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Almost half of children <5 years old living in sub-Saharan Africa (SSA) suffer from vitamin A deficiency and 60% suffer from iron deficiency. Thus, there has been a strong commitment to breeding for, promoting awareness of, and delivering adapted pro-vitamin A rich orange-fleshed sweetpotato (OFSP) in SSA during the past two decades and for enhanced iron content since 2014. This review article focuses on major breeding efforts in SSA to enhance the drought tolerance of OFSP and reviews integrated crop management practices for improved and sustained sweetpotato production in SSA farming systems. Under climate change, the frequency and severity of droughts is expected to increase. Technical issues are presented in the context of addressing challenges along the entire value chain to ensure adoption. First, the use of an accelerated breeding scheme reduced the breeding cycle from 8–10 to 4–5 years. Since 2010, 19 drought-tolerant OFSP cultivars have been released in Mozambique, 7 in Malawi, and 2 in South Africa. Moreover, research in four breeding populations using the heterosis exploiting breeding scheme (HEBS) demonstrated that within one breeding cycle of 5 years, clones with significantly higher root yield, abiotic tolerance, host plant resistance to pests and diseases, and early maturity can be produced. In the future, HEBS will be combined with greater use of modern genomic tools, new phenotyping tools, and CRISPR/Cas9-mediated gene editing. Second, beyond genetic enhancements, evidence is presented that using improved crop management systems, existing sweetpotato yields can be increased 2–4 times. Current knowledge is reviewed concerning sweetpotato's role in diverse farming systems, but integrated crop management is clearly under researched. Third, the outlook for drought tolerance breeding indicates that two distinct classes of nutrient-rich cultivars are emerging: (1) Early maturing cultivars (<4 month growing period) that escape drought but also serve humid environments with small landholding size per capita; and (2) Medium maturing (4–6 month growing period) cultivars that avoid drought, are drought tolerant and exhibit continuous root formation. Increasing commercialization of the crop and climate change will drive demand, and the willingness of farmers to invest in improved sweetpotato crop management.
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INTRODUCTION

Africa is the continent most affected by the triple burden of malnutrition. Thirty African countries suffer undernutrition, micronutrient malnutrition, and the increasing problem of overweight (Development Initiatives, 2018). The quantity of undernourished people in sub-Saharan Africa (SSA) rose 23%, from 181 million in 2010 to almost 222 million in 2016 (FAO et al., 2018). Moreover, micronutrient malnutrition remains a major public health concern in SSA and, when experienced early in life, can lead to irreversible negative health consequences for physical work and cognitive capacity. As of 2011, among the major regions of the world, SSA had the highest prevalence of inadequate intake of vitamin A and second highest for iron, zinc, niacin, vitamin B12, and calcium (Beal et al., 2017). Furthermore, in many SSA countries the problem of overnutrition is increasing at a significant rate, particularly as urban families are relying more on convenient, less micronutrient-dense, processed foods (Barrett and Bevis, 2015). The economic cost of undernutrition is staggering—estimated to cost up to 11% of the Gross Domestic Product (GDP) in Africa (FAO et al., 2019).

Almost half of the children <5 years old living in SSA suffer from vitamin A deficiency and 60% suffer from iron deficiency, which is the major cause of anemia and the most common micronutrient deficiency in the world. Iron deficiency impairs learning capacity and mental development during childhood and adolescence (Barrett and Bevis, 2015). Biofortification is the process of increasing the pro-vitamin A and trace mineral contents of a crop through plant breeding or agronomic practice (Bouis, 2002). Poor households get more than half of their calories from staple foods, and rural households most often consume what they produce. Hence, biofortification of staple foods self-targets those households most at risk of undernutrition and micronutrient malnutrition (Bouis et al., 2019). Emphasis during the past two decades has been on enhancing three major micronutrients [vitamin A, iron (Fe), and zinc (Zn)] in staple food crops. Just 125 g of biofortified orange-fleshed sweetpotato (OFSP) meets a young child's daily vitamin A needs (Low et al., 2009). All flesh-types are good sources of vitamins C, K, E, and several B vitamins, and the mineral magnesium. Sweetpotato roots are also a good source of dietary fiber, stimulating feelings of fullness, and cooked sweetpotatoes have a medium glycemic index (Allen et al., 2012). Given the high levels of vitamin A deficiency in SSA, there has been a strong commitment to breeding for, promoting awareness of, and delivering adapted OFSP cultivars in SSA during the past two decades (Low J. W. et al., 2017). Breeding to enhance iron content in OFSP began in 2014. Strong evidence supports that OFSP introduced in combination with a community-level nutrition education campaign can significantly contribute to reducing vitamin A deficiency among children under 5 years of age (Low et al., 2007; Hotz et al., 2012b).

Sweetpotato grows from sea level to an altitude of 2,400 meters in SSA and it is able to fit into diverse farming systems. Therefore, it is not surprising that the production of sweetpotato has been increasing over the past 20 years (1997–2016) in SSA, with a compound annual growth rate of 3.3% in area and 5.1% in production (FAOSTAT, 2019), indicative of yield improvement. Production per capita figures shown in Table 1 for the top 15 sweetpotato producing countries in SSA in 2018 indicate that sweetpotato is a primary staple food (>50 kg/capita) in 4 countries (Malawi, Tanzania, Rwanda, Burundi) and a secondary staple in an additional 10 countries (10–50 kg/capita). However, average sweetpotato yields in SSA are still remarkably low, with an average of 6 t ha−1 compared to 13 t ha−1 in the South America, 22 t ha−1 in China and 25 t ha−1 in Northern America (FAOSTAT, 2019). The yield gap between existing average yields in SSA on smallholder farms (6–10 t ha−1) and the potential yields like those seen on commercial farms in South Africa (60–80 t ha−1) is huge (Niederwieser, 2004; Low et al., 2009). For sweetpotato to reach its full potential of contributing to improved nutrition in SSA, the causes of these yield gaps need to be addressed in conjunction with biofortification. This can be achieved by breeding for abiotic and biotic stress tolerances, combined with utilization of appropriate agronomic practices on sweetpotato cultivars that are fully integrated into diverse cropping systems.


Table 1. Total and Per Capita production of sweetpotato, estimated total population, and population density in 15 top sweetpotato producing countries in SSA in 2018.
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A major abiotic stress prevalent in sweetpotato producing areas is drought, which globally affects 52 million people annually (Belesova et al., 2019). Under climate change the frequency and severity of droughts is expected to increase, particularly in West Africa (Intergovernmental Panel on Climate Change (IPCC), 2012). Much of Southern Africa is characterized by unimodal production systems, with dry seasons lasting 5 months or longer, but with several countries vulnerable to flooding due to cyclones. For example, severe flood and extreme drought occurred twice or more during the 2000s in central and southern Mozambique. The International Potato Center (CIP) established a breeding program in disaster-prone Mozambique in 2006, specifically focused on breeding for drought-tolerant OFSP. Scientists in South Africa and Kenya have also specifically engaged in drought research. With regards to integrated crop management (ICM) practices, only improved cultivars and improving access to quality planting materials have received substantial support since 2010, as smallholders are viewed as unwilling to invest in intensifying soil and water management for sweetpotato cultivation until the crop has higher market value. In fact, sweetpotato is known for giving reliable, if less than optimal, yields under sub-optimal growth conditions (Oswald et al., 2009).

This article will discuss major breeding efforts to enhance the tolerance of sweetpotato, especially orange-fleshed types, to drought and will subsequently review integrated crop and farm management practices for improved and sustained sweetpotato production in various farming systems and agro-ecologies in SSA. More specifically, this article provides an overview on (i) research advances made during the past 15 years for breeding drought-tolerant OFSP, (ii) new methods to accelerate breeding for drought tolerance, (iii) methods for managing sweetpotato on-farm and sustaining productivity, and (iv) prospects for breeding sweetpotato for existing and emergent cropping systems over the next two decades.



BREEDING FOR DROUGHT-TOLERANCE IN SUB-SAHARAN AFRICA

Sweetpotato is a hexaploid (2n = 6x = 90 chromosomes) outcrossing species with a high degree of genomic duplication. It originated in Latin America but is grown worldwide. The main aim in the genetic enhancement of sweetpotato is to raise the frequency of favorable alleles for desired trait(s) in the breeding population (e.g., population development), and thereafter to select therein outstanding clones for further cultivar development. Each cycle of mass or recurrent selection begins with the botanical seeds of the selected clones. The most important breeding targets are increasing storage root yields, improving flesh quality, enhancing host plant resistance to pathogens (especially viruses) and pests, bettering tolerance to drought, and improving both pro-vitamin A (beta-carotene) and mineral content, particularly Fe and Zn.

To date, drought tolerance has been the key abiotic constraint addressed by breeding in Southern Africa, with 19 drought-tolerant orange-fleshed sweetpotato (OFSP) cultivars released in Mozambique (Andrade et al., 2016a, 2017b), several of which have been further released in other African countries. In addition, considerable research has been undertaken to understand physiological characteristics related to drought in neighboring South Africa (Van Heerden and Laurie, 2008; Omotobora et al., 2014; Laurie R. N. et al., 2015) and some cultivars in Malawi and Kenya were selected for drought tolerance. This is especially relevant in the context of climate change, as the intensity and frequency of drought spells are expected to increase in many parts of Africa over the next decades (Niang et al., 2014). Moreover, since 2014, considerable progress has been made toward the next goal of an iron biofortified, drought tolerant OFSP type.


