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Editorial on the Research Topic 


Orphan crops: breeding and biotechnology for sustainable agriculture, food and nutrition


Orphan crops are also known as underutilized crops, neglected crops or crops for the future (Tadele, 2019), named for the lack of genetic improvement, not for lack of use or incorporation into cultural diets. These crops play a vital role in the food security and livelihood of resource-poor farmers and consumers particularly in developing countries. Most of these indigenous crops are rich in nutrition (Hunter et al., 2019) and may also be adapted to extreme environmental conditions. Since most fertile land is used to grow primary crops, such as wheat and maize, orphan crops are usually cultivated on less fertile and moisture-deficient soils. As such, orphan crops are expected to be more resilient than primary crops to changing global climates (Mabhaudhi et al., 2019). Despite their significant importance in the present and future agriculture, orphan crops have generally received limited attention by the scientific community, plant breeders, as well as by policy makers.

The ultimate goal of most crop improvement programs is to improve productivity, by raising genetic potential as well as by tackling the major production constraints. Most orphan crops continue to suffer from low productivity, a situation exemplified by comparing the productivity of an orphan crop, millet, and the major crop, wheat, in Asia and Africa over six decades (Figure 1). The term “millet” refers to several grain crops grown as staple foods in Asia and Africa. Approximately 15 crops are known as millets, including pearl millet (Pennisetum glaucum), finger millet (Eleusine coracana), foxtail millet (Setaria italica), and proso millet (Panicum miliaceum), the most important in a particular region based on the area under cultivation and the amount of production. Although the productivity levels of both wheat and millet were similar in the early 1960s, due to the advancement of research and development of improved varieties of wheat, the grain yield shows substantial increase, while that of millet was not significantly changed from that of the 1960s. It is important to note that the grain yield of wheat grown in Africa has not increased to the level of that in Asia. While wheat productivity has been steadily increasing in Asia, it has fluctuated extensively in Africa due to several reasons, including the environmental conditions and a lack of adapted varieties and required inputs. However, the productivity of wheat in Asia is still low compared to countries in North and West Europe where the grain yield has already reached 10 ton/ha (FAOSTAT, 2023). In 2021, millets were globally cultivated on 31.8 million hectares of land although their total production was only 32.7 million tons (FAOSTAT, 2023).




Figure 1 | The trend in the grain yield of an orphan crop, millet, and a major crop, wheat, from 1961 to 2021 in Africa and Asia. Millet refers to a group of 15 crops that are extensively cultivated for food and feed in Asia and Africa. Adapted from (FAOSTAT, 2023).



This Research Topic of Frontiers in Plant Science is comprised of 22 articles, of which 17 represent original research and five are review articles. Various categories of orphan crops are featured, including cereals, legumes, vegetables, and root and tuber crops as well as non-food plants. Cereals are represented by finger millet (Eleusine coracana) (Anuradha et al.) and pearl millet (Pennisetum glaucum) (Pujar et al.) and pseudo-cereals are represented by chia (Salvia hispanica) (Gupta et al.), which provides a rich source of protein, fiber and polyunsaturated fatty acids. Pseudo-cereals refer to crops that do not belong to the Grass Family, being dicotyledonous whereas grasses are monocotyledonous. However, pseudo-cereals show their close relationship to the ‘true cereals’ by their nutritional content especially with regards to the carbohydrate composition. Orphan legumes, which are the major protein source, are represented by Bambara groundnut (Vigna subterranean) (Olanrewaju et al.), rice bean (Vigna umbellata) (Kaul et al.), lablab bean (Lablab purpureus) (Letting et al.) and horse gram (Macrotyloma uniflorum) (Mahesh et al.). Of importance, Bambara groundnut seeds are highly nutritious and known as a complete food since they contain adequate quantities of protein (19%), carbohydrate (63%), and fat (6.5%) (NRC, 2006). They furthermore have excellent antioxidant properties (Nyau et al., 2015). While lablab bean is native to Eastern Africa, rice bean and horse gram are vital protein sources in Asia (Aditya et al., 2019; Pattanayak et al., 2019). Orphan vegetables are represented by okra (Abelmoschus esculentus) (Ibitoye and Kolawole), thickhead or obolo (Crassocephalum crepidiodes) (Schramm et al.), and spider plant (Gynandropsis gynandra) (Houdegbe et al.). In addition to its use as a leafy vegetable, C. crepidiodes is also used as a medicinal plant in Africa. The study published here shows that it accumulates the Pyrrolizidine Alkaloid (PA) Jacobine (Schramm et al.) in response to nitrogen deficiency. Spider plant is rich in vitamins, secondary metabolites and minerals. Sesame (Sesamum indicum) (Yol et al.) and shea (Vitellaria paradoxa) (Hale et al.) represent oil crops. While sesame is extensively cultivated globally for its high-quality oil and antioxidant lignans, such as sesamin and sesamolin (Moazzami and Kamal-Eldin, 2006), shea is a tree crop grown in the sub-Saharan Africa for both the oil and butter.

Among the root and tuber crops, cassava (Manihot esculenta) (Elegba et al.), sweet potato (Ipomoea batatas) (Gasura et al.) and enset (Ensete ventricosum) (Kidane et al.) are represented. In 2021, cassava was globally cultivated on 30 million hectares of land with the total production of 320 million tons (FAOSTAT, 2023). Cassava is a staple crop for millions of small-holder farmers and consumers particularly in Africa, where its high drought tolerance and outstanding performance on nutrient-poor soils means it survives when other crops would fail. Enset, which is also known as ‘false banana’, is also a staple food for over 20 million people in the densely populated regions of Ethiopia (Borrell et al., 2019).

Robust breeding techniques and statistical tools were reported in several articles. These include the comparison of AMMI and BLUP selection in finger millet (Anuradha et al.); generation mean analysis in pearl millet (Pujar et al.), and breeding potential of Bambara groundnut (Olanrewaju et al.). The tools indicated in the first two papers enable breeders to identify high-yielding genotypes with stable performance, while the review on Bambara groundnut addresses the potential and opportunities of this orphan legume in food and nutritional security, especially in Africa.

Two articles report how to minimize the effect of major pests and diseases, particularly nematodes from the planting material of enset (Kidane et al.) and cassava brown streak disease (CBSD) (Kwibuka et al.). Since nematodes cause severe damage to enset, appropriate management options (Kidane et al.) were suggested to make the planting material free of nematodes. CBSD, which is caused by two virus species, results in up to 100% yield loss in cassava. The authors recommended applying rigorous sanitary systems (Kwibuka et al.) in order to obtain virus-free cassava planting material.

In addition to conventional methods, plant breeding applies genomic technologies such as the use of molecular markers. In this regard, two publications showed how molecular markers are effectively implemented for different purposes. In the first, SNPs were used to map the capsule-shattering trait in sesame (Yol et al.), while in the second, novel ESTs were used in identifying genetic diversity among finger millet accessions (Brhane et al.). Capsule shattering is the major constraint in sesame cultivation, as it hinders mechanized harvesting, and reduces yield. Hence, the discovery of the genes influencing expression of (Yol et al.) capsule shattering and subsequent targeted manipulation could boost sesame productivity substantially. Discovery of novel ESTs has allowed identification of substantial genetic variations (Brhane et al.) for important traits among 55 finger millet landraces.

Whole genome sequencing and/or transcriptomics were reported in four orphan crops. These papers include the de novo genome sequence of rice bean (Kaul et al.); genome and transcriptome of horse gram (Mahesh et al.); genomic resources of shea tree (Hale et al.); and a gene expression atlas of chia (Gupta et al.). In addition, the genome sequence of Pongamia pinnata (Sreeharsha et al.), a non-food plant with the potential for biodiesel production, was also reported. Information from these whole-genome and/or transcriptome analyses have applications in many areas of plant improvement. These resources set the stage for genomics applications in these crop species.

Three articles focused on biotechnology. The first aims to determine efficient transformation and regeneration protocols for farmer-preferred cassava (Elegba et al.) cultivars, while the remaining two are review papers on the benefits of biotechnology (Zambrano et al.) and perspectives for gene editing (Venezia and Krainer) in orphan crops. Although biotechnology has significant economic benefits to farmers and consumers, there are potential hurdles to commercialization of crop varieties with gene-edited traits in terms of biosafety evaluation and regulatory oversight. Countries such as Kenya and Nigeria lead in terms of biosafety capacity while other African countries are slower to put biosafety infrastructure in place. Gene editing by CRISPR/Cas has excellent potential in improving orphan crops. However, the absence of transformation and regeneration (Venezia and Krainer) methods for most orphan crops may affect the application of the technique in the immediate future.

Two papers focused on the benefits of orphan crops in human nutrition. One describes the leaf elemental composition in spider plant (Houdegbe et al.) while the other reviews aspects of dietary enrichment of orphan crops in marginal environments (Talabi et al.). In the former, a study of 70 spider plant lines revealed significant differences in micronutrient composition, demonstrating the potential to increase nutritive content through plant breeding. In general, zinc, calcium, phosphorus, copper, magnesium, and manganese represented landmark elements (Houdegbe et al.) in the spider plant genotypes.

Several papers collectively investigated the acceptance of new orphan crop varieties by farmers and applied farmers’ selection criteria in their breeding programs. These include: farmers’ feedback on okra characterization (Ibitoye and Kolawole); acceptability of Vitamin-A-biofortified sweet potato (Gasura et al.); and farmers’ participatory selection of lablab bean lines (Letting et al.). The study on okra identified farmers’ preferred traits for establishing breeding programs. In an effort to tackle vitamin-A deficiency in sub-Saharan African countries, 14 newly introduced orange-fleshed sweet potato varieties were investigated for their acceptance by farmers, showing that farmers accepted the dry matter content and taste (Gasura et al.) of all introduced varieties. Based on a study with 31 farmers in five districts in Tanzania, farmers’ preferred traits (Letting et al.) were identified in lablab bean, with pest and disease resistances, early maturity, and high yield prioritized as the most important traits.

Lastly, the review paper on the exploitation of orphan legumes for food, income, and nutrition security (Popoola et al.) provides an excellent overview on the potential of African crops for improving the nutrition of the African population, and points to the need for genetic improvement of these highly nutritious, culturally-important crops using modern breeding and genomic techniques.

In general, the papers in this Research Topic provide substantial information to the crop improvement community and policy makers. It is important to provide due attention to the need for more productive varieties of orphan crops (Tadele, 2019) since these neglected crops in terms of scientific research deserve modern improvement approaches such as speed breeding (Chiurugwi et al., 2019), advanced molecular breeding techniques (Ribaut and Ragot, 2019), and applications of genomics (Jamnadass et al., 2020). In addition, the benefits of orphan crops in human nutrition and health need to be promoted by relevant stakeholders to advance their cultivation and further expand their consumption (Knez et al., 2023).
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Cassava is an important staple crop that provides food and income for about 700 million Africans. Cassava productivity in Africa is limited by viral diseases, mainly cassava mosaic disease (CMD) and cassava brown streak disease (CBSD). Genetic barriers such as high heterozygosity, allopolyploidy, poor seed set, and irregular flowering constrain the development of virus-resistant cassava varieties via conventional breeding. Genetic transformation represents a valuable tool to circumvent several challenges associated with the development of virus resistance and other valuable agronomic traits in cassava. The implementation of genetic transformation in many local African cultivars is limited either by the difficulty to produce friable embryogenic callus (FEC), low transformation, and/or regeneration efficiencies. Here, we report the successful induction of organized embryogenic structures (OES) in 11 farmer-preferred cultivars locally grown in Ghana. The production of high quality FEC from one local cultivar, ADI 001, facilitated its genetic transformation with high shoot regeneration and selection efficiency, comparable to the model cassava cultivar 60444. We show that using flow cytometry for analysis of nuclear ploidy in FEC tissues prior to genetic transformation ensures the selection of genetically uniform FEC tissue for transformation. The high percentage of single insertion events in transgenic lines indicates the suitability of the ADI 001 cultivar for the introduction of virus resistance and other useful agronomic traits into the farmer-preferred cassava germplasm in Ghana and Africa.
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INTRODUCTION

Nearly 850 million people living in the tropics depend on the starchy storage roots of cassava (Manihot esulenta Crantz) as an important source of carbohydrates in their diet or as raw material in several industries (FAO, 2013). In Africa, cassava is cultivated mainly by smallholder farmers because the crop produces appreciable yields under a wide range of environmental conditions (Ceballos et al., 2004; El-Sharkawy, 2006; Burns et al., 2010). Cassava production in Africa is constrained by weeds, drought, pests, and most importantly, viral diseases (Patil and Fauquet, 2009; Vandegeer et al., 2013; Legg et al., 2015; Ekeleme et al., 2019; Orek et al., 2020). Cassava mosaic disease (CMD) and cassava brown streak disease (CBSD) are the two most prevalent viral diseases limiting cassava production in Africa (Legg et al., 2011; Patil et al., 2015; Rey and Vanderschuren, 2017). Conventional breeding approaches to develop virus resistant cassava varieties are lengthy and constrained by high genome heterozygosity, irregular flowering, and low seed set (Jennings and Iglesias, 2002; Kawano, 2003; Ceballos et al., 2004; Nassar, 2010; Bull et al., 2017). Despite these limitations, molecular breeding of cassava has led to the identification of different sources of resistance such as CMD1, which is conferred by polygenic recessive genes (Fregene et al., 1997), the single dominant monogenic gene, CMD2 (Akano et al., 2002; Fregene et al., 2006; Rabbi et al., 2014), and CMD3 (Okogbenin et al., 2012).

Genetic transformation can complement traditional or molecular breeding approaches in developing cassava varieties with engineered improved traits such as virus resistance, amylose-free starch, increased micronutrient content, reduced cyanogen content, and micronutrient composition (Siritunga and Sayre, 2003; Jorgensen et al., 2005; Zhang et al., 2005; Vanderschuren et al., 2009, 2012, 2014; Liu et al., 2011; Li et al., 2015; Bull et al., 2018; Narayanan et al., 2019, 2020). Genetic transformation is also a key step in the development of transgene-free genome edited cassava as recently demonstrated by the transformation of cassava with an expression cassette containing genes for Cas9, guide-RNA, and Arabidopsis FLOWERING LOCUS T for early flowering, which was subsequently segregated out by a genetic cross under greenhouse conditions (Bull et al., 2018; Zaidi et al., 2019).

Genetic transformation of cassava requires suitable target tissues for successful recovery of transformed plants. To date, somatic embryo cotyledons (Luong et al., 1995; Li et al., 1996; Zhang et al., 2000; Ihemere et al., 2006), embryogenic suspension cultures (Schöpke et al., 1993, 1996; González et al., 1998; Schreuder et al., 2001), and friable embryogenic callus (Taylor et al., 1996; Bull et al., 2009; Zainuddin et al., 2012; Chetty et al., 2013; Nyaboga et al., 2013) have been transformed successfully. However, challenges such as genotype-dependent production of friable embryogenic callus (FEC), low regeneration rates from transformed calli or low conversion of somatic embryos into plants have also been reported (Schöpke et al., 1996; Baba et al., 2008; Liu et al., 2011; Zainuddin et al., 2012; Nyaboga et al., 2013; Lentz et al., 2018).

Friable embryogenic calli are now mostly used for cassava transformation because the tissue is suitable for large production of independent transgenic events with various cultivars, and particularly the model cultivar 60444 (Schreuder et al., 2001; Bull et al., 2009; Taylor et al., 2012; Chetty et al., 2013). FEC tissue reduces the risk of generating chimeric plants because regenerating plantlets originate from individual transformed cells (Taylor et al., 1996, 2012; González et al., 1998; Bull et al., 2009; Zainuddin et al., 2012; Nyaboga et al., 2013, 2015). A major challenge of FEC-based cassava transformation is the generation of FEC suitable for transformation of local cultivars or landraces. Induction of FEC tissue is genotype-dependent and requires optimization for each cultivar (Raemakers et al., 2001; Rossin and Rey, 2011; Zainuddin et al., 2012; Chetty et al., 2013; Nyaboga et al., 2013, 2015; Lentz et al., 2018). Moreover, potential genome instability and changes in gene expression following embryogenesis (Ma et al., 2015), or the loss of resistance to CMD during tissue culture (Beyene et al., 2016a; Chauhan et al., 2018), necessitate protocol modifications for different cultivars.

Induction of high quality FECs using the protocol established by Bull et al. (2009) has been successful for the African farmer- or industry-preferred cassava landraces TME3, TME7, TME204, TME14, T200, Ebwanatereka, Kibandameno, and Serere (Bull et al., 2009; Zainuddin et al., 2012; Chetty et al., 2013; Nyaboga et al., 2013, 2015). Following initial efforts to adapt the protocol for the transformation of farmer-preferred genotypes mainly from Africa (Taylor et al., 2012; Nyaboga et al., 2013; Chauhan et al., 2015; Beyene et al., 2016b), expanding transformation to other farmer-preferred landraces across Africa is needed for adoption of transgenic technologies. It is important to enable transgenic technologies for each region of Africa by establishing protocols for cultivars that have been selected by farmers for improved traits and adaptation to local environments (Fregene et al., 2000; Vanderschuren, 2012). The induction of high quality FEC tissues suitable for transformation from a broad range of African cassava genotypes is critical for the development and deployment of cultivars with resistance to cassava mosaic geminiviruses (CMGs) and cassava brown streak viruses (CBSVs) across Africa. More importantly, it is key to establish robust genetic transformation protocols that can be implemented in African laboratories (Vanderschuren, 2012; Chetty et al., 2013; Nyaboga et al., 2013; Ojola et al., 2018; Walsh et al., 2019).

Here, we report the successful induction of organized embryogenic structures (OES) in 11 farmer-preferred cultivars locally grown in Ghana. The production of high quality FEC suitable for genetic transformation was achieved in one local cultivar, ADI 001. The efficiencies of FEC induction, genetic transformation and regeneration in transformed tissues of ADI 001 were comparable to the model cultivar, 60444. Our protocol for genetic transformation of a local cassava cultivar can help to expand transformation capacity to other locally adapted cassava cultivars in Africa and to facilitate crop biotechnology capacities in African laboratories.



MATERIALS AND METHODS


Plant Material

Eleven cassava genotypes representative of the varieties cultivated by farmers in Ghana (Afisiafi, Ankra, ADI 001, Bosomnsia, Dagarti, IFAD, Megyewontem, Nkabom, Santum, Tomfa, and Tuaka) were obtained from the in vitro cassava library of the Biotechnology and Nuclear Agriculture Research Institute (BNARI), Ghana. The model cultivar, 60444 was obtained from the in vitro germplasm collection of the Plant Biotechnology Laboratory at ETH Zurich. All plant material was maintained in vitro on cassava basic medium (CBM) media containing Murashige and Skoog (MS) basal salts with vitamins (Duchefa Biochemie, RV Haarlem, Netherlands), 20 g L−1 sucrose (Roth, Switzerland), 2 mM CuSO4 (Sigma-Aldrich, Munich, Germany), 3 g L−1 Gelrite (Duchefa Biochemie, RV Haarlem, Netherlands), and 50 μg ml−1 carbenicillin (Duchefa Biochemie, RV Haarlem, Netherlands) at 28°C, 16/8 h light/dark regime in growth cabinets.



Induction and Proliferation of Organized Embryogenic Structures and Friable Embryogenic Callus

Organized embryogenic structures and FEC induction was initiated in Ghanaian cassava cultivars according to the protocol established by Bull et al. (2009) as briefly summarized here. For OES induction, stem cuttings (ca. 5 mm long) from 4 weeks old in vitro plants were placed horizontally on axillary bud enlargement medium (CAM) for 2–4 days (Zhang and Gruissem, 2004; Bull et al., 2009; Zainuddin et al., 2012). Enlarged axillary buds were isolated with a sterile syringe needle and transferred to OES induction medium (CIM). Plates were kept in the dark for 14 days and explants transferred to fresh CIM plates. OES induction and multiplication was carried out on CAM containing MS basal medium containing 6-benzylaminopurne (BAP; 10 mg L−1). For multiplication, OES were transferred to MS basal medium containing 12 mg L−1 4-amino-3, 5, 6-trichloro-2-pyridinecarboxylic acid (picloram). Thirty-six explants per cultivar were assessed on picloram-containing medium and experiments were repeated four times.

For induction of FECs, OES generated from the selected cultivars on CIM media were transferred to Gresshoff and Doy (GD) medium (Duchefa Biochemie, RV Haarlem, Netherlands; Gresshoff and Doy, 1974) containing 12 mg L−1 picloram. OES were transferred to fresh GD media every 21 days (up to a maximum of six transfer stages; GD1–GD6). Similarly, any FEC material formed from OES was transferred every 21 days to fresh GD media for further multiplication and selection of quality friable embryogenic tissue.

To improve FEC induction in farmer-preferred cassava cultivars, we replaced the auxin picloram in the CIM media with another synthetic auxin, 2,4-dichlorophenoxyacetic acid (2, 4-D; Duchefa Biochemie, RV Haarlem, Netherlands) at a concentration of 8 mg L−1. After 4 days of incubation on CAM medium, swollen axillary buds were excised and transferred to CIM media supplemented with 8 mg L−1 2,4-D. Any OES tissues formed were transferred to GD medium supplemented with 8 mg L−1 2,4-D. OES were transferred to fresh GD media up to a maximum of six transfer stages; GD1–GD6. This experiment was repeated twice with a minimum of 48 explants per cultivar (six plates with eight explants per plate) used for each experiment. In both experiments, OES tissues from picloram and 2,4-D were kept separate at the different stages (CAM, CIM, and GD stages).



Ploidy Analysis of FECs Induced From Ghanaian Cassava Cultivar, ADI 001

An Otto buffer protocol with 4',6-diamidino-2-phenylindole (DAPI) staining adapted for cassava FEC tissues was used to measure ploidy levels. Specifically, a small sample of FECs was collected from at least three clusters per plate and three plates for each cultivar. FECs were transferred into wells of a 96-well Micronic plate (Lelystad, Netherlands). Two TOMY SUB-30 beads (Adolf Kuhner, Switzerland) and 300 μl of Otto I buffer (0.1 M citric acid, 0.5% Tween-20) was added to each well. Tissues were ground using a Retsch mill MM301 (Retsch GmbH, Switzerland) for 15 s at 12.5 revolutions per minute (rpm). As much supernatant as possible was transferred to a 25–30 μM UNIFILTER® plate (Whatman®) and centrifuged immediately for 10 s at 1000 rpm. Around 100 μl of filtrate was transferred to a 96-well plate and 100 μl Otto II buffer (0.6 M hydrogen phosphate, with 12 μg ml−1 DAPI added immediately before use) was added to each well. Samples were pipetted gently up and down to mix thoroughly and then analyzed with a CytoFLEXS flow cytometer (Beckman Coulter).



Regeneration of Wild-Type ADI 001 FECs

The regeneration potential of wild-type FECs induced from ADI 001 and 60444 was measured using five plates per cultivar consisting of six FEC clusters. FEC clusters were transferred to embryo maturation and regeneration medium (MSN) containing 1 mg L−1 naphthalene acetic acid (NAA) and 250 mg L−1 carbenicillin (MSN + C250) as previously described by Bull et al. (2009). FEC clusters were transferred to fresh MSN media every 10–14 days for four successive cycles (MSN1–MSN4). Maturing cotyledon embryos at MSN 4 stage were counted and transferred to cassava shoot elongation medium (CEM) containing 100 mg L−1 carbenicillin (CEM + C100). After 3 weeks on CEM, well-developed shoots were counted and transferred to CBM containing 50 mg L−1 carbenicillin for shoot establishment. The regeneration potential was measured as the total number of plants regenerated over 80 days.



Binary Vectors and Agrobacterium Inoculum

A binary vector, pRNAi-dsAC1 described by Vanderschuren et al. (2009), hereafter referred to as “pCAMBIA-based vector,” was transformed into Agrobacterium tumefaciens strain LBA4404 via electroporation. Agrobacterium suspension cultures were prepared according to Bull et al. (2009). Briefly, single Agrobacterium colonies carrying the aforementioned plasmid was transferred from Luria broth (LB) plates containing kanamycin (50 mg L−1), rifampicin (50 mg L−1), and streptomycin (100 mg L−1) and used to inoculate 5 ml liquid LB cultures containing the same antibiotics. Cultures were grown overnight at 28°C on a shaker at 200 rpm until an optical density (OD)600 between 0.7 and 1 was reached. Around 5 ml of the starter culture was used to inoculate 25 ml of LB culture containing antibiotics and grown overnight at 28°C and 200 rpm until OD600 = 0.7–1. Suspensions were centrifuged at 4,000 g for 10 min at room temperature, the supernatant discarded and pellet washed with GD liquid medium. This process was repeated and the bacterial pellet re-suspended in GD medium and diluted to an OD600 = 0.5. Acetosyringone was added to the suspension to a final concentration of 200 μM.



Genetic Transformation, Regeneration, and Screening of Transgenic Plants

For each cultivar, five FEC plates (each plate contains six FEC clusters) were inoculated with Agrobacterium carrying the pCAMBIA-based binary vector. FECs were co-cultivated with Agrobacterium suspension for 3 days at 24°C with 16/8 h light/dark photoperiod. Co-cultivated FECs were gently scraped from plates into a 50 ml sterile Falcon tube (Sarstedt, Germany) and washed several times with GD solution containing 500 mg L−1 carbenicillin until the supernatant was clear. FECs were transferred to mesh and briefly dried on filter paper before transfer to solid GD media containing 250 mg L−1 carbenicillin (C250) for 4 days. Thereafter, FECs were transferred with the mesh to fresh GD medium containing C250 and 5 mg L−1 hygromycin. After 7 days, FECs were transferred to GD media containing C250 and increasing concentrations of hygromycin (8 and 15 mg L−1) at weekly intervals.

For regeneration, matured FEC tissues were transferred to regeneration medium (MSN + C250) containing 15 mg L−1 hygromycin. Weekly transfer of FEC tissues to freshly prepared regeneration medium was carried out for six successive cycles (MSN1–MSN6). Developing green cotyledons at each MSN stage were counted and transferred to CEM+C100 media. After 3 weeks, well-developed shoots were excised from cotyledons and transferred to CBM + C50 for shoot establishment.

Screening of fully developed plantlets was performed by transferring stem cuttings to CBM media containing 50 mg L−1 carbenicillin and 10 mg L−1 hygromycin (rooting test). The total number of plants positive for the rooting test was counted. Regeneration in transformed tissues was measured as the total number of plants regenerated over 100 days.



Molecular Characterization of Transgenic Lines

Cassava genomic DNA was extracted from flash frozen leaves using the modified cetyltrimethyl ammonium bromide (CTAB) method (Doyle, 1990). PCR analysis was carried out to confirm integration of a 152 bp region of the AC1 gene in regenerated plants of ADI 001 and 60444. PCR thermal cycle conditions used were as follows: Initial denaturation for 20 s at 95°C, 35 cycles of denaturation for 3 s at 95°C, annealing for 15 s at 60°C, extension for 30 s at 72°C and final extension for 5 min at 72°C. PCR products were resolved on 1% w/v agarose gel and images recorded using a Gel iX20 imager gel documentation system (INTAS science imaging system, Goettingen, Germany).

For Southern blot analysis, aliquots of 15 μg DNA were digested with the restriction enzyme, HindIII (Thermo Scientific, Switzerland) and products separated on a 1% w/v agarose gel. Transfer of digested products to nylon membrane (Hybond-N+; Amersham Pharmacia Biotech) was performed overnight and hybridization with probes specific for the hygromycin phosphotransferase II (hptII) gene was carried out (Vanderschuren et al., 2009; Zainuddin et al., 2012). Probes were prepared by PCR amplification of a 978 base pair (bp) amplicon of the hygromycin gene and DIG-dUTP labeled using a PCR DIG probe synthesis kit (Roche Diagnostics GmbH, Germany) according to the manufacturer’s instructions. Primers used for PCR screening and amplification of the probe for Southern blot are listed in Supplementary Table 1.



Data Analysis

Data for all parameters except plant regeneration efficiencies in wild-type and transgenic 60444 and ADI 001 FEC tissues was analyzed using GraphPad Prism version 7 (San Diego, United States). Shoot regeneration efficiencies were analyzed using Minitab version 18 (Pennsylvania, United States). All data was subjected to ANOVA and statistically significant results at the 5% level were eith2er compared with Tukey’s or Šidák’s multiple comparisons tests.




RESULTS AND DISCUSSION


Selection of Farmer-Preferred Cultivars and Induction of Organized Embryogenic Structures

In Africa, preference for traits such as high yield, good cooking quality, early maturity, weed suppression, and resistance to pest and disease influence cultivar adoption by farmers (Hahn et al., 1989; Manu-Aduening et al., 2006). We selected 11 cassava cultivars or landraces popular with farmers in Ghana (Table 1). These cultivars have varying degrees of susceptibility to CMD and CBSD (Elegba et al., 2020). We screened the selected cultivars for production of OES, a critical initial step required for the induction of FEC and subsequent genetic transformation. In cassava, induction of somatic embryogenesis (SE) is genotype-dependent and some cultivars, and in particular African cultivars, lose embryogenic competence prior to formation of somatic embryos (Konan et al., 1994; Atehnkeng et al., 2006). Variations in cultivar response to SE have been reported for South American cultivars (Ihemere, 2003). SE has been previously established for two Ghanaian cultivars, ADI 001 and Nkabom, using young leaf lobe explants (Danso et al., 2010). We used axillary meristems as starting material because of the higher efficiency of OES production and reduced production of non-embryogenic callus compared to leaf lobe explants (Taylor et al., 2012; Nyaboga et al., 2015). After 14 days on CIM media, OES were induced from axillary buds in all 11 Ghanaian cassava cultivars on picloram-containing media (Figures 1A–D). OES production in the model cultivar 60444 was significantly higher (p ≤ 0.05) compared to Ghanaian cassava cultivars except for Santum (p = 0.06; Table 1; Supplementary Table 2). In contrast, there was no significant difference in OES production frequency between 60444 and Ghanaian cassava cultivars on 2,4-D-containing media (Table 1; Supplementary Table 3). With the exception of Tuaka and Bosomnsia that failed to form OES on 2,4-D-containing media in two independent experiments, we noticed that OES production was significantly higher (p ≤ 0.05) on 2,4-D-containing medium compared to picloram-containing medium in 60444 and all Ghanaian cassava cultivars tested except Santum (Table 1; Supplementary Table 4). However, on 2,4-D containing media, OES tissues produced in Ghanaian cassava cultivars and 60444 looked darker in color compared with picloram-derived tissues by the third cycle on CIM (Figures 1G–L). The highest OES production frequency on picloram and 2,4-D-containing media was recorded in Santum (55%) and Megyewontem (92%), respectively (Table 1). This successful production of OES from axillary bud explants in locally adapted cassava cultivars preferred by farmers in Ghana is important for induction of FECs and subsequent genetic transformation.



TABLE 1. Agronomic traits, qualities, and average frequency of organized embryogenic structure (OES) production in selected Ghanaian cassava cultivars.
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FIGURE 1. Formation of OES and FEC in Ghanaian cassava cultivars. OES production on CIM media containing picloram (12 mg L−1; A) 60444, (B) Santum, (C) ADI 001, (D) IFAD. Proliferating FEC tissues in cultivars (E) 60444 and (F) ADI 001. OES production on CIM media containing 2,4-D (8 mg L−1; G), 60444 (H) ADI 001, (I) Ankra, (J) IFAD, (K) Megyewontem, and (L) Nkabom. Bar represents 2 mm.




FEC Induction in Ghanaian Cassava Cultivar ADI 001

Using the FEC induction protocol optimized for the model cultivar, 60444, we first tested the 11 Ghanaian farmer-preferred cassava cultivars for FEC induction and multiplication from OES obtained on picloram-containing medium. After 6 weeks on GD medium containing picloram at 12 mg L−1, OES tissues of 60444 and the Ghanaian cassava cultivar ADI 001 produced FECs (Figures 1E,F). However, OES tissues in the remaining 10 Ghanaian cultivars failed to form FECs on GD media. After 8 weeks on GD medium, OES became covered by growth of whitish-colored non-embryogenic callus tissue (Figures 1C,D). This observation was confirmed in four independent experiments in which only OES from ADI 001 and 60444 produced FECs.

Friable embryogenic callus induced from OES in ADI 001 were pale yellow in color and showed a good rate of proliferation similar to FEC from 60444 (Figures 1E,F). A major bottleneck for genetic transformation of farmer-preferred cassava cultivars or landraces is the failure to generate FECs from OES as we also found for the selected Ghanaian cultivars and similar to what has been reported for other cassava landraces cultivated in West Africa (Raemakers et al., 2001; Hankoua et al., 2006). Therefore, the protocol reported by Bull et al. (2009) that has been successfully used for FEC production of several cassava cultivars requires further optimization to increase the success of FEC induction in a broad range of cassava cultivars and landraces.

We next tested if OES obtained on 2,4-D-containing medium could improve FEC induction in Ghanaian cassava cultivars (Table 1). We used 8 mg L−1 2,4-D as a previously reported optimal concentration for induction of high frequency somatic embryos (Danso and Ford-Lloyd, 2002; Danso et al., 2010). However, we observed a decrease in growth and number of OES by the second cycle on GD medium (GD2) for FEC induction in 60444 and the Ghanaian cultivars we tested (Supplementary Table 5). Only 60444 OES tissues converted to FECs, although at low frequency (Supplementary Table 5). After 8 weeks on GD medium, OES tissues of Ghanaian cultivars turned dark yellow or brown in color and converted to non-embryogenic structures (Figures 1G–L). Therefore, addition of 2,4-D in the FEC induction medium (CIM) seems to favor continuous non-OES cell proliferation instead of conversion to FEC (Taylor et al., 1996). In contrast, as shown above and reported earlier, picloram in combination with GD medium is efficient in the conversion of embryogenic tissues to FECs in cassava (Taylor et al., 1996; Bull et al., 2009; Zainuddin et al., 2012; Chetty et al., 2013; Nyaboga et al., 2013). The exact mechanism of picloram on FEC induction in cassava is not clearly understood. However, initiation of somatic embryogenesis involves a weakening of the cell to cell interaction gradient that coordinates bipolar embryo development (Pretova and Williams, 1986) and it appears picloram is more effective compared to 2,4-D at stimulating the weakening process. The upregulation of cell cycle related genes and several genes involved in brassinosteriod signaling and jasmonate (JA) metabolism, such as polysaccharide hydrolase, are likely to influence cell wall modifications (Nowack et al., 2006; Elhiti et al., 2013; Ma et al., 2015).



Nuclear Ploidy of 7-Month-Old FECs in ADI 001 and 60444 Remains Stable

Continuous passage of tissues through in vitro culture over time can cause changes such as chromosomal rearrangements or increase in chromosome number and ploidy level, which can result in somaclonal variation and potential phenotype changes in regenerated plants (Kaeppler et al., 2000; Thorpe, 2006; Miguel and Marum, 2011; Stroud et al., 2013; Ma et al., 2015). Morphological changes and decreased regeneration potential have been associated with FECs that have been maintained for long periods of time (i.e., over 6 months) in liquid suspension culture (Raemakers et al., 2001; Ma et al., 2015). Therefore, it is important to include quality control steps during the production and regeneration of embryogenic cassava cells. We assessed the stability of nuclear ploidy of FECs induced from ADI 001 and 60044 using flow cytometry of FEC tissue after 10 successive cycles of subculture (approximately 7-months) on GD medium containing picloram (12 mg L−1). Nuclei from a tomato leaf sample were used as a DNA reference standard. The tomato nuclear genome is 960 Mb and therefore similar in size to the cassava nuclear genome (750 Mb), which minimizes errors resulting from sampling or instrument variation (Vindeløv et al., 1983; Bagwell et al., 1989). Nuclei from a cassava leaf sample of 60444 were calibrated against the reference tomato standard to confirm diploid genome status.

