tuber crops, such as cassava, sweet potato, and yams, in WA. The limiting factors include the low genetic base maintained in farmers’ fields, the lack of improved varieties, the lack of planting material, the presence of pests and diseases, and limited research and information on available taro germplasm in the region compared with other regions, such as the Pacific. The introduction and evaluation of cultivars from other countries for adaptation to local production systems has potential to increase the local variability, diversity, and improvement of taro. In addition, large scale, commercial production systems tend to focus on few popular cultivars. There is a need for maintaining or developing commercial production systems that embrace cultivar diversity.




11.5. Availability of Uniform Planting Materials


The productivity of crops, and taro in particular, in farmers’ fields depends on several factors, including the type of planting material, the size of planting material, population density, etc. The use of different types of planting material or propagules, such as stolons/suckers, corms, and cormels, results in a higher intra-clonal variation in the growth rate, although plants from stolons usually grow faster [30]. For uniformity in growth and production in farmers’ fields, uniform planting materials and population densities are required.




11.6. Limited Knowledge on Genetic/Genomic Resources for Accelerated Breeding


The breeding of improved cultivars is a complex process that requires adequate knowledge and experience, in addition to the availability of genetic resources, reliable characterization data for morphological traits, and an understanding of the effects of biotic and abiotic stresses on quality traits. In the case of taro, there are currently limited knowledge and experience, as well as limited available information, for use in an accelerated breeding program.





12. Taro Genome and Relevance to Its Improvement


Recent developments in genomics have resulted in an increased understanding of the genome as well as specific pathways in different crop plants. In this context, the availability of a high-quality chromosome-level genome of taro is an important goal [31]. A popular taro diploid cultivar, “Longxianggyu”, from Jiangsu, China, has a basic chromosome number of 14. Its assembled genome size is 2.41 Gb, with a contig N50 of 400 kb and a scaffold N50 of 159.4 Mb. Using a phylogenetic tree based on 769 genes, it has been suggested that taro and Spirodela polyrhiza (duckweed) are on the same branch that diverged approximately 73.23 million years ago and that there have been at least two whole-genome duplication events in taro’s history, separated by a relatively short gap. Similarly, a de novo taro genome assembly has been carried out for the Hawaiian landrace “Moi”, which is a grandparent to cultivars used in TLB-resistant mapping populations and is used for its agronomic qualities [55]. Its haploid assembly is 2.45 Gb with a contig length of 38 Mb and scaffold N50 of 317,420 bp. The sequenced data from the TLB-resistant mapping population revealed 16 major linkage groups, with 520 markers and 10 quantitative trait loci (QTLs) being significantly associated with TLB disease resistance.



This sequencing information has already helped researchers to understand how different traits are regulated in taro. Transcriptome sequencing in taro has revealed the mechanism of purple-pigment formation [123] and the development of EST-SSR [124] and SSR [125] markers. In addition, the deep sequencing of the taro transcriptome has revealed major metabolic pathways of starch synthesis and has helped to identify the mRNAs and genes that are expressed for starch biosynthesis in taro corms [126]. Similarly, Dong et al. [127] have conducted comprehensive whole transcriptome sequencing of taro corms aged 1, 2, 3, 4, 5, and 8 months to assess the starch and sucrose biosynthesis pathways. This study provides a valuable resource for the future exploration of the molecular and physiological mechanisms behind the starch and sucrose properties of taro corms.



Genomic-assisted breeding (GAP) programs for taro could be improved with access to molecular information. The availability of the taro genome could inform studies on the origin, evolutionary history, and breeding of this crop. This could also improve the understanding of the molecular mechanisms underlying some of the key traits, including disease susceptibility and quality. The QTLs identified for TLB disease can be further investigated to identify genes that contribute to resistance, and flanking markers can be used in marker-assisted breeding. Most importantly, SSRs and SNPs can be identified for routine genotyping for parental identification, the assessment of genetic diversity, the identification of duplicate genotypes, linkage mapping, QTL identification, and other genomic-assisted studies.