Sweetpotato and the Effects of Drought and Related Stresses

Large areas in the world (up to two-thirds) are prone to drought and desertification: The west and mid-west of north America, central America, southern and eastern parts of South America, southern Africa, West- and North-Africa, the Near East, Central Asia, three-quarters of India, western and northern China, Western Europe and Australia. These areas have in common that months of humidity are followed by months of dryness. Often the drought stress is coupled with heat and salinity stress. Crop evolution of sweetpotato has taken place in Central America and the western part of South America, including the Pacific coast of Peru, which is one of the driest places in the world. Sweetpotato has been found in Caral (Peru), which is the oldest urban settlement on the American continent (tracing back 2800 BC) and close to the equator. This region of South America is also one of the hottest regions in the world, often facing salinity stress in cropping systems. The Spaniards brought sweetpotato to the Philippines during the sixteenth century. By 1594, the crop was established in China, where the Qing Dynasty heavily promoted it to mitigate droughts and increase food security (Jia, 2013). Currently, for drought prone areas, the crop offers a variety of ways to be consumed as food, including processed items such as, inter alia, baked products, ready-to-eat breakfast foods, french-fries, syrup, starch and beverages (Woolfe, 1992; Bovell-Benjamin, 2007; Padmaja, 2009) as well as animal feed, such as fresh chopped vines for dairy feed (Kinyua, 2013), roots for pigs and poultry (Murugan et al., 2012) or vines and roots as components of silage for pigs and cattle (Kiragu, 2015; Gakige et al., 2020). Cultivars used both as food and feed are known as “dual-purpose” sweetpotatoes, possessing high foliage yields for their use as fresh fodder, in silage or as high-protein feed supplements plus adequate root output (Zhang et al., 1993; León-Velarde and De Mendiburu, 2007). Supplementary fodder availability is key for livestock grazing management and assists in stopping and reversing desertification processes. Research in Rwanda has demonstrated that vines can be cut after 80 days without significant root yield loss (Niyireeba et al., 2013). Climate change is expected to have a negative effect on the quantity of animal feed available and the quality of that feed (Hidosa and Guyo, 2017). Thus, drought tolerant sweetpotato cultivars might become even more significant as animal feed compared to less resilient grasses and cereal crops.

Sweetpotato is commonly grown in rainfed regions. In the context of climate change, the intensity and frequency of drought spells are expected to increase and their predictability decrease in many parts of Africa over the next decades, coupled with heat waves, or floods, especially in Southern Africa (Boko et al., 2007; Niang et al., 2014). Sweetpotato is susceptible to drought, particularly at the root initiation and bulking stages. Cross breeding for tolerance to drought, as well as the identification of main traits to be targeted and ideotypes remain a challenge. Due to differences in time of occurrence and intensity during the period of cultivation, several drought “types” exist—drought escape (earliness); drought avoidance (root depth), and drought tolerance (maintaining assimilation under drought conditions), each having physiological mechanisms underpinning tolerance (Blum, 1988). Moreover, these mechanisms may lead to differing responses according to phenological stages.

Sweetpotato shows a great genetic variability for earliness (Yanfu et al., 1989). In this regard, CIP developed an entire OFSP hybrid population with crop duration requirements of only 90 days (Grüneberg et al., 2015). Some sweetpotato cultivars and breeding clones can grow about 1.5 m deep into the soil, thus absorbing water from deep soil layers (Weaver and Bruner, 1927; Yoshida et al., 1970; Khan et al., 2016). Cultivar and breeding clones differ significantly in their rooting depth (Yen et al., 1964; Grüneberg et al., 2015). These associations between canopy characteristics, water-use efficiency and storage root yields in plants under water deficit deserve further investigation. Drought-tolerant genotypes often exhibit narrow leaves, erect to semi-erect growth types, and their canopy temperature has medium to high location specific heritability when drought occurs late in the cropping season. Sweetpotato can recover from wilting, another trait which differs among genotypes (Laurie R. N. et al., 2015). The tolerance to drought seems to correlate with the relative content of free amino acids, soluble sugars, ATP and the chlorophyll a/b ratio (Zhang et al., 2004, 2005).

Sweetpotato is adaptable to dry areas but severe drought leads to significant storage root yield loss. Drought reduces establishment, stunts growth, seriously damages the photosynthetic apparatus, decreases net photosynthesis, and lessens nutrient uptake (Villordon et al., 2012; Kivuva, 2013; Laurie R. N. et al., 2015). Drought intensity and duration, plant developmental stages and genotypic variability will determine the extent of decrease in storage root yield. There is increasing interest and research on root structure architecture (RSA) in sweetpotato, particularly in breeding for abiotic stress. Khan et al. (2016) review the RSA literature for major root and tuber crops. In sweetpotato, final storage root yield depends on how many lateral roots are formed; their presence is heavily influenced by nutrient and moisture distribution in the soil. Compared to cereal crops, RSA in roots and tubers is very under-researched, in spite of the edible component of the crops being underground (Khan et al., 2016).

Sweetpotato is spreading more and more into the semi-arid tropics and subtropics (Hijmans et al., 2002; Low et al., 2009; Thiele et al., 2017). Breeders for such areas consider drought tolerance to be a critical target for realizing the yield potential of new sweetpotato cultivars and better assure their adoption. A significant percentage of the sweetpotato germplasm appears to be tolerant to drought, heat, and salinity, and they provide storage root harvests in critical drought years (Ding et al., 1997; Anselmo et al., 1998; Xie et al., 1998; Hou et al., 1999; Chávez et al., 2000; Wang et al., 2003; Agili et al., 2012; Kivuva, 2013; Laurie et al., 2013; Yooyongwech et al., 2013; Omotobora et al., 2014; Grüneberg et al., 2015). Sweetpotato needs adequate water supply at planting and for several weeks thereafter (Indira and Kabeerathumma, 1988; Nair et al., 1996; Ravi and Indira, 1996). The crop tolerates, however, moderate drought stress in the second and third months of growth, and severe drought in the fourth or fifth months (Grüneberg et al., 2015).

Van Heerden and Laurie (2008) found two different drought responses in sweetpotato. Limited water supply brought down the leaf relative water content in the breeding clones “A15” and “Resisto.” The negative effects on stomatal conductance disappeared with time in “A15,” suggesting high drought acclimation in “A15.” During restricted water supply, “A15” showed lower suppression of above ground biomass accumulation than “Resisto.” Furthermore, “A15” did not inhibit its photosynthesis on a leaf area basis, whereas CO2 assimilation in “Resisto” was inhibited. As a result, “A15” had higher storage root yield than “Resisto” under restricted water supply (Van Heerden and Laurie, 2008). Other breeding clones and bred-cultivars with similar responses to restricted water supply are “Chissicuana-2,” “Nhacutse-5,” “ADMARC.” “Xiadlaxakau,” “Nwanaqtsjo,” “199062.1,” and “TIS-2534.”

Chávez et al. (2000) selected cultivars showing tolerance to drought, salinity, and boron in the arid Pacific coast of southern Peru and northern Chile. Bernstein (1974) noticed that sweetpotato is semi-tolerant to salinity when electrical conductivity (EC) was 4 dS m−1 in irrigation water or when the EC of soil saturated extract ranged from 6 to 11 dS m−1, with yield reductions of 50%. Mukherjee et al. (2015) found 11 salt tolerant genotypes with adequate yields (>15 t ha−1) after in vitro and in vivo screening of 171 genotypes and further evaluation under salt stress in situ (6.0–8.0 dS m−1) in Odisha and West Bengal.



Sweetpotato Breeding for Drought During the Past 15 Years

For high genetic gains across traits, plant breeding needs to be divided into two components: cultivar development and population improvement (Gallais, 2003). The goal of cultivar development is the selection of the best or very few best clones. In other words, maximizing the response to selection and completing or nearly completing the exploitation of the genetic variation for target breeding traits. The purpose of population improvement, on the other hand, is to select the “best” parents for crossing with the aim of generating genetic variation around a superior population mean. Appropriate multi-trait selection procedures must be used in cultivar development (Elston, 1963), e.g., a base index (Wricke and Weber, 1986). Moreover, a population improvement approach must ensure that undesired genetic gains do not occur in one or more traits (Pesek and Baker, 1969). The cycles of population improvement from a given set of parents to the next set of improved parents should be short (i.e., 2–3 years in sweetpotato with one population without offspring parent analysis and 4–5 years with two populations for a hybrid breeding scheme); while cultivar development has to be rapid with one selection step for early breeding stages (in at least 2 sites) and two selection steps for later breeding stages (1st step in 3–4 sites, and 2nd step in 6–9 locations) (Mwanga et al., 2017). Clearly, continued investment from one breeding stage to the next is driven by the frequency of new clones outperforming the cultivars they aim to replace.