Analysis of the flow cytometry profiles of nuclei isolated from several independent FEC clumps of ADI 001 showed one dominant peak equivalent to the diploid 60444 leaf nuclei reference (Figure 2A). Similarly, the ploidy profile of FECs induced from 60444 exhibited a single diploid peak (Figure 2B). These results indicate that FECs induced from ADI 001 and 60444 have mainly nuclei with diploid genomes even after 10 cycles of subculture on picloram-containing medium.
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FIGURE 2. Flow cytometry analysis of picloram-induced FECs. Flow cytometry analysis showing relative fluorescence intensity of FECs induced in cassava cultivar (A) ADI 001 and (B) 60444. Biological replicates, n = 2 (indicated by i and ii) are shown for panels (A,B). Each histogram shows the nuclear DNA level for each clump of FEC sampled, n = 3.


Building robust platforms for genetic transformation of a broad range of cassava cultivars requires routine induction of OES and FEC, and regeneration of transformed plants through somatic embryogenesis. We suggest that integrating flow cytometry analysis of nuclear genome ploidy into the FEC induction and genetic transformation pipeline ensures reliable FEC ploidy stability at the early stages of FEC multiplication for transformation. This avoids the regeneration of plants from polyploid somatic embryos that produce not true-to-type plants with phenotypic changes such as thicker stems, variation in leaf anatomy, longer petiole, and internodal distances (Awoleye et al., 1994; Taylor et al., 2004; Nassar et al., 2008), which is often manifested only during later stages of plant regeneration and growth.



Regeneration of Plants From Picloram-Induced Wild-Type FECs

Genotypes also determine the regeneration efficiency of cassava cultivars (Raemakers et al., 2001; Ihemere, 2003; Hankoua et al., 2005; Atehnkeng et al., 2006; Zainuddin et al., 2012; Chetty et al., 2013; Nyaboga et al., 2013). Therefore, testing the shoot regeneration efficiency of FECs produced from local landraces or farmer-preferred cassava cultivars is important to ensure the production of whole plants from explants is feasible.

We evaluated the regeneration potential of wild-type ADI 001 FECs in comparison to 60444 (Figure 3). Cotyledon regeneration in ADI 001 (Figures 3A–C) was observed after 10 days on MSN1 media compared to 12 days for 60444 (Figures 3D–F). The number of embryos progressing into cotyledon stages in ADI 001 and 60444 increased significantly (p ≤ 0.05) after 20 days on embryo maturation and regeneration medium (Supplementary Figure 1; Supplementary Table 6). At 40 days after transfer of embryos to maturation medium, there was no significant difference (p = 0.824) in the total number of regenerated cotyledons from wild-type FECs of ADI 001 (Figures 3G,H) and 60444 (Table 2; Supplementary Table 7). We recovered from 30 FEC clumps 160 cotyledon-stage embryos from ADI 001 and 150 cotyledon-stage embryos from 60444. The number of whole plants that regenerated from wild-type cotyledon-stage embryos was similar (p = 0.729) between 60444 and ADI 001 (Supplementary Table 7). Plants regenerated from ADI 001 FECs looked normal (Figure 3I). Together, our results indicate that the Ghanaian cassava cultivar ADI 001 performs equally well as 60444 with respect to FEC induction and regeneration. The high plant regeneration efficiency that we achieved in ADI 001 (above 60%) indicates that this cultivar may also allow for high transformation capacity.
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FIGURE 3. Whole plant regeneration from picloram-induced wild-type FECs of ADI 001 and 60444. Embryo emergence in ADI (A–C) and 60444 (D–F). Cotyledon development (G,H) and whole plant regeneration (I) in wild-type ADI 001 FECs. Bars represents 2 mm (A–H) and 1 mm (I).




TABLE 2. Plant regeneration from wild-type ADI 001 and 60444 friable embryogenic callus (FEC) tissues.
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Efficient Genetic Transformation of Ghanaian Farmer-Preferred Cassava Cultivar ADI 001

Following the evaluation of the ADI 001 regeneration capacity, we tested the transformability of this Ghanaian cultivar. To determine the transformation efficiency of ADI 001, we transformed 60444 and ADI 001 FEC tissues using a pCAMBIA-based vector carrying a hairpin construct against the GMS AC1 gene that had been previously transformed successfully (Vanderschuren et al., 2009). After five weekly transfers of FEC tissues on embryo maturation and regeneration media containing 250 mg L−1 carbenicillin and 15 mg L−1 hygromycin, the total number of regenerated cotyledons and plants from transgenic FECs of ADI 001 was not significantly different compared to 60444 (Table 3; Supplementary Table 8). Plant regeneration efficiency in the local cultivar, ADI 001 (58%) was comparable to 60444 (65%; Table 3).



TABLE 3. Plant regeneration efficiency in transgenic ADI 001 and 60444 FEC tissues.
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Rapid and efficient screening of regenerating potential in transgenic plantlets is an important step to identify plants with a T-DNA insertion in the genome, thereby reducing the number of transgenic plants for subsequent molecular characterization. To assess the efficiency of Agrobacterium-mediated transformation of the ADI 001 genotype and to identify transformed plantlets, we used a rooting test, which is efficient for identification of transgenic cassava plants (Zhang and Puonti-Kaerlas, 2000; Bull et al., 2009; Zainuddin et al., 2012). In the rooting test, hygromycin-resistant transgenic cassava shoots produce roots and leaves on hygromycin-containing media (CBM + C50 + H10), indicating successful integration of the T-DNA carrying the hptII gene into the genome. Almost 90 % of the regenerated ADI 001 plantlets were positive for the rooting test compared to 56 % of the 60444 regenerated plantlets (Supplementary Table 9). Although, we only performed and characterized the transformation with a single batch of ADI 001 FEC, the good selection efficiency of transgenic ADI 001 plantlets suggests that this cultivar is amenable to genetic transformation. In order to confirm integration of the T-DNA cassette into the cassava genome, we screened by PCR a selected number of ADI 001 plants that were positive in the rooting test (Supplementary Figure 2).

We subsequently determined the number of independent transgenic events using Southern blot analysis on rooting test positive transgenic ADI 001 and 60444 plantlets. Transgene integration was detected in all transgenic lines screened for ADI 001 and 60444 (Supplementary Figure 3). Based on the hybridization pattern, all of the 17 transgenic lines screened for ADI 001 and 60444 were independent transgenic events. Because plants with low transgene copy numbers (ideally a single insert) are preferred for use in further characterization and subsequent confined field trials, we calculated the percentage of single insertion events as the number of lines containing a single insert of the transgene. In 60444, 47 % of the lines screened by Southern blot had a single transgene insert compared to 65% of lines screened for ADI 001 (Supplementary Table 10).




CONCLUSION

Genetic improvement of cassava requires the establishment of robust protocols for routine transformation, especially for local cultivars preferred by African farmers. In the present study, we report successful implementation of the protocol reported by Bull et al. (2009) for induction of high quality FECs in an elite local cassava cultivar from Ghana. Efficient genetic transformation and high plant regeneration from transformed FECs of ADI 001 was comparable to the model cultivar, 60444. However, as observed in the present study, the transfer of transformation capacity to local cultivars with farmer- and industry-preferred traits is limited due to high genotypic influence on the embryogenic process. Thus, to unlock the potential of important African cassava cultivars, it is critical to further work on optimization of the protocol for routine production of FEC tissues amenable to genetic transformation, on a cultivar-by-cultivar basis. Optimization of culture conditions or media composition has led to an improvement in FEC induction and subsequent transformation of several African and Brazilian cultivars (Zainuddin et al., 2012; Nyaboga et al., 2013, 2015; Lentz et al., 2018).

More importantly, transfer of transgenic technologies to laboratories in Africa, such as the Biotechnology and Nuclear Agriculture Research Institute (BNARI) in Ghana, through capacity building as has been accomplished through this work is critical for encouraging and sustaining adoption of transgenic technologies in Africa (Ezezika et al., 2012; Vanderschuren, 2012). The presence of appropriately trained personnel is critical to the establishment and maintenance of transformation platforms for crop improvement in Africa. The establishment of cassava transformation platforms in sub-Saharan Africa opens up opportunities for improvement of other important traits such as extension of shelf life, nutrient content, pest resistance, climate-change resilience as well as serve as a basis for the rapid exploitation of CRISPR-based technologies to enhance food security.
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The seed-bearing capsule of sesame shatters at harvest. This wildish trait makes the crop unsuitable for mechanized harvesting and also restricts its commercial potential by limiting the cultivation for countries that have no access to low-cost labor. Therefore, the underlying genetic basis of the capsule shattering trait is highly important in order to develop mechanization-ready varieties for sustainable sesame farming. In the present study, we generated a sesame F2 population derived from a cross between a capsule shattering cultivar (Muganli-57) and a non-shattering mutant (PI 599446), which was used to construct a genetic map based on double-digest restriction-site-associated DNA sequencing. The resulting high-density genetic map contained 782 single-nucleotide polymorphisms (SNPs) and spanned a length of 697.3 cM, with an average marker interval of 0.89 cM. Based on the reference genome, the capsule shattering trait was mapped onto SNP marker S8_5062843 (78.9 cM) near the distal end of LG8 (chromosome 8). In order to reveal genes potentially controlling the shattering trait, the marker region (S8_5062843) was examined, and a candidate gene including six CDSs was identified. Annotation showed that the gene encodes a protein with 440 amino acids, sharing ∼99% homology with transcription repressor KAN1. Compared with the capsule shattering allele, the SNP change and altered splicing in the flanking region of S8_5062843 caused a frameshift mutation in the mRNA, resulting in the loss of function of this gene in the mutant parent and thus in non-shattering capsules and leaf curling. With the use of genomic data, InDel and CAPS markers were developed to differentiate shattering and non-shattering capsule genotypes in marker-assisted selection studies. The obtained results in the study can be beneficial in breeding programs to improve the shattering trait and enhance sesame productivity.
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INTRODUCTION

Sesame (Sesamum indicum L.) is an important oilseed crop which belongs to the Sesamum genus of the Pedaliaceae family. It is cultivated in more than 60 countries in an area of 11.74 m ha, with a total production of 6.0 m tons (FAO, 2018). Although the production quantity is much lower than major oilseeds such as sunflower, rapeseed, and groundnut, the total production of sesame seed has increased by about 40% in the last decade (FAO, 2018). The high demand for this crop is related to its high-quality vegetable oil (Arslan et al., 2007; Uzun et al., 2008) and antioxidant lignans, including sesamin and sesamolin (Yoshida and Takagi, 1997; Moazzami and Kamal-Eldin, 2006). Its seeds have long been used in human nutrition, cosmetics, perfumery, soaps, insecticides, anti-aging treatments, and medicine. The health benefits of sesame have also been reported to reduce the rate of occurrence of certain cancers (Miyahara et al., 2001), constrain the growth of leukemia cells (Ryu et al., 2003), and decrease the susceptibility of low-density lipoprotein (LDL) to oxidation, which is recognized as a risk factor for atherosclerosis (Nakamura et al., 2020). In addition, sesame has agricultural advantages; it can survive in extreme conditions, can grow on only soil moisture without irrigation and fertilizer, and can be grown as a second crop (Ashri, 2007). These attributes make the crop an important income source especially for small-scale farmers in developing countries (Dossa et al., 2017).

Despite its agricultural, nutritional, and economic importance, the yield of sesame is lower than those of other major oilseeds (Hwang, 2005). It has some wildish traits, namely, capsule shattering (Uzun et al., 2004), indeterminate growth habit (Uzun and Cagirgan, 2006), and non-synchronous maturity, which are the main causes of low seed yield. Capsule shattering is the most serious problem in sesame production, as it causes seed losses at harvest that can be very high, up to 50% (Weiss, 1971). This wildish trait also restricts sesame’s commercial potential and limits its economic viability in countries that have no access to cheap labor because it makes the crop unsuitable for mechanized harvesting (Langham and Wiemers, 2002). Therefore, non-shattering and/or semi-shattering capsule genotypes should be useful for adapting sesame to mechanized harvesting.

A closed (non-shattered) capsule mutant trait was discovered by Langham (1946); however, over 99% of the sesame used for production in the world still has the shattering trait (Langham, 2001). Unwanted side effects such as cupped leaves, short seed pods, twisted stems, and low seed yield restrict the direct use of this non-shattering mutant type (Wongyai et al., 2001). Out-crosses between closed capsule mutants and advanced cultivars have been conducted in order to eliminate these side effects and also improve traits of agricultural importance (Uzun et al., 2004; Yol and Uzun, 2019). Although heterotic improvements in performance were obtained for seed yield and yield-related traits in these studies, there was no progress with respect to suitability for mechanized harvesting. Besides conventional breeding techniques, molecular markers have also been developed for the closed capsule mutant trait for use in marker-assisted selection (Uzun et al., 2003; Phumichai et al., 2017; Zhang H.Y. et al., 2018). However, there is a need to understand the mechanism of the shattering trait at the genomic level in order to increase the efficiency and efficacy of breeding studies.

High-throughput, “next-generation” sequencing technologies provide opportunity for the development of high-density maps to identify genes and quantitative trait loci (QTLs) for agronomically important traits (Nguyen et al., 2019). Especially reduced representation sequencing (RRS) approaches make low-cost and flexible genotyping in the target genomes possible (Scheben et al., 2017). Double-digest RAD sequencing (ddRAD-Seq) (Peterson et al., 2012) is one of the RRS methods for SNP discovery at a genome-wide scale. It includes digesting the DNA with selected restriction enzymes and then sequencing a specific size-selected range of generated fragments (Aguirre et al., 2019). It eliminates the shearing step of the original RAD protocol (Baird et al., 2008) and also provides more flexibility with respect to the targeted marker density and the number of fragments (Robledo et al., 2018) compared to RAD-Seq (Baird et al., 2008) and/or 2b-RAD (Wang et al., 2012). The ddRAD-Seq protocol has several advantages: the degree of genome coverage can be adjusted by the choice of different restriction enzymes, high efficiency and accuracy are provided in SNP discovery, and no reference genome is required in the bioinformatic process (Peterson et al., 2012). It has been used for high-density genetic map construction in strawberry (Davik et al., 2015), northern red oak (Konar et al., 2017), and platycladus (Jin et al., 2019). QTL mapping has been used for different traits in rapeseed (Chen et al., 2017), lettuce (Seki et al., 2020), and peanut (Liang et al., 2021) and in genetic diversity studies in orchid (Roy et al., 2017), onion (Lee et al., 2018), and sesame (Basak et al., 2019). However, to the best of our knowledge, there is no report about the construction of a genetic map in sesame with the use of SNPs discovered by ddRAD-Seq technology.

In this study, the F2 population that was developed by a cross between a capsule shattering sesame cultivar × non-shattering mutant line was sequenced by ddRAD-Seq. This genotypic data was used with the following aims: (i) to construct a genetic linkage map with SNPs, (ii) to reveal the genomic basis of the capsule shattering trait, and (iii) to develop markers for this trait. These findings will contribute to new breeding strategies in sesame in order to develop high-yielding genotypes that are also suitable for mechanized harvesting.



MATERIALS AND METHODS


Plant Material and F2 Population Development

The F2 mapping population comprised of 120 individuals derived from a cross between a sesame cultivar (Muganli-57) and a sesame line. The male parent, Muganli-57, was registered by the West Mediterranean Agricultural Research Institute, Turkey. It has high seed yield, yellow seeds, about 50% oil content, and shattered capsules. The female parent (mutant line) was introduced from USDA GenBank with the accession number PI 599446, named Paloma. It is distinct from the cultivar in its agro-morphological traits. This line had low seed yield, brown seed color, curly leaves, short, round shape, and non-shattered capsules. Figure 1 shows the morphological differences between the leaf and capsules of these genetic materials.
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FIGURE 1. The morphological differences for capsule shattering and non-shattering genotypes. (a,d,f) Leaf, capsule-forming stage, and harvested capsule of the non-shattered capsule phenotype, respectively. (b,c,e) Leaf, capsule-forming stage, and harvested capsule of the capsule shattering phenotype, respectively.


The parents were crossed in the greenhouse of Akdeniz University (36°53′ N, 38°30′ E and altitude of 15 m) during the 2015 growing season in Antalya, Turkey. A total of 1,496 F2 seeds were harvested from self-pollinated F1 plants and grown in four rows with a row-to-row distance of 70 cm and plant-to-plant distance within a row of 10 cm at the same location in 2017. These lines were phenotypically scored and labeled according to leaf and capsule shapes as capsule shattering and non-shattering genotypes in the maturation stage. A chi-square goodness of fit test was performed on the F2 population to confirm the segregation ratio for the capsule shattering trait. A total of 120 F2 individuals, which included 90 shattering and 30 non-shattering types as well as both parents, were selected for sequencing and the construction of the genetic map.



DNA Extraction and ddRAD-Seq

Healthy young leaves from 120 F2 individuals and the two parents were collected and stored at −80°C. Extraction of genomic DNA was carried out with a sodium dodecyl sulfate-based method (Ahmed et al., 2009) with minor modifications. DNA concentration and quality were measured with a Qubit 2.0 Fluorometer using a Qubit DNA Assay Kit (Life Technologies, Thermo Fisher Scientific).

A modified version of the ddRAD-Seq method (Peterson et al., 2012) was used for reduced representation genomic library construction. Briefly, the restriction enzymes VspI and MspI were employed to digest the genomic DNA of each individual. Ampure XP beads (Beckman Coulter Genomics) were used to clean the digested products followed by P1 and P2 adapter ligation with T4 ligase buffer. The 3′ end of the P1 adapter was modified because six-base cutter VspI restriction enzyme was selected instead of EcoRI, which is the enzyme used in the original ddRAD protocol. Following ligation, genotype-specific indexed PCR primers were used in PCR amplification for each reaction. The amplified products were then checked on an agarose gel and pooled in equal concentration. Size selection (400–500 bp) was carried out on the pooled products in a final step. The reduced representation genomic libraries were sequenced using an Illumina HiSeq 2,500 instrument at Macrogen (Seoul, Republic of Korea) for 150-bp paired-end sequencing. The ddRAD sequence data for studied samples have been deposited with links to BioProject accession number PRJNA633276 in the NCBI.



Bioinformatic Analysis for SNP Discovery

The bioinformatic pipeline was operated using the Galaxy1 which is open, web-based computational platform. In the first step of analysis, raw reads were demultiplexed to genotype-specific fastq files with Je (v1.2.1) (Girardot et al., 2016). All sequencing files were then processed to filter out low-quality reads using fastp (v0.20.1) (Chen et al., 2018). In this step, reads having an average phred-scaled quality score less than 15 and containing restriction enzyme sequences were trimmed. Bowtie2 (v2.3.4.3) (Langmead and Salzberg, 2012) was used to align the cleaned reads to the sesame reference genome “Zhongzhi13 v2.0” (Wang et al., 2016) with the default parameters. The created genotype-specific individual BAM (binary sequence alignment file format) files were analyzed in a variant calling program, freebayes (bayesian genetic variant detector) (v13.1) (Garrison and Marth, 2012), with the calling model for simple diploids and filtering to include only sites with a total read coverage value of at least 20×. Bcftools merge (v1.10) (Li et al., 2009) was used to combine each genotype-specific variant file (.vcf) into a single variant file which was then converted to browser extensible data (BED) format to store the genomic regions as coordinates and associated annotations. Afterward, individual BAMs were re-analyzed on freebayes with the BED dataset, retaining sequence differences with at least 6× coverage to reveal reliable variants for each genotype, as before the created .vcf files were combined to a single variant file using the merge option from bcftools. This merged file was then further filtered with Tassel V5.2.52 (Glaubitz et al., 2014) to detect polymorphic sites using these parameters: minimum site count 80 and minimum–maximum heterozygous proportion 0.3–0.8. The filtered file was then converted to ABH genotype format for the mapping analysis.



Linkage Map Construction

Markers exhibiting missing data (> 20%) and segregation distortion (χ2-test, P < 0.001) were excluded. The remaining markers were used to construct a genetic linkage map with the JoinMap 4.1 program (Van Ooijen, 2011). Markers were grouped into linkage groups with a minimum logarithm of odds score of 10.0 and maximum recombination of 45%. The regression mapping algorithm was employed with the following parameters: goodness-of-fit jump threshold for removal of loci = 5.0, third round = yes and “ripple” was performed after adding each marker. The recombination rate was converted into map distance in cM (centimorgans) by the Kosambi mapping function (Kosambi, 1994). The capsule shattering trait was scored as a qualitative trait and analyzed with allelic data using JoinMap 4.1. The genetic linkage map was graphically visualized and modified in MapChart 2.32 (Voorrips, 2002).



Prediction of Gene Function

The flanking sequences of the SNP markers in the candidate gene were identified from the sesame reference genome. The potential gene coding sequence was predicted with FGENESH2 (Solovyev et al., 2006) based on sesame genome-specific parameters. The predicted gene regions from the shattering and non-shattering genotypes were amplified and sequenced with the Sanger method. These sequences were re-analyzed in FGENESH, and then functional annotation of the candidate gene was carried out manually by comparison with known proteins using the blastp algorithm in NCBI.



InDel and CAPS Marker Development

We designed cleaved amplified polymorphic sequence (CAPS) and insertion--deletion (InDel) markers associated with the capsule shattering trait. These were tested on two parents and F2 individuals. Primers were designed using Primer3 web, version 4.1.03, for both markers. PCR was performed in a 20-μl reaction volume with 1 μl of × 10 PCR buffer, 2.5 mM MgCl2, 0.5 μl of dNTP mix, 0.4 μl each of forward and reverse primers (10 pmol), 0.3 μl of Taq DNA polymerase (5 U/μl), 1.5 μl of genomic DNA, and Milli-Q water. Thermocycling started at 94°C for 5 min, followed by 45 cycles of 30 s at 92°C, 45 s at 57°C, 180 s at 72°C, and finally kept at 72°C for 10 min. For the CAPS marker, the appropriate restriction enzyme for the selected SNP region was identified in NEBcutter V2.04. After PCR amplification, the PCR product was restriction-digested in a total volume of 20 μl for 1 h according to the manufacturer’s protocol (New England Biolabs, MA, United States). Then, 10 μl of the products for CAPS and InDel markers was separated by electrophoresis on 2% agarose gel and visualized by UV light.



RESULTS


Morphology and Inheritance of the Capsule Shattering Trait

The sesame cultivar, Muganli-57, had higher plant height and number of capsules per plant compared to the line, PI 599446 (Yol and Uzun, 2012). They also differ significantly from each other with respect to leaf and capsule phenotypes (Figure 1). Although the cultivar type had normal sesame plant architecture, the line showed curly and bigger leaves. Hairy and short seed pods (Figure 1) and high-density blooming were also observed in the line at maturity. Compared with Muganli-57, this type maintains a non-shattering capsule structure in harvest time (Figure 1). These visible phenotypes provide a clear difference between cultivar and PI 599446 in all growing period.

The seed pods of the F1 plants developed from the hybridization of the line (non-shattering capsule) with Muganli-57 were all completely shattered at maturity, indicating the dominance of the capsule shattering trait. To identify the genetic basis underlying the capsule shattering phenotype, a large population of 1,496 F2 individuals were planted in an experimental field. The segregation of shattered capsule to non-shattered capsule plants closely fitted the ratio of 3:1 (χ2 = 2.22, p > 0.05) (Table 1), suggesting that the capsule shattering trait is controlled by a single gene, in which the shattering allele is dominant over the non-shattering allele.


TABLE 1. Segregation ratio of capsule shattering trait in sesame.
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Genotyping

A total of 122 sampled individuals, that is 120 F2 progeny and two parents, were used in the construction of ddRAD-seq library. After sequencing, about 40.0 Gb of sequence reads was obtained. Two individuals, N6 and N12, were discarded from this data due to very low read numbers. The remaining raw data containing 488.32 M reads was filtered with quality parameters, and 468.17 M of clean data was obtained for further analysis (Supplementary Figure 1). The highest and lowest filtered read counts were 0.51 and 9.16 M for the lines N244 and N238, respectively, with the mean of 3.87 M reads per individual in the F2 population. The GC content ranged from 36.39 to 39.91% (Supplementary Figure 1). The mapping rates to the S. indicum L. reference genome for the shattered capsule cultivar (Muganli-57) and non-shattered capsule mutant line (PI 599446) were 78.6 and 80.41%, respectively, while that of the F2 population was 79.28% on average. A total of 19,457 SNPs were initially called from the F2 lines using the variant calling pipeline (see section “Materials and Methods”). The maximum and minimum average distance per SNP was identified as 10.7 and 17.6 kb on chromosomes 3 and 13, respectively, in the raw SNP data (Table 2). After filtering to select high-confidence polymorphic sites, a total of 1,040 polymorphic SNP markers were detected. Of these, 1,027 SNPs were distributed between all 13 sesame chromosomes, and the remaining 13 SNPs were unmapped. The highest number of SNPs was detected on chromosome 8 (165 SNPs), whereas the lowest number of SNPs was found on chromosome 11 (13 SNPs), with an overall mean of 79 SNPs per chromosome. Of the 1,040 polymorphic SNPs, more SNPs were of transition than transversion type, with the most frequent being 160 A/G and 158 C/T SNPs, accounting for 15.38 and 15.20%, respectively (Table 3).


TABLE 2. Distribution of single-nucleotide polymorphisms (SNPs) in each chromosome.
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TABLE 3. Single-nucleotide polymorphism statistics in filtered data showing the number of alleles and the rate of allele occurrence.
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Linkage Map Construction

Before the construction of linkage maps, SNP markers that did not fit the expected 1:2:1 segregation ratio or included high missing data were excluded from further analysis. In the linkage map, a total of 782 SNPs were assigned to 13 linkage groups (LGs) (Table 4 and Figure 2). This map covered a total genetic distance of 697.3 cM, with the LGs ranging from 14.2 to 109.9 cM, with an average marker interval of 0.89 cM. The LG with the greatest number of markers was LG8, which included 125 markers, with an average distance of 0.73 cM. Conversely, LG11 had the fewest markers, had the lowest marker density (4.73 cM), and was also the shortest LG. LG13, the longest LG, had a genetic length of 109.90 cM and contained 97 markers, with an average distance between markers of 1.13 cM. The highest marker density was observed in LG6 (an average of 0.38 cM between markers), followed by LG1 (0.62 cM) (Table 4); the average distance between markers was under 1 cM in seven LGs (Table 4). The largest gap was of 16.54 cM, located in LG7, followed by 16.46- and 13.24-cM gaps in LG3 and LG9, respectively.


TABLE 4. Basic characteristics of the 13 linkage groups.
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FIGURE 2. A genetic linkage map of sesame constructed using the F2 population of PI 599446 × Muganli-57.




Mapping of Shattering Trait and Candidate Gene Prediction

Capsule shattering is predicted to be controlled by a single gene, and this phenotype was scored as a qualitative trait in the mapping analysis. Based on the Zhongzhi13, v2.0, sesame reference genome, it was mapped to coincide with SNP marker S8_5062843 (78.9 cM) near the end of LG8 (chromosome 8) (Figure 3). The locus containing the SNP marker was visualized for capsule shattering and non-shattering parents and selected F2 lines (Figure 4). On chromosome 8, the nucleotide “A” was found in the reference genome at this SNP position, while the “T” nucleotide was observed in the non-shattering parent line (KP). Accordingly, the parental line (NP) with the shattered capsule trait had a sequence identical to the reference genome in the specified region. Heterozygosity was observed in some F2 lines such as N101 and N110 for this SNP, with individual reads matching both parental alleles; these lines had the shattered capsule phenotype. Other F2 lines such as K40, K86, N79, and N91 were homozygotes with the same alleles at corresponding chromosomal loci as their parents (Figure 4). When all F2 lines were examined, a 1:2:1 segregation ratio was obtained for this SNP (27:48:29, non-shattered capsule/heterozygous/shattered capsule) in F2 population. In addition, short deletions on either side of the SNP (S8_5062843) with a total length of 14 nts were detected (Figure 4) and showed the same segregation as the SNP for the sequence of this region on chromosome 8 in both parental lines as given in Table 5.


[image: image]

FIGURE 3. Detailed graphics for the position of the capsule shattering trait (phenotype) on LG8.



[image: image]

FIGURE 4. IGB shows the marker position of S8_5062843 for the selected genotypes. NP, shattered capsule parent; KP, non-shattering capsule parent. N110, N101, and N79 are F2 lines that had the shattered capsule trait. K40 and K86, non-shattering lines in F2. The coordinates show the reference genome sequence.


TABLE 5. Nucleotide of the region 5,062,815–506,286 bp in chromosome 8.
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In order to reveal genes potentially determining the shattering trait, the SNP region (S8_5062843) was examined with FGENESH software. About 40 kb flanking sequence of the SNP was extracted from the sesame reference genome and analyzed. The results showed that a region covering the SNP marker (S8_5062843) encoded an mRNA including six exons, which was identified as a potential gene related to the shattering trait (data not shown). This sequence region was later amplified with PCR primers, and the sequence of the polymorphic region was confirmed by Sanger sequencing for shattering and non-shattering parents; this produced predicted gene sequences of 6,836 and 6,822 bp in length, respectively. Using tools at the Softberry website to predict gene structure, these sequences were re-analyzed, and six CDSs were predicted in both types (Figure 5). Compared with the reference (capsule shattering) mRNA sequence, the deletions flanking the SNP remove a splice site from the flanking region of S8_5062843, resulting in a shortened exon 2 (Table 5). This altered mRNA is predicted to cause a frameshift mutation starting with the 315th amino acid changing from valine to methionine (Val to Met), which is proposed to result in the loss of function of this gene for the non-shattering parent (Table 6). The potential gene sequence (capsule shattering type) was compared to the non-redundant protein database, and the candidate gene with 440 amino acids shared 99% sequence homology with the predicted transcription repressor KAN1 isoform X1 (S. indicum) [XP_011085885.1]. Other KAN1/KAN1-like proteins from different plants (XP_022869422.1, Olea europaea var. sylvestris; GFP94880.1, Phtheirospermum japonicum) also indicated sequence homology > 60% with our sequence. The mRNA sequence of the capsule shattering gene encoding a KAN1/KAN1-like protein has been submitted to NCBI with accession no. MT991091.


[image: image]

FIGURE 5. Gene structure of the candidate gene controlling the shattering trait. One gene and six CDSs were predicted in capsule shattering (A) and non-shattering (B) parents. CDSf, first exon (starting with start codon); CDSi, internal (internal exon); CDSl, last coding segment; PolyA, polyadenylation signal.


TABLE 6. Protein sequences of shattering gene for shattered capsule and non-shattered types.
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Marker Development and Validation

In order to differentiate between the capsule shattering and non-shattering genotypes, InDel (S8_5062843) and CAPS (S8_4476867) markers were designed (Table 7). We obtained a single PCR product using the InDel marker, with a size of about 241 bp in shattered genotypes, while the non-shattering genotype produced 227 bp (Supplementary Figure 2) because of deletions in the region of S8_5062843 (Table 5). CAPS markers require a SNP that falls within a restriction site, which is not the case for S8_5062843. However, a nearby SNP positioned at 4,476,867 bp in LG8/chr8 also segregated between the shattering and non-shattering lines, and this polymorphism eliminates a TaqI restriction site (Supplementary Figure 3). We designed a CAPS marker for the 4,476,867 C > A substitution that amplified a 377-bp PCR product. This product could not be digested in the non-shattering parent, but it yielded 275- and 102-bp restriction products with TaqI enzyme in the capsule shattering parent (Supplementary Figure 2). Heterozygous lines with respect to this SNP also showed both the original PCR product and the digested products (Supplementary Figure 2). These markers were also validated with sesame genotypes (Supplementary Figure 4).


TABLE 7. The markers developed to differentiate shattered and non-shattered capsule genotypes.

[image: Table 7]


DISCUSSION

In the present study, we constructed a genetic map in sesame via the ddRAD-Seq strategy, which is a powerful SNP diagnostic technique for genotyping. This method produces a large number of sequence tags distributed throughout the genome at restriction sites, allowing a large number of functional polymorphic variants to be identified with low cost (Peterson et al., 2012). It also eliminated random shearing in the library preparation step, leading to high percentages of missing data, which is one of the major shortcomings of the genotyping-by-sequencing (GBS) method (Elshire et al., 2011). Recently, the ddRAD-Seq approach has been used successfully in different plants such as rapeseed (Chen et al., 2017), peanut (Liang et al., 2021), hazelnut (Helmstetter et al., 2020), and lettuce (Seki et al., 2020). However, to our knowledge, this study is the first time that it has been applied in sesame to construct a genetic map. With this technique, we identified 782 SNP markers distributed across 13 LGs; the number of LGs exactly matched the number of chromosomes in S. indicum (n = 13), showing the effectiveness of the ddRAD-Seq method to identify variants at a genome-wide level. However, large gaps were observed in LG1 and LG7 in our genetic map, and LG11 was only sparsely represented by three polymorphic SNPs (Figure 2). One of the disadvantages of this approach is that occasional genomic regions have very few restriction fragments of the right size to generate markers or may be lacking in polymorphisms. Our results were comparable to those by Shirasawa et al. (2016), who developed genetic maps for tomato with ddRAD-seq, which also left large gaps in some linkage groups. Before the construction of the linkage map, 258 SNP markers, which comprised 24.80% of the polymorphic SNPs, were excluded because of segregation distortion and missing data. Segregation distortion in plants results from gametophyte and/or zygotic selection or chromosomal rearrangements (Menz et al., 2002), and different genetic mechanisms of segregation distortion have been described (Li et al., 2011; Xu et al., 2013). Compared with other studies in sesame, higher values for segregation distortion were obtained by Zhang Y. et al. (2013) and Wu et al. (2014) in high-density genetic map construction. The population type and genetic relationships within the mapping population might also cause differences between gene ratios, leading to segregation distortion (Zhou et al., 2018). The genetic map in the current study covered 697.3 cM, with an average marker interval distance of 0.89 cM. Several genetic maps have been previously reported for sesame, mostly generated using SSR markers or SSRs in combination with other markers. Although these maps had higher length, lower marker densities were observed compared to our result. For example, a sesame genetic map was constructed with EST-SSR, AFLP, and RSAMPL markers mapped into 30 linkage groups covering a genetic length of 936.72 cM; the average distance between markers was 4.93 cM (Wei et al., 2009). A high-density map was constructed using 724 polymorphic markers which were SSR, AFLP, and RSAMPL; these were anchored in 14 linkage groups spanning a total of 1,216.00 cM, with a marker density of 1.86 cM per marker interval (Zhang H. et al., 2013). Another sesame genetic map that incorporated 424 SSR markers and comprised of 13 LGs was reported, with a total length of 1,869.8 cM and a mean density of 5.13 cM (Wang et al., 2017). With the advent of sequencing technologies, comparable high-density maps have been constructed with SNPs in sesame. An F2 population was genotyped with SLAF-seq approach, and the resulting map contained 1,233 markers and was 1,474.87 cM in length, with an average marker interval of 1.20 cM (Zhang Y. et al., 2013). This sequencing method was also used by Du et al. (2019) to construct a genetic map of 2,128.51cM in length, with an average distance of 0.99cM between adjacent markers. Wu et al. (2014) developed 224 F8:9 RILs which were sequenced with RAD-seq, the map, which was 844.46 cM in length, included 1,230 markers with an average of 0.69 cM between adjacent markers. The other reducing representation library sequencing approach, GBS, was employed for genotyping an F2 population and constructing a genetic map of 1,086.403 cM in length, with an average of 0.918 cM between adjacent bins (Zhang Y. et al., 2018). Compared to these studies, the total length of the map in our study is a little shorter, and this difference might be a result of the (i) type of mapping population, (ii) number of sequenced genotypes (Li et al., 2017), (iii) sequencing method, and/or (iv) genetic background of parents. Discarded linkage groups and fewer segregation distortion markers in mapping analysis might also be reasons for a shorter map (Wu et al., 2014). Changing the types of restriction enzyme in the library construction or increasing the size of the mapping population might be alternatives to improve this genetic map using the ddRAD-Seq approach (Yang et al., 2020).