13. Future Perspectives for Taro in WA


Taro is an important food and income-security crop for millions of farmers in WA, particularly in Nigeria. One of the major challenges facing sustainable crop production is the genetic erosion of germplasm as a result of several factors, such as climate change, pests and diseases, etc. In the case of taro, most of the germplasm is held in farmers’ fields, as well as in the wild. In the absence of a regional conservation strategy for taro, there is a high risk of loss of valuable genetic resources and thus future sustainability. There is a need to explore, collect, and safeguard the existing genetic diversity, as well as define production zones to ensure a better sustainability of the crop. Germplasm collection, coupled with effective conservation and utilization, is a prerequisite for the success of taro breeding programs. There is a need to establish regional and international networks to strengthen the work of NARS breeding programs in different countries regarding germplasm conservation, utilization, and exchange. Obtaining and evaluating a larger sample of genetic diversity from Asia, the Pacific, and Latin America, utilizing germplasm exchange protocols, would mean that different gene pools could be effectively combined to develop heterotic populations [128]. Such an approach is already being applied to cassava and maize breeding programs in Africa, where germplasm from Latin America has been successfully introgressed into African germplasm [129]. Conventional taro breeding programs should target available regional genetic resources, use them as parents to improve traits such as disease resistance, quality, etc., and ensure that the selected genotypes flower naturally or respond to the induction of flowering through GA application. In addition, newly developed cultivars should be tested under different conditions to take into account the genotype-by-environment (G × E) effect to develop the large marginal non-optimal areas where taro is generally grown for optimum yield performance. Participatory breeding programs would also provide a good platform for identifying superior cultivars, increasing farmers’ access to those cultivars and broadening the genetic base for taro improvement. This needs to be coupled with seed system strategies to increase the quantity of disease-free planting material, facilitate safe germplasm exchange, and provide a better distribution system for the dissemination of improved cultivars for the sustainable production of taro.



So far, there has been limited application of genomics to taro improvement in WA, and there is a need to use molecular and genetic tools, such as tissue culture and micropropagation, as well as genotyping using SSRs or SNPs, to assess genetic diversity, marker-assisted selection, and genome-wide associations and define a set of markers for cultivar identification. Future breeding programs should add value by including organoleptic characteristics and nutritional properties, and export markets could be widened by generating value-added products, diversifying uses, and promoting taro consumption.



Most importantly, there is a need to develop a database of cultivars present in farmers’ fields at national and regional levels. This kind of a modern, curated, and interactive database would help farmers and extension officers to understand the value and potential of locally available cultivars and to learn from the experiences of other people who grow similar varieties in other regions. The database would also help farmers to compare their local varieties with newly available varieties. In addition, taro agro-ecological production zones need to be defined at a country level while safeguarding indigenous local knowledge using a participatory approach. A multi-disciplinary approach should be applied to taro improvement; its potential for better productivity needs to be exploited through the multi-environment evaluation of the different agro-ecologies within each country.



Global initiatives such as the African Orphan Crops Consortium (AOCC) have listed taro among the 101 traditional orphan or neglected crops of Africa that are important for food and nutritional security [130]. This consortium, established in 2011, aims to sequence, assemble, and annotate the genomes of 101 targeted crops to explore in-depth genetic diversity and facilitate their genetic improvement. The crops have been prioritized based on input from scientists, development practitioners, consumers, and producers to support the diets of African consumers and farmers’ incomes. The genomic information generated by the AOCC is to be deposited in the public domain for use by breeders and other researchers, so that the information can be used to develop improved varieties and cultivars, which can then be released to farmers. So far, the AOCC has completed the genome sequencing of eight crop species, but the genome sequencing of taro is still pending.



Taro has been neglected as a research crop, and there is a need to prioritize it as a crop of importance at regional and country levels and to effectively invest research funds to guarantee its future development.
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Figure 1. Map of taro production in Africa based on FAOSTAT data from 1961 to 2020. 
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Figure 2. Taro yield in Africa from 2000 to 2020 (FAOSTAT, 2022). 
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Figure 3. Inflorescence of C. esculenta. Photographed by the first author on 9 September 2021 during a visit to a farmer’s field in Agbaja azumili, Abakaliki, Ebonyi State, Nigeria. The taro cultivar is popularly known as “Ede ofe”. 
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Figure 4. Corm of C. esculenta. (A): dasheen type; (B): eddoe type. Photographed by the first author on 25 December 2021 (A) and 15 January 2022 (B) during a visit to a farm in Sabo, Ogbomoso North, Oyo State, and Ilasa, Ekiti East, Ekiti State, Nigeria, respectively. The corm type shown in (A) is popularly known as “Kokooghana”, while that in (B) is popularly known as “Eposo”. 
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Table 1. Global taro (Colocasia spp.) genetic resources conserved ex situ in 2017, based on the WIEWS.
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	Country
	Holding Institute Code
	No. of Accessions
	Mode of Conservation





	Cuba
	CUB006
	112
	Field



	Ecuador
	ECU023
	18
	Field



	Ethiopia
	ETH085
	138
	Field



	Fiji
	FJI049
	1165
	In vitro



	Guyana
	GUY021
	8
	Field



	Japan
	JPN183
	29
	Field



	Malawi
	MW1041
	111
	Field



	Malaysia
	MYS220
	47
	Field + in vitro



	Panama
	PAN172
	1
	In vitro



	Peru
	PER045
	6
	Field



	South Africa
	ZAF062
	35
	Fielda



	Spain
	ESP172
	3
	Field



	Swaziland
	SWZ015
	11
	Field



	Taiwan
	TWN001
	1
	Seed



	Total
	
	1685
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