In 2009, sweetpotato breeders in Africa had the opportunity through the Sweetpotato Action for Security and Health in Africa (SASHA) project, funded by the Bill & Melinda Gates Foundation (BMGF), and projects supporting national breeding programs, funded by the Alliance for a Green Revolution in Africa (AGRA), to organize coordinated and collaborative sweetpotato breeding programs based on improved methods and protocols (Grüneberg W. J. et al., 2009). Three sub-regional sweetpotato support platforms (SSPs) were established in SSA with emphasis on population improvement providing 14 national breeding programs with improved true-seed populations and better parental material for key traits, whereas national agricultural research institute (NARI) breeding programs emphasized cultivar development. As a result, decentralized breeding was achieved along with allowing each national partner to keep independence and autonomy. The breeding program in Mozambique became the lead population and cultivar development program for drought tolerance, with 234,962 seeds from this program shared with 18 NARIs partners in Southern Africa, East and Central Africa, West Africa, Brazil, and South East Asia from 2010 through 2019. This joint effort had as desired strategic objectives improved efficiency of breeding methods, increased recombination and number of parents, accelerated breeding and better allocation of resources, more controlled cross breeding, and concomitant stepwise reduction of polycross breeding. Heterosis-exploiting schemes and genomic-led breeding are likely to be pursued further.

In addition to developing a higher number of quality crosses, the time from crossing to releasing a cultivar for one recurrent selection cycle in population improvement1 remains a key factor for improving sweetpotato breeding. In 2006, CIP-Mozambique began implementing the accelerated breeding scheme [ABS (Andrade et al., 2017b)], which reduced the time needed to select a potential cultivar from 8 to 10 years to 4 or 5 years (Figure 1). The ABS is used in the early stages of breeding clonally propagated crops for augmenting breeding efficiency (Grüneberg et al., 2015). Spatial variation of testing environments replaces temporal variation of testing environments when the genotype-by-year variance ([image: image]) is not very important. Testing genotypes, which derive directly from true-seed, are grown in small 1-m row plots of three plants in either 2 or 3 environments without using plot replications. More sites are used in the early stages of breeding, one of which is the stress environment. This accelerates the elimination of clones, speeding up the selection process. Different traits measured simultaneously may be aggregated into an index or selected sequentially across environments (i.e., independent culling). Such an approach may allow selecting 200–500 clones, which subsequently enter into later breeding stages. Grüneberg W. et al. (2009) proposed ABS, which Lebot (2010) discussed further; Andrade et al. (2017b) initiated ABS in Mozambique and Grüneberg in Peru. In April 2010, CIP and INIA in Peru released four cultivars developed following the ABS approach: “Adriano” (CIP 105228.1), “Alexander” (CIP 105240.1), “Arne” (CIP-105086.1) and “Benjamin” (CIP 105085.2). “Benjamin” can yield up to 80 t ha−1 and shows a high number of large roots suitable for markets in drought prone areas with irrigation facilities such as those found on the coasts of Perú and Tajikistan. The sweetpotato breeding network adopted the ABS approach, with 13 African NARIs breeding in 2013, compared to 2 in 2005 (Low J. W. et al., 2017).


[image: Figure 1]
FIGURE 1. The conventional (left) and accelerated breeding (right) schemes.


“Vine survival” is an underestimated key trait for tolerance in drought-prone areas (Yanggen and Nagujja, 2006; Lebot, 2010). For example, a popular introduced cultivar “Resisto” disappeared in farming systems after drought years in Mozambique due to its inadequate “vine survival.” Desired features include strong and thick vines (often lignified) and medium to high upper biomass production that can provide enough planting material after the dry season and is capable of withstanding short dry spells after planting. Vine survival became an easy-to-assess attribute for selecting cultivars in Mozambique (Andrade et al., 2017a).

Clearly, when breeding for drought-tolerance, one of the ABS sites must be chronically drought-prone. However, drought-tolerant cultivars must also be able to respond positively to water supply. Hence, one of the other ABS sites must be known for having consistently good growing conditions. Geometric mean, percent yield reduction, drought sensitivity index and harvest index (the ratio of storage root weight/storage root plus foliage weight) are useful for selecting breeding clones and cultivars when comparing them under irrigation vs. not having irrigation in the middle of the root initiation growth stage. Harvest index stability and the geometric mean are key for identifying clones with both high storage root yield and stability. Promising clones showed biomass production positively correlated with harvest index stability (Andrade et al., 2016b).



Available Sweetpotato Cultivars for Drought Prone Areas in SSA

The joint CIP-IIAM2 sweetpotato drought tolerance breeding program in Southern Africa based in Maputo, Mozambique has released 22 sweetpotato cultivars that are tolerant to drought since 2010, of which 19 are OFSP. The target population of environments are regions which face a shortened growing season and where drought starts toward the end of the growing season. In February 2011, 15 drought-tolerant OFSP cultivars (“Amelia,” “Bela,” “Delvia,” “Erica,” “Esther,” “Gloria,” “Ininda,” “Irene,” “Ivone,” “Jane,” “Lourdes,” “Melinda,” “Namanga,” “Sumaia,” and “Tio Joe”), bred using ABS, were released in Mozambique (Andrade et al., 2017b). Seven additional drought-tolerant cultivars were released in 2016 (four are orange-fleshed [“Ivone,” “Alisha,” “Victoria,” and “Lawrence”], while “Bie,” “Bita,” and “Caelan” are purple-fleshed cultivars) (Andrade et al., 2016a). Under unimodal rainfed conditions, with no fertilizers, the yield potential of these improved cultivars ranges from 18–25 t ha−1. One of the 2011 releases, Irene, has shown wide adaptability, and has been released in four other SSA countries and has shown good producing ability under irrigation in saline soils in Abu Dhabi. The mechanisms for drought tolerance vary in each cultivar. “Alisha,” “Irene” and “Sumaia” show early maturity. In addition, thick vines provide a morphological adaption to drought in “Alisha,” “Bie,” “Bita,” “Caelan,” and “Irene.” Vine survival was a feature in “Alisha,” “Bita,” “Caelan,” and “Irene.” The best three cultivars combining more than three drought tolerant traits are “Alisha,” “Irene,” and “Sumaia.” As of 2015, drought-tolerant OFSP represents 32% of total sweetpotato production in Mozambique (Ministério da Agricultura e Segurança Alimentar, 2015).

Since 2010, the Malawi national program also bred and released nine cultivars they considered to be drought tolerant, of which seven are orange-fleshed (Chipungu et al., 2011). Three of them were from botanical seed obtained from the population development program in Uganda. In addition, in 2015 South Africa released two OFSP cultivars considered to be widely adapted, including adequate performance in lower rainfall sites (Laurie S. et al., 2015).

On-going research in sweetpotato breeding includes assessing the usefulness of remote sensing via thermal infrared imaging through unmanned aerial vehicles. Higher yield under drought seems to be related to both higher leaf area index and high stomatal conductance (Laurie R. N. et al., 2015). These traits may therefore be used as indirect selection criteria. Additionally, key physiological characteristics involving carbon isotope discrimination (associated with water use efficiency) and leaf temperature are under assessment for their utility in screening sweetpotato genotypes for drought tolerance.



Future Sweetpotato Breeding for Drought Tolerance

In each breeding cycle, new breeding populations should increase the frequency of key traits for drought tolerance. They include strong vine survival attributes, deep rooting measured indirectly via canopy temperature at critical growing stages, storage root yield with low risk to fail under drought in combination with adequate root yield in response to rains (i.e., no inhibition of photosynthesis under conditions of restricted water supply), and harvest index stability in combination with attractive upper biomass production to supply the fodder needs in semi-arid farming systems. Another key trait for smallholder systems is the ability of the root to produce prolific and hardy sprouts when the rains arrive after the dry season. This relates to the dominant traditional practice for how most farmers get their planting material in drought-prone areas. Drought tolerance indices are often used for selecting among sweetpotato breeding clones in stress-prone areas of SSA. Such indices are based on measuring root yields under normal deficit and water deficit. In this regard, Agili et al. (2012) were able to identify breeding clones with a high score on a stress tolerance index and yield potential. They noted that yield potential and yield under stress correlated positively with mean productivity, geometric mean productivity, and stress tolerance, thus suggesting their use for drought tolerance screening in this crop.

In the drought-tolerant breeding programs, more nutritious sweetpotato cultivars are under development. The orange-fleshed cultivars are rich in vitamin A and increasingly in iron and also show high root yields under drought, short crop duration, and tolerance to heat and salinity. The purple-fleshed cultivars are rich in anthocyanins, which are anti-oxidants. The sweetpotato genome is large and heterogeneous, which makes its breeding a challenging task. Controlled cross breeding requires the hand crossing of two breeding clones or cultivars to obtain true seed, which is thereafter planted. The crossing involves several parents and their resulting offspring are grown and evaluated over several generations, with the aim of selecting the best breeding clones. However, the results may be disappointing when using genetically similar parental plants. Sweetpotato breeders should start with crossing cultivars or breeding clones that are genetically different to allow their offspring to exhibit heterosis, thus increasing storage root yield. The genetically different sweetpotato parents exhibiting hybrid vigor in offspring are called “mutually heterotic parental groups.”

CIP recently used 31 DNA markers to assess the relatedness of 141 sweetpotato parents included in polycross seed nurseries in the three population development programs in Africa, and another 80 parents used in Peru. Parents have been clustered into genetically distinct groups (David et al., 2018). Future plant breeding can maximize genetic distances between parental groups to obtain hybrids quickly by crossing an A group parent with a B group parent. This hybrid breeding method is a new approach for population improvement in sweetpotato (Figure 2). The use of mutually heterotic groups leads to a “heterosis exploiting breeding scheme” (HEBS) (Figure 3). In this manner, the offspring show much increased hybrid vigor, and so the improvement in important key traits such as root yield is dramatic. Research using CIP's four breeding populations demonstrated that this scheme will lead rapidly, within one breeding cycle of 5 years, to nutritious improved breeding clones with significant increases in root yield, abiotic tolerance, early maturing, and host plant resistance to pests and diseases. The breeders estimate that for storage root yield and earliness this method accomplished as much as would have been achieved in 36 years of using the older method of polycross breeding in which each mother plant is pollinated randomly by the entire set of parents in the polycross seed nursery.