The mutant sesame line (PI 599466) had a non-shattering capsule and phenotypically differs from Muganli-57 (shattered capsule cultivar), with curling leaves and oval and smaller capsules at the vegetative stage (Figure 1). These agronomic differences facilitate the selection of genotypes with shattering/non-shattering capsules, especially during the seedling period, in hybridization studies. However, Liu et al. (2020) recently developed a mutant sesame line named JQA that has male infertility and also the curling leaf structure. This showed that the leaf curling observed in genotypes with non-shattering capsule should not be used as a direct phenotypic criterion in early growing stage for the selection of capsule shattering trait. The gene controlling capsule shattering and leaf curling was detected on the eighth chromosome in our study, whereas Liu et al. (2020) found the gene encoding male infertility and leaf shape (curling or rolling) on the 12th chromosome. Different gene pathways in the genome therefore control curling in sesame leaves. Complex developmental processes, including the control of polarity, regulate leaf transverse rolling in plants (Bowman et al., 2002; Micol and Hake, 2003). Studies from different researchers have found that three gene families, KANADI (Eshed et al., 2001), HD-ZIP III (Talbert et al., 1995), and YABBY (Eshed et al., 2004), regulate the establishment of the proximal/distal axis of leaves in Arabidopsis. Yan et al. (2008) cloned the SHALLOT-LIKE1 (SLL1)/RL9 gene by way of a map-based cloning strategy and identified that it encodes a GARP protein, an ortholog of the Arabidopsis KANADI family in rice. The sll1 mutant was defective in the regulation of leaf abaxial cell development, resulting in a leaf curling phenotype (Zhang et al., 2009). In our study, the candidate gene controlling the shattering trait was found on chromosome 8, encoding the KAN1/KAN1-like (KANADI) protein that regulates lateral organ polarity and is required for abaxial identity in both leaves and carpels in Arabidopsis (Kerstetter et al., 2001). The mutation in that gene is therefore hypothesized to cause loss of cell polarity in developing tissues, resulting in the development of mutants that have non-shattering capsules and curling leaves. Parallel with the current study, a loss of function of the KAN1-like protein was also detected in a curly leaf, non-shattering sesame mutant by Zhang H.Y. et al. (2018), who named this gene SiCl1. The fact that these mutations were discovered independently in the same gene in two independent studies and resulted in the same phenotype confirms that KAN1/SiCl1 determines the non-shattering trait. In Arabidopsis, KAN1 was demonstrated to be a transcriptional repressor, which shuts down the expression of several genes involved in tissue development and signaling through the interaction of its Myb-like domain with a 6-bp cis-acting target motif (Huang et al., 2014). Using ChIP-seq and a tiling array, over 200 genes were shown to be directly regulated by A. thaliana KAN1 (Merelo et al., 2013). The deletion reported here is at the C-terminal end of the Myb-like domain of sesame KAN1/SiCl1 and therefore likely to result in the loss of its target-binding function; this is also consistent with the recessive nature of the non-shattering trait. It can be hypothesized that, like its ortholog in A. thaliana, sesame KAN1 controls leaf patterning, capsule size, and capsule shattering through the regulation of numerous target genes. In future studies, generating mutations in the target genes of sesame KAN1/SiCl1 may enable a discrimination between the non-shattering trait and other undesirable phenotypic effects.

Capsule shattering is one of the most problematic issues in sesame farming because it causes seed losses at harvest of up to 50% (Weiss, 1971). Despite its importance, limited studies have been conducted to improve the understanding of the genomic basis of this trait. In the present study, the gene related to capsule shattering was determined, and new molecular marker technologies were developed. Previously, Uzun et al. (2003) crossed another non-shattering mutant line (cc3) with the Turkish variety Muganli-57, and a closely linked amplified fragment length polymorphism (AFLP) marker was identified in the resulting segregated population. Sequence-characterized amplified region markers associated with shattering resistance were later developed from F2 lines derived from a cross between Cplus1, a sesame line with shattering-resistant capsules, and KUAOX25, a line with shattering-susceptible capsules (Phumichai et al., 2017). In the present study, we developed InDel marker related to the shattering trait, and therefore the difference between shattered and non-shattered capsule genotypes can be visualized with basic PCR systems and simple agarose gel electrophoresis. The use of simple genotyping technologies is highly important because sesame breeding is conducted primarily in low-income Asian and African countries. This marker should be integrated into sesame breeding studies with the SSR marker ZMM2498, which determines the growth trait controlled by the dt gene on chromosome 9 (Zhang Y. et al., 2018). In sesame, plant growth is originally indeterminate, and this wildish character causes unwanted agricultural issues such as non-synchronous maturity and incompatibility to combine harvesting (Uzun et al., 2013). Determinate sesame makes a uniform date of maturity, which is one of the requirements for the mechanical harvesting (Uzun and Cagirgan, 2006) of non-shattering capsules. Thus, the markers S8_5062843 and ZMM2498 controlling the shattering and growth habit traits, respectively, can be used as important selection tools in the development of sesame genotypes suitable for mechanized harvesting.

Although non-shattering capsule mutants are theoretically suitable for mechanized harvesting, their low yields currently limit the use of these genotypes in sustainable sesame agriculture. Crossing between mutant and cultivars might be an alternative to obtain heterosis effects for increased yield. This breeding approach about crossing “local varieties × mutants,” “mutants × mutants,” and “mutants × introduced lines” was also suggested to obtain desired traits in sesame (Van Zanten, 2001). In this respect, Uzun et al. (2004) hybridized a non-shattering capsule mutant with local varieties and monitored the heterosis effect in terms of seed yield in all hybrids. In another study, the cultivar Muganli-57 and non-shattering capsule mutant (ACS 344) were introduced into a cross-breeding program, and higher values were acquired for the studied yield traits in capsule shattering types (Yol and Uzun, 2019). Although positive effects were observed on agronomic traits with these crosses, there was no improvement in the shattering trait concerning suitability for mechanized harvesting. Therefore, instead of agronomic approaches, the gene identified in this study should be studied further with gene editing technologies (CRISPR-Cas9, TALEN, and ZFN) to create new variations, which might confer non-shattering capsules without the other negative traits associated with the loss of function of this gene. This strategy was used by Zhai et al. (2019) to understand the functions of pod shattering resistance genes (IND and ALC) using CRISPR/Cas9 technology in rapeseed. A new indica rice line was also developed with the targeted CRISPR/Cas9-mediated editing of the qSH1 gene to obtain lower rates of seed shattering (Sheng et al., 2020). Therefore, the identified gene in the present study should also be assessed with gene editing technologies to make improvements on this trait.
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Planting Material of Enset (Ensete ventricosum), a Key Food Security Crop in Southwest Ethiopia, Is a Key Element in the Dissemination of Plant-Parasitic Nematode Infection
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Enset (Ensete ventricosum), is a perennial herbaceous plant belonging to the family Musaceae, along with banana and plantain. Despite wild populations occurring in eastern, central and southern Africa, it is only in Ethiopia that the crop has been domesticated, where it is culturally and agriculturally symbolic as a food security crop. Although an under-researched orphan crop, enset serves as a staple food for about 20% of the Ethiopian population, comprising more than 20 million people, demonstrating its value in the country. Similar to banana and plantain, enset is heavily affected by plant-parasitic nematodes, with recent studies indicating record levels of infection by the root lesion nematode Pratylenchus goodeyi. Enset is propagated vegetatively using suckers that are purposely initiated from the mother corm. However, while banana and plantain suckers have proven to be a key source of nematode infection and spread, knowledge on the infection levels and role of enset suckers in nematode dissemination is lacking. Given the high levels of plant-parasitic nematodes reported in previous surveys, it is therefore speculated that planting material may act as a key source of nematode dissemination. To address this lack of information, we assessed enset planting material in four key enset growing zones in Ethiopia. A total of 340 enset sucker samples were collected from farmers and markets and analyzed for the presence of nematodes. Nematodes were extracted using a modified Baermann method over a period of 48 h. The root lesion nematode P. goodeyi was present in 100% of the samples, at various levels of infection. These conclusive results show that planting material is indeed a key source of nematode infection in enset, hence measures taken to ensure clean suckers for planting will certainly mitigate nematode infection and spread. The effect of nematode infection on yield and quality on enset remains to be investigated and would be a way forward to complement the nematode/disease studies conducted so far and add valuable knowledge to the current poorly known impact of pests and diseases.

Keywords: lesion nematode, Pratylenchus goodeyi, orphan crop, planting material quality, enset crop


INTRODUCTION

Described as the “tree against hunger” (Costa and Lockhart, 1984), enset (Ensete ventricosum) is a perennial monocarpic single-stemmed herbaceous plant belonging to the family Musaceae, along with banana and plantain. Although wild species occur in eastern, central and southern Africa (Baker and Simmonds, 1953) enset is cultivated in, and solely unique to, Ethiopia, where it is culturally and agriculturally symbolic; cropping systems in the south and southwest are based around this pivotal, yet under-researched orphan crop. Unlike bananas, enset does not produce edible fruits, instead, it is grown for its carbohydrate-rich food obtained from the pseudostem, leaf sheaths and underground corm, which are harvested and processed into food products. Harvest can be at any time during the year, at any growth stage and the fermented products can be stored for long periods, a combination of characters that make it an important food security crop, upon which millions depend. Its value was prominently highlighted during the harsh Ethiopian famine in the 1980's when enset growing communities were unaffected by the calamity (Dessalegn, 1995). However, on a regular basis, approximately 20% of the Ethiopian population depends on enset as a key staple food crop, primarily in the south and southwestern part of the country (Borrell et al., 2019, 2020). Furthermore, it is used for several other purposes, such as animal feed, fibre, construction material and in traditional medicine. The crop best grows at cooler, higher altitudes and is found mostly between 1200–3100 m above sea level (Brandt et al., 1997).

Harvest commonly occurs after 4 to 6 years after transplanting, but there is variability in when plants are harvested, with indications as early as three years and up to twelve years (Brandt et al., 1997; Borrell et al., 2020). Enset is vegetatively propagated using suckers that are produced through a succession of growth stages. Unlike banana, it does not produce suckers aside the mother plant, instead suckers are purposely initiated from a mother corm, obtained from harvested plants, after cutting off the pseudostem and roots and removing the apical dominance. Corms are then buried in the ground, just below the surface, and from which multiple suckers sprout and develop. Depending on the genotype and the size of the corm, between 20–100 suckers will arise (Brandt et al., 1997). After approximately one year, these suckers are transplanted into a well-manured nursery and repeatedly replanted, up to four times, into increasingly wider spaced nurseries until the suckers are removed for use as planting material. Suckers aged two to four years are used for planting into the field, many of which are sold at designated local seedling markets each year between December and February (Olango et al., 2014). Farmers also raise their own suckers or exchange planting materials between themselves.

Similar to banana and plantain, enset is heavily affected by plant-parasitic nematodes (Coyne and Kidane, 2018). Several plant-parasitic nematodes are associated with enset, with the lesion nematode, P. goodeyi, considered the most important threat to the crop (Peregrine and Bridge, 1992; Bogale et al., 2004; Addis et al., 2006; Kidane et al., 2020). For banana and plantain, the use of infected planting material (suckers) represents a key source of nematode dissemination and the perpetuation of the problem. Farmers exchange planting materials, and this practice is responsible for the continuous distribution of nematodes to new fields. The use of healthy planting materials, therefore, is essential to arrest the spread of nematodes and prevent losses due to the pests. A range of techniques is used in order to create healthy planting materials, such as through the use of in vitro tissue cultured material, macro propagation and sucker sanitation by paring and hot water treatment (Tenkouano et al., 2006; Coyne et al., 2010). The use of clean and healthy banana and plantain planting material plays a crucial role in averting the spread of nematodes and other root-borne pests and diseases and the damage they cause, especially in smallholder farming systems, where expensive management strategies are not feasible (Coyne et al., 2006).

Given the sparse knowledge by farmers of nematodes, as well as the current high incidence and levels of P. goodeyi infection on enset (Kidane et al., 2020), it is speculated that, similar to banana and plantain, nematodes are being disseminated to newly planted farms through the use of infected enset suckers. To date, there appears to be no information available or studies conducted to assess the level of nematode infection of enset suckers. The current study was undertaken to assess the infection status of enset planting materials as a basis for developing suitable nematode management options.



MATERIALS AND METHODS

Enset suckers aged between 1–2 years were collected from farmers (Figures 1A,B) and markets (Figure 2) in September–October 2019 in four key enset growing zones in Ethiopia (Dawro, Keffa, Guraghe and Wolayita) (Figure 3). In each of these growing zones, 13 locations were randomly selected and 16–40 enset suckers were collected at each site. The altitude was recorded for each site. The suckers were transported to the Plant Disease Diagnostics Lab of Jimma University, where roots were carefully washed, cut longitudinally, and chopped roughly into ~0.5 mm-size pieces and a 10 g sub-sample used for nematode extraction. Nematodes were extracted using a modified Baermann method over a period of 48 h (Coyne et al., 2018). Nematode suspensions were decanted, collected on a 38 μm sieve, rinsed into beakers, reduced to 10 ml and densities counted from 1 ml aliquots using a counting slide under a compound microscope. Nematode densities were calculated for each root sample and expressed as the number of nematodes per 10 g root. Pratylenchus specimens were identified to species level based on available keys (Sher and Allen, 1953; Castillo and Vovlas, 2007).


[image: Figure 1]
FIGURE 1. Enset suckers (A) (B) collected from farmers' nurseries in Ethiopia.
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FIGURE 2. Enset suckers collected from markets in Ethiopia.
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FIGURE 3. Enset growing zones in southern Ethiopia along with sites where enset suckers were collected.


Nematode root density data were analyzed for any differences in infection levels between the regional zones. Each root sample was considered for analysis. All data were analyzed using R and RStudio® after log(n+1) transformation so that the data conformed to normal distribution (Zuur et al., 2010). The association between nematode density and altitude was analyzed using Pearson's correlation analysis.



RESULTS

A total of 340 enset samples each comprised of 2 to 3 suckers was assessed during the study. P. goodeyi was recovered from the roots of 100% of sucker samples which ranged in density from10 and 190 per 10 g roots (Table 1). Apart from a few non-parasitic nematodes in some samples, P. goodeyi was the only plant-parasitic nematode recovered from roots. Although the age of the suckers was not specifically recorded for each sample, in general younger suckers appeared less infected, than larger, older suckers (Kidane pers. obs.). On some suckers, especially the larger, older ones, lesions were clearly evident on their roots and corms (Figure 4).


Table 1. Pratylenchus goodeyi root density on enset sucker planting material collected from key enset production zones in Southern Ethiopia.
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FIGURE 4. Extensive lesioning on enset suckers collected from markets and farms in Ethiopia.


ANOVA revealed a significant difference (P < 0.05) in P. goodeyi root infection levels of sucker samples amongst sites. However, there was no correlation (r = 0.014; P = 0.85) in nematode infection with altitude, across all locations.



DISCUSSION

Infection of enset planting material with P. goodeyi is clearly widespread across the main enset growing zones in Ethiopia, and consequently acting as a key source of contamination of new fields. The nematode-infected suckers, often visibly affected with lesions on their roots and corms, are planted into new fields. Other than trimming the roots and parts of the corms, which is a common procedure performed during transplanting, there is no further treatment undertaken to reduce the nematode infection. With 100% infection incidence of planting material during the study, it is highly likely that this reflects the situation across all enset production systems in Ethiopia. Sucker infection levels were relatively high in some cases, and infection levels varied significantly amongst samples. This variability could be attributed to differences in susceptibility of the cultivars (Kidane et al., 2021), due to high genetic diversity among cultivated landraces (Kidane et al., 2020), each with varying levels of resistance against P. goodeyi. The current study aimed to assess the planting material most commonly available and used by farmers, which was suckers aged 1–2 years. However, when processing the suckers for nematode extraction, the older, larger suckers appeared to be relatively more infected, with more apparent lesions and damage observed in general (Figure 4). The variability in sucker age across samples may have additionally contributed to the high variability of nematode densities.

Interestingly, just one nematode pest species was recovered during the study. While several species of plant-parasitic nematodes are associated with enset in Ethiopia, P. goodeyi is the principal and most prevalent species (Bogale et al., 2004; Addis et al., 2006; Kidane et al., 2020). This is unlike other members of Musaceae, such as banana and plantain, for which several species often occur in combination (Coyne and Kidane, 2018; Sikora et al., 2018). As it appears that nematode pests are being constantly disseminated through contaminated planting material that is exchanged between farmers, the implementation of interventions that can avert this should be sought. Given the similarities with banana and plantain, experiences drawn from successful sucker sanitation practices in these crops, such as paring of corms and sucker immersion in boiling water for a brief 30 s prior to planting (Tenkouano et al., 2006), hold promise for enset.

In the current study, we observed that enset farmers had no perception of nematodes and the possible damage that they cause. This is despite a common practice of trimming necrotic sections from suckers before transplanting. Although the suckers are trimmed and cleaned to some degree, large amounts of necrotic tissue often remained on the transplanted suckers (Figure 3), indicating a lack of awareness of the importance of this damage by farmers. To date, there is no information available on the levels or extent of the damage being caused to enset production by P. goodeyi. It is effectively present in all plantations, to varying degrees of infection, but can be present at extremely high densities (Kidane et al., 2020). This blanket contamination of enset crops in Ethiopia has undoubted consequences to production and quality, which requires attention. Interventions to improve awareness of nematodes, the damage they cause, and suitable management strategies are required. However, the implementation of simple and effective options for the establishment of healthy seedling systems and sucker sanitation need to be prioritized. It is not surprising that a principal mode of nematode transmission on enset is through the dissemination of contaminated planting material. The current study confirms this and provides a basis for developing management options to amend this. Despite it being an important crop in various regards, the highly localized enset-based farming system has received only limited research attention, which needs to be rectified to ensure and improve the productivity of this neglected orphan crop (Brandt et al., 1997; Borrell et al., 2020).
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Chia (Salvia hispanica L.), now a popular superfood and a pseudocereal, is one of the richest sources of dietary nutrients such as protein, fiber, and polyunsaturated fatty acids (PUFAs). At present, the genomic and genetic information available in the public domain for this crop are scanty, which hinders an understanding of its growth and development and genetic improvement. We report an RNA-sequencing (RNA-Seq)-based comprehensive transcriptome atlas of Chia sampled from 13 tissue types covering vegetative and reproductive growth stages. We used ~355 million high-quality reads of total ~394 million raw reads from transcriptome sequencing to generate de novo reference transcriptome assembly and the tissue-specific transcript assemblies. After the quality assessment of the merged assemblies and implementing redundancy reduction methods, 82,663 reference transcripts were identified. About 65,587 of 82,663 transcripts were translated into 99,307 peptides, and we were successful in assigning InterPro annotations to 45,209 peptides and gene ontology (GO) terms to 32,638 peptides. The assembled transcriptome is estimated to have the complete sequence information for ~86% of the genes found in the Chia genome. Furthermore, the analysis of 53,200 differentially expressed transcripts (DETs) revealed their distinct expression patterns in Chia's vegetative and reproductive tissues; tissue-specific networks and developmental stage-specific networks of transcription factors (TFs); and the regulation of the expression of enzyme-coding genes associated with important metabolic pathways. In addition, we identified 2,411 simple sequence repeats (SSRs) as potential genetic markers from the transcripts. Overall, this study provides a comprehensive transcriptome atlas, and SSRs, contributing to building essential genomic resources to support basic research, genome annotation, functional genomics, and molecular breeding of Chia.

Keywords: Chia (Salvia hispanica L.), transcriptome, polyunsaturated fatty acid, superfood, expression atlas, pseudocereal grain, omega-3 fatty acids, BUSCO plant gene expression


INTRODUCTION

Salvia hispanica L. (Chia), an annual herbaceous plant of the Lamiaceae (mint) family, is a native of Central America's highlands (Cahill, 2005; Ixtaina et al., 2008; Baginsky et al., 2016). It is a photoperiod-sensitive short-day flowering plant, which usually grows about 1 m in height and produces raceme inflorescence bearing small purple flowers. Chia, which is cultivated primarily for its seeds, is a core ingredient of the Mayan and Aztec population's diet. Recently, its consumption has grown outside South America due to its rich nutritional and gluten-free characteristics (Mohd Ali et al., 2012). Chia seeds contain ~40% oil by weight the majority of which are omega-3 and omega-6 polyunsaturated fatty acids (PUFAs) (Mohd Ali et al., 2012). The seeds are also rich in protein (15–20%), dietary fiber (20–40%), minerals (4–5%), and antioxidants (Reyes-Caudillo et al., 2008; Ayerza and Coates, 2009; Muñoz et al., 2013). These nutritional attributes have made Chia a desirable superfood and a pseudocereal. Several dietary studies in humans and mouse models suggest that a diet supplemented with Chia seeds resulted in improving muscle lipid content, cardiovascular health, total cholesterol ratio, triglyceride content (Vuksan et al., 2007, 2010, 2017a,b; Oliva et al., 2013; Valdivia-López and Tecante, 2015; Ullah et al., 2016; Marcinek and Krejpcio, 2017), and helped to attenuate blood glucose levels in patients with type-2 diabetes (Vuksan et al., 2007; Chicco et al., 2009; Peiretti and Gai, 2009; Oliva et al., 2013). Besides its food and nutrition value, Chia is a rich source of many other useful products. Its leaves contain various essential oils, such as β-caryophyllene, globulol, γ-muroleno, β-pinene, α-humulene, germacrene, and widdrol, which are known to have insect repellant or insecticidal properties (Amato et al., 2015; Elshafie et al., 2018).

High-throughput gene expression datasets from various oilseed crops, such as soybean (Glycine max), peanut (Arachis hypogaea), false flax (Camelina sativa) (Libault et al., 2010; Severin et al., 2010; Clevenger et al., 2016; Kagale et al., 2016), have been instrumental in understanding the key regulators of metabolic and developmental processes (Druka et al., 2006; Sekhon et al., 2011; Stelpflug et al., 2016; Cañas et al., 2017; Kudapa et al., 2018) and for translational research leading to crop improvement. Despite being a valued crop, the genomics resources available for Chia are limited. A few previous studies focusing on fatty acid metabolism have generated transcriptome data and simple sequence repeats (SSRs) from Chia seeds (Sreedhar et al., 2015; Peláez et al., 2019). Also, Wimberley et al. (2020) reported leaf and root transcriptomes and identified terpenoid biosynthesis genes. To our knowledge, an extensive plant structure and the developmental stage-specific transcriptomes for Chia have not yet been reported.

We took an initiative to build a gene expression atlas for Chia from the 13 plant structures collected from a range of vegetative and reproductive stages. Furthermore, we identified SSRs within the transcribed region of the Chia genome; added functional-structural annotations to transcripts; analyzed the differential expression of transcripts across spatial and temporal scales; and conducted a pathway enrichment analysis to understand the regulation of Chia metabolism throughout its development.



RESULTS


Sequencing and de novo Assembly of Chia Transcriptome

The transcriptome data were generated from the 13 Chia plant structures, including mature dry seeds, early seedling shoots, leaves (representing the developmental stages P1–P7), an internode between P5 and P6 leaves, top and bottom halves of pre-anthesis raceme inflorescence, and flowers from the day of anthesis [Days after flowering (DAF)], and 5 day post-anthesis (Table 1). A 101-basepair (bp) paired-end sequencing of the 39 complementary DNA (cDNA) libraries [three biological replicates for each sample prepared from the poly-A enriched messenger RNA (mRNA)] resulted in 393,645,776 sequence reads and ~80 Gb of the nucleotide sequence (Supplementary Material 1). The high-quality reads were assembled at 65 and 75 k-mer lengths, and then, after merging both k-mer assemblies for each tissue type, their unique transcripts were generated. The number of assembled transcripts ranged from 27,066 to 43,491 for tissue-specific assemblies (Figure 1A). Among the vegetative tissues, D69-P1-P2 leaf samples contained a maximum (43,491), and the seed contained a minimum (27,066) number of assembled transcripts (Figure 1A). Among reproductive structures such as inflorescence and flowers, the maximum number of transcripts (43,418) with an average length of about 1,000 bases was observed in the top half of the D158-raceme inflorescence sample (Figure 1A).


Table 1. Description of the plant material used for generating the Chia transcriptome atlas.
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FIGURE 1. Statistics of Salvia hispanica transcriptome assemblies and BLAST results. (A) Tissue-specific assemblies; (B) reads from each tissue type were combined and assembled at 67 and 71 k-mer. Merged assembly of 67 and 71 k-mer, CD-HIT-EST, and TransRate assemblies by removing the redundant reads; (C) Comparison of S. hispanica transcripts with the publicly available Lamiales and eudicot gene models and peptide sets.


Additionally, the high-quality paired-end reads (352,976,255) from all tissue libraries were pooled and assembled at 67 and 71 k-mer lengths by using Velvet (Zerbino and Birney, 2008) and Oases (Schulz et al., 2012). Chia transcript isoforms generated by each k-mer (67 and 71 k-mer lengths) assembly were merged to represent a total of 145,503 unique transcripts (≥201 bases in length) (Figure 1B). The use of the Cluster Database at High Identity with Tolerance-Expressed Sequence Tag (CD-HIT-EST) algorithm (Li and Godzik, 2006) for removing redundant transcripts (displaying ≥90% similarity) yielded 82,663 transcripts (Figure 1B). In parallel, we used a quality assessment software, the TransRate (Smith-Unna et al., 2016), on the original assembly that yielded 35,461 transcripts (Figure 1B). TransRate detects the redundant transcripts by aligning the reads to multiple transcripts and assigns all of them to the transcript that best represents a canonical form. We observed that the assembly produced by CD-HIT-EST experienced only a minor loss in the percentage of reads aligned. The assembly produced by TransRate, which utilizes Salmon (Patro et al., 2017) to estimate transcript abundance with map-based methods, contained nearly 50% fewer reads aligned in comparison to the CD-HIT-EST assembly. Furthermore, we used a quality assessment tool, QUAST (Mikheenko et al., 2016), on the original assembly and each of the redundancy reduced assemblies (Supplementary Material 2). Both original and TransRate assemblies had better statistics in transcript number and length, and also contained the worst statistics in the complementing category (Supplementary Material 2). The assembly produced by CD-HIT-EST represented the most moderate version. Based on the quality assessment and alignment statistics, we pursued the CD-HIT-EST assembly with 82,663 transcripts for downstream analyses. A workflow for an assembly and a downstream analysis is shown in Supplementary Material 3. The Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis suggests that our de novo assembled transcriptome contains complete gene sequences for 86.4% of the Chia genes (Supplementary Material 4).



Functional Annotation of Chia Transcriptome

We compared the 82,663 assembled Chia transcripts to the publicly available genomes and gene models of eudicots using BLASTx and tBLASTx (Mount, 2007) to estimate approximate coverage of genes represented in the assembled transcriptome. More than 84% (the number that is very close to the BUSCO analysis) of the assembled Chia transcripts were mapped to the closely related Salvia miltiorrhiza (Wenping et al., 2011) and Salvia splendens (Ge et al., 2014) transcriptomes (Figure 1C). The dispersion of coverage within the genus is not surprising since the Salvia genus is very diverse. Both S. miltiorrhiza and S. splendens share a common center of origin in China whereas S. hispanica originated in Central America. In the Lamiaceae family, about 56% of the Chia transcripts were mapped to the transcriptomes from the members of the Mentha genus, namely water mint (M. aquatica), peppermint (M. piperita), and spearmint (M. spicata) (Ahkami et al., 2015), except that 80% of the Chia transcripts were mapped to M. longifolia genes identified in its genome assembly (Vining et al., 2017). Moving up the taxonomic rank to the order of Lamiales, 75% of the Chia transcripts were mapped to sesame (Sesamum indicum) (Zhang et al., 2013), an oilseed crop. A total of 71% and 74% Chia transcripts were mapped to a proteome set of the model plants Arabidopsis thaliana and the Solanum lycopersicum (tomato), respectively (Figure 1C). Although the assembled transcriptomes were not available, two publicly available RNA-Seq reads from S. hispanica seeds (INSDC Accession PRJNA196477) (Sreedhar et al., 2015) and the leaf tissues (INSDC Accession PRJNA359989) (Boachon et al., 2018) were aligned against our assembled Chia transcriptome: about 69% sequence reads from the seed, and 43% from the leaf tissues were mapped to our Chia transcript assemblies.

Peptide sequences from the assembled transcripts were generated by using TransDecoder. About 65,587 of total 82,663 transcripts from Chia were translated into 99,307 peptides. The number of peptides is higher than the number of transcripts assembled due to the occurrence of multiple open reading frames (ORFs) in a single transcript. Functional annotation of peptides was first carried out by using InterProScan (Jones et al., 2014) to assign structural-functional domains and then carried out by employing the agriGO ontology enrichment analysis (Tian et al., 2017). We were successful in assigning InterPro accessions to the 45,209 peptides (Supplementary Material 5), and gene ontology (GO) terms to a total of 32,638 peptides (Supplementary Material 6). A total of 20,857 peptides were annotated with GO biological process (BP); 8,677 peptides were annotated with GO cellular component (CC) terms, and 26,877 peptides were annotated to GO molecular function (MF) terms (Supplementary Material 6).



The Vegetative and Reproductive Plant Structures of Chia Show Distinct Gene Expression Patterns

The RNA-Seq by expectation-maximization (RSEM) package (Li and Dewey, 2011) was used to calculate Fragments Per Kilobase of transcript per Million mapped reads (FPKM) value for the final set of 82,663 assembled transcripts from Chia. After removing the transcripts with an extremely low expression, we considered 82,385 transcripts for further analysis.

The hierarchical clustering of Pearson's correlations based upon the FPKM values of transcripts across all tissue samples provides an insight into the spatial and temporal gene expression pattern (Figure 2). Based on their plant structure and developmental stage attributes, the samples, for example, vegetative tissues, D3 (cotyledon and shoot), and D12 (shoot and very first leaf P1 at shoot apex), tend to be clustered together. D69 leaf samples from the developmental stages P1–P7 tend to be clustered together along with the D69 internode, which was located between the P6 and P7 nodes on the main stem. Similarly, samples of the reproductive plant structure of flowers (D159 and D164) and inflorescence (raceme top and bottom half) tend to be clustered together.
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FIGURE 2. Gene expression patterns across different tissues of Chia. Heatmap of hierarchical clustering of the Pearson correlations for all 13 plant samples included in the gene expression atlas. Log2 transformed Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values were used for generating the similarity matrix of transcripts. The color scale indicates the degree of correlation.


Overall, 53,200 of 82,385 transcripts showed a differential expression across the 13 samples; however, only 38,480 transcripts show a significant difference (log2 fold change ≥2) (see Supplementary Material 7). A summary of differentially expressed transcripts (DETs) across all tissues is shown in Table 2. In general, all tissue types show higher numbers of downregulated DETs compared to upregulated DETs except D3-cotyledon. Moreover, 1,696 DETs are common in all 13 samples, and a majority of DETs are regulated in more than one sample. Closely related tissue types show a maximum overlap in their transcriptome. Figure 3 shows common and unique DETs among the plant structure types that are grouped based on developmental stages. The samples collected from the initial growth stages (D3-cotyledon, D3-shoot, and D12-shoot) share only 213 DETs with the seeds, which have a remarkably distinct transcriptome (Figure 3A). Among all leaf developmental stages, only 368 DETs were common. Mature leaves (D69-P5-P6-P7) contain maximum DETs in both upregulated and downregulated categories (Figure 3B). Notably, in early leaf developmental stages (D12-P1 and D69-P1-P2), transcripts encoding for Growth Regulating Factors (GRF2, GRF5) and bHLH domain-containing (SPEECHLESS) transcription factors (TFs) were highly expressed. GRF TFs play an important role in leaf growth, and the bHLH SPEECHLESS factors are involved in stomata initiation and development (Kim et al., 2003; MacAlister et al., 2007; Kanaoka et al., 2008; Lampard et al., 2008). Among raceme inflorescence and flower tissues, 414 DETs were common and D164-Flowers had the maximum DETs (Figure 3C).


Table 2. Differentially expressed transcripts (DETs) across various developmental stages.
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FIGURE 3. Comparison of differentially expressed transcripts (DETs) of Chia among (A) seed, D3-cotyledon, D3-shoot, and D12-shoot; (B) leaf samples from D12-P1 and D69-P1-P2, D69-P3-P4, D69-P5-P6-P7; (C) reproductive stage samples, including D158 inflorescence raceme top and bottom half, D159- and D164-flowers. The Venn diagrams in the upper panel represent common and unique DETs in each sample, and scatter plots in the lower panel represent the distribution pattern of DETs.


Based on the expression profile, Chia transcripts can be grouped into 20 co-expression clusters (Supplementary Material 8). Notably, cluster 1 is enriched in DETs that show preferential expression in the seeds; cluster 5, 12, and 20 are enriched in DETs that show preferential expression in the vegetative tissues; and cluster 15 and 18 contain DETs showing preferential expression in reproductive tissues (Supplementary Material 9).

The 7,507 transcripts in cluster 1 showed preferential expression in the seeds, including the transcripts coding for the late embryogenesis abundant (LEA) proteins, seed storage proteins, oil body-associated proteins, and oleosin family proteins (Supplementary Material 7). In contrast, cluster 5 (4,616 transcripts) is enriched with the transcripts that show preferential expression in D3-cotyledon, D3-shoot including those coding for the TFs of basic leucine zipper family, photosystem I and II proteins, aquaporins, and calcineurin-like phosphoesterase domain-containing proteins (Supplementary Material 9).

Cluster 12 includes the 3,909 transcripts that show preferential expression in the D69-P5-P6-P7 leaf stages, including the transcripts coding for leucine-rich receptor-like kinases (LRR-RLKs) and wall-associated receptor kinases (WAKs), root hair-defective 3 GTP-binding (RHD3) domain-containing proteins, such as ABC, phosphate, and aluminum transporter proteins, cytochrome P450s, glycosyltransferases, and WRKY TFs (Supplementary Material 7). Both LRR-RLKs and WAKs are known to play roles in disease resistance and abiotic stress response (Harkenrider et al., 2016; Al-Bader et al., 2019; Wang et al., 2019; Amsbury, 2020; Zhang et al., 2020).

Cluster 20 consists of 2,173 transcripts that show preferential expression in the D69 Internode (Supplementary Material 9). It includes transcripts encoding MYB (MYB54, MYB52) and NAC TFs, xyloglucan endotransglucosylase, and receptor-like kinases (RLKs). MYB54, MYB52, and NAC TFs are known for their role in the internode development and secondary cell wall biosynthesis (Zhong et al., 2008; Grant et al., 2010; Cassan-Wang et al., 2013). Xyloglucan endotransglucosylase and RLKs are also involved in cell wall biosynthesis and expansion (Guo et al., 2009; Haruta et al., 2014).