[image: Figure 2]
FIGURE 2. Population hybrid breeding – a heterosis exploiting breeding scheme for clonally propagated crops.



[image: Figure 3]
FIGURE 3. Breeders José Ricardo (IIAM) and Maria Andrade (CIP) in front of 100 parent diallel crossing block in Mozambique (Credit J. Low).


For theoretical reasons, controlled cross breeding is significantly better than polycross breeding (Ssali et al., 2019). However, polycross breeding will continue to be important as bi-parental isolation crosses produce large amounts of true seeds in open pollination, enabling the full exploitation of the large segregation potential within the best sweetpotato parental combinations (Elite-crosses).

Breeding research has observed large yield gains due to hybrid vigor in sweetpotato. Combining ability tests using half-diallel or factorial mating designs are used to assess heterosis increments. Genetic gains for root yield in OFSP hybrid population 1 (H1) vis-à-vis its original baseline after one 5-year reciprocal recurrent selection cycle in Peru (Grüneberg et al., 2019) were 69.7% when harvesting after 90 days (the H1 population storage root mean was 18.5 t ha−1), 117.6% in the high iron population at 120 days harvest (the H1 population storage root mean was 44.9 t ha−1), and 96.2% for the low sweetness population when harvesting after 120 days (the H1 population storage root mean was 30.8 t ha−1). Exploiting the heterosis concept in Kenya, Kivuva et al. (2015) found three high root yielding hybrid progeny with mid- and best parent heterosis ranging from 117.8 to 269.6% under drought conditions.

Population hybrid breeding is already intensifying using DNA markers for genepool separation, because performance, morphological attributes, and origin provide only very limited information on genetic distances among parental material. However, once population hybrid breeding is established, there are tremendous opportunities for selection based on genomic-estimated breeding values (GEBV) or “genomic selection.” First, bi-parental isolation crosses or elite crosses, respectively, can be used to train models on the basis of on-going breeding evaluations with closely related validation populations. The advantages of applying genomic tools for breeding in a comprehensive breeding scheme are huge, because these are actual breeding populations and not research populations unlikely to be used. Moreover, these populations can be generated from in vitro germination, thus avoiding the time-consuming cleanup (i.e., virus removal) of breeding clones to be shared across borders for further evaluation. The vision of sweetpotato breeders is to conduct the entire first breeding stage of elite crosses using in vitro germination and GEBV-led selection. Second, offspring-parent analysis using a chain of datasets from 2 or 3 environments offers an opportunity to delink offspring-parent associations when assessing agronomic performance. This approach is unlikely to replace field testing but will provide additional information on the breeding value of each parent, which is very hard to forecast.

Breeding for tolerance to abiotic stresses is more complex than improving many other traits. One reason is the challenge of defining what are the characteristics that tolerant genotypes should show. For example, leaf area index and stomatal conductance influence storage root yield in sweetpotato as noted by Laurie R. N. et al. (2015), who advocate their use for screening sweetpotato germplasm under drought stress. Furthermore, as indicated by Reynolds et al. (2015), there are also different levels and mechanisms of tolerance for each stress, which lead to different responses according to the phenological stage. Likewise, these traits are multigenic, thus generating a continuous variation, which means dealing with quantitative trait loci or QTL (Collins et al., 2008). Likewise, both additive and non-additive gene actions control leaf-related traits, while additive genes affect SPAD chlorophyll meter readings and root-pull resistance, respectively, as revealed by diallel analysis (Mwije, 2014). Success in cross breeding depends, therefore, on finding an appropriate donor of tolerance genes. Research to identify and use QTL and related mechanisms involved in cellular and whole-plant responses related to drought acclimation will also contribute toward breeding sweetpotato cultivars for drought-prone areas worldwide. Research should also focus on studying the interactions between roots, shoots, the rhizosphere and reproductive traits, as well as their collective effects on storage root yields under various climate scenarios with limited water availability (Tardieu et al., 2018). Fitting plant phenology and other related traits to the probable drought scenario in a defined region is key (Khan et al., 2016; Chenu et al., 2018). Drought, heat, and salinity stress are often synchronous, so combined tolerance to them is very important, although the genetic architectures of their tolerance may differ (Tricker et al., 2018). Some traits to consider for further selecting sweetpotato under drought include early vigor, root architecture, carbon isotope discrimination, stomatal conductance, canopy temperature depression, osmotic adjustment, chlorophyll concentration, stay green and delayed leaf senescence and remobilization of water-soluble carbohydrates (Turner, 1997; Tuberosa, 2012; Chenu et al., 2018; Tardieu et al., 2018).

To succeed on marker-assisted selection (MAS) for both drought and salt tolerance in sweetpotato, the QTLs responsible for the respective stress tolerance must be identified and thereafter linked to diagnostic DNA markers. The discovery of DNA markers, which may be further used to develop ultra-high-density genetic maps, may be facilitated by next generation sequencing (NGS) technology. These maps are very useful for precisely locating QTL and paving the way for their cloning. Likewise, MAS with DNA markers near the target QTL reduces linkage drag during trait introgression. Moreover, microsatellites (SSR) and single nucleotide polymorphisms (SNPs) obtained from NGS enable the production of high-throughput genotyping platforms, which are essential for the simultaneous analysis of many DNA markers and many individuals from segregating populations. Genomic research coupled with transcriptomic analysis provides means for gene discovery and encountering regulatory systems and their positions (Roorkiwal et al., 2014). Bararyenya et al. (2020) were able to find 12 genetic markers for continuous root formation, and another seven for discontinuous root formation, along with their putative functional genes. Omics-based technology may be also useful for unearthing the genes and their specific function of target trait(s). Transcriptome, genome, microme, proteome, and metabolome data allow locating candidate genes when following such an approach. However, suitable phenotyping protocols to assess large populations are essential for identifying tolerance sources and in selection procedures. Various phenotyping platforms are becoming available based on non-invasive or minimally invasive techniques that yield big data (Fiorani and Schurr, 2013).

Remote sensing of growth-related parameters based on spectral reflectance and infrared thermometry are now available to measure plant water status (Masuka et al., 2012). Cool canopy and high stomatal conductance appear to be associated with high yield in drought-prone sites. These traits may be useful as indirect selection criteria. Likewise, canopy spectral reflectance seems to be an effective non-invasive high-throughput phenotyping technique that enables quick and easy measurements of various dynamic and complex traits such as carbon assimilation, biomass accumulation, and plant canopy size. Hence, canopy spectral reflectance may facilitate mass screening of sweetpotato genotypes for tolerance to drought. Thermal infrared imaging or infrared thermography, which estimates leaf or canopy temperature, may be used for drought tolerance screening in sweetpotato. Plant canopy temperature is closely related to canopy conductance at the vegetative stage, providing insights on plant water status. Other key physiological characteristics such as water use efficiency, root growth, carbon isotope discrimination (Δ13C) and leaf temperature provide means for screening sweetpotato genotypes for drought tolerance. Furthermore, a sound characterization of the target population of environments is mandatory to increase the effectiveness of deploying drought tolerance-related characteristics, focusing on those that highly correlate with storage root yield. Currently, image-based systems have been developed, but are in limited use to study roots in their natural environment. Eventually, a major goal would be to develop models capturing the responses of root traits to relevant stresses combined with high-throughput root phenotyping techniques (Khan et al., 2016).

Modern biometrics permit calibrating and validating data that are used for building robust prediction models (Cabrera-Bosquet et al., 2012; Römer et al., 2012). Very recently, CRISPR/Cas9-mediated gene editing was used for mutagenesis of two starch biosynthesis genes (IbGBSSI encoding granule-bound starch synthase I and IbSBEII controlling starch branching enzyme II) in sweetpotato (Wang et al., 2019). Most mutations are related to nucleotide substitutions, thus leading to amino-acid changes and rarely to stop codons. Clasen et al. (2016) used transcription activator-like effective nucleases to silence a gene in potato that breaks down sucrose to glucose and fructose during cold storage, thus improving processing quality of stored tubers. These results show the potential value of this gene editing approach for changing storage root traits in sweetpotato.




BEYOND GENETIC ENHANCEMENT TO ENSURE OFSP FARMING SUSTAINABILITY


Sweetpotato in Smallholder Cropping and Farming Systems in SSA

To plan for next-generation cropping systems, it is crucial to understand how sweetpotato fits into current farming systems—looking beyond breeding. Hence, a review of research efforts based on field experimentations and scenario modeling efforts has been undertaken.

Sweetpotato is widely grown in different cropping and farming systems in SSA, from the humid tropics of Central and East Africa with its bimodal rainfall pattern, to drought-prone regions in Southern and East Africa with unimodal rainfall pattern and extended dry seasons, and the forest margins and savanna regions of West Africa (Andrade et al., 2009). Two types of food systems with sweetpotato can roughly be distinguished: root crop-based systems where sweetpotato is a staple, and cereal-based systems where sweetpotato is a secondary crop, but with an important role in food security (Ewell and Mutuura, 1994). Root-dominant systems are found in the highland perennial farming system, the root crop farming system and the tree crop farming system, which together cover 15% of the SSA's land area with 32% of her people (Table 2). The major cereal-based systems are the maize-mixed farming system and the cereal-root crop mixed system, which cover 24% of SSA's land area and are home to 34% of her population (Table 2). Among all the area dedicated to sweetpotato in SSA, 89% of it is concentrated in the above five farming systems where 66% of population resides.


Table 2. Major farming systems in SSA, the percent of land area occupied and where located, and the percent of population and sweetpotato area in each system.
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The largest producers of sweetpotato in Africa are Malawi, Nigeria, and Tanzania, with the area under cultivation approximately equal in East and West Africa (FAOSTAT, 2019). Levels of sweetpotato root supply per capita per year are much higher in East, Central and Southern Africa compared to West Africa, being the highest in Malawi, Rwanda, Burundi, and Tanzania (FAOSTAT, 2019). In the humid tropics of Central Africa, sweetpotato is grown on nearly every farm at mid-elevation (Ewell and Mutuura, 1994). Breeding for short maturing (3–4 months) cultivars (drought escape) has been a feature of many sweetpotato breeding programs. Because of such cultivars, in combination with sweetpotato's capacity to tolerate marginal soil and moisture conditions, considerable flexibility exists for incorporating sweetpotato into diverse cropping systems (Andrade et al., 2009). The dominant cropping systems with sweetpotato in SSA encompass (1) monocropping, (2) rotation or intercropping with cereals or legumes, and (3) intercropping with perennials such as cassava, enset, coffee, and fruit trees. Sweetpotato is grown as a monocrop during the main rainy season commonly in root crop-based systems where it is a staple food and a major source of income. In Ethiopia, sweetpotato is grown as a relay crop with maize planted once the maize has tasseled to ensure establishment of sweetpotato before the main rainy season ends (Mudege et al., 2019). Systems with sweetpotato grown on residual moisture in inland valleys or floodplains following a rice crop during the main rainy season can be found in West Africa, Tanzania and Madagascar (Andrade et al., 2009; Ngailo et al., 2015). Intercropping with legumes such as pigeon pea and cowpea are common across the continent4 (Kapinga et al., 1995; Ngailo et al., 2015). Sweetpotato has also a role in crop-livestock systems where vines are fed to livestock, especially dairy cattle (Ewell and Mutuura, 1994; Larbi et al., 2007; Claessens et al., 2008; Mudege et al., 2019).



Factors Which Drive Adoption of OFSP

The most important criteria of smallholder farmers in SSA to adopt OFSP include yield, drought tolerance, maturity period, resistance to pathogens and pests, taste, nutritive value, multi-purpose use (human and animal feeds), market demand, and external appearance of leaves and roots (Ssebuliba et al., 2006; Tomlins et al., 2007; Low J. et al., 2017). Another important factor which has not received enough attention by breeders until recently, is the trait of continuous root formation. This trait is associated with the practice of “piecemeal” harvesting, that is removing mature roots as needed; then others continue to mature over time. Discontinuous root formation, associated with many cultivars bred for early maturity, means that mature root formation occurs at the same time (Bararyenya et al., 2019). For such cultivars, most roots need to be harvested within a few weeks, and must be eaten, stored post-harvest or sold. On the other hand, the selection of newly introduced crops and cultivars by urban consumers depends on sensory profiles, level of promotion of the crop, knowledge, and previous experiences of consumers on similar crops among others (Birol et al., 2015). Hence, research for development organizations and their key investors have recognized the need for integrated agriculture, nutrition and market development approaches for effective introduction of new biofortified crops such as OFSP for sustained improvements of food and nutrition security in the developing world (Low, 2013; Jenkins et al., 2015; Low J. W. et al., 2017).

Effective adoption of OFSP depends on proper participation of the various actors and service providers in the introduction and dissemination processes. Farmers who participated in plant breeding and cultivar selection efforts in Uganda were, respectively, 37 and 7 times more likely to adopt improved sweetpotato cultivars than those who had not (Kiiza et al., 2012). CIP's Sweetpotato for Profit and Health Initiative (SPHI), a coalition of national governments and non-governmental research and development organizations, followed standardized training and participatory variety selection processes across SSA. Farmers trained specifically in sweetpotato production were 9 times more likely to adopt bred-cultivars than those who had not received this type of training (Kiiza et al., 2012).



The Critical Need for a Value Chain Approach

The introduction and wider dissemination of nutritious, drought tolerant OFSP in SSA requires improved understanding of the commodity value chain challenges, constraints, and opportunities (Mmasa and Msuya, 2012; Parmar et al., 2017). Value chain challenges in the predominantly smallholder-based sweetpotato production and marketing systems include: (1) seasonality (in terms of availability of the product in the market); (2) lack of access to ample and quality planting material at the beginning of the rains; (3) post-harvest losses associated with the bulky nature and improper handling of storage roots; (4) low farm gate price during the peak harvest seasons; (5) poorly developed marketing systems; and (6) the image of the crop as a poor person's crop. For example, the retail price of sweetpotato roots in southern Ethiopia was 225% higher in March compared to December, the latter being a peak harvest season and the former a low supply month (Biazin et al., 2019). In SSA, post-harvest losses associated with improper handling along a chain from production sites to retail locations can vary between 40 and 80%, depending on the distance to market locations (Tomlins et al., 2007; Parmar et al., 2017).

One of the major value chain challenges in SSA is that sweetpotato in cereal-based systems is consumed mostly as a breakfast food or snack being boiled, steamed, or fried (Low et al., 2009). This is in contrast with the untapped potential of sweetpotato to be a primary staple food and become a key ingredient in the food processing industry. Given that it has the highest edible energy per unit of area and time among food crops and is one of the cheapest sources of vitamin A in the densely populated areas of Africa, its expanded use makes economic and nutritional sense (Woolfe, 1992; Hotz et al., 2012a). Awareness creation on sustainable production and healthy diets to address both micronutrient deficiencies and obesity (over nutrition) should be considered in value chain developments (Low et al., 2015; Laurie et al., 2018).



Sweetpotato Yield Gaps in SSA

Limited data are available in the scientific literature concerning on-farm root yield levels of sweetpotato in SSA. When evaluating OFSP cultivars in 221 on-farm sites in Malawi, van Vugt and Franke (2018) found that 60–90% of the on-farm root yields were below 10 t ha−1. Mean on-farm root yields varied between 4 and 9 t ha−1 among cultivars in Malawi (van Vugt and Franke, 2018) and between 1 and 9 t ha−1 in Uganda (Omiat et al., 2005). Average sweetpotato root yields are 8, 7.5, 3, and 3 t ha−1 for East, Central, Southern and West Africa, respectively (FAOSTAT, 2019), which are far below attainable yield levels. van Vugt and Franke (2018) defined attainable yield as the mean on-farm yield plus three times the standard deviation and found that attainable root yields varied from 18 to 32 t ha−1 among districts in Malawi. Attainable root yields in experimental farms under rainfed conditions were 25 t ha−1 in Cameroon (Yengoh and Ardo, 2014), 25–29 t ha−1 in South Africa (Laurie et al., 2017), 27 t ha−1 in Mozambique (Andrade et al., 2017b), 27–32 t ha−1 in Rwanda (Rukundo, 2015) and 39 t ha−1 in Nigeria (Uwah et al., 2013). Despite the reputation of sweetpotato as a robust crop tolerant to low inputs and minimal crop management, based on these numbers it appears that a 100–200% yield increase can realistically be obtained with improved crop management (Oswald et al., 2009). This means that the potential impact of introducing OFSP in farming and food systems on food security, nutrition, and income can be largely increased by investments in improved crop management.

The most frequently mentioned constraints for sweetpotato production, contributing to yield gaps, are drought, poor access to quality planting material, pests and pathogens, and poor soil fertility. In an expert survey, control of viruses and availability, and quality of planting material were identified as priority research needs for sweetpotato in the developing world, with control of weevils an additional priority for SSA (Fuglie, 2007). In participatory rural appraisals in Rwanda and Tanzania, farmers identified pest and diseases, drought stress, and availability of bred-cultivars and planting material as the main constraints limiting sweetpotato production (Ngailo et al., 2015; Rukundo, 2015).

van Vugt and Franke (2018) systematically analyzed factors contributing to sweetpotato yield gaps in SSA and found that the most yield limiting factor was total rainfall during the growing period, reported for 30% of the 221 on-farm plots included in their study. Second was elevation (23%), followed by planting date (21%), percentage crop establishment (18%) and rainfall exposure period (8%). Although sweetpotato is considered a drought tolerant crop, late planting does result in yield losses, which is related to water stress during the root initiation and main bulking periods. Nevertheless, these factors together could explain only 31% of the yield gap. There were only weak relationships between root yields and soil characteristics, and soil fertility constraints were, therefore, not captured in their model. Data on soil fertility limitations to sweetpotato yields in SSA are scarce. Niederwieser (2004) provides details on the amount of different nutrients removed by one ton of sweetpotato planting material and guidance on nutrient application rates when soil analysis is not feasible.