Cluster 15 consists of 3,619 transcripts that showed a high expression in flowers. It includes the transcripts coding for beta-glucosidase, multidrug and toxic compound extrusion transporter proteins, cinnamyl alcohol dehydrogenase, germin-like proteins, pectin acylesterases, MYB21 and MYB24 TFs, ZFP2 TF, GDSL lipases, and cytochrome P450s (Supplementary Material 9). MYB21 and MYB24 TFs play a role in petal, stamen, and gynoecium development in flowers (Reeves et al., 2012), and ZFP2 controls floral organ abscission (Cai and Lashbrook, 2008). Cinnamyl alcohol dehydrogenases are involved in lignin biosynthesis in floral stem in Arabidopsis (Sibout et al., 2005), and germin-like proteins play an important role in response to pathogens (Zimmermann et al., 2006; Manosalva et al., 2009; Wang et al., 2013). Also, the 2,679 transcripts in cluster 18 showed an upregulation in the inflorescence tissues. Agamous-like MADS-box proteins and MYB family TFs that play a vital role in floral meristem development are enriched in cluster 18 (Supplementary Material 9). MYBs and MADS-box TFs are the essential regulators of various developmental processes (Zimmermann et al., 2004; Millar and Gubler, 2005; Yang et al., 2007; Gomez et al., 2011; Kobayashi et al., 2015). We find that transcripts annotated as terpene synthases show an upregulation in flowers as compared to the inflorescence tissues.



Biological Pathways Enriched Across Different Development Stages

The metabolic network representation across the developmental stages of Chia was determined by mapping to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. We were successful in mapping a total of 5,555 Chia transcripts to 464 KEGG pathways, including starch and sucrose metabolism (PATH:ko00500), fatty acid metabolism (PATH:ko01040), phenylpropanoid biosynthesis (PATH:ko00940), photosynthesis (PATH:ko00195), fatty acid biosynthesis (PATH:ko00061), and amino acids metabolism (Supplementary Material 10). The expression pattern of transcripts encoding the enzymes for fatty acid metabolism and PUFA metabolism across different developmental stages was analyzed (Figure 4). Transcripts encoding acetyl-CoA carboxylase (EC 6.4.1.2), the very first enzyme catalyzing the conversion of acetyl-CoA to malonyl-CoA in the fatty acid biosynthesis, were highly expressed in all tissues except seeds. In the next reaction of this pathway, the malonyl group from malonyl-CoA is transferred to acyl carrier proteins (ACPs) for further elongation. We identified the transcripts for all the enzymes participating in the elongation steps. Acyl-ACP thioesterases (3.1.2.14) act in the last steps of fatty acid biosynthesis and serve as a determining factor for the generation of a variety of fatty acids within an organism. We further analyzed the expression of transcripts encoding for enzymes associated with PUFA metabolism (Figure 4B). We identified 32 fatty acid desaturase (FAD) transcripts from FAD2, FAD3, FAD6, FAD7, and FAD8 families (Table 3). FADs are critical for catalyzing the fatty acid desaturation. Endoplasmic reticulum-localized FAD2 and plastid-localized FAD6 encode two ω-6 desaturases required to convert oleic acid to linoleic acid (18:2Δ9, 12) (Zhang et al., 2012). The desaturation of linoleic acid (18:2Δ9, 12) to α-linolenic acid (18:3Δ9, 12, 15) is catalyzed by the endoplasmic reticulum-localized FAD3 and plastid-localized FAD7 and FAD8 proteins (Dar et al., 2017; Xue et al., 2018).
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FIGURE 4. The plant structure and developmental stage-specific expression profile of transcripts involved in the fatty acid metabolism. (A) Fatty acid metabolism; (B) omega-3 (α-Linolenic acid) and omega-6 (Linoleic acid) unsaturated fatty acids metabolism.



Table 3. Transcripts annotated as Chia fatty acid desaturase (FAD).
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Mint, a Lamiaceae family plant, is primarily known for the production of monoterpenes, e.g., menthol and limonene (Aharoni et al., 2005; Ahkami et al., 2015); however, the majority of Chia terpenes are sesqui-, di-, and tri-terpenes (Ma et al., 2012; Cui et al., 2015; Trikka et al., 2015). In our Chia dataset, we observed the expression profile of transcripts involved in the biosynthesis of terpenoid backbone, monoterpenes, and sesquiterpenes. Transcripts encoding the enzymes of the 2-C-methyl-D-erythritol 4-phosphate (MEP) and the mevalonate (MVA) pathways involved in the terpenoid backbone biosynthesis showed differential expression patterns among all tissue types (Figure 5). Transcripts for monoterpene synthases, such as 1,8-cineole synthase (EC 4.2.3.108), myrcene synthase (EC 4.2.3.15), and linalool synthase (EC 4.2.3.25), were highly expressed in the reproductive stage samples (Figure 5), indicating that flowers are the prime site for the biosynthesis of essential oils known to have therapeutic properties. However, transcripts for the sesquiterpene synthases, β-caryophyllene synthase (EC 4.2.3.57), α-humulene synthase (EC 4.2.3.104), germacrene synthase (EC 4.2.3.60), and solavetivone oxygenase (EC 4.2.3.21) were enriched in the vegetative tissues (Figure 5). Sesquiterpene, β-caryophyllene, α-humulene, Germacrene, and solavetivone are likely to play a role in herbivory defense.
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FIGURE 5. Tissue-specific expression of transcripts coding for enzymes of the terpenoid biosynthesis pathway. Biosynthesis of IPP, a central precursor for other terpenes biosynthesis, via cytosolic MVA and plastid-localized MEP pathways. Biosynthesis of various monoterpenes from GPP and sesquiterpenes from FPP. AACT, acetyl-CoA acetyltransferase; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; MVA, mevalonate; MVA-5-P, mevalonate 5-phosphate; MVAPP, mevalonate diphosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; HMGS, HMG synthase; HMGR, HMG reductase; MK, mevalonate kinase; PMK, phosphomevalonate kinase; MDD, Mevalonate diphosphosphate decarboxylase; IPI, IPP isomerase; GPPS, geranyl diphosphate synthase; FPPS, FPP synthase; Gly-3-P, glyceraldehyde-3-phosphate; DOXP, 1- deoxy-D-xylulose-5-phosphate; MEP, 2-C-methyl-D-erythritol-4-phosphate; CDP-ME, 4-diphosphocytidyl-2-C-methyl-D-erythritol; CDP-MEP, 4-diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate; MECP, C-methyl-D-erythritol-2,4-diphosphate; HMBPP, hydroxy methylbutenyl-4-diphosphate; DXS, DOXP synthase; DXR, DOXP reductoisomerase; CDP-MES, 2-C-methyl-D-erythritol4-phosphatecytidyl transferase; CDP-MEK, 4-(cytidine-5-diphospho)-2-C-methyl- D-erythritol kinase; MECPS, 2,4-C-methyl-D-erythritol cyclodiphosphate synthase; HDS, 1-hydroxy-2-methyl-2-(E)-butenyl-4-phosphatesynthase; HDR, 1-hydroxy-2-methyl-2-(E)-butenyl-4-phosphate reductase; NDH, neomenthol dehydrogenase; MS, myrcene synthase; 1,8-CS 1,8-cineole synthase; LS, linalool synthase; AHS, alpha-humulene synthase; BCS, beta-caryophyllene synthase; VS, vetispiradiene synthase; PO, premnaspirodiene oxygenase; SQ, squalene, SqS, squalene synthase; SqE, squalene epoxide; SqM, squalene monooxygenase; BAS, beta-amyrin synthase; GCS, germacrene C synthase.




Identification of Distinct Tissue-Specific Networks of TFs in Chia

Transcription factors are the key regulators of a plant's growth and development. We identified 633 DETs encoding TFs belonging to 53 families (Supplementary Material 11) in our Chia transcriptome. The highest number of transcripts belongs to MYB (60), followed by bHLH (45), NAC (38), bZIP (32), WRKY (28), C2H2 (27), MYB-related (25), MADS-box (26), C3H (24), G2-like (22), Hd-ZIP (22), Trihelix (17), TCP (14), Dof (13), GATA (13), GRAS (13), and TALE (13) gene families. The expression pattern of differentially expressed TFs across the developmental stages is shown in Supplementary Material 12A. To build a co-expression network, we first filtered out highly upregulated TFs in any of the 13 samples (≥5 log2 fold change) and then used 23 TFs as baits (nodes) and the FPKM value of 38,480 transcripts as an expression matrix. The seed-specific TF network showed 95,318 connections among 21 TFs and 4,629 transcript nodes (Supplementary Materials 12A, 13). A set of 92 transcripts (green) are connected to all 21 TFs. Two sets of 15 transcripts (teal) and 33 transcripts (pink) are connected to an ethylene responsive factor (ERF) (T112851) that is highly upregulated (log2 fold change 5.561) in the seeds. Most of the transcripts correlated to ERF (T112851) are downregulated in the seed and other tissue types. Two transcripts (T135081 and T106468) exclusively connected to NIN-like TF (T145088) are downregulated in the seeds and other tissues. A bZIP TF showed a connection to a transcript T120275, which is upregulated in the seeds but downregulated in other tissues. The MYB TF (T131530) is upregulated in the seeds and connected to a set of 34 transcripts (magenta) that were mostly downregulated in the seeds and other tissues. Bait transcripts are also correlated to each other, suggesting multiple regulatory modules within the network (Supplementary Material 12). Two TFs, MYB (T130985/Sh_Salba_v2_130985) and C3H (T121906/Sh_Salba_v2_121906), which were highly expressed in the D69-Internode but downregulated or absent in other tissues, showed connections (edges) to a set of 504 transcripts with no connection to any other bait nodes (Supplementary Material 12B).



Identification of SSRs Markers

Simple sequence repeats are an important class of genetic markers widely used in molecular breeding applications. The identified SSRs from the transcriptome are highly advantageous as compared to the identified SSRs from the genome sequence. If an SSR from the transcribed region is polymorphic, it may have a direct impact on the expression, structure, stability of a transcript, and/or on a peptide sequence and the functional domains. We identified a total of 2,411 SSRs in the de novo assembled transcriptome represented by di-, tri-, and tetra-nucleotide motifs (Supplementary Material 14). The most abundant di-, tri-, and tetra-nucleotide motifs were CT (201), GAA (84), and AGTC (12), respectively (Supplementary Material 15). A total of 1,771 SSRs were present in the DETs, and 148 SSRs were found in the expressed transcripts mapped to at least one metabolic pathway (Supplementary Material 16).




DISCUSSION

To develop a repertoire of genetic and genomic data and knowledge resources on Chia, recent limited efforts have focused on the expression of lipid biosynthesis and terpene synthase genes in developing Chia seeds, roots, and leaves (Sreedhar et al., 2015; Peláez et al., 2019; Wimberley et al., 2020). We developed a comprehensive gene expression atlas for Chia from the 13 different plant structure types collected at various developmental stages using RNA-Seq coupled with the de novo transcriptome assembly approach (Table 1). This transcriptome atlas covers the complete assembly of about 86% of the genes present in the Chia genome. The assembled transcripts were annotated by using BLASTx and tBLASTx and translated into peptides using Transdecoder (v2.1.0); the peptides were annotated with GO terms and structurally conserved domains. Overall, the Chia transcriptome data set is comprehensive and covers the majority of genes participating in the cellular metabolic process, catalytic activity, regulation of gene expression, transport, ion binding, organelle development and function, and formation of macromolecular complexes. Thus, we present a much needed reference resource for the breeding and improvement of this important crop.

In the comparison of Chia transcripts datasets to genomic/transcriptome data sets from the six most closely related eudicots (Figure 1C), we found the topmost matching of a Chia transcript with the transcripts of perennial herbs, the red sage S. miltiorrhiza (Wenping et al., 2011) and the scarlet sage, S. splendens (Ge et al., 2014)—both species are rich in secondary metabolites and are used in traditional medicine. Furthermore, the Chia expression atlas provides insights into the functional relatedness of genes and their expression across the developmental stages and tissue types. Hierarchical clustering of Chia transcripts suggests the role of different gene families in the development of each growth stage, thus providing a foundation for studying the molecular mechanisms and metabolic pathways occurring in different tissues and developmental stages. For example, GRF family TFs, likely to play an essential role in regulating leaf number and size show high expression in D69-P1-P2 leaf stages. GRF family TFs play an essential role in the growth and development of leaf, and likewise express highly in D69-P1-P2 leaf stages. In Arabidopsis, GRF1, GRF2, and GRF5 regulate leaf number and size (Kim et al., 2003; Horiguchi et al., 2005; Lee et al., 2009). Likewise, in mature leaves, transcripts coding for LRR-RLKs and WAKs proteins show high expression, which is consistent with their role in guard cells and stomatal patterning (Shpak et al., 2005) and biotic resistance (Harkenrider et al., 2016).

Essential oils, the secondary metabolites of the terpenoid biosynthesis pathways, are highly desired for their usage in medicine, food, and cosmetics, and have a potential survival benefit for the plant against insects, herbivores, and pathogens. In this Chia dataset, we identified transcripts encoding enzymes for the terpenoid backbone biosynthesis (Figure 5). Monoterpene synthases are involved in the biosynthesis of essential oils, and sesquiterpene synthases primarily contribute to the biosynthesis of insecticidal compounds. Chia flowers show a higher expression of monoterpene synthase transcripts (Figure 5) that code for 1, 8-cineole synthase (EC 4.2.3.108) and β-myrcene synthase (EC 4.2.3.15). Cineole and myrcene are found in fragrant plants and are known to have therapeutic medicinal properties such as sedative, anti-inflammatory, antispasmodic, and antioxidant (do Vale et al., 2002; Moss and Oliver, 2012; Bouajaj et al., 2013; Juergens, 2014; Khedher et al., 2017). The comparison of reproductive vs. vegetative tissue shows that monoterpene synthases were expressed highly in the reproductive tissues, and sesquiterpene synthases were prominent in the vegetative tissues. These findings confirm that flowers are involved in the synthesis of fragrant and essential oils whereas the vegetative tissues are rich in compounds, which are known for their herbivory defense and insecticidal properties. Phenylpropanoid and flavonoid biosynthesis pathways are also highly enriched in seeds and other tissue types (Supplementary Material 10).

Chia seeds are a rich source of PUFAs. We observed a lower expression of FAD transcripts in the seeds in comparison to other tissue types (Figure 4), suggesting that the seeds might serve as a storage organ for PUFAs rather than the synthesis site.

The correlation analysis hinted a significant relationship between highly upregulated TFs and the other DETs (Supplementary Material 12). The co-expression analysis suggested 21 TFs that are members of the B3, bZIP, ERF, WOX, AP2, MYB, C3H, EIL, LBD, DBB, NIN-like, and HSF families, play critical roles in the regulation of target gene expression across various developmental stages. We also observed that the two MYB and C3H zinc finger TFs were highly upregulated in the D69-Internode (Supplementary Material 12). Their expression is consistent with the reports on their orthologs' role in internode elongation and development processes (Zhong et al., 2008; Kebrom et al., 2017; Gómez-Ariza et al., 2019). Of the 21 TFs highly expressed in the seed samples, T112851 is an AP2/ERF family member. Its homologs are known to play a role in dehydration-induced response as the DREB2A proteins that are involved in response to drought, salt, and low-temperature stress (Nakashima et al., 2000; Sakuma et al., 2002). We expected to see such stress-responsive genes in seed samples because the seeds undergoes dehydration during their maturation (Naithani et al., 2017).

The conventional use of the BUSCO gene analysis is to assess the completeness of genome and transcriptome. However, in the first report of its kind known to us, we used the Chia BUSCO gene set to assess the gene expression data quality. A baseline transcript abundance or the expression levels of a conserved Viridiplantae BUSCO gene set were compared between Chia and Arabidopsis (Supplementary Materials 17, 18). In the Chia transcriptome atlas data set, 601 transcripts were mapped to 411 BUSCO genes. They showed sample-specific transcript abundance: 49 Chia transcripts and their Arabidopsis homologs show a similar higher abundance in dry seeds, and 28 transcripts in the D69 leaves and their Arabidopsis homologs show similar transcript abundance profiles in leaf and plant parts carrying leaf-like structures. The conserved expression profiles of homologous BUSCO genes in taxonomically diverse Chia and Arabidopsis plants (Supplementary Material 17) support the high-quality of Chia transcriptome generated in this study. Our gene expression validation analysis carries more genes (>400), uses the conserved green plant BUSCO gene set, and improves the typical use of the reverse transcription (RT)-PCR method to quantify 5–10 genes for validating transcript abundance. This analysis was only possible due to the availability of high-quality publicly available transcriptome data sets provided by the EMBL-EBI Gene Expression Atlas (https://www.ebi.ac.uk/gxa/home) (Papatheodorou et al., 2018), supported by the Ensembl Plants (http://plants.ensembl.org/index.html) (Howe et al., 2020) and the Gramene databases (http://www.gramene.org) (Tello-Ruiz et al., 2021).

Further analysis of the de novo assembled Chia transcriptome revealed 2,411 SSRs (Supplementary Material 15). SSRs are an important class of genetic markers widely used in molecular breeding applications. The identified SSRs from the transcriptome are highly advantageous as compared to the identified SSRs from the genome because they are from the transcribed region, and if they are polymorphic, they may have a direct impact on the expression, structure, and stability, of the transcript and the peptide (Supplementary Material 16). The SSRs identified in the Chia reference transcriptome are a valuable resource for breeding and genetic improvement of the crop.

Overall, this is the first study on the generation of a well-annotated plant structure-specific reference transcriptome atlas for Chia, a neo model, and an agronomically important crop. We expect that the raw and analyzed Chia transcriptome sequence data and 2,411 SSRs identified in this study would serve as an important resource for the researchers working on Chia and other important plant species of the mint family. The transcriptome data will greatly help in correcting errors in the future genome assembly of S. hispanica, the identification of gene models, improving the gene and genome annotation, and the development of a Chia-specific metabolic network. This transcriptome study is expected to initiate opportunities to undertake comparative and functional genomics, pathway analyses, and genome to phenome studies in Chia.



MATERIALS AND METHODS


Plant Material, Growth Conditions, and Sampling

Seeds of Chia (S. hispanica L.) were bought online from Ancient Naturals, LLC, Salba Corp., N.A., were sown in autoclaved soils, and watered thoroughly under controlled greenhouse conditions. All seeds germinated on the third day after sowing (DAS). Since the primary seed material was expected to be a heterogeneous mixture, biological replicates for each tissue type were collected from three randomly chosen plants. The description of the samples collected from various developmental stages and tissue types is shown in Table 1. The tissue samples include seeds, green cotyledons, shoots after 3 and 12 DAS, leaves from day-12 (D12-P1) and day-69 DAS (D69-P1-P7), an internode (D69-Internode) between the P5 and P6 leaf nodes collected on day-69 DAS, top and bottom halves of the raceme inflorescence from 158 DAS (D158) carrying pre-anthesis flowers, and flowers from the day-1 and day-5 of flowering (anthesis stage) (D159) and 164 (D164) DAS. Collected samples were immediately frozen in liquid nitrogen and stored at −80°C.



Sample Preparation and Sequencing

Total RNA from the frozen tissues was extracted as per the manufacturer's protocol using the RNA Plant reagent (Invitrogen Inc., Waltham, MA, USA), RNeasy kits (Qiagen Inc., Germantown MD, USA), and treatment with RNase-free DNase (Life Technologies Inc., Carlsbad, CA, USA). Total RNA concentration and quality were determined by using ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara, CA, USA). Samples were prepared separately from each of the three biological replicates of each tissue type by using the TruSeqTM RNA Sample Preparation Kits (v2) and sequenced by using the Illumina HiSeq 2500 instrument (Illumina Inc., San Diego, CA, USA) at the Center for Genomic Research and Biocomputing, Oregon State University, Corvallis, OR, USA.



De novo Transcriptome Assembly and Quality Estimation

FASTQ file generation from the RNA-Seq sequences was done by using the CASAVA software v1.8.2 (Illumina Inc., San Diego, CA, USA). Read quality was assessed by using FastQC, and poor-quality reads were removed with Sickle v. 1.33 (–q = 20) (“najoshi/sickle”). The transcripts were assembled by using Velvet (v1.2.10), which uses De Bruijn graphs to assemble short reads (Zerbino and Birney, 2008). An assembly of 67 and 71 k-mer lengths was performed by using all tissue-specific reads. The assemblies produced by Velvet were merged into a single consensus assembly by Oases (v0.2.08) (Schulz et al., 2012), which produced transcript isoforms using read sequence and pairing information. Quality estimation for reducing redundancy in a transcript assembly (a quality control check for de novo assembled transcriptome) was carried out by using CD-HIT-EST (Li and Godzik, 2006), TransRate (Smith-Unna et al., 2016), and QUAST (Gurevich et al., 2013) software packages. The assembled transcripts passing the CD-HIT-EST quality control step were used for further downstream analyses and considered a reference transcriptome for differential gene expression analyses. The BUSCO analysis (Simão et al., 2015) on the Chia transcriptome was also performed at the Galaxy platform (Afgan et al., 2018) to assess the completeness of the transcriptome set and coverage of the Chia gene set. We used the BUSCO version 4.1.2 and the Viridiplantae (green plant) lineage-specific data set viridiplantae_odb10, with a 425 reference single-copy core gene set.



Functional Annotation and Pathway Enrichment Analysis

Assembled transcripts were annotated by using BLASTx and tBLASTx with a value of E cutoff of 10−10. The assembled transcripts were translated into peptides by using Transdecoder (v2.1.0) [“TransDecoder (Find Coding Regions Within Transcripts)”] with a minimum peptide length of 50 or more amino acids. Transdecoder used the BLASTp and PfamA search results to predict the translated ORF. The resulting peptides were analyzed by using the InterProScan Sequence Search (v5.17.56) (Jones et al., 2014) hosted by the Discovery Environment and powered by CyVerse (Joyce et al., 2017). We used the agriGO Analysis Toolkit (Tian et al., 2017) to identify statistically enriched function groups of transcripts. agriGO uses a Fisher's exact test with a Yekutieli correction for the false discovery rate calculation. Significance cutoffs were set at a value of p equal to 0.05 and a minimum of five mapping entries per GO term. KAAS-KEGG automation server was used for an ortholog assignment and a pathway analysis (Moriya et al., 2007).



Gene Expression and Clustering

Bowtie2 (Langmead and Salzberg, 2012) was used to align the sequence reads from each tissue type to the assembled transcriptome. The RSEM software package (Li and Dewey, 2011) was used to estimate the transcript expression counts (FPKM) from the aligned sequence reads. The count data obtained from RSEM was used in EBSeq (Leng et al., 2013) to identify differentially expressed genes based on the false discovery rate corrected value of p is 0.05. Heatmaps were generated by using Morpheus (https://software.broadinstitute.org/morpheus) and MEV (version 4.8.1) (MEV: MultiExperiment Viewer, 2017) to cluster the expression data from Chia. Log2 transformed fold change value for each transcript was used as an input (value of p being 0.1). Due to the orders of magnitude in the expression of transcripts between the tissue types, we chose several data normalization methods for cluster generation. Unit variance, median centering of transcripts, and the summation of squares were applied to the dataset. In the investigation of individual gene families, transcripts were hierarchically clustered using a Pearson correlation. The Chia transcripts were mapped to the BUSCO genes, and their Arabidopsis homologs were compared by using the Arabidopsis dataset E-MTAB-7978 (Mergner et al., 2020) from the EMBL-EBI Gene Expression Atlas (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7978).



Co-expression and Network Analysis

The TF transcripts were classified based on homology searches in Plant TFDB database v5.0 (http://planttfdb.cbi.pku.edu.cn) (Jin et al., 2017) and BlastX searches against A. thaliana. For the co-expression analysis, the CoExpNetViz tool (Tzfadia et al., 2015) was used. This tool utilizes a set of query or bait genes as an input and a gene expression dataset. TF transcripts displaying a maximum expression cutoff of log2 transformed FPKM ≥ 5 were used as baits, and DETs displaying a maximum expression cutoff of log2 transformed FPKM ≥ 2 were used as an expression matrix. Baits and an expression matrix were loaded in the CoExpNetViz tool, and the analysis was run on default parameters to calculate co-expression with the setting of the Pearson correlation coefficient. For an expression matrix, the transcripts are considered as co-expressed if their correlation does not lie between the lower (1st) and upper (99th) percentile of the distribution of correlations between a sample of genes per gene expression matrix. The output files from the CoExpNetViz tool were used for displaying a gene-co-expression network by using Cytoscape (version 3.7.1).



Identification of SSRs

Multiple-length nucleotide SSRs were identified in the transcripts of the CD-HIT-EST assembly by using the stand-alone version of the SSR Identification Tool (SSRIT) (Temnykh, 2001).
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Crassocephalum crepidioides is an African orphan crop that is used as a leafy vegetable and medicinal plant. Although it is of high regional importance in Sub-Saharan Africa, the plant is still mainly collected from the wild and therefore efforts are made to promote its domestication. However, in addition to beneficial properties, there was first evidence that C. crepidioides can accumulate the highly toxic pyrrolizidine alkaloid (PA) jacobine and here it was investigated, how jacobine production is controlled. Using ecotypes from Africa and Asia that were characterized in terms of their PA profiles, it is shown that the tetraploid C. crepidioides forms jacobine, an ability that its diploid close relative Crassocephalum rubens appears to lack. Evidence is provided that nitrogen (N) deficiency strongly increases jacobine in the leaves of C. crepidioides, that this capacity depends more strongly on the shoot than the root system, and that homospermidine synthase (HSS) activity is not rate-limiting for this reaction. A characterization of HSS gene representation and transcription showed that C. crepidioides and C. rubens possess two functional versions, one of which is conserved, that the HSS transcript is mainly present in roots and that its abundance is not controlled by N deficiency. In summary, this work improves our understanding of how environmental cues impact PA biosynthesis in plants and provides a basis for the development of PA-free C. crepidioides cultivars, which will aid its domestication and safe use.
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INTRODUCTION

The availability of food is dependent on a few crops only. Estimates suggest that today 15 species provide 90% of the world’s food and plant-based energy (Gruber, 2017). While major crops are widely cultivated, their productivity depends on large resource inputs, since they were bred for performance in high input cropping systems (Fess et al., 2011). In addition to the major crops, hundreds of plants exist that have served as food sources for centuries or even millennia but are minor in terms of global trade and the research attention they receive (Heywood et al., 2013; Gruber, 2017). These underutilized or orphan crops can promote better nutrition, particularly in developing regions of the world, and help to optimize land resources by cultivating soils that are marginal or unsuitable for major crop production (Pingali, 2012; Jain and Gupta, 2013).

Many orphan crops are wild or semi-wild species with crop-like traits for which neither seed supply systems exist nor cropping schemes have been established (FAO, 1999; Jain and Gupta, 2013). Moreover, tools and methodology for plant breeding and molecular genetics that could facilitate approaches for faster domestication are underdeveloped. To improve the situation, the African Orphan Crops Consortium was founded, an initiative that aims to generate genetic resources, including whole genome sequences for 101 traditional food crops with high importance for Africa (Hendre et al., 2019; Jamnadass et al., 2020). The plant list mainly contains fruit and vegetable crops, one of which is Crassocephalum rubens.

Crassocephalum rubens and its close relative C. crepidioides belong to the plant family Asteraceae (Pelser et al., 2007). They are leafy vegetables and medicinal plants native to tropical Africa but grow throughout tropical and sub-tropical regions of the world. Depending on the region, various names exist, which usually refer to both species. In Africa common names are Yoruban bologi, ebolo (Nigeria), or gbolo (Benin). English names are redflower ragleaf and fireweed. The plants have interesting nutritional and medicinal properties, since they are rich in minerals, essential oils, and antioxidants (Adjatin et al., 2013a; Oyebode et al., 2019).

Despite their value in Western and Central Africa, Crassocephalum species are not regularly cultivated but are still mainly harvested from the wild. When cultivated and repeatedly harvested yields of C. crepidioides can reach 25–27 t/ha of leaves and shoots per year (Grubben, 2004). These biomass gains are achieved even in marginal conditions, to which the plant is well-adapted, and thus efforts are made to promote its wider cultivation and consumption (Joshi, 2011; Adjatin et al., 2013b).

However, in addition to beneficial properties, there is evidence that C. crepidioides can accumulate the pyrrolizidine alkaloid (PA) jacobine (Rozhon et al., 2018). PAs are heterocyclic compounds synthesized by plants, that are part of the chemical defense system against herbivores (Macel, 2011; Wei et al., 2015). Estimates suggest that approximately 6,000 plant species worldwide, comprising 3% of all the flowering plants, produce these secondary metabolites. In particular members of the Asteraceae, Boraginaceae, Heliotropiaceae, Apocynaceae, and some genera of the Orchidaceae are PA-producers (Ober and Hartmann, 2000).

While PAs themselves are chemically unreactive, they can be bioactivated in the intestinal tract and during transit through the liver of mammals. This gives rise to highly reactive pyrroles, which are hepatotoxic and carcinogenic (Ruan et al., 2014). Venous occlusions in the liver and lung, megalocytosis, inhibition of cell division, and liver cirrhosis are signs of PA toxicity. Genotoxic effects have been reported as well, in particular for 1,2-unsaturated PAs such as jacobine (Fu et al., 2002), which is why the European Food Safety Authority applies the “Margin of Exposure” approach and recommends a dose limit of 0.007 mg PA/kg b.w./day (EFSA Panel on Contaminants in the Food Chain, 2011). In industrialized countries, in addition to intake of PA-containing herbs (when present in teas, herbal infusions, or food supplements) in particular carry-over of PAs from feed to milk of animals and from pollen to honey is of concern (Dusemund et al., 2018; Mulder et al., 2018).

Albeit their importance as food and feed contaminants and for plant defense reactions, relatively little is known about PA biosynthesis. PAs are produced from homospermidine, which is formed by homospermidine synthase (HSS), a putrescine:putrescine 4-aminobutyl-transferase that catalyzes the first dedicated and essential reaction in PA biosynthesis (Ober and Hartmann, 1999). PAs biosynthesis then proceeds by largely unknown means but certainly involving esterification of necine acids with a necine base. On the basis of the necine bases, PAs are classified into three types: the retronecine-type, the otonecine-type, and the platynecine-type and can occur in free or as N-oxides bound forms (Schramm et al., 2019b). The toxic potencies of these PAs vary significantly with retronecine-type PAs being most toxic for mammals (Ruan et al., 2014) and jacobine belongs to this class. It has high acute toxicity and strong mutagenic capacity and is therefore of particular concern when present in the food chain (Mulder et al., 2018).

Here, we used C. rubens and C. crepidioides ecotypes from Africa and Asia to show that jacobine is produced by different C. crepidioides accessions, an ability that the studied C. rubens accessions lacked. Evidence is provided that jacobine formation in C. crepidioides is dependent on shoots and is induced by nitrogen (N) deficiency, a regulatory effect that occurs down-stream of HSS. HSS encoding genes were cloned and characterized to facilitate approaches for the development of PA-free C. crepidioides cultivars, which are discussed.



MATERIALS AND METHODS


Plant Material

Seeds of two C. rubens and one C. crepidioides ecotypes were obtained from the Millenium Seed Bank (MSB) at Kew Royal Botanic Gardens (Kew, United Kingdom) and have the following MSB serial numbers: C.r.Mali (no. 440626), C.r.Burkina Faso (no. 320148) and C.c.Nepal (no. 31170). Crassocephalum crepidioides accession Ilé-Ifè from Nigeria was described previously (Rozhon et al., 2018). Crassocephalum crepidioides accession C.c.Osogbo was collected in Osogbo, Nigeria and accession C.r.Thailand was obtained from Thailand.



Phylogenetic Analysis

To confirm the identity of the accessions and conduct a phylogenetic analysis, the chromosomal internal transcribed spacer (Blattner, 1999) and the trnL-trnF spacer of the chloroplast (Taberlet et al., 1991) were amplified by PCR using the primer pairs trnL fwd/trnF rev and ITS-A/ITS-B, respectively (for sequences of all the primers used in this study, see Supplemental Table 2). The amplicons were purified and sequenced, and the sequences were aligned. Neighbor joining trees were calculated with MEGA X (Kumar et al., 2018).



Analyses of Genome Size and 5-Methylcytosine Content

Absolute nuclear DNA contents (pg/2C) were determined using nuclei isolated from greenhouse-grown plants. Approximately 0.5 cm2 of this young leaf material was chopped in 400 μl of the nuclei isolation buffer (Kit: CyStain PI Absolute P; Sysmex Deutschland GmbH, Norderstedt, Germany) together with 0.5 cm2 young leaf tissue of the internal standards, i.e., Pisum sativum cultivar ‘Viktoria, Kifejto Borso’ (9.07 pg/2C, Genebank IPK Gatersleben acc. no. PIS 630). The resulting suspension was incubated for 2 min, filtered (30 μm Celltric filters; Sysmex), and mixed with 1,600 μl of the staining solution of the kit (CyStain PI Absolute P; Sysmex) containing propidium iodide. After 1 h dark incubation on ice, the samples were analyzed in the flow cytometer (CyFlow Ploidy Analyzer; Sysmex Partec GmbH, Münster, Germany). Measurements were taken on at least three different dates aiming at a minimum number of 2,000 particles in the main peaks of both species. Per accession, DNA contents of 3–5 seedlings were determined, each with 3–7 replicates prepared with independently collected leaf material. For the estimation of the nuclear DNA contents, the sample mean G0/G1 peak position was divided by the standard mean G0/G1 peak position and multiplied by the DNA content of the standard (pg/2C). Genome size was calculated from the DNA content according to Dolezel et al. (2003) using the conversion factor 0.978. The 5-mdC content was measured as described previously (Rozhon et al., 2008).



Growth Conditions in Soil

For growth in soil, plants were cultivated in growth chambers (Bright Boy; CLF Plant Climatics, Wertingen) or the greenhouse at 22 ± 2°C and cycles of 16 h white light (80 μmol m−2 s−1)/8 h dark. Four commercially available substrates with different nutrient composition were used: CL ED73 and SP ED63 P (Patzer GmbH and Co. KG, Sinntal-Altengronau, Germany) as well as D400 and C700 with Cocopor® (Stender AG, Schermbeck, Germany). For substrate experiments, six 4-week-old seedlings per treatment group, pre-grown on SP ED63 P substrate, were transplanted individually into 9.5-cm plastic pots containing equal volumes of the different substrates and were grown for another 8 weeks until analysis.

For the time course experiment of nitrogen starvation, 4-week-old C.c.Ile-Ife seedlings, pre-grown on SP ED63 P substrate, were transplanted into pots containing 160 g of Low Nutrient Pond Soil (COMPO SANA®; COMPO GmbH, Münster, Germany) and grown for another 3 weeks. To each pot an ammonium nitrate solution was then added, to obtain 150 or 500 mg N/kg substrate, respectively. Additionally, 20 ml of a basic nutrient solution (22 g/L KH₂PO4, 16.2 g/L MgSO4·7 H2O, 11.7 g/L CaCl2·2 H2O (only for the second application), 3.98 g/L FeSO4·7 H₂O, 985 mg/L MnSO4·H2O, 157 mg/L CuSO4·5 H2O, 176 mg/L ZnSO4·7 H2O, and 46 mg/L H3BO3) were supplied. The nitrate treatment started at 7 weeks post-germination and was performed two times, in 2-week intervals. Leaf material was harvested after the last nitrate treatment from 3 to 4 individual plants per treatment group (low N and high N) in 3–4 biological replicates, 7, 14, 21, and 28 days after the last fertilization and HPLC measurements were carried out.



Hydroponic System for N and K Starvation Experiments

The hydroponic system is shown in Supplementary Figure 1. It consisted of a growth box with a size of 28 cm × 19 cm × 14 cm and a corresponding lid with six holes, equipped with mesh net pots filled with cylindrical foam sponge blocks (Du Yang, Shenzhen, China). Each hydroponic box was used for cultivation of six plants in 4-L liquid medium, which was exchanged twice a week. Constant aeration of the medium was provided with air stones attached to an air pump (Supplementary Figure 1).

For nutrient starvation experiments 3-week-old seedlings, pre-grown in SP ED63 P, were transplanted to the hydroponic tanks and cultivated in ½ MS medium (Murashige and Skoog, 1962) for another 3 weeks before ½ MS was exchanged with a modified Hoagland medium (Hoagland and Arnon, 1938). After exchange of the medium, the plants were grown for another 3 weeks in the tanks, before the PA composition was analyzed from 3 individual plants in three biological repeats.

The Hoagland medium was composed of 1.25 mM K2SO4, 2.5 mM Ca(NO3)2, 6.8 μM C10H12N2NaFeO8, 0.5 mM MgSO4, 0.125 mM KH2PO4, 11.56 μM H3BO3, 2.29 μM MnCl2, 0.19 μM ZnSO4, 0.05 μM CuSO4, and 0.09 μM Na2MoO4 dissolved in deionized water, contained 4.28 g MES (4-morpholineethanesulfonic acid), and had the pH adjusted to 5.8 with KOH. Drop-out of nitrate was achieved by replacing Ca(NO3)2 with CaCl2, drop-out of potassium by omitting K2SO4.



Grafting

The grafting procedure was adapted from Melnyk (2017). Fourteen-day-old seedlings pre-grown on ½ MS medium were transferred to Petri dishes containing two layers of wet filter papers and one layer of nylon membrane. One cotyledon was removed and transverse cuts were made through the hypocotyls below the shoot apical meristem. Dissected shoots were placed on the top of respective rootstocks to assemble the grafts. After grafting, Petri dishes were sealed with parafilm and placed vertically in an incubator in 16 h light/8 h dark cycles at 22°C. After 7 days successfully grafted plants were transferred to SP ED63 P substrate. Adventitious roots of scions were removed regularly in their early stage to maintain the desired rootstock identity. Grafted plants were cultivated in substrate for another 11 weeks before harvesting leaf tissues for analyses.



Analysis of Metabolites and Minerals in Leaf Tissue and Soil

Jacobine was measured as described previously (Rozhon et al., 2018). Quantification of total retronecine was adapted from Kempf et al. (2008) and is described in detail in the Supplementary Information. Polyamines were quantified by HPLC after derivatization with dansyl chloride (details are also given in the Supplementary Information). Nitrate was quantified by ion-pair chromatography as described previously (Schramm et al., 2019a). For analysis of minerals homogenized frozen plant material was weighed into a quartz crucible and incinerated at 500°C for 5 h. The ash was dissolved in 1 ml 1 M nitric acid and water was added to a final volume of 10 ml. For analysis of potassium, the solution was diluted 1:20 with distilled water and analyzed by cation exchange chromatography as described previously (Schramm et al., 2019a). The phosphate content was analyzed by a modified molybdate method as described in the Supplementary Information. The growth substrates were analyzed by Agrolab (Sarstedt, Germany).



Cloning of HSS Genes, Recombinant HSS Expression, and Enzyme Activity Assays

For cloning HSS from Senecio jacobaea, RNA was isolated from S. jacobaea roots and cDNA was generated from 2 μg RNA using the RevertAid H minus first strand cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, United States). This cDNA was used as a template for the amplification of HSS coding sequences using the primer pair P70/P71 (Reimann et al., 2004; for all primer sequences, see Supplementary Table 1). Cloning in pRSET-A and sequencing revealed three SjHSS versions that differed only by a few amino acids in non-conserved regions.

For cloning of CcHSS, DNA was isolated from young C. crepidioides Ile-Ife leaves and PCR reactions performed using the degenerated primer pairs SxHSS fwd1/SxHSS rev1 and SxHSS fwd2/SxHSS rev2 that were designed to bind to the most conserved parts of known HSS genes of the Senecioneae. Both yielded amplicons with a size of approximately 1 kb. Sequencing confirmed homology to the HSS gene of S. jacobaea. Using these sequences, primers were designed for 5'-RACE (primers CcHSS 5'-RACE 1, 2, and 3) and 3'-RACE (primers CcHSS 3'-RACE 1, 2, and 3). The template cDNA was prepared as described above using RNA isolated form C. crepidioides Ile-Ife roots. 5'-RACE and 3'-RACE were performed as described previously (Scotto-Lavino et al., 2006a,b). The obtained sequences were deposited in the EMBL or GenBank nucleotide sequence database with the following accession numbers: C.c.Ile-Ife_HSS1, LR999447; C.c.Ile-Ife_HSS2, LR999448; C.c.Nepal_HSS1, LR999449; C.c.Nepal_HSS2, LR999450; C.r.Burkina_Faso_HSS2, MZ275249; C.r.Mali_HSS2, MZ275250; S.j_HSS2, LR999444; and S.j_HSS3, LR999445. These sequences were aligned with the sequences of HSS orthologues of S. jacobaea (HSS1, AJ704850), Senecio vulgaris (HSS, AJ251500), and Senecio vernalis (HSS1, AJ238623; HSS2, AJ704849) retrieved from the NIH GenBank,1 and a neighbor joining tree was calculated with bootstrap test (1,000 replicates) using MEGA X (Kumar et al., 2018).

The coding HSS sequences were cloned into the pRSET-A vector (Thermo Fisher Scientific) to produce His-tagged versions. These constructs were transformed in Escherichia coli BL21 and expression of His-tagged proteins induced by addition of IPTG to a final concentration of 1 mM. The proteins were purified using HisPur™ cobalt resin (Thermo Fisher Scientific) as recommended by the manufacturer. Enzymatic activity assays were carried out in 50 μl reactions containing 1 μg of recombinant HSS fusion protein, 25 μl TEA-buffer (100 mM, adjusted to pH 9.5 with phosphoric acid), 1 μl EDTA (5 mM), 1 μl DTT (50 mM), 2 μl putrescine (1 mM), 2 μl spermidine (1 mM), and 2.5 μl NAD+ (25 mM). Reactions were incubated for 1 h at 30°C and stopped by the addition 100 μl 2 M sodium carbonate. Polyamines were derivatized and concentrations were measured as described in the Supplementary Information.



Quantitative PCR Analyses

For quantitative PCR (qPCRs) RNA was isolated from respective samples with the E.Z.N.A. Plant RNA Kit (Omega Bio-tek, Norcross, GA, United States), and cDNA was synthesized with the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, United States). qPCRs were carried out with the Mastercycler RealPlex2 (Eppendorf, Hamburg, Germany) as described previously (Unterholzner et al., 2015). In brief, PCR reactions contained 2 μl cDNA, the primer pair CcHSS1+2 fwd/CcHSS rev for HSS1+2 analysis and a SYBR green master mix (Nippon Genetics Europe, Düren, Germany). As a reference gene C. crepidioides glyceraldehyde-3-phosphate-dehydrogenase C2 (CcGAPC2) was used (He et al., 2016) and amplified with the primer pair CcG.



Statistical Analyses

Statistical significance was determined with one-way ANOVA followed by Tukey’s HSD tests. Significant differences at p ≤ 0.05 are indicated with different letters. Details on the numbers of replicates are given in the respective figure legends.




RESULTS


Isolation of Crassocephalum crepidioides and Crassocephalum rubens Ecotypes That Differ in Vegetative Development and Genome Composition

Previously, we have shown that a C. crepidioides accession from Ilé-Ifè in Nigeria (C.c.Ile-Ife) can accumulate jacobine but does not form any other senecionine-type PAs (Rozhon et al., 2018). To investigate, if the ability to form jacobine is ecotype-specific and address, whether differences in jacobine accumulation between C. crepidioides and C. rubens occur, we obtained three additional C. crepidioides ecotypes, from Nepal (C.c.Nepal), Thailand (C.c.Thailand) and Osogbo in Nigeria (C.c.Osogbo), and two accessions of C. rubens, from Mali (C.r.Mali) and Burkina Faso (C.r.Burkina Faso). A phylogenetic analysis, based on ITS and trnL-trnF sequences, showed that, as expected, Asian and African C. crepidioides and C. rubens accessions were most strongly related (Supplementary Figures 2A,B).

A rough phenotypic comparison of these ecotypes showed that plants of C. crepidioides were generally larger than C. rubens and formed more leaves (Supplementary Figure 2C), before entering the generative stage. Moreover, the vegetative growth phase, defined as the time from seed germination to first flower buds developing, was significantly prolonged in the African C. crepidioides ecotypes, which took approximately 72 days until flowering and approximately 110 days until seed dispersal (Supplementary Figure 2D). In addition, the African accessions formed more leaves, which were also more serrated (Supplementary Figures 2C,D). Since the two African and Asian C. crepidioides ecotypes had comparable phenotypic characteristics, we focused on one African (C.c.Ile-Ife) and one Asian line (C.c.Nepal) for the subsequent work.

To compare the genetic make-up of the ecotypes the chromosome numbers and genome sizes were determined. In general, the genus Crassocephalum has a basic chromosome number of n = 10 (Oyelakin and Ayodele, 2013). C.c.Ile-Ife contained 40 chromosomes (Rozhon et al., 2018), which indicated tetraploidy, and was in line with previous reports (Vanijajiva and Kadereit, 2009; Oyelakin and Ayodele, 2013). The ploidy level of C. rubens was described as diploid (Oyelakin and Ayodele, 2013). To verify this for the additional ecotypes, chromosomes were counted in root tip cells. This showed that C.c.Nepal, like C.c.Ile-Ife, contained 40 chromosomes, whereas the two C. rubens ecotypes C.r.Mali and C.r.Burkina Faso contained 20 (Supplementary Figure 2E), confirming x = 10 and tetraploid and diploid states, respectively. In both species, chromosomes were acrocentric or submetacentric and small (Supplementary Figure 2E).

To determine the genome sizes, flow cytometry measurements were conducted. The mean 2C value of C.c.Ile-Ife and C.c.Nepal was 12.4 pg, which implies a genome size of approximately 12.1 Gbp. The genomes of the two C. rubens accessions C.r.Mali and C.r.Burkina Faso had 2C values of 6.1 pg (Supplementary Table 2). For a further comparison of the genome composition, the level of 5-mdC DNA methylation was determined, which impacts trait expression and plasticity. The results showed that the 2-week-old seedlings of C. crepidioides and C. rubens had a similar 5-mdC content of approximately 30 and 31.5 mol%, respectively (Supplementary Table 2).



Nitrogen Starvation Increases Jacobine in Leaves of Crassocephalum crepidioides, But Not of Crassocephalum rubens

Jacobine is synthesized in the PA biosynthetic pathway, where the formation of homospermidine from the polyamines spermidine and putrescine by HSS is the first essential reaction (Figure 1A). Since previously we had found that growth conditions impact levels of jacobine in C.c.Ile-Ife (Rozhon et al., 2018), we speculated that the substrate type and in particular the supply with nutrients may be relevant. To test this, four different growth substrates with different nutrient content were used. Plants grown on the substrates D400 and SP ED63 P, which are low in nitrate (Supplementary Table 3), developed clear symptoms of N deficiency (Ueda et al., 2017; Yang et al., 2018), including stunted growth, chlorotic leaves and anthocyanin accumulation (Figure 1B). In line, an analysis of leaf tissues showed that these plants were nitrate-deficient, whereas they had similar contents of potassium (K) and phosphorus (P; Supplementary Figure 3). The N deficiency was correlated with an enhanced accumulation of free jacobine in leaves of the two C. crepidioides lines C.c.Nepal and C.c.Ile-Ife. Interestingly, both C. rubens accessions did not form jacobine on any of the substrates used, with jacobine levels being below the detection limit of 4 nmol/g Fw (Figure 1C).
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FIGURE 1. Leaves of Crassocephalum crepidioides, but not of Crassocephalum rubens, accumulate jacobine, which is promoted by growth on low nitrate substrate. (A) Tentative PA biosynthetic pathway required for the biosynthesis of jacobine (modified from Schramm et al., 2019b). PAs and up-stream precursors analyzed are marked in red. Unknown enzymes are labeled with? (B) Representative 8-week-old plants of the Crassocephalum crepidioides ecotype Nepal, grown on the indicated growth substrates in long-day growth conditions at 22 ± 2°C. (C) Amount of free jacobine in leaves of 8-week-old plants of Crassocephalum crepidioides and Crassocephalum rubens (grown as in B) measured from six plants. Nutrient analyses showed that D400 and SP ED63 P are low in nitrate, C700 has medium nitrate and CL ED73 has high nitrate levels (soluble nitrate concentrations are shown in the legend; for details on all nutrients see Supplementary Table 1). (D) Amounts of the polyamines spermidine, putrescine, and homospermidine in leaves of plants grown as in (B). The columns and bars represent the average and standard error of six independent replicates. Statistically significant difference at p ≤ 0.05 of results between substrates (within individual species) is indicated with different letters and was determined with one-way ANOVA followed by Tukey’s HSD test [jacobine: C.c.Nepal (ANOVA F3,20 = 7.251, p = 0.002), C.c.Ile-Ife (ANOVA F3,20 = 11.199, p = 0.0002); spermidine: C.c.Nepal (ANOVA F3,20 = 8.482, p = 0.001), C.c.Ile-Ife (ANOVA F3,20 = 37.897, p < 0.0001), C.r.Burkina Faso (ANOVA F3,19 = 9.375, p = 0.0005), C.r.Mali (ANOVA F3,20 = 23.154, p < 0.0001); putrescine: C.c.Nepal (ANOVA F3,20 = 31.576, p < 0.0001), C.c.Ile-Ife (ANOVA F3,20 = 31.307, p < 0.0001), C.r.Burkina Faso (ANOVA F3,19 = 8.016, p = 0.001), C.r.Mali (ANOVA F3,20 = 42.433, p < 0.0001); homospermidine: C.c.Nepal (ANOVA F3,20 = 0.226, p = 0.877), C.c.Ile-Ife (ANOVA F3,20 = 10.980, p = 0.0002), C.r.Burkina Faso (ANOVA F3,19 = 16.822, p < 0.0001), C.r.Mali (ANOVA F3,20 = 14.753, p < 0.0001)].


To assess, if the jacobine increase may result from increases in up-stream precursors, we measured the levels of spermidine, putrescine, and homospermidine in the same plants. This showed that the concentrations of none of these polyamines increased in response to low N, but, on the contrary, spermidine and putrescine were clearly decreased. Interestingly, while unable to form jacobine, C. rubens ecotypes did form homospermidine, albeit at low concentrations, indicating that it is not HSS expression or activity, which restricts jacobine synthesis in C. rubens (Figure 1D).

To further verify, if N depletion induces jacobine formation in C. crepidioides leaves, a time course experiment was carried out with C.c.Ile-Ife. Plants were grown in a low nutrient pond soil supplemented with nutrients. N was added to this growth substrate in form of ammonium nitrate (NH4NO3) in two doses, namely a total of 150 mg N/kg DW or 500 mg/kg DW, which were added in aliquots, the first after planting of the seedlings and the second 2 weeks later. Subsequently, samples were collected at 7, 14, 21, and 28 days after the last ammonium nitrate addition and jacobine and polyamine precursors were measured in leaf tissues. This confirmed that free jacobine concentrations strongly increased, whereas levels of homospermidine and spermidine decreased, when the supply of nitrate dropped (Figure 2). Therefore, in summary these data substantiate that N starvation induces jacobine accumulation in C. crepidioides and suggest that homospermidine formation is not rate-limiting for this reaction.
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FIGURE 2. Nitrogen starvation yields strong increases of jacobine in Crassocephalum crepidioides leaves. C.c.Ile-Ife plants, grown in low nutrient pond soil, were fertilized with ammonium nitrate either at a low (150 mg N/kg DW) or at a high dose (500 mg N/kg DW). The nitrate treatment started at 7 weeks post germination and was performed two times, in 2-week intervals. Leaf samples were taken from 3 to 4 plants per treatment group at the indicated time-points after the last ammonium nitrate addition and concentrations of free jacobine, spermidine, putrescine, and homospermidine were measured by HPLC. The columns and bars represent the average and standard error of 3–4 independent biological replicates. Statistically significant difference of results between time-points and N levels at p ≤ 0.05 is indicated with different letters and was determined with one-way ANOVA followed by Tukey’s HSD test (jacobine: ANOVA F7,23 = 28.356, p < 0.0001; spermidine: ANOVA F7,20 = 12.029, p < 0.0001; putrescine: ANOVA F7,20 = 3.880, p = 0.008; homospermidine: ANOVA F7,20 = 1.984, p = 0.109).




An Impact of N Depletion on Jacobine Accumulation Occurs Down-Stream of HSS

There is little evidence that N deficiency can induce PA biosynthesis as yet. In Senecio species, increased NPK fertilization decreased PA concentrations in shoots (Vrieling et al., 1993; Vrieling and van Wijk, 1994; Hol et al., 2003; Kirk et al., 2010); however, which nutrient accounted for these effects had remained unknown. To conclusively assess, whether it is N depletion that causes jacobine accumulation, a hydroponic system was adopted for the species. The system (shown in Supplementary Figure 1 and Figure 3A) allows for plant growth in soil-free conditions, targeted delivery of compounds and individual sampling of shoot and root material.
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FIGURE 3. Drop-out of nitrogen increases jacobine and total retronecine, but not polyamines in leaves of hydroponically grown Crassocephalum crepidioides plants. Three-week-old, soil-grown C.c.Nepal and C.c.Ile-Ife plants were transferred to a hydroponic system, adapted for 3 weeks to growth in the hydroponic conditions and then transferred to either full, or potassium (-K) or nitrogen (-N) drop-out medium. After 3 weeks of growth in the drop-out medium, leaves or roots were analyzed separately from three individual plants. (A) Picture of representative C.c.Nepal plants. (B) Levels of free jacobine. n.d. (not detected): below the detection limit of 4 nmol/g Fw. (C) Levels of spermidine, putrescine, homospermidine and total retronecine. The columns and bars represent the average and standard error of 3 independent biological replicates. Statistically significant difference of results within organs of the individual species at p ≤ 0.05 is indicated with different letters and was determined with one-way ANOVA followed by Tukey’s HSD test [free jacobine: C.c.Nepal leaves (ANOVA F2,6 = 46.821, p = 0.0002), C.c.Ile-Ife leaves (ANOVA F2,6 = 16.451, p = 0.004); spermidine: C.c.Nepal leaves (ANOVA F2,6 = 99.300, p < 0.0001), C.c.Ile-Ife leaves (ANOVA F2,6 = 27.509, p = 0.001), C.c.Nepal roots (ANOVA F2,6 = 51.917, p = 0.0002), C.c.Ile-Ife roots (ANOVA F2,6 = 25.216, p = 0.001); homospermidine: C.c.Nepal leaves (ANOVA F2,6 = 181.942, p < 0.0001), C.c.Ile-Ife leaves (ANOVA F2,6 = 39.788, p = 0.0003), C.c.Nepal roots (ANOVA F2,6 = 13.364, p = 0.006), C.c.Ile-Ife roots (ANOVA F2,6 = 91.586, p < 0.0001); putrescine: C.c.Nepal leaves (ANOVA F2,6 = 57.970, p = 0.0001), C.c.Ile-Ife leaves (ANOVA F2,6 = 41.215, p = 0.0003), C.c.Nepal roots (ANOVA F2,6 = 44.225, p = 0.0003), C.c.Ile-Ife roots (ANOVA F2,6 = 76.987, p < 0.0001); retronecine: C.c.Nepal leaves (ANOVA F2,6 = 24.150, p = 0.001), C.c.Ile-Ife leaves (ANOVA F2,6 = 5.923, p = 0.038), C.c.Nepal roots (ANOVA F2,6 = 2.696, p = 0.146), C.c.Ile-Ife roots (ANOVA F2,6 = 12.140, p =0.008)].


C.c.Nepal and C.c.Ile-Ife plants were pre-grown for 3 weeks in growth substrate and then transferred either to tanks containing liquid medium with all required nutrients (full) or tanks containing drop-out medium, which lacked either potassium (-K) or nitrate (-N). A separate analysis of young leaf and root tissues showed that free jacobine significantly increased in response to N deficiency in leaves of both accessions but was below the detection limit of 4 nmol/g Fw in roots, uncovering organ specific differences. K deficiency had a significant impact on jacobine amounts in leaves of C.c.Nepal, but not of C.c.Ile-Ife (Figure 3B).

In line with the results from soil-grown plants, the levels of polyamines decreased in response to N deficiency. In contrast, K deficiency increased polyamines, in particular, putrescine (Figure 3C; please note the logarithmic scale), which has also been described for other plant species (Richards and Coleman, 1952; Liu et al., 2015). As opposed to free jacobine, polyamines are present in similar quantities in leaves and roots, showing that it is not a shortage of these up-stream precursors that impairs jacobine formation in roots of C. crepidioides.

To further define the sites of N deficiency impact, the levels of retronecine, a product formed later in PA biosynthesis (Figure 1A), was determined in the same samples. The method used allows a quantification of both free and (in retronecine-derived PAs) bound retronecine. The results of the analysis showed that, in the leaves of both ecotypes, total retronecine levels were increased by about 2-fold when grown in medium without nitrate, which was correlated with an increase of jacobine by about 2.5-fold (Figures 3B,C). In contrast, jacobine was not detectable in roots, while total retronecine was also present, albeit at lower concentrations. Importantly, total retronecine was responsive to N depletion in shoots, but not in roots, which implies that the regulatory impact is shoot-specific. In summary, the impact of nitrate deficiency on jacobine synthesis occurs down-stream of homospermidine, likely at the level or down-stream of retronecine formation.



Jacobine Formation in Crassocephalum crepidioides Requires Shoot Organs

In principle, PAs can be present in all plant organs, but in species of the Asteraceae family, such as S. vulgaris (common groundsel), they are thought to be synthesized exclusively in roots, and then, as N-oxides, transported via the phloem to the shoots (Hartmann et al., 1989). Since jacobine was undetectable in roots (Figure 3B), we intended to test, if the root system is necessary for jacobine formation in C. crepidioides. To enable this, we established a grafting system for Crassocephalum and grafted shoots of the jacobine-producer C.c.Ile-Ife onto rootstocks of C.r.Mali, which does not form jacobine. Scions of 2-week-old C.c.Ile-Ife plants were splice grafted onto rootstocks of C.r.Mali and C.c.Ile-Ife, as a control. Grafting of C.r.Mali onto rootstocks of C.c.Ile-ife and C.r.Mali generated grafts with an opposite composition.

Grafted plants showed signs of stress, such as increased anthocyanin accumulation and growth retardation, as compared to non-grafted C. crepidioides plants (Figure 4A). This was a grafting reaction, since control grafts (shoots joint with root stocks of the same species) showed the same phenotypes as the inter-species combinations. Thus, functional grafts had been generated and measurements of jacobine (both free and total, which includes its N-oxide) from leaf tissues were carried out. These showed that in leaves of the C.c.Ile-Ife + C.c.Ile-Ife control grafts, as compared to non-grafted C. crepidioides plants levels of both free and total jacobine were significantly increased, showing that grafting, in addition to causing (other) stress-response reactions, also stimulated jacobine production. The C. rubens control grafts, which combined C.r.Mali shoots with C.r.Mali root stock, also showed stress symptoms, but did not produce jacobine.

[image: Figure 4]

FIGURE 4. Jacobine accumulation in Crassocephalum crepidioides relies on its shoot organs. Two-week-old scions of C.c.Ile-Ife were grafted onto root stocks of C.r.Mali and vice versa and maintained in tissue culture for 1 week for establishment. Grafted plants, grafting controls (scions united with rootstocks of the same species) and non-grafted C.c.Ile-Ife plants (as a control) where then transferred to SP ED63 (low nitrate) substrate and grown for another 11 weeks in standard growth conditions, before free and total jacobine was measured in shoots. (A) Pictures of representative plants. The grafting combinations are named with the shoot in first position (in bold letters) and the root stock in second position. (B) Levels of free and total jacobine in nmol/g Fw. Plants are labeled like in A (shoot donor in bold). The columns and bars represent the average and standard error of 6–17 independent replicates. Statistically significant difference at p ≤ 0.05 of results is indicated with different letters and was determined with one-way ANOVA followed by Tukey’s HSD test (free jacobine: ANOVA F2,30 = 164.719, p < 0.0001; total jacobine: ANOVA F2,30 = 130.194, p < 0.0001). n.d. (not detected): below the detection limit of 4 nmol/g Fw.


Importantly, when the C.c.Ile-Ife roots-stock was replaced with a C.r.Mali root stock, jacobine levels were clearly decreased as compared to the C.c.Ile-Ife + C.c.Ile-Ife control grafts, providing evidence that it is the shoot system that is central for jacobine formation in C. crepidioides, but also showing that the rootstock contributes. This was confirmed by analyzing the grafting combinations in the opposite direction: when C. rubens contributed the shoot, jacobine was not formed, even when a C. crepidioides rootstock was avaiflable in the C.r.Mali + C.c.Ile-Ife graft (Figure 4B). Therefore, it is mainly shoot organs that are required for jacobine formation in C. crepidioides.



In Crassocephalum crepidioides Two HSS Genes Exist, Which Are Mainly Expressed in Roots

To further investigate, if a regulatory impact of N deficiency on jacobine synthesis occurs down-stream of HSS, we characterized HSS genes of C. crepidioides and C. rubens. For this purpose, degenerated primers targeting conserved HSS sequences were used and HSS from all four accessions were cloned. This revealed that C. rubens and C. crepidioides both contain two HSS variants, one of which, HSS1, was identical in both species and a second, HSS2, which slightly differed (Supplementary Figure 4). A phylogenetic analysis of the cloned HSSs with HSS orthologues cloned from other members of the Senecioneae, showed that, as expected, Crassocephalum HSSs were more related with each other than with other HSSs (Supplementary Figure 5).

To study, if the identified HSSs are enzymatically active and compare their activities to the HSS orthologues of the PA-producer S. jacobaea (ragwort), His-tagged versions of all HSSs were cloned, expressed in E. coli, recombinant proteins were purified and in vitro enzyme assays with spermidine and putrescine as substrates were carried out. This showed that all the enzymes produced homospermidine, as well as a homospermidine by-product 1,3-diaminopropane, with similar activities in vitro (Figure 5A).
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FIGURE 5. HSS1 and HSS2 of Crassocephalum crepidioides are enzymatically active and mainly expressed in roots. (A) Comparison of in vitro activities of HSS1 and HSS2 of Crassocephalum crepidioides with HSS2 of Crassocephalum rubens and HSS versions of Senecio jacobaea. Recombinant, His-tagged proteins were used in in vitro enzyme assays with spermidine and putrescine as substrates and analyzing formation of spermidine and the by-product 1,3-diaminopropane by HPLC. The columns and bars represent the average and standard error of 1–5 independent biological replicates. Letters above the bars indicate p < 0.05, ANOVA followed by Tukey’s HSD test (homospermidine: ANOVA F6,13 = 4.406, p = 0.012; by-product: ANOVA F6,13 = 4.648, p = 0.010). (B) qPCR analyses of CcHSS1+2 expression in leaves of Crassocephalum crepidioides plants grown hydroponically either in full or in nitrate drop-out medium. The average and standard deviation of 3 independent biological replicates. Letters above the bars indicate p < 0.05, ANOVA followed by Tukey’s HSD test (ANOVA F5,11 = 15.781, p = 0.0001). n.m., not measured.


To analyze, if expression of the HSS encoding genes of C. crepidioides may be controlled by N starvation, expression analyses from hydroponically grown plants of C.c.Nepal and C.c.Ile-Ife were performed. As a housekeeping gene GAPC2 was chosen, a gene that is routinely used as reference (He et al., 2016), which was cloned from C.c.Ile-Ife. Since HSS1 and HSS2 are highly similar, the primers used for qPCRs target both HSS versions. The results showed that in both ecotypes of C. crepidioides HSS1+2, while being predominantly expressed in roots were also detectable in shoots, albeit at low levels (Figure 5B). We intended to determine HSS1+2 transcripts levels also following N starvation, however from N-depleted shoots hardly any RNA with sufficient quality could be extracted, making qPCR analyses impossible. From N-starved roots, qPCRs could be performed and showed that HSS1+2 transcript did not respond to N withdrawal (Figure 5B), providing further support to the notion that HSS regulation does not account for the increases in jacobine levels triggered by N starvation in C. crepidioides.




DISCUSSION

Crassocephalum rubens and C. crepidioides are African orphan crops that are used as leafy vegetables and medicinal plants in Sub-Saharan Africa. Crassocephalum crepidioides is particularly popular in Nigeria and, compared to its diploid close relative C. rubens, it brings clear benefits in terms of yields, since it has a prolonged vegetative growth phase and produces higher amounts of biomass (Adjatin et al., 2013b). These abilities could relate to the tetraploid nature of the species, since polyploidy can delay flowering and increase plant vigor (Comai, 2005; Mayfield et al., 2011; Wei et al., 2019). However, also natural variation in flowering time exists in C. crepidioides: the African ecotypes analyzed flowered significantly later than the Asian ones.

In addition to impacting trait plasticity, a well-described effect of polyploidy is a larger accumulation of secondary metabolites, including alkaloids (Dhawan and Lavania, 1996; Gaynor et al., 2020), and here we show that C. crepidioides can synthesize the PA jacobine, an ability that C. rubens lacks, at least in the conditions that were tested. While this may be an evolutionary advantage for the species (te Beest et al., 2012), it is an anti-nutritional trait when C. crepidioides is used as a leafy vegetable or medicinal plant. Therefore, as an essential step in the domestication of this wild crop, jacobine requires removal, either through specific agricultural practice, which may be difficult to implement, or genetically, through breeding.

In this study, we show that N starvation strongly increased jacobine amounts in C. crepidioides shoots, which are the consumed plant parts. In general, it is well-established that nutrient deficiency, like other environmental stress types, can increase the production of secondary metabolites such as anthocyanins (Yang et al., 2018), and also C. crepidioides hyper-accumulates these pigments in response to N deficiency. In addition, there was already evidence that nutrient availability can affect alkaloid concentrations. For example, in the legume Lupinus angustifolius (lupin), which produces the quinolizidine alkaloid (QA) lupanine, K shortage strongly increased lupanine levels (Gremigni et al., 2001). These increases were also seen in ‘sweet lupin’ varieties, that were bred to be QA-free, a breeding success achieved in the 1970s, which enabled for the species to become established as a crop (Kaiser et al., 2020).

While PA biosynthesis in C. crepidioides did not strongly respond to a deficiency in K, it clearly increased when N deficiency was induced. Such an N impact on PA levels appears to be species-specific. In Crotalaria, a subtropical genus of the Fabaceae, N shortage in the growth substrate did not alter PA levels in above-ground organs. However, it was shown that N depletion promoted the formation of root nodules, which host N-fixing symbiotic bacteria, and that PAs were formed specifically in these nodules (Irmer et al., 2015). In the genus Senecio, which like Crassocephalum belongs to the Asteraceae tribe Senecioneae, PA concentrations in leaves were decreased in response to NPK fertilization (Hol et al., 2003; Kirk et al., 2010); however, it remained elusive, which nutrients confer these effects. Here, we show that in C. crepidioides it is a deficiency in N that increases jacobine and that the regulatory impact occurs down-stream of HSS, since homospermidine concentrations were independent from N supply. In fact, levels of polyamines were decreased by N withdrawal, which could result from an increased flux through the biosynthetic pathway.

Levels of retronecine, which is formed later in PA biosynthesis, did also increase in response to N deficiency. However, since total retronecine was measured, we cannot map the sites of impact on PA biosynthetic enzymes. PA biosynthesis is largely unresolved today, but it is clear that some required enzymes are encoded by members of large gene families, making their identification difficult. One approach that could be used is RNA-sequencing of plants challenged with stimuli that induce PA biosynthetic gene expression. However, a de novo assembly of RNA-Seq data is very challenging and will be facilitated, once a reference genome for C. rubens exists. This will also benefit research and breeding activities for other members of the Asteraceae, since, although the Asteraceae is the largest family of vascular plants, which comprises 8% of all plant species (Anderberg et al., 2007), only five members have been sequenced yet: horseweed (Erygeron canadensis; Peng et al., 2014), sunflower (Helianthus annuus; Badouin et al., 2017), artichoke (Cynara scolymus; Scaglione et al., 2016), lettuce (Lactuca sativa; Reyes-Chin-Wo et al., 2017), and sweet wormwood (Artemisia annua; Shen et al., 2018). None of these species belong to the Senecioneae, which is the largest tribe of the Asteraceae (Pelser et al., 2007). Genome sizes in the Senecioneae strongly fluctuate from 0.79–52.3 pg/2C (Vitales et al., 2019), and here it is shown that C. rubens has a size of approximately 6.1 pg/2C with 2n = 2x = 20 chromosomes and C. crepidioides a size of approximately 12.3 pg/2C with a chromosome number of 2n = 4x = 40.

Genome information is also needed for fast-track molecular breeding approaches, such as genome editing, which could be used to remove jacobine from C. crepidioides, for example, through HSS mutation. To facilitate this approach, we cloned HSS variants from C. rubens and C. crepidioides and show that HSS is likely present in two copies, both of which are active, at least in vitro. Interestingly, although the two HSS versions of C. crepidioides are mainly expressed in roots, homospermidine was also detected in leaves, which suggests that it can be translocated from root to shoot organs. While homospermidine was detectable in both C. crepidioides and C. rubens, it was present in much lower abundance in leaves of the latter, which could, at least in part, account for the inability of C. rubens to form jacobine. In addition, also other shoot capacities appear to restrict jacobine formation in C. rubens, since grafted plants that contained C. rubens shoots were unable to form the PA, even in the presence of a homospermidine-producing C. crepidioides root stock. These abilities may include the production and/or mobilization of additional jacobine precursors, and there are reports from other non-PA-producing plants that a translocation of PA N-oxides through the phloem is a limiting factor in PA formation (Hartmann et al., 1989).

Grafting of C. rubens with C. crepidioides produced vital plants: they grew and generated leaves, shoots, and flowers, showing that even in an inter-species combination the grafting was successful. Both intra- and inter-species grafts showed signs of stress, including stunted growth and anthocyanin accumulation, and this is regularly observed (Melnyk and Meyerowitz, 2015; Gaut et al., 2019). Stress symptoms such as anthocyanin accumulation were linked with the jacobine accumulation in both grafted and N-depleted C. crepidioides plants, and it is therefore possible that the induction of jacobine formation is part of a general stress responsive pathway utilized to accumulate PAs.