Potential Returns to Investing in Improved Crop and Cropping System Management for Enhancing Sweetpotato Productivity
 
Considerations on Crop Management Choices for Sweetpotato

Suitable best practices for sweetpotato (land preparation, planting methods, nutrient and pest and disease management, etc.) are available (Niederwieser, 2004; Mukhopadhyay et al., 2011; Stathers et al., 2013; Abidin and Carey, 2017), but need to be adapted to local contexts. Given that sweetpotato in SSA is often a secondary crop grown for food reserves rather than high yields, there has been limited interest by farmers to invest in improved crop management (Ewell and Mutuura, 1994; Andrade et al., 2009). This may explain why research on investments in improved crop management of sweetpotato in SSA has remained behind. In this context, when promoting improved crop management for sweetpotato, understanding trade-offs and synergies at farm level, farmer behavior and constraints for adoption, especially the need for market access and demand, is critical.



Addressing the Seed System Bottleneck

Sweetpotato is propagated using both roots and vines, the latter being widely important in Africa (McEwan, 2016). Unlike major cereal crops whose seeds can be safely stored, sweetpotato vine conservation during the dry season is a prevailing challenge causing a low seed security status and possible shift to other crops (Mudege et al., 2019). Sweetpotato vine conservation and multiplication practices are largely influenced by rainfall patterns. Planting materials are more available in bimodal rainfall areas than in unimodal rainfall areas affected by long dry spells (Barron et al., 2003; Biamah et al., 2005; Biazin and Sterk, 2013). The other challenge is lack of quality planting material mainly associated with contamination by various sweetpotato virus diseases, weevils (Cylas formicarius), sweetpotato butterfly (Acraea acerata), Alternaria blight (Alternaria spp.) and erinose mites (Aceria spp.) (Clark et al., 2012; McEwan, 2016). Generally, the lack of access to and availability of quality planting material at the beginning of the rainy season is a prevailing challenge against wider dissemination of improved sweetpotato cultivars across SSA (Gurmu et al., 2015; Mudege et al., 2019).

Addressing the seed system challenges requires a closer understanding of and building upon indigenous practices, innovative technologies and working with multi-stakeholder and cross-sectoral approaches (Gurmu et al., 2015; McEwan, 2016; Rajendran et al., 2017). The most widely practiced traditional seed conservation and multiplication practices by smallholder farmers in SSA include growing vines using residual moisture and in flood plains, growing vines under perennial crops such as fruits and enset, taking advantage of the shade to prevent vine desiccation (Gurmu et al., 2015; Mudege et al., 2019), and using volunteer roots that remained in the soil during previous harvests and start sprouting at the onset of the rainy season (McEwan, 2016). Recent efforts by CIP in collaboration with African national agricultural research institutes (NARIs) have focused on developing innovative sweetpotato seed system technologies such as Triple S (storage, sand, and sprouting) for root-based vine multiplication, the use of net tunnels to protect foundation material from insect vectors that spread viruses (Figure 4), sandponics for vine multiplication from pathogen-tested plantlets and irrigated vine multiplication linked to established decentralized vine multipliers.
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FIGURE 4. Technologies to enhance access to seed in drought prone areas (A. Triple S) and to protect a stock of high quality planting material from insect vectors (B. Net tunnels) developed under the SASHA research program. (A) Triple S is a root based method where small and medium roots are stored in layers of sand in the home during the dry season, then planted out in a nursery bed 6–8 weeks prior to the start of the rain and watered twice a week. On average one root gives 40 cuttings (each 30 cm long). (B) Net tunnels protect hardened disease-free cuttings obtained usually from national research programs from insect vectors. They are appropriate for use by vine multipliers in high virus pressure areas, enabling them to retain their own stock of starter material. Under good management, a net tunnel lasts 3 years. (Credit on photo: K. Ogero).




Pest and Disease Management

Sweet potato virus disease (SPVD) is the most serious and widely spread disease affecting sweetpotato in SSA (Gibson et al., 2004; Tairo et al., 2004; Valkonen et al., 2015). It is a result of a combined infection by Sweet potato chlorotic stunt virus (whitefly-transmitted crinivirus) and Sweet potato feathery mottle virus (aphid-transmitted potyvirus) (Gibson et al., 2004; Clark et al., 2012). In field trials in Uganda, SPVD resulted in 65 to 90% root yield losses (Adikini et al., 2016). Sweetpotato weevils (Cylas spp.) are the most important pest of sweetpotato in SSA with yield losses up to 100% (Okonya et al., 2016). van Vugt and Franke (2018) encountered weevil damage in 74–85% of on-farm sites in Malawi. In addition to viruses and weevils, other important sweetpotato pests and diseases are the sweetpotato butterfly (Acraea acerata), millipedes and rats (Ebregt et al., 2004a,b), and the fungal stem blight disease (Alternaria bataticola) (Osiru et al., 2007) and Fusarium wilt (Fusarium oxysporum f. sp. batatas) (Thompson et al., 2011). For a comprehensive review of major and minor pests and diseases of sweetpotato and their occurrence in SSA, refer to Ames et al. (1996).

As sweetpotato is a vegetatively propagated crop, pests and diseases easily spread through contaminated planting material (Reynolds et al., 2015). The use of disease-free or “clean” planting material is, therefore, paramount for good yields. Nevertheless, only a very small portion of sweetpotato farmers in SSA use quality-declared planting material. There is a need to intensify awareness raising efforts among farmers concerning the benefits of clean planting material, while strengthening the seed production and supply system. Other management strategies include field sanitation through removing and destroying diseased plants (rogueing), crop rotation and plot separation (for both virus and weevil control), and hilling up, mulching, and flooding (for weevil control) (Stathers et al., 2013). Farmers often lack knowledge of these practices or do not adopt them (Osiru et al., 2007). For instance, in a farmer survey by Ebregt et al. (2004a) in Uganda, most respondents did not see any problem in establishing new sweetpotato plots next to existing ones. van Vugt and Franke (2018) indicated that farmers can reduce weevil infestation by earlier harvesting, prior to soils drying and cracking5. The use of pesticides on sweetpotato is very low in SSA, except in Nigeria and Uganda, where use is increasing (Reynolds et al., 2015). Okonya et al. (2019) reported that 14% of farmers surveyed in Rwanda and Burundi used insecticides on sweetpotato, while none used herbicides or fungicides.

Low-cost options to control damage by pests and diseases may reside in cropping system innovations. Abidin et al. (2015) reported that strip intercropping sweetpotato with maize or onions reduced weevil damage in Malawi. In India, rotation with rice and cowpea, as well as intercropping with rice, cowpea, and maize reduced weevil infestation (Nedunchezhiyan et al., 2012). Rice-sweetpotato rotation in China reduced damage by weevils and other pests and diseases of sweetpotato due to the wet-dry cycle (Gitomer, 1996). Talekar (1987) showed, however, that rotations are not effective in reducing weevil damage when there is still a weevil source close to the field, indicating the importance of plot separation. In Indonesia, sweetpotato is strip intercropped with yam bean (Pachyrhizus spp.)—a storage root forming legume—to avoid or significantly reduce weevil damage (Karuniawan, 2004). Ichinose et al. (2019) indicated that intra-planting a sweetpotato cultivar preferred by weevils with a less preferred cultivar in the same field may reduce total weevil damage.



Soil Fertility Management

There is a general perception that sweetpotato can produce yields on marginal soils with very poor soil fertility. A modest sweetpotato root yield of 10 t ha−1 removes ~80 kg of potassium (K) ha−1, 50 kg of nitrogen (N), and 10 kg of phosphorus (P) with the harvest of the roots6, not including nutrients removed with the vines. This is approximately the same amount of N and P removed with a moderate to high yielding maize crop, and a much higher quantity of K is removed by sweetpotato than by maize6. This can explain why sweetpotato is considered by many farmers to be nutrient depleting, making some hesitant to intercrop sweetpotato with cash crops. Smallholder farmers in SSA rarely use inorganic or organic inputs on sweetpotato, in part because of the perceived tolerance to low soil fertility, but also because of lack of awareness and in some areas low prices of the roots relative to the cost of fertilization (Ngailo et al., 2015). This combined with the relatively high nutrient extraction rates implies that sweetpotato production may contribute significantly to soil nutrient depletion in SSA.

Despite its tolerance to poor soil fertility, sweetpotato responds to improved nutrient management. In Nigeria, sweetpotato yields were nearly doubled (from 7–10 to 14–17 t ha−1) by applying moderate rates of NPK and poultry manure, while yields increased by only 50% with application of high rates of either NPK or manure separately (Agbede, 2010); thus showing the benefit of integrated soil fertility management. van Vugt (2018) found that mean on-farm root yields increased from 11.8 to 14.5 t ha−1 with application of NPKS in combination with lime in Malawi. Uwah et al. (2013) found that mean root yields increased from 4 t ha−1 with no K application to 39 t ha−1 with 160 kg K ha−1. Nitrogen application rates should be moderated as too much N will lead to vigorous vine growth at the expense of root yield (Niederwieser, 2004; Kirchhof, 2009). For optimal response, appropriate fertilizer recommendations tailored to the nutrient requirements of sweetpotato and adapted to local soil conditions are needed. For maximal effectiveness, this should be coupled with breeding for improved nutrient efficiency (Villordon et al., 2014). This will require considerably more research investments on nutrient management and efficiency of sweetpotato, which to date have remained extremely low compared to crops such as maize (Villordon et al., 2014; Reynolds et al., 2015). Rationally, investments in improved nutrient management for sweetpotato should be made only in combination with improved cultivars and clean planting material.

Farmers need greater awareness of the benefits of improved nutrient management on sweetpotato, possibly through demonstrations. However, where sweetpotato is a secondary crop, farmers may just prioritize investments in fertilizers on other crops in their farming system. In this context, opportunities for improving nutrient supply to sweetpotato may reside in other cropping system options rather than directly applying fertilizers. For instance, intercropping sweetpotato with legumes such as pigeon pea or the yam bean (Karuniawan, 2004) could improve nitrogen supply to sweetpotato. Intercropping with a fertilized maize crop has been reported to benefit sweetpotato yields in Malawi (Abidin et al., 2015). Alternatively, sweetpotato may be rotated with fertilized cash crops such as maize, potato or rice (Kyalo and Lamo, 2017), and benefit from residual fertilizer effects (Ewell and Mutuura, 1994; Andrade et al., 2009). Depending on the crop preceding sweetpotato, the effectiveness of such residual effects could be increased by applying additional K to the sweetpotato crop on soils deficient in K, while relying on residual fertilizers for N and P.



Water Management

There is a wide acceptance in SSA of sweetpotato's ability to tolerate drought. Hence, smallholder farmers in SSA cultivate sweetpotato in drought-prone areas both during the wet and dry seasons (Lebot, 2010; Motsa et al., 2015; Markos, 2016). Farmers tend to grow sweetpotato either when the wet season rainfall is too low for cereals such as maize (Motsa et al., 2015) or during the dry season by establishing sweetpotato in the field before the end of the wet season. Daryanto et al. (2016) argued that the reputation of sweetpotato as a drought tolerant crop relates to its survival and recovery after dry periods rather than its yield potential under drought conditions. Unlike many cereals, sweetpotato can quickly recover following the onset of rains. This is a key characteristic for dryland areas, as survival of vines and immediate sprouting enables farmers to get vines on-time for main season planting, while also harvesting roots during the hunger period. However, water stress during establishment can substantially reduce root yield due to diminished adventitious root development and storage root formation (Belehu et al., 2004; Villordon et al., 2012; Solis et al., 2014). Root formation on freshly planted cuttings is optimal at a soil water content of 80% of field capacity. Nonetheless, considerable root formation still occurs even at 40% of field capacity (Belehu, 2003).

There has been meager research regarding the critical understanding of the water requirement and use efficiency of sweetpotato (Gomes and Carr, 2003; Gomes et al., 2005; Laurie et al., 2017). An important proxy for the water requirements of a crop is the crop coefficient (Kc), which relates crop water requirement to the reference evapotranspiration figure of a given area7. Based on an experimental study in a dry area of Mozambique, Gomes and Carr (2003) concluded that the Kc for each stage of sweetpotato growth was consistent across wet and dry seasons: at crop establishment: 0.55–0.7; at mid-season: 1.1–1.2; at end of the season: 0.80, with peak rates of crop evapotranspiration around 6 mm day−1. The maximum effective rooting depth of sweetpotato ranges from 0.6 to 1.6 meters (Allen et al., 1998; Rankine et al., 2015) depending on cultivar, soil type and crop management. However, much of the soil water is taken up from the top 25% of soil depth. Sweetpotato vines grow laterally and most extend adventitious roots that contribute to the total water absorption, thus resulting in drought tolerance. The crop requires 500 mm of water for a 4-month period under typical semi-arid growing conditions (King, 1985; Onyekwere and Nweinyi, 1989; Chukwu, 1995).

Although sweetpotato has been predominantly grown in rainfed systems in SSA, there are some efforts in Southern Africa and elsewhere to grow irrigated sweetpotato for improved yields and staggered production of vines and roots. Research in SSA and the USA revealed that sweetpotato root yields can be significantly reduced when irrigation levels drop below 30% of the crop evapotranspiration (ETc) (Ekanayake and Collins, 2004; Laurie et al., 2009; Kivuva et al., 2014; Solis et al., 2014). The total root yields of sweetpotato in South Africa and Ethiopia were not significantly different between irrigation levels at 60 and 100% ETc, thereby implying that deficit irrigation at 40% of the crop water requirement can be recommended under water scarce conditions (Laurie R. N. et al., 2015; Alemayehu, 2019). The water use efficiency of sweetpotato varies between 11 and 90 kg ha−1 mm−1 depending on cultivar, agro-climate, soil types, and management (Gomes and Carr, 2003; Laurie et al., 2012; Masango, 2015; Ntsieni, 2017), with an average of 65 kg ha−1 mm−1. The beta-carotene concentration of OFSP (per unit of weight) was 15–34% higher at a low irrigation level (30% ETc) compared to optimal irrigation (100% ETc), although the total beta-carotene yield per hectare was higher for the latter due to associated yield increments (Laurie et al., 2012; Nyathi et al., 2019). Ntsieni (2017) quantified ETc dynamics under a range of growing conditions and determined average crop coefficient (Kc) values to be 0.46, 0.92, and 0.57 during initial, middle, and late growing stages. Growing OFSP using an infield water harvesting system showed significantly higher yields than that with conventional tillage; thus enabling farmers in semi-arid areas to grow small plots of OFSP and add vitamin A to their diets (Laurie et al., 2017). Yooyongwech et al. (2016) reported that inoculation of arbuscular mycorrhizal fungi8 in sweetpotato plants improves plant growth characteristics and enhances tolerance to water deficit via soluble sugars and free proline accumulation.




Potential Contributions of Sweetpotato to Cropping and Farming Systems Sustainability
 
Contributions of Sweetpotato to Cropping and Farming Systems Productivity and Resource Use Efficiency

Although intercropping sweetpotato with other crops is common in SSA, few research articles have addressed its impact on systems' productivity, soil conservation, and resource use efficiency. Land equivalent ratios above one have been found for strip intercropping OFSP with maize, onion, and soybean in Malawi (Abidin et al., 2015) and maize-sweetpotato intercropping systems in Uganda (Asiimwe et al., 2016). Maize yields were not affected by simultaneously interplanting sweetpotato in Ethiopia (Amede and Nigatu, 2001). Intercropping sweetpotato with crops such as maize may help to reduce soil erosion, improve soil moisture conservation, and reduce weed pressure, as sweetpotato rapidly develops a dense foliage (Liebman and Dyck, 1993; Mukhopadhyay et al., 2011; Nedunchezhiyan et al., 2012; Weerarathne et al., 2017).

Amede and Nigatu (2001) suggested that a maize-sweetpotato intercrop is beneficial by providing vines as feed in addition to the maize grain yield. This could support more sustainable crop-livestock systems and improve the availability of manure for soil fertility management at the farm level. In an ex-ante assessment, Claessens et al. (2008) demonstrated that integrating dual-purpose sweetpotato in crop-livestock systems could economically benefit farmers, but optimal strategies of defoliation are needed to minimize penalties on root yields. Trade-offs between root and vine yield were found in Kenya by Lukuyu et al. (2014), who suggested selecting cultivars based on feed needs in farms.

Rotating rice with sweetpotato in Uganda led to higher rice and sweetpotato yields and revenue to cost ratios compared to monocropping (Kyalo and Lamo, 2017). The increased rice yields were hypothesized to involve improved water percolation in the rotation plots compared to the control. Rotating rice with sweetpotato in lowlands could also break pest and disease cycles in otherwise continuously monocropped rice.



Sweetpotato as a Food Security Crop

The contribution of sweetpotato to smallholders' food security results from several characteristics including: (1) its capacity to produce under marginal conditions (drought and low soil fertility) and with lower labor inputs compared to other crops; (2) its capacity to produce a high amount of energy per unit of land and time; and (3) the large harvest window that allows piecemeal harvesting of both roots and leaves throughout the year, in the absence of high weevil populations (Low et al., 2009; Mudege et al., 2019). Because of the first two characteristics, sweetpotato vines are often distributed to mitigate disasters (Kapinga et al., 1995; Motsa et al., 2015). For the same reasons, sweetpotato can grow in very short rainy seasons not suitable for most other crops, such as “Season C” in Rwanda (NISR, 2018). An important food security aspect of drought tolerant sweetpotato is that it can mature and be harvested during the hunger period (Ewell and Mutuura, 1994; Motsa et al., 2015; Mudege et al., 2019). Staggered harvesting and selling on local markets also helps smallholder farmers meet timely cash needs (Ewell and Mutuura, 1994), thereby enhancing income stability. Alvaro et al. (2017) reported that for some non-early maturing cultivars, harvesting can commence from 90 days after planting with root yields increasing up to 180 days after planting. Delayed harvesting may lead, however, to increased weevil damage (Smit, 1997; Ebregt et al., 2004b; Alvaro et al., 2017) and cause a decline in the root quality due to cracking. The benefits of piecemeal harvesting can be maximized by growing cultivars with varying maturity periods in the same farm (Ewell and Mutuura, 1994). Decision-support systems based on knowing the yield impacts of staggered planting for specific locations or agroecological zones could help farmers optimize returns and household food security.