Avoiding N shortage is one conceivable strategy to produce low-PA C. crepidioides plants; however, this may be difficult, if not impossible, to consistently implement in agricultural systems. Also, since an impact of other factors on PA production is conceivable, jacobine concentrations would need to be monitored to ensure safe use and this will constitute a major challenge for producers in Sub-Saharan Africa. Alternatively, jacobine-free lines could be generated, for example, through genetic removal of HSS, and here we generate first results on HSS sequence, expression, and regulation, to facilitate this approach. Very recently, it has been shown that this approach could be feasible since in Symphytum officinale HSS mutation yielded PA-free plants (Zakaria et al., 2021). However, it is unclear, if PA-free C. crepidioides varieties may bear disadvantages, such as reduced herbivore resistance, and while the fact that C. rubens appears to be PA-free may speak against it, this would require testing. The establishment of tools of molecular genetics, such as transformation techniques and CRISPR/Cas9 genome editing are now required, to address these biological questions and accelerate the development of PA-free C. crepidioides cultivars, for the benefit of domestication and safe use of this wild crop.
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In sub-Saharan Africa (SSA), vitamin A deficiency (VAD) is a major cause of blindness in children under 5 years. Sweetpotato (Ipomea batatas L.) is widely grown in this region, and pro-vitamin A varieties could help to combat such problems. Fourteen newly introduced orange-fleshed sweetpotato (OFSP) varieties from the International Potato Centre (CIP) and two local checks were evaluated at four environments using a 4 × 4 triple-lattice design for total tuber yield, marketable yield, unmarketable yield, total tuber numbers, marketable tuber numbers, unmarketable tuber numbers, dry matter content, and sensory characteristics on boiled sweetpotato. Since varieties were previously tested intensively by CIP under diverse conditions, the focus of the current study was to determine their acceptability by farmers. Across-environment ANOVA showed highly significant differences (P < 0.001) for environments, genotypes, and genotype × environment interaction (GE) for all traits studied. Variety Cecelia outperformed the rest in three environments. Cecelia, Erica, Ininda, and Lourdes were found to be the top four most stable and high-yielding varieties. Genetic gains of the top four varieties over the preferred local check Mai Chenje ranged from 135 to 184%, and across-environment broad-sense heritability was 60% for tuber yield. Furthermore, farmers accepted the dry matter content (which was >25%) and taste of all the introduced OFSP varieties. Since there was a high acceptability by farmers, introductions from CIP could help improve human nutrition. Despite the appropriate design, the error variance component was the highest for all traits, and proper field plot techniques were proposed in future breeding and testing activities.

Keywords: orange fleshed sweetpotato, hidden hunger, sub-Saharan Africa, root and tuber crops, orange sweetpotato acceptability


INTRODUCTION

Globally, sweetpotato ranks seventh and 13th based on the total production and monetary value, respectively (Ewell and Mutuura, 1991). The crop is a staple diet in some countries in Africa (Low et al., 2009). Over 105 million tons of sweetpotato are produced annually, and Africa accounts for 21% of this production (Mu and Li, 2019). In Zimbabwe, sweetpotato production has been steadily increasing and gaining a wide utilization in face of climate change (Mudombi, 2013; Mwando, 2014). However, low-yielding varieties of poor nutritional quality have been the major challenge in the production in sub-Saharan Africa (SSA) (Jogo et al., 2021). In most African countries, sweetpotato is grown as a supplementary crop, harvested as a piece meal for household consumption and for income generation. Despite various crops being utilized in Africa, vitamin A deficiency (VAD) remains a major public health challenge in developing countries (Burri, 2011; Dube et al., 2014). According to the World Health Organization (WHO), the severity of VAD can lead to disorders, such as xerophthalmia, anemia, and increased susceptibility to infection (Gurmu et al., 2014). Risks associated with VAD disorders are to a great extent raised by low vitamin A (VA) intakes during demanding life situations such as childhood, infancy, pregnancy, and lactation (Niringiye et al., 2014). World development and health agencies have responded to the problem of VAD by distributing VA tablets and fortifying processed food. However, according to Dube et al. (2014) and Kapinga et al. (2003), many resource-limited families in SSA fail to sufficiently and regularly access these supplements.

Orange-fleshed sweetpotato (OFSP) is a cheap and sustainable crop-based source of naturally bioavailable β-carotene (Mekonnen et al., 2015). The human body converts β-carotene to VA de novo. In sweetpotato, β-carotene is found in lipid droplets located in the cell protoplasts where it is released during cooking, thereby enhancing bioavailability (Tomlins et al., 2012). A study carried out in South Africa showed that OFSP is efficient in improving VA status of a population (Laurie, 2010). In the study, feeding of primary school children for 53 school days with 125 g of OFSP resulted in improved VA status in terms of liver stores (Laurie, 2010). The development of OFSP has provided the most promising plant source of VA and stands to be an affordable alternative source of VA to the resource-limited rural families (Anderson et al., 2007). In SSA, the HarvestPlus Program has made available more than 30 OFSP genotypes through the introduction and/or evaluation of existing genotypes (Kapinga et al., 2003).

The crop-based approach to combat VAD such as through the use of OFSP is now an international trend (Kapinga et al., 2003). Since the year 2001, 40 partner agencies from nutrition, health, and agricultural sectors have been working together to extend the impact of OFSP in Tanzania, Ghana, South Africa, Mozambique, Uganda, Kenya, and Ethiopia, under the VA for Africa (VITAA) umbrella (Kapinga et al., 2003). According to Low et al. (2009) and Tumwegamire et al. (2005), OFSP now occupies an estimated 5–10% in central Uganda, 10–15% in western Kenya, 1–2% in the lake zone of Tanzania, and 15–20% in southern Mozambique. However, in the rest of SSA, efforts in the development and promotion of β-carotene-biofortified crops were specifically focused on maize, under the steering efforts of the International Maize and Wheat Improvement Center (CIMMYT) with sweetpotato lacking such initiatives. Thus, building on the lessons on pro-VA maize from CIMMYT, a number of OFSP genotypes were introduced from International Potato Center (CIP) Kenya. This was done through collaborative efforts steered by Welthungerhilfe, a German-based organization through its arm on sustainable intensification of market-based agriculture (SIMBA) project funded by the European Union.

When new genotypes are introduced, they face acceptability challenges due to several issues. Acceptability studies done by several researchers found out that the success of any new genotype depends not only on agronomic characteristics but also on its sensory and utilization characteristics (Ssebuliba et al., 2009). Niringiye et al. (2014) reported that the main criteria used by farmers on genotype choice are high yield followed by early maturity, tolerance to diseases, sweetness, low fiber content, and long underground storage. Tumwegamire et al. (2014) pointed out taste as one of the important attributes determining the acceptability of a genotype by farmers. Kapinga et al. (2009) and Abidin et al. (2015) reported that African farmers and consumers are more interested in genotypes that have high yield and dry matter content and are sweet in addition to resistance to weevils and viral diseases. Laurie (2010) pointed out that sweetpotato breeding programs should seriously consider taste as it is the most important trait after the tuber yield.

Tuber yield performance unlike other traits is highly affected by the environment in which the genotype is grown. Thus, the newly introduced OFSP genotypes must be tested for their genotype × environment interaction (GE). The term “GE” refers to the differential response of different cultivars grown in different environments. This differential response is attributable to environmental intrinsic factors such soil characteristics, climatic conditions, and associated pests and diseases. A desirable genotype must produce a high yield in good environments but maintain above-average yield in poor environments, a scenario is referred to as dynamic stability. In a study by Abidin et al. (2015) using the genotype main effect plus genotype × environment interaction (GGE) and additive main effect and multiplicative interaction (AMMI) models, significant effects of GE were found on yield and its components. However, GE effects were less pronounced on quality traits such as dry matter content, protein content, starch, and β-carotene content. Small interactions in quality traits indicate that the selection for such traits could be conducted at fewer environments, even when breeding programs are focused on various agro-ecological regions (Abidin et al., 2015). Selection of appropriate genotypes must be conducted at environments that simulate field conditions of farmers. Thus, an assessment of GE is particularly relevant to countries in SSA, where agro-ecological conditions are very diverse. The aim of this study was to identify farmer-preferred OFSP genotypes with desirable tuber yield and other agronomic traits, and sensory characteristics among the 14 varieties introduced from CIP.



MATERIALS AND METHODS


Description of the Trial Environments

Since the major focus of the current study is on acceptability, a relatively few number of environments were used because these materials were already widely tested by CIP in its testing environments in Kenya and Mozambique, and those sites capture the most farming conditions in SSA. Specifically, the experiment was carried out on-farm in Njelele 1, Njelele 2, and Njelele 3 of Gokwe South District in the Midlands Province of Zimbabwe and on-station at the Department of Crop Science, University of Zimbabwe in Harare Province (Supplementary Table 1). The University of Zimbabwe is located at an altitude of 1,460 m above sea level, latitude 17°50′S and longitude 30°01′E, and receives an average annual rainfall of about 750–1,000 mm. Temperature averages range from 16 to 31°C in summer and 7 to 21°C in winter. The soils are red clays.

Gokwe South District experiences different edaphic and climatic conditions. The southern part receives rainfall ranging from 650 to 800 mm per annum, and the northern area is dryer, receiving between 450 and 650 mm per annum. The district is characterized by generally high temperatures averaging 30–31°C. Rainfall effectiveness is generally reduced due to high temperatures accompanied by moderate rainfall amounts. According to Hanyani-Mlambo et al. (2000), the area experiences severe mid-season droughts, and as such, it is considered marginal for most crop farming activities. Gokwe South District soils are predominantly Kalahari sands. However, the soils differ within specific locations. The southern area of the district has the amorphic order, regosol group soils, which are mainly deep sands with little silt. To the north of the district, the kaolinite order, fersiallitic group soils dominate, and these soils are grayish brown in color, moderately shallow to deep, and formed mainly on sandstones.



Sweetpotato Varieties

Fourteen OFSP varieties developed by the International Potato Centre (CIP) in Mozambique and Kenya were evaluated against white-fleshed local checks (Mai Chenje and Mukadzi Wanhasi). These two local varieties represent the widely accepted and high-yielding varieties. Furthermore, the two local names have the words “Mai and Mukadzi,” which means “women,” implying that wise women must grow at least one of them for food security reasons. The new genotypes introduced from CIP were Ininda, Tio Joe, Gloria, Melinda, Erica, Kabode, Emelia, Irene, Cordina, VITAA, Lourdes, Cecilia, Jane, and Sumaia. Germplasm for the 14 genotypes was received from the CIP in April 2015, and the seed was nursed under closed doors to prevent infestation by aphids and whiteflies, which are major vectors of sweetpotato viral diseases.



Experimental Design

The sweetpotato varieties used in this study were previously extensively tested by CIP and would thus require a few test environments that represent the major sweetpotato production conditions in southern Africa but a thorough understanding of their acceptability by farmers. The trial was laid out in a 4 × 4 triple-lattice design at each environment during the 2015/2016 farming season. A total of 16 genotypes were planted per environment (14 new genotypes and two local checks). The trials were carried out under rain-fed conditions according to the practices of farmers. All activities were done by farmers using a participatory research approach. Before planting, the fields were first ploughed using an ox-drawn plough on the Gokwe environments and using a tractor drawn plough at the on-station environment. Ridges were manually made in the on-station environment. In the on-farm environments, ridges were made using the ox-drawn plough by making two runs on each side of the ridge while the soil was being thrown to the center resulting in a ridge. This resulted in ridges of 0.3 m height, 6 m length, and 0.4 m width. An inter-ridge spacing of 1 m was maintained. Vine cuttings of approximately 0.25–0.30 cm or eight nodes were planted on top of the ridges at a spacing of 0.25 m. Planting was done by burying three nodes in the soil.

A basal dressing with Compound D (7% N: 14% P2O5: 7% K2O) was applied at a rate of 4 g per planting station. Top dressing was done using ammonium nitrate (34.5% N) in two splits at a rate of 3 g per plant per split. The first split was done at 4–8 weeks after planting, and the second split was done at 8–12 weeks depending on the period on which moisture was available. Weeds were mechanically controlled using an ox-drawn plough and by hoe weeding. Frequency of weeding depended on the practice of farmers, and weeding was done as and whenever necessary. The Gokwe farmers have a practice of re-ridging using an ox-drawn plough soon after top dressing. In the process of re-ridging, weeds were controlled.



Data Collection

The plants were harvested at 41/2 months after planting. The harvesting process was done by a team of farmers using hoes to dig out the tubers. Vines were removed before digging of ridges. After harvesting, total tubers per plot were weighed and graded. Grading was done to separate marketable from unmarketable yield based on tuber size. The tubers were graded as per the practice of farmers using a visual assessment to determine unmarketable tuber sizes. The unmarketable tubers were approximately 20 mm and below in diameter. Dry matter yield for the marketable tubers was determined by chopping healthy, large sweetpotato tubers into pieces and drying them in an oven at 70°C until a constant weight was attained. Dry matter content was expressed as a percentage of fresh weight using the formula: Dry matter% = (dry weight/fresh weight) × 100 (Rukundo et al., 2013).



Data Analyses

Combined analysis of variance (ANOVA) and genotype plus genotype x environment interaction (GGE) biplot analysis were conducted using Genstat version 14. Combined ANOVA was performed using the following model:

[image: image]

where Yij(k)(l) is the response of the ith genotype in the jth incomplete block nested within the kth replication also nested in the lth environment, bjr(k)E(l) is the effect of the jth incomplete block nested in the kth replication also nested in the lth environment (where j = 1, 2, 3, 4), rk(El) is the effect of the kth replication nested in the lth environment (where k = 1, 2, 3), gi is the effect of the ith genotype (where i = 1, 2, 3,.16), El is the effect of the lth environment (where l = 1, 2, 3, 4), gE(il) is the interaction effect between the ith genotype and the lth environment, and eij(k)(l) is the random error term. Variance components were determined by equating mean squares to their respective expectations and solving the equations. Broad-sense heritability (H2) (%) values based on genotype means (Hallauer, 2010) for all the traits were calculated as
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where [image: image] is the genotypic variance, [image: image] is the GE variance, and [image: image] is the error variance, r is the number of replications, and e is the number of environments. In a case where trait data were collected in a single environment, the broad-sense heritability was calculated as
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Model diagnosis was performed using the additive main effects and multiplicative interaction model (Gauch, 2013) based on Gollob's F-test (Gollob, 1968). Model diagnostic using the Gollob's F-test identified two significant principal components (PCs), thus allowing the AMMI-2 model (equivalent to the GGE2, biplot) to be applied to the data set. The GGE comparison biplot analysis was performed on the adjusted means from across environments using GenStat version 14 software. The model for the GGE biplot used was described by Yan and Kang (2002) as shown below:
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where Yij is the mean yield of the ith genotype in the jth environment, μ is the grand mean, βj is the main effect of the environment j, l is the singular value of the lth PC (k = 2 in this case), il is the Eigen vector of genotype i for PC l, jl is the Eigen vector of environment j for PC l, and ij is the residual associated with genotype i in environment j. According to this model, the biplot is based on environment-centered data using GenStat version 14. Visualization of the mean yield and stability of genotypes using a genotype comparison biplot was achieved by representing an average environment with an arrow (Yan and Kang, 2002). In the scatter biplot, the polygon view displaying the which-won-where pattern was formed by connecting the genotype markers furthest away from the biplot origin, such that the polygon contained all other genotypes (Yan and Kang, 2002). The polygon was then dissected by straight lines perpendicular to the polygon sides and running from the biplot origin. Visualization of the mean yield and stability of genotypes using a genotype comparison biplot was achieved by representing an average environment by an arrow. A line passing through the biplot origin to the average environment was drawn followed by a perpendicular line passing through the biplot origin. Relative yield advantage of the best four varieties over the check was calculated as the difference between the mean of each variety and the mean of the check.



Experimental Design and Procedure for Palatability Evaluations

After the harvesting of the 16 sweetpotato genotypes during the 2015/2016 cropping season, tubers from each genotype were separately boiled. Sensory evaluations, specifically organoleptic tests, were done to assess the taste of boiled tubers. A panel of 9, 26, and 29 farmers at Njelele 1, Njelele 2, and Njelele 3, respectively, was selected as judges to perform the tests on the samples. The central location test (CLT) method was used as the suitable method for the palatability evaluations. The CLT involves a gathering of potential consumers of a product in one central point, at a central homestead of a village in this study (Kiria et al., 2010). The samples were evaluated using a 1–5 hedonic scale similar to the one described by Ahenkora et al. (1999), where 1= very bad and 5 = very good.

Sensory scores were analyzed using nonparametric Kruskal–Wallis H-test using SPSS statistical package version 21. Pairwise comparisons were done using Mann–Whitney U-test with a significant level adjusted to 0.0004 (Bonferroni correction-applied, i.e., 0.05 significant level divided by 120 pairwise comparisons) using SPSS statistical package version 21.




RESULTS


Across-Environment ANOVA

Combined ANOVA showed highly significant differences (P < 0.001) for environments, genotypes, and GE for all traits studied that include total tuber yield, marketable tuber yield, unmarketable tuber yield, marketable tuber number, unmarketable tuber number, and total tuber numbers (Table 1). There were highly significant differences (P < 0.001) in dry matter content (Table 1) among the genotypes. The dry matter percentage for the genotypes ranged from 25 to 42%. The genotype Erica had the least dry matter content of 25%.


Table 1. Mean squares from across-environment ANOVA.

[image: Table 1]



Genotype × Environment Interaction

The additive main effect and multiplicative interaction (AMMI) model managed to split the interaction into two PCs that were significant (P < 0.001), while the residual was nonsignificant; hence, the use of AMMI 2 model (two significant PCs) was adequate in explaining the interaction. AMMI 2 model is equivalent to genotype (G) plus genotype × environment (GE) interaction (GGE 2) biplot, which was used in this study. Model fitting using Gollob's F-test (Gollob, 1968) indicated that the first two PCs to be adequate in explaining the two-way data (Table 2) were significant.


Table 2. AMMI analysis of variance.
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Genotype Comparisons Based on Mean Yield and Stability

The GE was significant (P < 0.001) (Table 1), and the genotype comparison biplot (Figure 1) indicated that genotypes such as Cecelia, Erica, Lourdes, Ininda, Irene, Cordina, Melinda, and Sumaia had a mean yield greater than that of the grand mean, 9.2 t ha−1, for all genotypes (Supplementary Table 2) since they are found in the innermost circles closer to the average environment coordinate represented by an arrow. Genotypes such as Melinda and Sumaia yielded about average but they had poor stability since they are found on the right side of the y-axis but furthest from the arrow. Genotypes such as the check Mai Chenje, Tio Joe, Gloria, and Kabode indicated high stability but are associated with below-average yield since they are found furthest from the average environment coordinate. Genotypes such as Vitae and Jane were neither stable nor high yielding since they are closer to the biplot origin. The top four yielding genotypes were Cecelia, Erica, Lourdes, and Ininda, respectively (Figure 1; Supplementary Table 2).


[image: Figure 1]
FIGURE 1. A variety comparison biplot showing the best sweetpotato varieties based on stability and mean performance across four environments.




Genotypes for Specific Environments

The significance of crossover GE resulted in the need to identify genotypes that performed best in specific environments. The GGE scatterplot (Figure 2) grouped the three Gokwe South District environments (Njelele 1, 2, and 3) into one mega environment, and the genotype Cecelia outperformed all other genotypes since it is found on the vertex of the polygon in a sector that contains all those environments (Supplementary Table 2). At the University of Zimbabwe environment, genotype Erica was the best since it is found on the vertex of the polygon in a sector that contains this environment. Some experimental genotypes including the checks Mai Chenje and Mukadzi Wanhasi were not specific to any of the environments since they were found in sectors that lacked environments in them. The environments were grouped into two mega environments.


[image: Figure 2]
FIGURE 2. A which-won-where biplot showing mega environments for the 16 sweetpotato genotypes evaluated in four environments.




Variance Components, Heritability Estimates, and Relative Yield Advantage

The variance component due to error was largest at 4.2 followed by variance due to GE (3.5) and lastly variance due to genotypes at 1.9 (Table 3). Across-environment broad-sense heritability was 60% for the total tuber yield. The relative advantage observed for total tuber yield of the better four genotypes, and the best genotype (Cecelia) were 135% and 184%, respectively (Table 3). Interestingly, the relative unmarketable tuber number was negative (Table 3). Mean tuber yield of the best four genotypes (Cecelia, Erica, Ininda, and Lourdes) was 14 t ha−1 and was far much greater than the average yield (9.2 t ha−1) (Supplementary Table 2).


Table 3. Variance components, heritability estimates, and relative advantage of the better varieties over the best check.
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Palatability Tests

Significant differences (Kruskal–Wallis H-test: P < 0.001) were recorded among the 16 genotypes in terms of taste (Table 4). Erica was significantly different from Kabode and Vitae only (Mann–Whitney U-test: P < 0.0004 with Bonferroni correction applied) in terms of taste. Also, significant differences were recorded between Jane and Kabode (Mann–Whitney U-test: P < 0.0004 with Bonferroni correction applied) (Table 4).


Table 4. Taste mean ranks and median scores of farmers across Njelele 1, Njelele 2, and Njelele 3.
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DISCUSSION


Genotype × Environment Interaction and Variance Components

The significant differences between the environments are a result of inherent differences in the environmental conditions and reflect that the study environments were diverse. Setimela et al. (2005) divided production environments into various agro-ecological regions based on agricultural production potential, and these agro-ecological zones vary in soil characteristics, rainfall, and temperatures leading to a significant GE. The large error variance components and GE obtained in this study pose challenges in the selection of adapted genotypes and in breeding as they hinder repeatability of the study, thereby stalling efforts in breeding and selection of new genotypes (Gasura et al., 2015). Kamutando et al. (2013) highlighted that large GE and error variance components increase the cost of evaluation as there is a need to increase the numbers of replications, locations, and even years to improve heritability and consequently selection efficiency. The significant GE accompanied by its variance component that more than doubled the variance component for genotypes raises the need of identifying approaches to deal with it. Bernardo (2002) highlighted three options of dealing with significant GE, and these include exploiting or avoiding it. When exploiting GE, breeders identify the stable and high-yielding genotypes, while when avoiding GE, breeders would stratify environments into more uniform mega-environments in which the extent of GE would be minimal. The later approach is not feasible in this study because the data were from a single season. Yan and Tinker (2005) highlighted that the which-won-where pattern and mega-environment delineation are valid if they are repeatable over seasons or years. However, given that the single-season data were present in this case, identifying the stable and high-yielding genotypes was the viable option.



Genotype Comparisons Based on Tuber Yield and Stability

Tuber yield is the most important trait as it is the one giving an economic benefit to the farmers and the consumers. Good sweetpotato genotypes should produce high yields and should remain stable across varying environments. According to Yan and Tinker (2005), GE interactions are the major causes of the differences in genotypes on their yield stability. Genotypes such as Cecelia, Erica, Ininda, and Lourdes were high yielding, and they demonstrated above-average stability and are desirable. These can be further evaluated for genotype × year interactions. Some genotypes such as Mai Chenje, Gloria, and Tio Joe gave considerable stability but had below-average yields and are not desirable because they produce uneconomic yields when the farmer wants to get higher returns per dollar invested (Kamutando et al., 2013). As a result, plant breeders select higher-yielding genotypes and discard those that are low-yielding regardless of their stability across different environments. Genotypes with low yields and below-average stability such as Vitae, Jane, and Mukadzi Wanhasi are considered poor, and as a result, they have to be discarded as they offer little benefits to the farmer. The observed sweetpotato yields are in line with the average yield of 6 t ha−1 reported in various parts of Africa. However, there is potential to get much higher: For example, in southern Africa, the yields of 25 t ha−1 were reported, while an average of 14 t ha−1 and a yield potential of 18 t ha−1 were reported worldwide (Chagonda et al., 2014).



Genotype and Associated Trait Analysis

Interestingly, the first four high-yielding and stable genotypes were also associated with other desirable traits (results not shown). The high values of heritability (> 50%) for most traits (Table 3) qualify the genotype × trait scatterplot to be more appropriate to examine the correlation between genotypes and the traits across environments (Yan and Kang, 2002). The best four genotypes, Cecelia, Erica, Ininda, and Lourdes, have desirable traits, which include high marketable tuber numbers and tuber yield. Genotypes such as Cordina, Emelia, Tio Joe, and Irene are correlated with undesirable traits in the form of high unmarketable tuber numbers and high unmarketable yield and are highly undesirable. These genotypes are also associated with high total tuber numbers; however, the tuber numbers were high but with a large proportion of unmarketable tubers. It is apparent that these genotypes are very prolific but they fail to support enough tuber expansion. Mai Chenje, Gloria, Vitae, and Kabode were not associated with any of the traits under consideration. This means that these genotypes posed both the desirable and the undesirable traits and thus are not ideal genotypes for the farmers. Dry matter for all the genotypes under study was above 25%, and this is an indication of high dry matter. According to Tumwegamire et al. (2014), a dry matter content of 25% is acceptable to most African consumers. The dry matter content of most of the genotypes tallied with what is expected in good genotypes as documented in the CIP variety catalogue of 2014.



Farmer Preferences on Genotypes

For farmers to adopt new genotypes, the genotypes must satisfy the expectations of farmers in terms of yield, disease resistance, taste, texture, flavor, and cooking quality among other traits (Ssebuliba et al., 2006). In this study, all the genotypes of farmers were on the extremely low-yielding side, ranking from 13th to 16th positions out of the 16 genotypes evaluated. This could be partly due to the fact that genotypes of farmers could be having latent infections of the viruses that may cause yield reduction (Mukasa et al., 2006; Gasura and Mukasa, 2010). Farmers rated all the introduced genotypes as high yielding. Farmers also considered various traits in genotype selection such as skin color, flesh color, and dry matter content-to-sugar content ratio (as rated by taste that must not be too sweet or too flat) in addition to yield, resistance to weevils (Cylas spp) and sweetpotato virus disease (SPVD) caused by a dual infection of Sweetpotato chlorotic stunt crinivirus (SPCSV) and Sweetpotato feathery mottle ipomovirus (SPFMV) as well as Alternaria stem and leaf spot disease. SPVD has a wide distribution and is considered as a serious problem in Africa. SPVD can result in 56–98% yield reduction (Ndunguru and Kapinga, 2007), SPFMV strains result in only mild initial symptoms in many cultivars, and they usually recover and may contain low virus titers. Co-infection between SPFMV and SPCSV somehow interferes with recovery and usually causes severe SPVD even in resistant cultivars.

However, in addition to high tuber yield, the OFSP genotypes evaluated possessed various attributes that include varied tuber shape, color, and size. The tuber shapes ranged from thick rounded to long and cylindrical, while skin color ranged from white, cream, to red. The flesh color also varied ranging from deep orange to light orange. The occurrence of varying attributes in the evaluated sweetpotato enables the farmers to identify a combination of choice. High dry matter is the major characteristic used by sweetpotato processors and consumers in SSA (Mwanga et al., 2007). According to Shumbusha et al. (2010), dry matter content is affected by a number of factors, which include genotype, cultural practices, location, climate, soil types, and incidence of pests and diseases. However, in this study, all genotypes had dry matter content above 25% as required. Dry matter content above 25% is an important factor for the preference of a new genotype by consumers (Shumbusha et al., 2010). Furthermore, all the genotypes had a dry matter content above 25% and were all rated as good as the white counterparts. The existence of various traits in sweetpotato offers an excellent opportunity to accommodate various uses (Tumwegamire et al., 2014).

In addition, palatability tests revealed that OFSP genotypes such as Kabode, Irene, Viate, Cordina, and Ininda were ranked best by farmers in terms of taste ahead of the two local checks Mai Chenje and Mukadzi Wanhasi. Generally, it was observed that all the OFSP genotypes had a desirable taste to consumers, implying that these new genotypes were acceptable to the community.



Potential Adoption of Orange Sweetpotato and Its Expected Impact

The sweetpotato genotypes that are currently being produced in most countries in SSA are mostly white-fleshed and have low nutritional quality when compared to OFSP (Burri, 2011). The production of white-fleshed, low-quality genotypes used to be mainly due to the unavailability of high-quality OFSP genotypes, making these genotypes uncommon in sweetpotato-growing communities where they are needed most. However, VAD is a public health problem in SSA (Dube et al., 2014), leading to blindness in children under the age of 5 years. According to a survey carried out by Dube et al. (2014), up to 90% of children in southern Africa could not receive VA supplementation under the national VA supplementation program. In view of this shortfall in supplementing VA, the production of crops rich in VA such as OFSP genotypes is a good alternative (Burri, 2011). Sweetpotato requires low farming inputs, has high productivity per unit area, has good nutritional value, and is a common crop in most rural areas (Koala et al., 2013). As a result, there is a potential for the reduction of VAD through the replacement of white-fleshed sweetpotato genotypes with OFSP genotypes, which have higher quantities of β-carotene if the genotypes are adopted by farmers (Burri, 2011). OFSP contributes to higher VA than other vegetables with β-carotene. In a study carried out by Tomlins et al. (2007), dark OFSP contributed to equal VA to that contributed by carrot genotypes and much higher VA than pumpkin, butternut, and Swiss chard (Laurie, 2010). This confirms the value by which OFSP can make an impact in dietary improvement programs to address VAD. OFSP varieties have high β-carotene levels and can be used as a means to alleviate VAD in low-income communities (Carey et al., 1998). Production and consumption of OFSP genotypes will result in diversity in household food and also nutrition, leading to the alleviation of VAD and hunger. OFSP production will also offer important benefits to people affected by VAD in the rural areas, where, according to Kapinga and Carey (2003), conventional means for curbing VAD such as the supplementation and fortification of foods are less efficient due to infrastructural deficits common in most developing countries.

In addition, a diverse range of products made from OFSP will significantly result in increased farmer income through small businesses and in the process contribute to the improvement of standards of living of the poor rural families. Income generated from selling OFSP products such as vines, tubers, flour, and baked products will help farmers meet family needs such as paying school fees, building better houses, and meeting medical expenses among other needs. Sweetpotato is an already widely grown crop as a secondary food crop throughout almost all of SSA; therefore, promoting a shift in dietary practices, such as changing genotypes, is likely to be easier than introducing a completely new food into the diet (Tomlins et al., 2007). According to Burri (2011), the impact of OFSP genotypes replacing white-fleshed genotypes is great. As reported by Low, 2010, a great proportion of the population at risk of VAD in countries with high sweetpotato production density such as Burundi, Rwanda, and Uganda has fully benefited from the replacement of white-fleshed genotypes with OFSP genotypes.




CONCLUSIONS

OFSP genotypes performed better than the local checks in terms of yield and related traits. All genotypes had acceptable dry matter content (> 25%). Stable and high-yielding genotypes are in the order Cecelia >Erica > Lourdes, and Ininda, and the relative yield advantages were above 100%, ranging from 135 to 184% if the best four genotypes are grown. Farmers preferred the OFSP genotypes due to their high yield and good taste. The results demonstrated the feasibility of adoption of OFSP as an option to ameliorate VAD in SSA.
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A defining component of agroforestry parklands across Sahelo-Sudanian Africa (SSA), the shea tree (Vitellaria paradoxa) is central to sustaining local livelihoods and the farming environments of rural communities. Despite its economic and cultural value, however, not to mention the ecological roles it plays as a dominant parkland species, shea remains semi-domesticated with virtually no history of systematic genetic improvement. In truth, shea’s extended juvenile period makes traditional breeding approaches untenable; but the opportunity for genome-assisted breeding is immense, provided the foundational resources are available. Here we report the development and public release of such resources. Using the FALCON-Phase workflow, 162.6 Gb of long-read PacBio sequence data were assembled into a 658.7 Mbp, chromosome-scale reference genome annotated with 38,505 coding genes. Whole genome duplication (WGD) analysis based on this gene space revealed clear signatures of two ancient WGD events in shea’s evolutionary past, one prior to the Astrid-Rosid divergence (116–126 Mya) and the other at the root of the order Ericales (65–90 Mya). In a first genome-wide look at the suite of fatty acid (FA) biosynthesis genes that likely govern stearin content, the primary determinant of shea butter quality, relatively high copy numbers of six key enzymes were found (KASI, KASIII, FATB, FAD2, FAD3, and FAX2), some likely originating in shea’s more recent WGD event. To help translate these findings into practical tools for characterization, selection, and genome-wide association studies (GWAS), resequencing data from a shea diversity panel was used to develop a database of more than 3.5 million functionally annotated, physically anchored SNPs. Two smaller, more curated sets of suggested SNPs, one for GWAS (104,211 SNPs) and the other targeting FA biosynthesis genes (90 SNPs), are also presented. With these resources, the hope is to support national programs across the shea belt in the strategic, genome-enabled conservation and long-term improvement of the shea tree for SSA.
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INTRODUCTION

Shea tree (Vitellaria paradoxa) is a unique agroforestry tree species central to sustaining local livelihoods and the farming environments of rural communities across Africa’s Sudano-Sahelian agroclimactic belt. Cited as the second most important oil crop in Africa after oil palm, shea tree is likely among the most economically and culturally important indigenous tree species in the Sudano-Sahelian region of Africa where oil palm does not grow (Hall and Tomlinson, 1996). Rural families in hundreds of thousands of villages across the so-called “shea belt,” a 500–750 km wide semi-arid area stretching 6,000 km and spanning 21 countries from Senegal to South Sudan, use shea in their daily lives as an edible butter/oil, soap, cosmetic, and medicine. Shea is also a multimillion dollar export commodity as an ingredient in luxury cosmetic and personal care (e.g., moisturizing creams, sun lotions, and soaps) and pharmaceutical (e.g., cholesterol-lowering and anti-arthritic remedies) products. The largest export demand (∼90%) for shea is, however, linked to the extraction of edible stearin used in the formulation of cocoa butter equivalents (CBE) for chocolate confectionary (Rousseau et al., 2015).

As an indigenous tree species, V. paradoxa is traditionally not planted because of its extensive juvenile period (commonly 10–25 years) and local abundance, not to mention the tenurial challenges associated with being unable to differentiate naturally regenerated from planted trees. Instead, shea agroforestry parklands, comprised of annual crops and scattered shea trees that can reach densities of 20–50 trees/ha in areas of strong shea culture, result from self-sown propagation and systematic management (selection and protection, as opposed to planting) by farmers through successive fallow and cultivation cycles. Farmer selection of preferred individuals and removal of inferior trees for charcoal production or building materials serve to increase the levels of locally valued traits, resulting in what has been called a semi-domestication of the species (Lovett and Haq, 2000; Maranz and Wiesman, 2003).

Based on population and daily shea butter consumption data, the number of women taking part in shea nut collection across the shea belt is estimated at more than 18 million (Naughton et al., 2015). Indeed, shea has been called “women’s gold” because it is one of only a few resources that female members of rural households in the region have control over, from harvesting to commercialization (Elias and Carney, 2007). The sale of shea products allows women to secure additional food for themselves and their children once cereal harvests are exhausted (Pouliot, 2012) and to generate cash for household expenses including clothing, medicine, and school fees. The seasonality of shea availability is also critical to farming households’ nutrition. Shea fruits are the only widely available, energy-rich food source at the time when land is tilled and crops are planted at the end of the dry season. The fruits supply significant amounts of protein, sugar, calcium, potassium, and essential fatty acids (Honfo et al., 2014) during this annual ‘hungry season’ when cereal stocks in granaries are lowest and labor requirements for field preparations with the coming of the rains are highest (Maranz et al., 2004a).

Using a land suitability model parameterized with conservative tree density estimates, Naughton et al. (2015) estimated that there are 1.84 billion shea trees over its distribution range, making it one of the largest populations of an economic tree species in the region, not to mention a source of considerable environmental benefits. In high production areas, such as those found in northern Ghana and Burkina Faso’s Central Plateau, shea can account for up to 80% of tree populations and a large portion of the standing biomass of the farmed parklands (Boffa, 1999). These parkland systems, edified through human management, contain substantial carbon stores with enormous potential to mitigate climate change via future carbon sequestration (Takimoto et al., 2009; Luedeling and Neufeldt, 2012). Currently, the shea value chain is estimated to fix about 1.5 million tons of CO2 equivalent (tCO2-e) yearly, or a negative carbon footprint of 1.04 tCO2-e per ton of shea kernels produced (Bockel et al., 2020).

Despite shea’s widespread importance to rural livelihoods (especially those of women), its growing export market, and its ecological role as a key species in these agroforestry parkland systems, the sustainability of V. paradoxa populations is threatened by increasing demographic pressure and the quickening spread of mechanized farming practices. This raises concerns for possible future production gaps. Given increasing saturation of arable land, cultivation periods are extended and fallow intervals, which were traditionally responsible for the recruitment of young shea trees (Ræbild et al., 2012), are reduced or altogether abandoned. As a result, shea tree densities have been declining for decades; trees have been aging and regeneration is low (Gijsbers et al., 1994; Boffa, 1999). Farmers collecting shea nuts need to travel longer distances, increasing the labor required for nut collection; and when monetary returns to collectors drop, farmers begin to convert shea parklands to plantations of alternative tree crops, such as cashew and mango. Also, the relatively recent emphasis on large-scale land investment and agricultural development projects aiming to intensify maize, cotton, and biofuel production with mechanized farming are an additional threat to the retention of shea trees in farmers’ fields (Poudyal, 2011). Elsewhere in areas of high energy demand, competing uses of shea in parklands or uncultivated woodlands can be favored, such as tree cutting for firewood and charcoal making, leading to the degradation of shea stands.

Notwithstanding these pressures, shea consistently features at the top of farmers’ lists of priority species; and surveys indicate that farmers would plant shea trees if improved varieties were available and visually distinguishable (for purposes of clarifying ownership) from naturally regenerated trees (Poudyal, 2011). Like all high-value fruit trees planted in these systems, deliberately planted shea stands could be established in closer proximity to household compounds, thus reducing walking and collection times. Furthermore, the introduction of improved shea varieties has the potential to ease harvesting, boost and reduce tree-to-tree variation in yield and quality, and improve land and labor use efficiency, especially if combined with improved cultural practices. Various recent efforts to distribute shea seedlings top-worked with scions of identified “plus” (i.e., superior) in situ accessions signify a felt need to improve upon the passive semi-domestication process, even if it requires a fundamental shift in the traditional planting culture.

Stearin buyers on the international market also clamor for improved genetics. With stearic and oleic acids constituting nearly 90% of kernel fat content (Maranz et al., 2004b; Ugese et al., 2010), shea is one of the few economically viable natural sources of stearic–oleic–stearic triacylglycerols, a valued vegetable stearin due to its comparable functional properties to cocoa butter (Allal et al., 2013). But while it is the preferred stearin source for CBE production, the quality, quantity and price of the gathered shea crop are criticized by stearin buyers as erratic (LMC International, 2014). This comes as no surprise, as the out-crossing reproductive physiology of the species results in naturally regenerating heterozygous populations with highly variable biochemical profiles. A genetic improvement program for shea is therefore viewed as a promising means of achieving higher resource supply consistency and quality, with the positive effect of reducing price fluctuations and satisfying industry demands.

In short, the systematic genetic improvement of the shea tree is strongly justified to address both the threats to and rising demand for the resource, as well as development opportunities in the sector; yet there has been virtually no history of such work to date. The body of research relevant to the task, however, is extensive and indicates great promise for progress. In the mid-20th century, pioneering cytogenetic and oil/butter compositional studies on V. paradoxa (then Butyrospermum parkii) were conducted, describing the species as a diploid (2n = 24) (Miège, 1954) and providing the first insights into the fatty acid composition of shea butter (Hilditch and Saletore, 1931), already well-recognized for its cultural importance and economic potential (Chevalier, 1948). But it is within the last 30 years that a surge in shea research has occurred, particularly in the form of distribution, parkland regeneration, and diversity studies. Lovett and Haq (2000) published the results of an isozyme-based diversity analysis of shea in Ghana, signaling a shift from methods based on morphological traits to those based on molecular markers. A suite of similar studies followed, some of impressive pan-African scope (e.g., Bouvet et al., 2004; Allal et al., 2011), making use of various low-density sets of markers, including SSRs (8–14), RAPDs (67), chloroplastic SNPs (4), or combinations thereof (see e.g., Fontaine et al., 2004; Kelly et al., 2004; Cardi et al., 2005; Sanou et al., 2005; Allal et al., 2008; Logossa et al., 2011; Gwali et al., 2015; Abdulai et al., 2017). The conclusions of such studies were consistent. Shea is a weakly selfing (low fixation index) species characterized by moderate to high heterozygosity and extensive gene flow. With the Dahomey Gap serving as a dividing boundary, there is strong genetic differentiation between stearic-rich subspecies paradoxa in the West and oleic-rich nilotica in the East, with relatively higher allelic richness observed in western populations; yet essentially no phylogeographic signal is observed within regions. Such weak intraregional differentiation, manifested by the majority (85–95%) of genetic variation existing within populations, is expected in outcrossing, long-lived trees of widespread occurrence over a continuous range and further suggests little impact of domestication on genetic diversity.

In addition to their shared insights, there is a notable limitation common among these studies as well, namely the inability to associate low-resolution genetic data with factors relevant to shea improvement and cultivation, whether it be ethnovarietal attributes, fatty acid profiles, or basic growth parameters. To this end, such genetic investigations echo the patterns of diversity established by the numerous phenotypic studies of the species. Starting with Chevalier’s first observations in the 1940’s, shea diversity studies based on morphological and chemical profile data consistently reported high trait variability, with most (60–90%) of that variation existing within populations (see e.g., Sanou et al., 2005; Akihisa et al., 2011; Allal et al., 2013). Productivity exhibits a similarly high variation within populations. Desmarest (1958), for example, observed of a natural population in Burkina Faso that over half of the trees had essentially no economic value. The work of Boffa et al. (1996) supports that basic conclusion, noting that 24% of the trees they observed accounted for 55% of total stand production. In sum, phenotypic studies to date indicate the existence of substantial genetic variation in economically relevant traits within highly diverse populations, the same populations which defy dissection via low-density molecular markers. In comparing methods for estimating heritability of various foliar traits in shea, Bouvet et al. (2008) observed that a method relying on marker-based estimates of relatedness (12 SSRs) failed to detect the significant heritabilities revealed by a traditional pedigree-based method. Their conclusion was that new approaches are needed for marker-based methods in an agroforestry species like shea. Fortunately, in the intervening years, tremendous strides have been made in the development of such methods. Indeed, genome-wide association studies (GWAS) in unstructured populations have become common in many species (Cortes et al., 2021), provided the supporting genomic resources, including a well-annotated reference genome and sufficiently dense marker sets, are available.

Conversion through genetic improvement of this semi-domesticated agroforestry species into an early fruiting, highly productive tree displaying desired characteristics (e.g., consistent fruit and nut quality, tree architecture, yield stability, etc.) is required to trigger the shift to a more deliberate and active conservation and deployment of shea genetic diversity. Shea’s extended juvenile period makes traditional breeding approaches untenable for this task, but the opportunity for genome-assisted improvement is immense. The resources developed in this study are intended to support such a new era of research, one requiring high genomic resolution commensurate with shea’s well established patterns of diversity.



MATERIALS AND METHODS


Plant Genetic Resources

At its research substation in the town of Bole in northern Ghana, the Cocoa Research Institute of Ghana (CRIG) has developed and maintains a national shea germplasm repository consisting of an in situ population of approximately 600 trees that have been evaluated for yield and basic quality traits annually since 1998. Accession ‘KA01’ stands out as the highest yielding genotype in that collection, with a 10-year average annual nut yield of 22 kg and the highest annual yield (60 kg) recorded for any tree among CRIG’s in situ and ex situ germplasm collections. A monumental tree (19.5 m tall, 1.3 m diameter at breast height) estimated to be 100–150 years old, ‘KA01’ has a spherical canopy shape (14.2 m mean diameter) and produces generally ovoid fruits with an average weight of 31.0 g (Figure 1). On average, the fruit’s fleshy pulp (mesocarp) comprises 58% of the total fruit weight and has a high sugar content (26.3°Brix). The average dry nut weight for ‘KA01’ is 7.1 g, with a kernel weight ranging from 4.6–5.3 g (mean shelling percentage of 75%) and an average butter yield of 45%.
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FIGURE 1. Vitellaria paradoxa reference accession ‘KA01’ is a giant-type shea tree (A,B) found on the CRIG research substation in Bole in northwestern Ghana (C, red dot). For such an aged tree, aggressive root-pruning (D) was required to stimulate the production of leaf tissue conducive to high-quality gDNA extraction appropriate for long-read sequencing. (E) A typical whole fruit (left), fresh cross-section (middle), and dried kernel (right) from this accession.


Fully expanded leaves of ‘KA01’ have undulate margins and an average blade length of 17.9 mm, width of 5.1 mm, and petiole length of 9.4 mm. The tree is an early season bearing genotype, meaning it initiates flowers in the month of October and begins dropping its fruits in April, earlier than most trees in and around Bole which are observed to initiate fruit drop in June. Unlike many accessions in CRIG’s collection, ‘KA01’ has been found to be highly amenable to vegetative propagation through both stem cuttings and grafting. Although the accession is a giant type tree and is susceptible to pestalotia leaf spot, a major disease of shea which attacks both seedlings and mature trees (Akrofi and Amoah, 2009), its relatively stable yield and desirable butter characteristics recommend it as a promising breeding parent; thus it has been used extensively in CRIG’s crossing programs to date, including as the male line in a recent nested association mapping (NAM) population. For these reasons, ‘KA01’ was selected as the V. paradoxa accession for developing an annotated reference genome for this outcrossing, diploid (2n = 24) species (Miège, 1954; Löve, 1980; Johnson, 1991) within the Sapotaceae.

To enable broadly relevant SNP discovery and genome-assisted breeding in shea, a concerted effort was made to collect foliar tissue from a diverse collection of V. paradoxa accessions from across the shea belt. In total, 150 silica-dried leaf samples were received at the genomics laboratory of the African Orphan Crops Consortium (AOCC) at World Agroforestry (CIFOR-ICRAF) in Nairobi, Kenya, for DNA extraction. Following extraction, a subset of 100 accessions was selected to represent a geographically diverse resequencing panel, distributed as follows (west to east): Senegal (5 lines), Côte d’Ivoire (15), Ghana (70), Benin (18), Nigeria (5), Cameroon (4), Chad (5), and Uganda (27 – V. paradoxa ssp. nilotica). Of these 100 lines, however, skim sequencing library preparation was ultimately successful for only 31 due to the challenges of tissue collection in remote areas and the extraction of high-quality genomic DNA (gDNA) from this species (see Methods), thus reducing the geographical representation of the panel to four countries [Ghana (23), Benin (2), Nigeria (4), and Cameroon (2)] (for details, see Additional File 2: Supplementary Table 1). To supplement the shallow resequencing data of the above panel, gDNA was also extracted from fresh leaf tissue of a shea seedling growing in the Nairobi, Kenya, nursery of World Agroforestry (CIFOR-ICRAF genebank accession ‘ICRAFF 11537’) for deeper Illumina shotgun sequencing (see Variant Analysis). According to genebank records, the origin of the seedling is CIFOR-ICRAF’s shea germplasm collection in Bamako, Mali.

Consistent with the Nagoya Protocol on Access and Benefit Sharing, an instrument of the Convention on Biological Diversity (CBD), shea tissues were in all cases collected by collaborating national program scientists (see section “Acknowledgments”) who were responsible for any necessary collection consent in their respective countries. The tissue samples shipped out of the respective countries were used only for DNA/RNA extraction, in accordance with MTA’s. All DNA and RNA samples were then sent to the United States and South Africa, respectively, for analysis for research purposes only; and this research has no direct commercial application.



Reference Genome Sequencing and Assembly


Extraction of DNA and Sequencing

To induce new shoot and leaf growth conducive to high molecular weight gDNA extraction from the mature reference accession ‘KA01,’ the tree was root pruned in the summer of 2016 (Figure 1D). Three different consignments of young leaves were then collected and shipped to the AOCC Genomics Laboratory for sequential rounds of gDNA extraction, in August 2016 (250 leaves), February 2017 (500 leaves), and February 2018 (500 leaves).

Extracting high-quality gDNA from the mucilage-rich foliar tissue of the shea tree proved to be a serious challenge, so it is worth detailing the successful protocol here. Using a modified CTAB procedure developed at the AOCC Laboratory, 4–6 young leaves (3–5 g) at a time were ground in liquid nitrogen, to which 25 mL of preheated (650C) high salt CTAB buffer (100 mM Tris-Cl, pH 8.0; 20 mM EDTA, pH 8.0; 3 M NaCl; freshly added with 3% PVP, β-mercaptoethanol, and 3% CTAB) were added. The solution was incubated for 45 min in a 650C water bath, then cooled in an ice bath. At this point, half the volume (12.5 ml) of 5M NaCl was added, followed by the addition of one-tenth the volume (2.5 ml) of chilled isopropanol, and the solution gently mixed via swirling. Leaf debris was removed via refrigerated centrifugation (3,500 × g at 4°C for 20 min), resulting in the separation of a clear supernatant that was then subjected to two rounds of purification and precipitation.

In the first round, the supernatant was purified by adding an equal volume of dichloromethane, centrifuging as before, then adding the same volume of chloroform:isoamyl alcohol (24:1) and centrifuging again. The purified DNA was precipitated by adding an equal volume of isopropanol and storing at 4°C for 1–3 h. The precipitated DNA was pelletized via centrifugation, washed with 70% ethanol (5–10 mL), dried at room temperature, and then dissolved in 500 μL of TE (10 mM Tris-Cl, pH 8.0;1 mM EDTA, pH 8.0). Following suspension, 10 μL of RNase (10 mg/mL) was added and the solution incubated at room temperature for 1 h. In the second round, an equal volume of chloroform:isoamyl alcohol (24:1) was again added, the solution centrifuged (13,000 × g at 4°C for 15 min), and the supernatant separated. The re-purified DNA, now free of residual RNase, was precipitated by adding double the volume of chilled absolute ethanol and storing at –20°C for 1–2 h. The precipitated DNA was pelletized, washed, and dried as before and finally dissolved in a minimum volume of TE (100–150 μL).

The integrity of the suspended DNA was inspected on a 0.8% agarose gel, its optical density ratios were checked using a Nanodrop spectrophotometer (ND-2000, Thermo Fisher Scientific, Waltham, United States), and final quality checking was performed using a Qubit 2.0 (Thermo Fisher Scientific). As they became available, batches of extracted gDNA were sent to the UC Davis Genome Center, where a 20-kb BluePippin kit (PacBio) was used for Single Molecule Real Time (SMRT) library preparation. Ultimately, three separate libraries were prepared and sequenced on a total of 25 SMRT cells on a PacBio Sequel system, using V2 chemistry.



Assembly, Phasing, and Scaffolding

The FALCON and FALCON-Unzip toolkits (FALCON-integrate v1.8.2) (Chin et al., 2016) were used for whole genome assembly and phasing. FALCON is a Hierarchical Genome Assembly Process (HGAP) pipeline that generates a genome assembly from long PacBio reads through the following basic steps: (1) Raw read error correction via alignment of subreads; (2) Pre-assembly of long, error-corrected reads; (3) Overlap detection among pre-assembled reads; (4) Overlap filtering; (5) Overlap graph construction; and (6) Graph-based contig construction. After the initial assembly, FALCON-Unzip is used in highly heterozygous species like shea to resolve the distinct haplomes (i.e., unzip the genome) based on patterns of structural variants and associated SNPs (i.e., haplotype blocks). This unzipping process gives rise to a set of so-called primary contigs (the primary assembly) and a set of associated haplotigs (phased variants of primary contig segments spanning regions of high heterozygosity). Complete details of the FALCON assembly parameters used in this study are provided in Additional File 3: Supplementary Text 1. Finally, the Arrow algorithm from the ‘GenomicConsensus’ PacBio package1 was used to polish the primary contigs and their associated haplotigs.

High levels of heterozygosity in some genomic regions can lead to the incorrect assignment of haplotigs as distinct primary contigs, thus requiring further polishing and curation of the assembly via the Purge Haplotigs pipeline (Roach et al., 2018). To identify such errors and correctly assign homologous contigs to the haplotig pool, the Purge Haplotigs pipeline first performs a read-depth analysis using BEDTools (Quinlan and Hall, 2010) to flag abnormally low or high coverage contigs as potential chimeras and then performs a BLAST (Camacho et al., 2009) against the entire assembly to identify putative primary contigs exhibiting high homology to one another. During this process, alignment dotplots are produced, and these are manually screened to break likely chimeras, define the final set of primary contigs as the reference sequence, and assign residual syntenic contigs as haplotigs. Complete details of the Purge Haplotigs process are provided in Additional File 3: Supplementary Text 2.

To extend haplotype phasing to chromosome scale, the Purge Haplotigs output was integrated with chromosome conformation capture (Hi-C) data via FALCON-Phase (Kronenberg et al., 2021). The final result of the FALCON-Phase workflow are pairs of scaffolds (phase 0 and phase 1), such that all phase blocks along the scaffolds originate from the same parental haplotype. As part of this workflow, Proximity-Guided Assembly was performed using Phase Genomics’ ProximoTM Hi-C analysis (Burton et al., 2013). Tissue processing, chromatin isolation, library preparation, sequencing, and Hi-C analysis were performed by Phase Genomics (Seattle, WA, United States), including a final stage of manual curation of the Hi-C assembly using JuiceBox (Dudchenko et al., 2018). Due to their slightly superior assembly statistics (total length, length N50, etc.), the phase 0 scaffolds were selected as the reference for all downstream analysis.



Assessment of Assembly Quality

Quality of the final curated assembly was assessed using QUAST (Gurevich et al., 2013), and assembly completeness was evaluated using the set of 1,614 core Embryophta plant genes in BUSCO v4 (Simão et al., 2015). To identify and purge contaminant contigs, the final assembly was aligned using BLAST to the following databases of possible contaminants: plasmid DNA (cpDNA and mtDNA) from angiosperms, the human genome (GRCh38.p7), the Escherichia coli genome (CP017100.1), and 16S and 18S rRNAs. The rRNA database was created using the SILVA project (Quast et al., 2013), and the others were created via sampling from Genbank.




Genome Annotation


Transcriptome Assembly

Total RNA was extracted from nine different tissues: flowers (buds and mature), fruits (skin and pulp), and dried seeds collected from mature reference accession ‘KA01’; and roots, stems, and leaves (buds and mature) collected from juvenile accession ‘ICRAFF 11537.’ All samples were finely chopped, stored, and transported in RNAlater (Thermo Fisher Scientific, Catalog #AM7021) to the CIFOR-ICRAF AOCC Genomics Laboratory, where total RNA was extracted using the Zymo Quick-RNATM Plant Miniprep kit (Catalog #R2024). In addition to the quantification and quality assessment described previously for the gDNA, RIN values of the purified RNA were estimated using BioAnalyzer 2100 (Agilent, Santa Clara, CA, United States). A pooled RNA-seq library, equimolar by tissue type, was prepared using Illumina TruSeq® RNA Library Prep Kits and sequenced via 100 bp paired-end (PE) reads on an Illumina HiSeq 2500 at the Agricultural Research Council Lab in Pretoria, South Africa. The same pool was used to generate a complementary set of long-read RNAseq data via a single-end run of Oxford Nanopore Technology (ONT) at the University of Dundee, United Kingdom.

For the Illumina reads, CASAVA-processed raw sequences were error-corrected using the software BFC v1.0 (Li, 2015), following recommendations from the Oyster River Protocol For Transcriptome Assembly (MacManes, 2016). Error-corrected reads were then processed to remove Illumina adapters and trimmed to remove low quality reads (Phred ≤ 5) using Trimmomatic v.0.33 (Bolger et al., 2014). All post-processed reads from the nine tissues were pooled in silico, and a pure Illumina transcriptome was assembled using Trinity (reference-guided de novo assembly) (Haas et al., 2013). The ONT data set was corrected using proovreads (Hackl et al., 2014), generating a set of corrected ONT reads. Because the ONT platform generates long sequences from single molecules, the sequencing products are considered to be the transcripts themselves. By merging the corrected ONT data set with the pure Illumina assembly and removing redundancy using Vsearch (Rognes et al., 2016), a third ‘hybrid’ assembly was also generated. The relative qualities of the three assemblies were evaluated via basic summary statistics and quality metrics, and the completeness of each was assessed using the set of 1,614 core Embryophyta plant genes in BUSCO v4 (Simão et al., 2015). Finally, the results of the three assemblies were concatenated and the quality and completeness of the integrated RNA assembly was re-evaluated.



Gene Prediction

RepeatModeler v2.0 (Flynn et al., 2020) was used to identify the repeat families in the genome assembly, and RepeatMasker v4.1 (Smit and Hubley, 2013) was used to discover and classify repeats based on the custom repeat libraries from RepeatModeler v2.0. Gene models were predicted via a combination of ab initio prediction, homology search, and RNA-aided annotation. For ab initio gene prediction, model training based on the alignment of short RNAseq data was accomplished using BRAKER2 (Brůna et al., 2021). For homology prediction, protein sequences from three related species within the order Ericales [Actinidia chinensis (kiwifruit), Rhododendron simsii (indoor azalea), and Camellia sinensis (tea plant)] were used as query sequences to search the reference genome using TBLASTN (e-value < 1e-5); and the regions mapped by these query sequences were compared using Exonerate (Slater and Birney, 2005). For transcriptome-guided annotation, the integrated RNA assembly was used as input to the Program to Assemble Spliced Alignments (PASA) pipeline. Finally, EVidenceModeler v1.1.1 (Haas et al., 2008) was used to integrate the results of the three prediction strategies above, based on different evidentiary weights. TransDecoder, a companion software of the Trinity platform, was used to predict open reading frames; and putative gene function was identified using InterProScan in conjunction with different databases, including PFAM, Gene3D, PANTHER, CDD, SUPERFAMILY, ProSite, and GO. Further functional annotation of the predicted genes was obtained by aligning the protein sequences against those in public protein databases and the UniProt database using BLASTP (e-value < 1e−5).




Phylogenetic and Whole Genome Duplication Analyses


Phylogenetic Analysis

To retrieve the evolutionary history of the Ericales, we chose five species [A. chinensis, R. simsii, C. sinensis, Primula vulgaris (primrose), and V. paradoxa], representing five Ericales families, as well as five other species representing extended diversity within the Asterid [Daucus carota (wild carrot), Solanum lycopersicum (tomato), and Camptotheca acuminata (tree of life)] and out-group Rosid [Vitis vinifera (grape) and Arabidopsis thaliana] clades. The amino acid sequences of all proteins were downloaded from PLAZA (Van Bel et al., 2018) and NCBI, and OrthoFinder v1.1.4 (Emms and Kelly, 2019) was used to identify orthologous groups (all-versus-all BLASTP with an e-value < 1e−05). Single-copy orthologs were extracted from the clustering results; and pre-alignment homology filtering was done using PREQUAL (Whelan et al., 2018), followed by multiple sequence alignment of the masked amino acid sequences using MAFFT (Katoh and Standley, 2013) with default parameters. Finally, protein sequence alignments were transformed into codon alignments. The resulting codon alignments from all single-copy orthologs were then concatenated into one representative supergene for species phylogenetic analysis. A maximum likelihood phylogenetic tree of single-copy codon alignments from shea and the nine other angiosperms was constructed using IQ-TREE with GTR + G model and 1,000 bootstrap replicates. Divergence times between the eight Asterid species and the two Rosid outgroups were estimated using MCMCtree from the PAML package (Yang, 2007) under the GTR with Gamma (GTR + G) model, calibrating the results with (1) the crown node of Ericales (89.8 Mya), (2) the Asterid – Rosid divergence (116–126 Mya), and (3) the S. lycopersicum – D. carota divergence (95–106 Mya). MCMCTree was used to obtain 10,000 samples from the posterior, sampling every 150 iterations after a burn in of 500,000 iterations; and convergence was verified via independent runs.



Whole Genome Duplication Analysis

KS distribution analysis was performed using the wgd package (Zwaenepoel and Van de Peer, 2019), with the paranome (entire collection of duplicated genes) obtained via ‘wgd mcl’ using all-against-all BlastP and MCL clustering. The KS distribution of shea was then constructed using ‘wgd ksd’ with default settings [i.e., using MAFFT for multiple sequence alignment, codeml for maximum likelihood estimation of pairwise synonymous distances, and FastTree (Price et al., 2009) for inferring phylogenetic trees used in the node weighting procedure]. So-called “anchors” or “anchor pairs” (i.e., paralogous genes located within broader regions of collinearity/synteny in the genome) were obtained using i-ADHoRe (Simillion et al., 2008; Proost et al., 2012), employing the default settings in ‘wgd syn.’ Within the shea genome, the MCScanX toolkit (Wang et al., 2012) was used to identify collinear blocks; and TBtools (Chen et al., 2020) was used to visualize the results via a circos plot. MCScanX was also used to perform comparative pair-wise genomic analyses among V. paradoxa, C. sinensis, and V. vinifera (Tang et al., 2008).




Analysis of Fatty Acid (FA) Biosynthesis Homologs

To identify genes related to pathways that govern FA biosynthesis in shea, the lipid metabolic pathway was downloaded from the A. thaliana acyl-lipid metabolism database2 and full-length protein sequences of the implicated lipid metabolic genes were downloaded from the TAIR database3. Additional relevant protein sequences from A. thaliana and Theobroma cacao (cocoa tree) were downloaded from PLAZA4. FA biosynthesis homologs in shea and T. cacao were identified via BLASTP searches against the protein sequences of fetched A. thaliana lipid metabolic genes. Candidate FA biosynthesis genes in A. thaliana, T. cacao, and V. paradoxa were aligned using MAFFT (Katoh and Standley, 2013) and concatenated for phylogenetic analysis. Maximum likelihood gene trees based on protein sequences were constructed using IQ-TREE with the GTR + G model and 1,000 bootstrap replicates (Nguyen et al., 2015). Finally, microsynteny plots were generated using MCScan-Jcvi (Tang et al., 2008) as a means of probing the origins of those FA biosynthesis genes exhibiting relatively high copy number in shea.



Variant Analysis

Three sequencing datasets were used to call SNPs independently. The first consists of a total of 92 Gb of 150-bp reads of the reference accession ‘KA01,’ generated by 10x Genomics, with an average 137x coverage of the genome. Long Ranger v2.2.2 was used, in conjunction with GATK v4.0.3.0 (McKenna et al., 2010), to map the 10x reads and call SNPs, which were then phased and screened by 10x specific filters. The second sequencing dataset contains 22 Gb of 150-bp Illumina shotgun reads of shea accession ‘ICRAFF 11537,’ with average 34x coverage of the shea genome. The third data set consists of skim resequencing of 31 individual genotypes using Illumina, with an average of 1.8x coverage of mapped reads across the population. Both Illumina data sets were mapped using BWA v0.7.16a and called for SNPs using GATK v4.1.6.0. Details of all applied filters for each dataset are provided in Additional File 2: Supplementary Table 2. Of all the SNPs called, only those that were shared across at least two datasets (10x data of ‘KA01,’ Illumina shotgun data of ‘ICRAFF 11537,’ and the resequencing panel) were advanced as high-confidence SNPs for functional analysis using the SnpEff pipeline (Cingolani et al., 2012).



SNP Selection and Diversity Analysis

To facilitate the translation of this work into ready-to-use tools of practical value for shea improvement programs, two different SNP panels were developed from the full set of high-confidence SNPs described above (see Variant analysis). The first panel, intended for use in genome-wide association studies (GWAS), genomic selection (GS) programs, germplasm characterization, linkage map development, trait mapping, and the like, requires a set of broadly applicable SNPs evenly distributed across the genome. To accomplish this, the genome was divided into 5 kb contiguous bins and the SNP with highest MAF chosen to represent each bin. The second panel, intended specifically for the targeted characterization of FA biosynthesis genes, requires a set of broadly applicable SNPs within (or in tight linkage with) those genes. To accomplish this, two SNPs were selected per identified FA biosynthesis homolog, with priority given to SNPs of high MAF and secondarily to those with a putative effect on gene function, based on the SnpEff analysis. For both the GWAS and FA panels, selected SNPs were required to be bordered on either side by at least 50 bp of conserved sequence (i.e., no known nearby sequence variation) to facilitate targeted primer and/or bait design. To maximize informativeness and the chance of broad applicability of the panels to other collections of V. paradoxa germplasm, all selected SNPs were required to be present in all genotypic states (homozygous major allele, heterozygous, and homozygous minor allele) within the resequencing panel.




RESULTS


An Annotated, Chromosome-Scale Reference Genome for Shea Tree

Approximately 162.6 Gb of sequence data from reference accession ‘KA01’ was generated from 25 PacBio Single Molecule Real Time (SMRT) cells (V2 chemistry on Sequel), with an average read length of 8,142 bp and a read length N50 of 13,514 bp (Additional File 1: Supplementary Table 3). The FALCON-Unzip pipeline resulted in a 784.3 Mb assembly consisting of 1,215 putative primary contigs with a contig length N50 of 2.03 Mbp (Table 1). Further curation of the primary contigs, in the form of chimera breaking and cryptic haplotig identification (see section “Materials and Methods”), resulted in a final 667.3 Mb assembly consisting of 594 primary contigs with a contig length N50 of 2.44 Mbp (Table 1). Associated with these primary contigs is a corresponding set of 2,517 phased haplotigs (contig length N50 = 376.0 kb), spanning 42.3% of the primary contig space.


TABLE 1. Summary statistics of the V. paradoxa accession ‘KA01’ genome assembly, by stage.
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The primary contigs from the final assembly were placed into chromosome-level scaffolds (i.e., pseudo-molecules) on the basis of three-dimensional proximity information obtained via chromosome conformation capture (Hi-C) analysis (Burton et al., 2013; Bickhart et al., 2017). Of the 594 primary contigs, 495 (combined length of 658.7 Mb; contig N50 of 2.50 Mbp) successfully assembled into 12 pseudo-molecules, as shown in the Hi-C heatmap (Additional File 1: Supplementary Figure 1). The emergence of 12 distinct Hi-C guided pseudo-molecules lends support to previous cytological studies that placed the chromosome number of V. paradoxa at 2n = 24 (Miège, 1954; Löve, 1980; Johnson, 1991). The remaining 99 contigs (combined length of 8.56 Mbp, contig N50 of 221.0 kbp) were designated as unscaffolded contigs. Detailed summary statistics of the 12 pseudo-molecules and 99 unscaffolded contigs comprising the 667.2 Mb V. paradoxa accession ‘KA01’ reference assembly are reported in Table 2.


TABLE 2. Summary statistics of the ‘KA01’ reference genome, by chromosome.
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The RNAseq libraries generated 47.02 Gb of Illumina data (∼376 million PE reads) and 0.56 Gb of ONT reads (778,913 reads of variable lengths; length N50 = 886 bp). The three RNA assemblies, namely the pure Illumina Trinity assembly, the pure Oxford Nanopore (ONT) assembly, and the Vsearch-mediated hybrid of the two, were ultimately integrated, providing 118,065 transcripts to support RNA prediction, of which GMAP was able to align 99.98% to the reference genome. In total, 46,868 gene models (including splice variants) were obtained with the PASA pipeline, of which 42,368 had open reading frames predicted by TransDecoder (for details, see Additional File 2: Supplementary Table 4).

In terms of structural annotation, transposable elements (TEs) were found to account for approximately 60% of the 658.7 Mbp ‘KA01’ reference genome, with roughly 17% of those TEs being long terminal repeat (LTR) elements (Additional File 2: Supplementary Table 5). As summarized in Table 3, after masking repeat elements, 38,505 coding gene models were found. On average, protein-coding genes in shea are 4,831 bp long and contain 4.4 exons. BUSCO analysis of the predicted protein sequences against the Embryophyta database10 showed that 87.8% of the BUSCO genes were found as complete genes, with an additional 8.2% of genes represented in fragmented form. In summary, 80.4% of the BUSCO genes were present as single copy genes and 7.5% were found in multiple copies. Only 4.0% of the BUSCO gene set was found missing (Additional File 2: Supplementary Table 4). A visualization of the final V. paradoxa genome assembly is provided in Figure 2, along with genome-wide trends in GC content, TE density, haplotig coverage, and gene density.


TABLE 3. Annotation statistics and completeness assessment of the ‘KA01’ reference genome.
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FIGURE 2. Circos plot of the shea genome, with links between syntenic regions indicated (center). Moving from the center outward, the four circumferential plots per chromosome report mean %GC content (red), number of transposable elements (orange), haplotig coverage (blue heatmap), and number of coding gene models (orange), per 100 kb bin. The coordinate axes track the physical lengths of the chromosomes (Mbp), to which the locations of the 45 fatty acid (FA) biosynthesis homologs identified in this study are anchored.




A Shared Whole Genome Duplication Event in the Ericales

Within the shea genome, a total of 9,800 anchors (i.e., pairs of paralagous genes in duplicated, collinear regions) were found (Figure 2, center). Nearly all collinear blocks on chromosomes 5 and 6 exhibit intrachromosomal linkages and little collinearity with other linkage groups, implying that these two chromosomes may be fusions of the original subgenomes following an ancient whole-genome duplication (WGD) event.

Distributions of synonymous substitutions per synonymous sites (KS) for anchor pairs retained in collinear regions reveal signature peaks at KS ≈ 0.6 for a whole-genome duplication (WGD) event in the shea genome, KS ≈ 0.45 for a WGD event in C. sinensis, and KS ≈ 0.73 for a WGD event in R. simsii (Figure 3). Apart from these three WGD events, KS distributions also provide evidence for two WGDs in A. chinensis, a lineage reported to have gone through three distinct WGD events (Ad-α,17.7–26.5 Mya; Ad-β, 61.9–73.7 Mya; and At-γ, 150.4–159.3 Mya) (Wu et al., 2019).
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FIGURE 3. KS age distributions for paralogs of four species within the order Ericales: shea, Camellia sinensis (tea plant), Rhododendron simsii, and Actinidia chinensis (kiwifruit). The blue peak represents the recent WGD event in kiwifruit (Ad-α). The arrows represent adjustments to synonymous substitution rates based on relative rate tests (see text for details), suggesting a convergence of peaks at a likely shared WGD event in the Ericales (Ad-β). The well-established ancient WGD event (At-γ) that pre-dates the Asterid-Rosid divergence is also indicated.


Because no additional WGD events have been reported for well-studied V. vinifera since the ancient At-γ WGD shared by most, if not all, eudicots, we undertook pairwise syntenic analyses between grape and shea, as well as between grape and tea plant. These analyses revealed widespread 2:1 syntenic relationships between shea and grape as well as between tea plant and grape (Figure 4), providing additional evidence for a WGD event in both shea and tea plant since At-γ. Similar results were found by Yang et al. (2020) for R. simsii, a related species in the Ericales. Such evidence, particularly in combination with the clear pattern of synteny between putative homoeologous scaffolds (Figure 2), strongly suggest that all three species experienced second WGD events after the common At-γ event.
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FIGURE 4. Syntenic relationships between Vitis vinifera (grape) and both shea (top) and the tea plant Camellia sinensis (bottom) reveal widespread patterns of gene duplication, providing further evidence of WGD events in the two latter species subsequent to their divergence from the Rosids. The gray lines connect all regions of synteny between species (i.e., the background collinearity). Between shea and grape, a total of 15 2:1 syntenic blocks are detected, containing 1,035 genes. Of those, an illustrative subset of six blocks are highlighted (green lines). Similarly, of the 21 2:1 syntenic blocks (1,309 genes) between tea plant and grape, six are highlighted (blue lines).


To determine whether these second WGD events were independent or instead shared by shea, tea plant, and R. simsii, and what their relationship might be to those observed in kiwifruit (Ad-α and Ad-β), additional evidence was brought to bear. First, as indicated in the KS distributions (Figure 3), the most recent WGD event (Ad-α) in the kiwifruit genome occurred well after its divergence from shea, supporting the hypothesis that Ad-α occurred independently in Actinidia. Second, a recent study by Wu et al. (2019) indicates a shared Ad-β event in the Ericales; and related work on the tea plant genome concluded that the Ad-β event occurred prior to the divergence between tea plant and kiwifruit (Xia et al., 2017). To determine whether the WGD event in the shea genome is lineage-specific or shared with those reported in kiwifruit, tea plant, and R. simsii (i.e., Ad-β) (Xia et al., 2017; Wu et al., 2019; Yang et al., 2020), we compared one-to-one orthologous KS distributions between shea and each of those species (see Additional File 1: Supplementary Figure 2). The KS peak value representing the divergence between shea and C. sinensis is smaller (i.e., ‘younger’) than those representing the divergences between shea and either R. simsii or kiwifruit, each exhibiting almost equal KS values. In other words, the same speciation event is found to correspond to slightly different KS peak values, likely due to different substitution rates for different species.