OUTLOOK

Sub-Saharan Africa needs to produce more food to feed its rapidly growing population but given the high rates of micronutrient malnutrition among young children and women of childbearing age, this food must have higher micronutrient density. Sweetpotato roots and leaves9 are both highly nutritious and breeders are committed to increasing the iron content in OFSP to reach biofortified levels (Low J. W. et al., 2017). Sweetpotato is a complex hexaploid, whose genetic diversity makes it one of the few crops that grows from sea level to 2,400 meters on the continent. In many parts of SSA, prolonged drought periods are a major constraint for sweetpotato farming, especially in Southern Africa. Areas facing water scarcity are likely to increase substantially by 2030, and soil degradation is already widespread.

From 2009 through 2019, the sweetpotato breeding network of 14 SSA countries has bred 98 new cultivars in Africa, of which 60 (61%) were orange-fleshed and 5 (5%) were purple-fleshed (Okello et al., 2019). Africa still needs more high yielding sweetpotato cultivars with host plant resistance plus high dry matter content in the storage roots under drought. At the moment, only 3 countries (Mozambique, Malawi, Kenya) report drought tolerance as being a key selection trait; but an additional 7 countries (Ethiopia, Mozambique, Madagascar, Zambia, South Africa, Burkina Faso, and Ghana) breed for earliness, which is much less costly to select for. The continued sharing of true (botanical) hybrid seeds and breeding methods among crossing programs worldwide may further accelerate breeding gains and exploit heterosis for storage root yields. In fact, from 2014 through 2019, 11 of the new cultivars released were selected from hybrid seed from CIP population development platforms (Mwanga et al., 2019). The success of any breeding program should be measured as the genetic improvement in target traits over time, plus the adoption and impact of released cultivars. Key traits for sweetpotato breeding in SSA include, as noted before, high storage root yield, high dry matter, and enhanced beta-carotene content but the population development programs have focused on different traits, e.g., virus resistance in Uganda; drought tolerance plus increased iron and zinc contents in Mozambique; and reduced sweetness and perishability in Ghana (Mwanga et al., 2017).

The call for sustainable intensification in the context of climate change calls for faster and smarter breeding, but also gives significant attention to improved crop management practices, to maximize efficient utilization of water and added nutrients. The length of the growing period (LGP) reflects key conditions for crop growth, including soil, and temperature conditions and the adequacy of moisture availability. For most of SSA, the LGP is projected to decrease by up to 20% by 2050 (Thornton et al., 2011). An examination of various climate trend scenarios through 2050 and associated predictions of nutrition outcomes, found that even under the most optimistic scenario, micronutrient deficiencies are expected to remain widespread in most of the world through at least mid-century. Moreover, recent studies show micronutrient malnutrition will intensify under climate change. First, due to rising CO2 levels driven by climate change, plants will probably lose nutritional value. However, overall yield in a crop like sweetpotato is actually expected to rise, even though nutrient density is anticipated to decline (Myers et al., 2014). Hence, breeding concurrently for increased micronutrient content and improved crop resilience is requisite. In this context, sweetpotato is a key candidate for increased research investments, as it is both a nutrient-dense crop and a potential climate winner, but nevertheless highly under researched as noted by Manners and van Etten (2018).

In terms of breeding for drought-prone conditions, two distinct classes of cultivars are emerging:

1. Early maturing cultivars (<4 month LGP) that escape drought. Short duration, nutrient-rich sweetpotato cultivars will enable sweetpotato use to expand in the dry sub-humid zone of West Africa and other parts of the cereal-root crop mixed farming system. In addition, these cultivars can also serve the humid, highland perennial farming system, where small landholding size is driving demand for earlier maturing cultivars. Early maturing cultivars could easily be integrated as rotation crops in rice irrigation schemes (the irrigated and rice-tree farming systems) and vegetable production efforts (in peri-urban zones). With irrigation, these cultivars will also be able to expand into agro-pastoral millet/sorghum zones, where feed use is expected to be as important as food use. The seed systems, however, would differ. In the highland perennial farming systems, vine conservation would be the norm; in dry sub-humid zones, the root-based Triple S method would be preferred. The latter would require breeders to ensure that selected cultivars perform well in the Triple S system and that storage roots exhibit reasonable shelf-life under ambient conditions once harvested.

2. Medium maturing and nutrient-rich cultivars (4–6 months LGP) that avoid drought (deep roots), are drought tolerant (assimilation continues under drought stress), and exhibit continuous root formation. These sweetpotato cultivars will be particularly important for assuring food security in farming systems with substantial maize production, which is expected to experience significant yield declines under climate change (Thornton et al., 2011). Use of these cultivars would be appropriate in intercropping and strip cropping situations in combination with cereal and legume crops.

Ideally in maize-mixed, cereal-root crop, and root crop farming systems, both early and medium maturity cultivars would be introduced into the same household, which would assure root availability for 6–7 months in unimodal growing areas. The dominant smallholder practice for obtaining seed under these conditions is for roots to be left in the ground, that sprout with the next rains or plots of vines are sustained in valley bottoms with residual moisture. In this case, selecting for vine vigor, in-ground storability, and ability to sprout would be key. Deep rooting cultivars would be included to avoid weevil infestation during the dry season. Again, given the importance of livestock in these systems, emphasis on dual purpose cultivars is warranted.

Beyond genetic enhancements, the sustainability of sweetpotato farming depends on the sweetpotato production systems in different dominant farming systems. With improved crop management systems, current sweetpotato yields can be increased 2–4 times. Overall, a lack of data on the magnitude of yield gaps and the factors contributing to yield gaps in different agro-ecological zones limits our understanding of constraints to sweetpotato production across SSA. Large-scale mapping of yield gaps and factors contributing to determining yield gaps could assist in prioritizing target research-for-development areas (van Oort et al., 2017) for closing yield gaps.

Dissemination and wider adoption of OFSP can be achieved through proper tackling of the value chain challenges from accessing planting materials of adapted cultivars to processing and consumption barriers. Thus, future efforts to promote OFSP in SSA should increase awareness among rural and urban consumers, develop recipes to integrate OFSP into local culinary systems, and support processors to aptly develop and scale up OFSP-based products (e.g., bread, juices, biscuits, chips). This would make OFSP more convenient and diverse for urban consumers and increase market demand, thus encouraging producers to engage in staggered production using supplementary irrigation systems to supply markets year-round. Ideally, gender-transformative value chain development approaches should be used to improve women's access to training, information, financial services, and market opportunities (Mudege et al., 2017). Analyzing each stage along the value chain (inputs, production, postharvest handling, processing, distribution, marketing, and consumption) will enable the identification of appropriate actions to be pursued by private and public sector actors. Such analysis will reveal constraints to be addressed through research as well as opportunities favoring production, postharvest handling investments, and markets for sweetpotato vine multipliers, growers and processors in SSA. Increasing diversified use will also increase the number of traits which must be integrated alongside drought tolerance in breeding programs, including shape, more refined organoleptic parameters, ability to withstand damage during transport and post-harvest storability.

Despite known potential positive benefits of sweetpotato in cropping systems, the quantified contributions of sweetpotato to productivity increases, soil conservation and resource use efficiency remain poorly described. A much deeper understanding of root system architecture and how to exploit it is needed (Khan et al., 2016). As sweetpotato is highly competitive for soil nutrients, the success of intercrops with sweetpotato also depends on the correct spacings, crop combinations, and planting times (Oswald et al., 2009), but little information on such optimized intercrops is available. New research efforts should fill those gaps. As the crop increasingly commercializes, willingness to invest in improved agronomic practice and increased input use to improve soil and water management will grow.

Combined improved conventional methods and gene editing techniques will be needed to develop drought-tolerant sweetpotato cultivars more quickly, and this should be accompanied by site-specific agronomic packages to increase productivity. Our vision is to reposition sweetpotato as a key crop to combat desertification and drought. Among major food crops, it is perhaps the crop with the most pronounced adaptation to semi-arid areas and drought. It provides food for growing populations and feed for animals vital for sustained livelihoods in dry lands. However, in a semi-arid modern world, it is critical that sweetpotato becomes also an ingredient for the food industry. The availability of low sugar cultivars is likely to enhance the use of the crop by the food industry. Widespread integration of sweetpotato as an ingredient in processed food products may be a key driver to unfold the crop's potential in the dry land world.
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FOOTNOTES

1That is, selecting a new set of parents for further crossing within the breeding population for a target population of environments.

2The Institute of Agrarian Research of Mozambique (IIAM) is the national research program in Mozambique. The CIP Southern Africa breeding program is based at their station.

3.Available at: https://datacatalog.worldbank.org/dataset/world-external-geospatial-platforms-population/resource/6bf27ac7-e596-4450-85cb-cf911648605c.

4FAO. The progression from arable cropping to integrated crop and livestock production [Online]. Available: www.fao.org/3/X6543E/X6543E03.htm.

5Weevils cannot dig, so they reach roots to lay eggs when soils crack.

6IPNI Crop Nutrient Removal Calculator: http://www.ipni.net/article/IPNI-3346.

7The crop's water use can be determined by multiplying the calculated evapo-transpiration (ET) by a crop coefficient, Kc, which considers the difference in ET between the crop and reference evapotranspiration.

8In an arbuscular mycorrhizal fungus, the fungus penetrates the cortical cells of the roots of a vascular plant.

9In some countries, sweetpotato leaves are widely consumed; in others not. These leaves contain health-promoting components such as lutein, carotenoids, anthocyanins and caffesoyquinic acids (Tanaka et al., 2017), which led to releasing some sweetpotato cultivars with such traits in Japan.
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