When comparing the one-to-one orthologous KS distribution between grape and shea with those between grape and four other species within the order Ericales [tea plant, kiwifruit, R. simsii, and primrose], we similarly observe different KS peak values for the same speciation event (i.e., the Asterid-Rosid divergence) (see Additional File 1: Supplementary Figure 3). These different peaks again suggest different synonymous substitution rates among the species, with primrose (not included in the anchor pair analysis due to the lower quality of its assembly) as the fastest, R. simsii and kiwifruit as relatively slower, and tea plant as the slowest, likely resulting in an overestimation of the divergence time between shea and R. simsii/kiwifruit while an underestimation for the divergence time between shea and tea plant. In light of this, relative rate tests were employed to adjust the synonymous substitution rates (see arrows in Figure 3), providing further support of the idea that the WGD event in the shea genome occurred at the same time as the one in tea plant, R. simsii, and kiwifruit, prior to their divergence.

In conclusion, upon reconstructing the phylogeny of the Ericales and other clades with branch lengths in KS units (i.e., a KS tree) using the codeml package from the PAML software, it can be seen that the KS peak values for the WGD events in shea, tea plant, and R. simsii reconcile at the same node (Figure 5), corresponding to a shared WGD event (Ad-β). Application of the Whale method (Zwaenepoel and Van de Peer, 2019) for gene tree/species tree reconciliation also resulted in additional support for this conclusion of a shared Ad-β event among shea, tea plant, R. simsii, and kiwifruit (and likely P. vulgaris) within the Ericales clade (see Additional File 2: Supplementary Table 6). Considering previous estimates, this shared WGD likely occurred 65 – 90 Mya (Xia et al., 2017; Wu et al., 2019; Yang et al., 2020).
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FIGURE 5. Phylogenetic tree of the Ericales, rooted with Rosids, with branch lengths in KS units. Corrected KS ages (see text for details) of WGD events identified from anchor pairs in R. simsii, C. sinensis, and shea are indicated by brown, green, and pink dots, respectively. A likely shared WGD event in the Ericales (Ad-β) is spanned by the yellow rectangle.




Fatty Acid Biosynthesis Genes in Shea

Shea butter is becoming an increasingly valuable ingredient in cosmetics, but its primary commercial value resides in its serving as a high quality cocoa butter equivalent (CBE) in the international chocolate industry. The fact that shea butter contains higher levels of C18 fatty acids than cocoa butter (Di Vincenzo et al., 2005; Jahurul et al., 2013), particularly in the form of stearic acid, suggests that V. paradoxa may harbor either a greater number and/or more efficient homologs of FA biosynthesis genes than those found in T. cacao. Recent work based on transcriptome data revealed that the shea tree genome indeed encodes a relatively high number of lipid biosynthesis genes (Wei et al., 2019). In this study, the ‘KA01’ reference genome allowed the first whole-genome investigation of the suite of FA biosynthesis genes in shea.

Great strides have been made in characterizing the network of FA biosynthesis enzymes and the underlying genes that encode them. The activity of acetyl-CoA carboxylase (ACC), the key enzyme that catalyzes the necessary and rate-limiting step of de novo FA synthesis, is composed of biotin carboxyl carrier protein (BCCP), biotin carboxylase (BC), and the α- and β-subunits of carboxyltransferase (CT) (Li-Beisson et al., 2013). Previous studies in A. thaliana showed that BCCP is encoded by two genes (CAC1A/BCCP1 and CAC1B/BCCP2), while BC, CTα, and CTβ are encoded by single genes (CAC2, CAC3 and accD, respectively). Of the genes mentioned, accD is the only FA-related gene residing in the plastome; so it was not considered in this analysis. In addition to the ACC enzyme, other key catalytic components of FA biosynthesis belong to the 3-ketoacyl-ACP synthase (KAS) family, members of which include KASIII for the initial combination of acetyl-CoA and malonyl-ACP, KASI for sequential elongation to 16:0-ACP, and KASII (or FAB1) for final extension to 18:0-ACP (see He et al., 2020). KASII activity is therefore a major determinant of the ratio of C18 to C16 FAs in plant cells (Pidkowich et al., 2007). Finally, there are the two sets of fatty acid desaturases (FADs) that catalyze subsequent desaturation steps in the endoplasmic reticulum (ER), namely FAD2 and FAD3. In addition to the genes directly involved in FA biosynthesis, there are others involved in the transmembrane transport of FAs from the plastid to the ER, including acyl-CoA binding proteins (ACBPs), the FATTY ACID EXPORT (FAX) gene, and various Long Chain Acyl-CoA Synthetases (LACS) (Li et al., 2016).

Using the 30 known FA biosynthesis genes in A. thaliana as queries (see Additional File 2: Supplementary Table 7), a search for their homologs in both T. cacao and shea tree resulted in the identification of 35 and 45 genes, respectively, representing 8 gene families. The copy numbers, by gene, are shown in Table 4; and their locations within the shea genome are indicated in Figure 2. Based on copy number, there indeed appears to be more genes associated with FA biosynthesis in shea tree (45) than in either A. thaliana (30) or T. cacao (35). Ketoacyl-ACP synthase (KAS) gene copies are particularly more numerous in shea (9) compared to T. cacao (6), which may contribute to the generally higher lipid content of shea versus cocoa butter. Interestingly, the copy numbers of the FAD2, FAD3, and LACS genes are higher than those found by Wei et al. (2019) based on transcriptome data (4, 5, and 8 vs. 2, 2, and 5, respectively).


TABLE 4. Summary table of gene copy numbers of enzymes involved in fatty acid biosynthesis in Arabidopsis thaliana, Theobroma cacao, and Vitellaria paradoxa, using 30 A. thaliana genes as queries.
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Based on the genomewide assessment of synteny presented in Figure 2, four of the FA biosynthesis genes exhibiting higher copy number in shea than in either A. thaliana or T. cacao appeared to reside within larger syntenic blocks. For each of those genes (FATB, FAD2, FAD3, and FAX2), subsequent microsynteny analysis confirmed this conclusion (Figure 6; Additional File 1: Supplementary Figures 4–6), suggesting that these copies likely originated in a large-scale event like WGD. Such a signature of large-scale, dispersed duplication for these four genes stands in stark contrast to the clear tandem/local duplication exhibited, for example, by KASIII (Additional File 1: Supplementary Figure 7).
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FIGURE 6. Microsynteny plot showing ∼0.5 Mb regions exhibiting strong synteny (26 gene models) between shea Chromosomes 2 and 9. The existence the two copies of FAX2 within these larger syntenic neighborhoods suggests that shea’s relatively high copy number of this FA biosynthesis gene likely can be traced to a large-scale duplication event like WGD. Microsynteny plots for FATB, FAD2, FAD3, and (as counterpoint) KASIII can be found in Additional File 1: Supplementary Figures 4–7.


Analyses of MEME motifs for each gene family (Additional File 1: Supplementary Figures 8–16) reveal expected similarities within subfamilies. In the FAX family, the FAX2 genes in shea and T. cacao possess an additional motif absent from the A. thaliana genome (Figure 7). Both FAX2 and FAX4 are important for seed oil accumulation. Although no FAX4 homologs were found in the shea genome, two FAX2 genes were identified, compared to the single FAX2 gene found in both A. thaliana and T. cacao.


[image: image]

FIGURE 7. FAX (Fatty acid exporter) gene tree with MEME motifs, comparing orthologs from Arabidopsis thaliana (“AT…”), Theobroma cacao (“TCA.XM…”) and Vitellaria paradoxa (“Vitpa…”). An ortholog from Musa acuminata (“Ma…”) of clade Monocots serves as outgroup. Trees for the other FA biosynthesis genes identified in this study can be found in Additional File 1: Supplementary Figures 8–16.




A SNP Database for the Shea Community

SNP calling under stringent criteria (see Additional File 2: Supplementary Table 2) resulted in the identification of 7.08, 4.45, and 4.47 million bi-allelic SNPs in the resequencing panel of 31 accessions, within reference accession ‘KA01’ (10x data), and within accession ‘ICRAFF 11537’ (Illumina shotgun data), respectively. Of those, a total of 3,488,957 SNPs were found to be shared by at least two of those datasets (see Additional File 1: Supplementary Figure 17). Considering only those ∼3.5 million high-confidence SNPs, SNP density is observed to be similar across shea’s 12 chromosomes, with an average of 1 SNP every 189 bp (Table 2). SnpEff functional annotation of the set of high-confidence SNPs generated 5.6 million predicted effects, more than 97% of which were assigned to the MODIFIER impact class (i.e., no evidence of impact on function; see Table 5). The remaining effects, associated with 152,676 SNPs, are predicted to have HIGH, MODERATE, or LOW impacts on the functions 26,290 implicated genes, as summarized in Table 5.


TABLE 5. Summary of SnpEff functional analysis.

[image: Table 5]

Following the variant selection strategies described above (see section “Materials and Methods”), two different SNP panels were developed for ready use by shea improvement programs. The first, intended to support genome-wide association studies, general germplasm characterization work, linkage map development, genomic selection protocols, trait dissection, and the like, consists of 104,211 SNPs distributed relatively evenly across the reference genome (average spacing of 6,350 bp). The second panel, intended to enable the much more specific task of characterizing the diversity of FA biosynthesis genes within shea, consists of 90 SNPs, two per putative FA biosynthesis homolog identified in this study. Detailed information about the SNPs comprising these two panels can be found in Additional Files 4, 5. For programs interested in developing other targeted SNP panels, details of all ∼3.5 million high-confidence SNPs are also provided (see section “Data Availability Statement”).




DISCUSSION

Despite the shea tree’s long recognized value as a dominant agroecological species fulfilling vital sociocultural, economic, environmental, and nutritional functions for millions of households across rural SSA, it remains semi-domesticated with virtually no history of systematic genetic improvement. The central contribution of this research is an annotated 656.7 Mb reference genome assembly of Vitellaria paradoxa, a necessary resource for future genome-enabled conservation and breeding efforts. Hi-C guided contig assembly resulted in 12 distinct pseudo-molecules, backing previous cytological investigations that placed the chromosome number of V. paradoxa at 2n = 24; and reference annotation revealed 38,505 coding gene models with only 4% missing BUSCO genes, suggesting an acceptable level of completeness for a first assembly.

The annotated reference enabled a whole genome duplication (WGD) analysis which revealed not only that shea underwent a WGD event but that this event (Ad-β) was shared with other important species within the cosmopolitan order Ericales, including C. sinensis, R. simsii, and A. chinensis (and likely P. vulgaris). Evidence of the even earlier WGD event prior to the Asterid-Rosid divergence (At-γ; 150.4–159.3 Mya and shared with V. vinifera) was also detected. Given that gene duplication in general, regardless of mechanism, presents new opportunities for evolution in plants (see e.g., Dubcovsky and Dvorak, 2007; Magadum et al., 2013), this pair of ancient WGD events in shea bodes well in terms of expanding the allelic space relevant to artificial selection targets.

As a first exploration of this idea, the annotated reference was used to provide a first glimpse into the suite of putative fatty acid (FA) biosynthesis genes in shea. Analysis of 30 well-characterized FA biosynthesis genes from A. thaliana resulted in the identification of 45 orthologs in shea, representing 8 gene families. Based on copy numbers, there appears to be more genes associated with FA biosynthesis in shea tree than in T. cacao (35). As a family, Ketoacyl-ACP synthase (KAS) genes in particular were found at higher copy number in shea, which may contribute to the generally higher lipid content of shea versus cocoa butter. Also worth noting are shea’s higher copy numbers of ER desaturase genes FAD2 and FAD3, key enzymes for Omega-3 FA biosynthesis and thus of potential relevance not only to shea’s nutritional value but also its quality for use in cosmetics. Microsynteny analysis implicated a large-scale duplication event, perhaps the Ad-β WGD event described above, in the relatively high copy numbers not only of these ER desaturase genes, but of the FATB and FAX2 genes as well. With the loci governing FA biosynthesis in shea now identified, targeted characterizations of germplasm collections are now possible, a first step toward understanding the role of extant allelic diversity on FA composition. In a long-generation species like shea, such an understanding is required for developing rational strategies for selection, whether within naturally regenerating parkland stands or among breeding lines. Of course, the value of the genomic resources presented here is not limited to FA traits, however important they may be. Combined with accurate phenotyping data from proper germplasm collections (e.g., NAM populations, association mapping panels, etc.), this chromosome-scale annotated genome can facilitate efficient progress on a multitude of traits of importance, including Pestalotia resistance, fruit morphology, flowering time, precocity, tocopherol content, tree architecture, amenability to propagation, and tolerances to any number of abiotic/environmental stresses.

In addition to the raw sequence data, assembled transcriptome, and annotated reference genome (see section “Data Availability Statement”), a database of ∼3.5 million physically anchored and functionally annotated SNPs has also been generated and made publicly available as part of this work. Based not only on variation within reference accession ‘KA01,’ including those regions with sufficient heterozygosity for phased assembly (haplotigs), but also on variation detected within a larger diversity panel, the SNP database should prove to be a widely useful resource for shea improvement programs across SSA. To facilitate the adoption and practical use of this resource, two pre-selected panels of high-confidence annotated SNPs have been developed, one (∼100k SNPs) in support of genome-wide genotyping and the second (90 SNPs) specifically targeting putative FA biosynthesis genes. Effectively serving as first generation in silico SNP chips, these panels provide a ready starting point for programs seeking to undertake the work of genome-assisted germplasm curation, conservation, trait association mapping, and breeding in shea. For fine-mapping or for strategic targeting of other genes of interest, the full SNP database is also available.

Traditionally, the processes of plant domestication and breeding, not to mention deployment of improved genetics and production systems at scale, have been extremely long-term undertakings, even for the most cooperative and fast-cycling of model, annual species. To suggest such painstaking work for a slow-growing tree species like shea, with generation times of 10–25 years and relatively limited global importance, seems wishful at best. And yet, the recent convergence of a suite of biotechnologies (e.g., affordable dense genotyping, gene editing, etc.), breeding strategies [e.g., tricot analysis (Etten et al., 2019) and breeding seedling orchards (Barnes, 1995)], statistical methods [e.g., genomic selection (Heffner et al., 2009) and landscape GWAS (Lasky et al., 2018)], and engagement tools (e.g., smartphone-enabled citizen science) bring the domestication and breeding of even the shea tree into the realm of possibility. Alone, the high-quality reference genome developed here is by no means sufficient for such work; but it is an important foundational resource capable of serving the shea improvement community for years to come. As it has in so many other crops, a well-annotated genome presents new possibilities and is thus likely to stimulate further research and investment.
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Gene editing provides precise, heritable genome mutagenesis without permanent transgenesis, and has been widely demonstrated and applied in planta. In the past decade, clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated proteins (Cas) has revolutionized the application of gene editing in crops, with mechanistic advances expanding its potential, including prime editing and base editing. To date, CRISPR/Cas has been utilized in over a dozen orphan crops with diverse genetic backgrounds, leading to novel alleles and beneficial phenotypes for breeders, growers, and consumers. In conjunction with the adoption of science-based regulatory practices, there is potential for CRISPR/Cas-mediated gene editing in orphan crop improvement programs to solve a plethora of agricultural problems, especially impacting developing countries. Genome sequencing has progressed, becoming more affordable and applicable to orphan crops. Open-access resources allow for target gene identification and guide RNA (gRNA) design and evaluation, with modular cloning systems and enzyme screening methods providing experimental feasibility. While the genomic and mechanistic limitations are being overcome, crop transformation and regeneration continue to be the bottleneck for gene editing applications. International collaboration between all stakeholders involved in crop improvement is vital to provide equitable access and bridge the scientific gap between the world’s most economically important crops and the most under-researched crops. This review describes the mechanisms and workflow of CRISPR/Cas in planta and addresses the challenges, current applications, and future prospects in orphan crops.
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INTRODUCTION

Gene editing allows for the precise mutagenesis of a target genome without permanently introducing DNA to the target organism and is directed by site-specific nucleases (SSNs). SSNs, including meganucleases, zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats/CRISPR-associated proteins (CRISPR/Cas), induce targeted double-strand breaks (DSBs) in DNA (Kim et al., 1996; Christian et al., 2010). Targeted DSBs are repaired by endogenous cellular repair mechanisms, non-homologous end joining (NHEJ), and homology directed repair (HDR; Puchta et al., 1996; Puchta, 2004; Jinek et al., 2012). NHEJ is an error-prone pathway in which endogenous repair may result in a short insertion, deletion, or substitution of base pairs (indel) at the site of the DSB. Indels or substitutions can introduce frameshift mutations, alternative stop codons, or codon deletions/insertions, which generally lead to gene knockout (Chakrabarti et al., 2019). With the addition of donor DNA, HDR can result in targeted insertions at the site of the DSB (Zhao et al., 2016; Hahn et al., 2018). Either DNA repair mechanism can occur based on endogenous factors, such as the cell cycle. In planta, most repair events occur through NHEJ (Hahn et al., 2018). The use of gene editing with SSNs in plants is well demonstrated, having been applied to model species as well as crops (Townsend et al., 2009; Jiang et al., 2013; Shan et al., 2013; Liang et al., 2014; Odipio et al., 2017). In crops, gene editing has been utilized extensively as both an alternative and companion to conventional breeding (Jia et al., 2017; Lemmon et al., 2018). Early methods of gene editing, before the use of CRISPR/Cas, were expensive and less efficient, relying on protein engineering for their development and improvement (Kim et al., 1996; Christian et al., 2010). As such, only genomes of plants with high scientific (Townsend et al., 2009) and economic importance (Liang et al., 2014) have been edited using these systems. CRISPR/Cas systems have since revolutionized gene editing.

CRISPR/Cas systems are bacterially derived, RNA guided endonucleases. The Cas endonuclease is guided to the target position on the genome by an engineered guide RNA (gRNA). At this position, a protospacer adjacent motif (PAM) sequence must also be recognized by the Cas enzyme for a DSB to be introduced at the target region (Jinek et al., 2012). The associated cost and labor intensity of designing gRNAs for CRISPR/Cas-mediated gene editing are significantly reduced in comparison with designing protein motifs for ZFNs or TALENs (Bortesi and Fischer, 2015). As a result, CRISPR/Cas systems can be simply, precisely, and cost-effectively applied to any crop, as long as sequence information exists for the target gene (Jiang et al., 2013; Shan et al., 2013; Yin et al., 2017). CRISPR/Cas-mediated gene editing could circumvent the poor public opinion and heavy regulatory process of transgenic approaches and has been estimated to save 9years and USD $10 million in both regulation and crop development when compared to a traditional transgenic crop in the United States (Lassoued et al., 2019). Gene editing with SSNs has now been applied to many agriculturally important, but scientifically and economically ignored crops, or orphan crops (see Figure 1; Supplementary Table 1).
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FIGURE 1. Selection of gene editing applications in orphan crops. Successful demonstration of gene editing in orphan crops ranges from targeting drought response-related genes in chickpea protoplasts to functional knockout of phytoene desaturase (PDS) in cassava. More agronomically important applications of CRISPR/Cas have produced traits, such as increased protein digestibility in sorghum, achieved through knocking out a highly homologous set of related genes (k1C gene family). Another widely studied application of CRISPR/Cas is the functional knockout and promoter editing of Lateral organ boundaries 1 (LOB1) gene in citrus, resulting in citrus canker bacterial resistance. See Supplementary Table 1 for a complete overview of gene editing applications in orphan and underutilized crops.


Orphan crops encompass a wide range of staple pulses, cereals, fruits, vegetables, and roots and tubers. There are economically important orphan cash crops, such as cacao, as well as major subsistence crops, such as cassava. Despite local and global agricultural significance, these crops have traditionally been scientifically neglected, underfunded, underutilized, and under-researched since the Green Revolution [Tadele, 2019; African Orphan Crops Consortium (AOCC), 2021]. Although orphan crops are vital to smallholder farmers in less-developed economies, production and yield remain inferior to economically important crops grown in more-developed countries (Tadele, 2014). This is primarily due to the limited number of improved varieties available (Tadele, 2019). Additionally, these crops are vital to smallholders as resilient food sources in a changing climate and represent a large repository of genes for future crop improvement (Mabhaudhi et al., 2019). With food insecurity and population growth disproportionately impacting developing countries, the development of resilient orphan staple crops is imperative. This review specifically focuses on recent advances in CRISPR/Cas-mediated gene editing and applications in orphan crops, highlighting current limitations and the outlook of this powerful technology in the improvement of orphan crops.



MECHANISTIC ADVANCES IN GENE EDITING


Gene Knockout and Promoter Editing

In gene knockout experiments, a gene product is disrupted, wholly or partially, by targeted mutagenesis with an SSN. If a frameshift mutation or alternative stop codon is introduced as a result of NHEJ, a gene will likely be knocked out and its product disrupted. Currently, most applications of gene editing in orphan crops are based on gene knockouts (Supplementary Table 1). All SSNs (meganucleases, ZFNs, TALENs, and CRISPR/Cas) have been demonstrated to mediate gene knockouts in plants (Puchta et al., 1996; Townsend et al., 2009; Shan et al., 2013; Liang et al., 2014). However, most applications of gene editing currently utilize the CRISPR/Cas system (Xing et al., 2014; Yin et al., 2017; Lemmon et al., 2018; Tian et al., 2018; Liu et al., 2021), and the use of other SSNs in plants, especially orphan crops, is limited in comparison (Supplementary Table 1). Additionally, it is worth noting that previous applications of RNA interference (RNAi), such as the knockdown of genes related to cyanogenic glucoside production in cassava (Jørgensen et al., 2005), may be replicated with gene knockout.

Promoter editing is a precise form of gene knockout, which targets the promoter region of a gene (Peng et al., 2017; Rodríguez-Leal et al., 2017; Liu et al., 2021). In contrast to gene knockout for loss of function, promoter editing serves to modulate gene expression. Targeting single genes, or their promoters, with multiple homologs can result in the upregulation of the redundant genes, as demonstrated in the CLAVATA (CLV)/WUSCHEL (WUS) pathway (Rodriguez-Leal et al., 2019; Liu et al., 2021). Another application of promoter editing is the generation of genetic variation in cultivars by inducing differential gene expression (Rodríguez-Leal et al., 2017). Though not yet widely applied in orphan crops, promoter editing allows for the specific modulation of traits, including for the creation of novel germplasm for breeders, and can aid in developing new paths to domestication for orphan crops (Jia et al., 2016; Rodríguez-Leal et al., 2017; Lemmon et al., 2018). A similar editing technique targets upstream open reading frames (uORFs) allowing for modulation of protein quantity translated at primary ORFs (Zhang et al., 2018).



Gene Knock-in, Base Editing, and Prime Editing

For more targeted approaches to editing, with fidelity to the individual nucleotide, gene knock-ins, base editing, and prime editing have been developed based on the CRISPR/Cas system. Gene knock-in allows site-specific mutagenesis via the HDR pathway of repair following a DSB. Donor DNA of a desired sequence must be introduced concurrently with an SSN to make specific knock-in edits (Puchta et al., 1996; Hahn et al., 2018). However, due to the extremely low frequency of HDR repair in the plant cell, gene knock-in remains inefficient and underutilized (Hahn et al., 2018). Base editing can also be applied to make targeted edits to specific genes. In contrast to knock-ins, specific base pairs can be edited without inducing a DSB in base editing. This is achieved by fusing a catalytically dead Cas9 enzyme (dCas9) or a Cas9 nickase, which retain their ability to specifically bind to DNA via a gRNA, to a base editor (Komor et al., 2016). Base editing has been demonstrated and applied in planta, including in orphan crops, resulting in herbicide-resistant watermelon (Citrullus lanatus; Tian et al., 2018), and mimicking natural polymorphisms for disease resistance in model species (Bastet et al., 2019). Prime editing brings the same benefits of “find and replace” gene editing, though with fewer restrictions through a modified Cas endonuclease and prime editing gRNA (pegRNA) with high specificity (Anzalone et al., 2019). Studies have not yet yielded phenotypic results, though with increasing efforts to improve the efficiency (Lin et al., 2021) prime editing will be widely applied in all crops, including orphan crops.



Alternate Cas Endonucleases and Multiplexing

The CRISPR/Cas gene editing system was originally developed around a Cas endonuclease derived from Streptococcus pyogenes (SpCas9; Jinek et al., 2012). In SpCas9-mediated gene editing, a 19–21bp gRNA is engineered to guide SpCas9 to a target region of DNA, where a PAM sequence (5'-NGG-3') is recognized by the endonuclease. A blunt-cut DSB is then introduced by the endonuclease. The SpCas9-based gene editing system remains the most well studied nearly a decade later and has the largest body of established resources for its utilization as a result (Xing et al., 2014; Stemmer et al., 2015; Liu et al., 2017; Concordet and Haeussler, 2018; Labun et al., 2019). Most applications of gene editing in orphan crops have utilized Cas9 (Supplementary Table 1). Cas9 enzymes derived from other bacteria, for example, S. aureus, have increased the efficiency of CRISPR in planta (Steinert et al., 2015). However, Cas9 nucleases are limited by the need for a (5'-NGG-3') PAM site (Jinek et al., 2012). To overcome this restriction, Cas nucleases with alternate PAM recognition have been developed. Cas12a, formerly Cpf1 (5'-TTTN-3'), can target T-rich areas of genomes and induce a staggered-cut DSB (Zetsche et al., 2015). A near PAM-less Cas nuclease has also been developed (Walton et al., 2020), allowing gene editing to target regions lacking common PAM sequences. Additionally, some alternate Cas nucleases, namely, the Cas13 family, have the ability to target RNA for interference (Abudayyeh et al., 2016). Cas enzymes have also been modified for alternate applications, such as dCas9 and Cas9 nickases utilized in base editing and gene targeting, which avoid the induction of unwanted DSBs (Komor et al., 2016). Fusions of dCas9 to epigenetic modifiers can also allow epigenetic editing and induce gene activation or repression (Xiao et al., 2019). Another modified endonuclease, Cas9_Trex2, allows more predictable, deletion-only mutations via a non-canonical NHEJ pathway (Weiss et al., 2020). To date, of these alternate Cas nucleases, few have been applied in orphan crops: Cas12a has been utilized in Citrus spp. (citrus; Jia et al., 2019) and Cas9_Trex2 has been studied in protoplasts and plants of Setaria viridis (green foxtail; Weiss et al., 2020).

To target multiple gene homologs or gene families in gene editing, multiplexing must be applied. The only SSN to allow efficient multiplexing is CRISPR/Cas (Xing et al., 2014). Multiplexing with CRISPR/Cas provides simultaneous targeting of multiple genes/alleles by multiple gRNAs (Xing et al., 2014) and has been demonstrated in model plants (Xing et al., 2014; Stuttmann et al., 2021), crops, and orphan crops (Xie et al., 2015; Gomez et al., 2019; Maioli et al., 2020). Multiplexing has further been simplified by utilizing polycistronic gRNA-tRNA for introducing multiple gRNAs. This approach, developed in rice, allows for the introduction of multiple gRNAs processed by cellular tRNA processing (Xie et al., 2015). Alternative approaches for multiplexing include the Csy4 system, which introduces multiple gRNAs interspaced in an array of Csy4 cistrons (Čermák et al., 2017), and the similarly designed ribozyme system, in which gRNAs are flanked by self-cleaving RNA motifs (Gao and Zhao, 2014). Cas12a (Cpf1) also has inherent CRISPR RNA (crRNA) processing capabilities, allowing multiplexing without the need to introduce multiple guides (Zetsche et al., 2017). Future applications of multiplexing in orphan crops can be guided by promising work in model plants (Stuttmann et al., 2021) and the mechanistic advances that have simplified simultaneous introduction of gRNAs.




CURRENT METHODOLOGY OF GENE EDITING IN ORPHAN CROPS


Gene Target Identification and Guide RNA Design

Designing gRNAs for a CRISPR/Cas gene editing application in any crop involves two major steps: acquiring a genomic target and designing a complementary guide sequence (see Figure 2 for an overview of the methodology outlined in this section). To acquire a genomic target, sequence information of the target gene must be available, and a whole genome is desirable to assess off-target activity. Genome browsers, such as NCBI (https://www.ncbi.nlm.nih.gov), Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html), and Ensembl Plants (https://plants.ensembl.org/index.html), provide interactive access to available sequenced genomes, including many orphan staple crops, such as Manihot esculenta (cassava), Sorghum bicolor (sorghum), and Vigna unguiculata (cowpea). The African Orphan Crops Consortium (AOCC) has the ambitious aim to sequence 101 orphan crop genomes [Hendre et al., 2019; African Orphan Crops Consortium (AOCC), 2021] and has published eight new orphan crop genome assemblies to date (Hendre et al., 2019), with four more expected shortly [African Orphan Crops Consortium (AOCC), 2021]. Additionally, many orphan crops have been sequenced by independent research efforts and are not yet available on traditional genome browsers or the AOCC, including Cajanus cajan (pigeonpea; Varshney et al., 2012) and Digitaria exilis (white fonio; Wang et al., 2021). As genome sequencing methods have improved and become less expensive, more sequenced and annotated orphan crop genomes have become publicly available. Thus, molecular work, including gene editing, in these traditionally neglected species has become more facile. Gene target identification, however, still remains a minor bottleneck for all crops. Potential genes of interest can be determined through gene ontology in related species, previous studies, or widely established pathways. Thus, the reason for continued mechanistic studies in model species to provide understanding of potentially conserved gene function, pathways, and families.
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FIGURE 2. Generalized workflow of CRISPR/Cas-mediated gene editing in orphan crops. The process begins with genomic target acquisition and nuclease selection in which a genomic target is selected based on basic research and a desired gene edited phenotype (see Supplementary Table 1). Gene editing approaches may be based on prime editing, base editing, knock-in, or gene knockout, which are mediated by a variety of nucleases (see “Current Methodology of Gene Editing in Orphan Crops”). Guide RNAs (gRNAs) are subsequently designed for targeting Cas nucleases to site of interest. Next, gRNAs and Cas are cloned under relevant promoters for expression in planta, in preparation for bacterial transformation. Gene editing construct activity can be confirmed transiently, usually in protoplasts. Next, the construct is transformed stably into plant material to be regenerated. Transformed plants are subsequently regenerated from callus and selected via antibiotic or herbicide resistance. These regenerated primary transformants are then screened and sequenced to determine successful target gene editing. All transgenic DNA can finally be segregated out through breeding to achieve transgene-free gene edited plants (not pictured).


The specific location of the target region within a given genome depends on the method employed and the desired phenotype. For functional gene knockout, the gRNA target sequence should be located within an exonic, translated region, within the first half of the gene (Kaur et al., 2018). UTRs, introns, exon-intron junctions, intergenic regions, and exons furthest from the start codon should be avoided. For modulation of gene expression, gRNAs may target the promoter region or upstream ORF of a target gene. In base editing, gRNAs target the region containing the nucleotide(s) to be exchanged by a cytidine deaminase or similar nucleotide-swapping protein (Rees and Liu, 2018). In prime editing, the gRNA target region is also specific to the nucleotide(s) targeted for exchange; however, the prime editing complex involves a prime editor protein as well as a reverse transcriptase protein. To note, prime editing gRNAs (pegRNAs) are significantly longer than gRNAs utilized for gene knockout or base editing (Anzalone et al., 2019). There is a plethora of available resources to aid in gRNA design, for example, CRISPOR (Concordet and Haeussler, 2018), CCTop (Stemmer et al., 2015), CHOPCHOP (Labun et al., 2019), and CRISPR-P (Liu et al., 2017). These resources allow for the selection of a target genome, the desired Cas nuclease and associated PAM sequence, and target gene sequence input. gRNAs for knockout, knock-in, or base editing can be suggested, and these tools also screen for individual gRNA efficiency and potential off targets. Similar resources are also available for prime editing, for example, PlantPegDesigner (Lin et al., 2021). gRNA design and off-target minimization have been extensively reviewed (Hahn and Nekrasov, 2019; Manghwar et al., 2020). To ensure efficient first steps in future orphan crop gene editing experiments, a focus on the development of genomic and transcriptomic resources for orphan crops, as well as on communication and collaboration to ensure existing gRNA design resources include orphan crop genomes, is necessary.



Construct Design and Transient Confirmation

Following gene identification and gRNA design, cloning and transformation of plasmid constructs(s) containing the components to express Cas nucleases and gRNAs are necessary for gene editing in planta (Figure 2). The Cas nuclease cloned is dependent on the nature on the desired edits (see “Mechanistic Advances in Gene Editing”: Modified and Alternate Cas Endonucleases). Promoters for expressing Cas9 and gRNAs should be based on crop to be transformed and codon optimized accordingly. RNA polymerase (Pol) III promoters, U3 and U6, are utilized for gRNA expression, whereas Cas9 is expressed under Pol II, CaMV35S, or species-specific Ubiquitin (Hahn et al., 2020). Online resources are available for aiding construct design, including SnapGene (www.snapgene.com) and Benchling (www.benchling.com). Modular cloning systems have also greatly simplified the assembly of large multigene constructs for gene editing in crops, making CRISPR more accessible in orphan crops (Čermák et al., 2017; Hahn et al., 2020).

Experimental validation of these constructs is possible, through optional, by transient expression or protoplast transformation (Figure 2) and ensures construct activity prior to more labor-intensive, stable transformation. Transient systems have been utilized in species amenable to transient transformation to generate edits in planta without stable transgenesis (Chen et al., 2018). Few plant species are amenable to transient transformation in shoot tissue, however, and the use of this technique is primarily limited to the Solanaceae as a result (Chen et al., 2018). An alternate route to in planta transient confirmation is a detached leaf assay. Traditionally utilized to study plant pathogens, these systems allow confirmation and experimentation without utilizing a whole planta approach. Detached leaf assays for transient gene editing are relatively novel and have been developed for cacao (Fister et al., 2018) and cowpea (Juranić et al., 2020). Protoplast transient systems have also proven suitable for rapidly confirming gene editing construct activity (Lin et al., 2018). After transformation or protoplasts with the experimental construct, high-throughput screening methods, such as restriction fragment length polymorphism (RFLP), can be applied to these systems (Odipio et al., 2017; Lin et al., 2018; Huang et al., 2020; Wu et al., 2020; Badhan et al., 2021). Attempts at protoplast isolation in some crops, such as cowpea, have been unsuccessful (Juranić et al., 2020). It is important to note that the transient confirmation process is advantageous but wholly optional. Most guides produced through the previously mentioned online software are functional, and the academic standard of at least two gRNAs per gene eliminates most concern of low editing efficiency (Liu et al., 2017; Concordet and Haeussler, 2018).



Transformation, Regeneration, and Screening

In contrast to transient transformation, stable transformation allows for permanent gene edits, resulting in novel, heritable alleles (Altpeter et al., 2016). The most commonly adopted stable transformation methods in plants include Agrobacterium-mediated transformation and biolistic bombardment (Figures 3A,B). Most stable transformation protocols include steps for collecting and wounding plant tissues, agroinfecting or biolistically bombarding these tissues, and then inducing callus growth and eventual differentiation and regeneration into shoot and root tissue (Niklaus et al., 2011; Altpeter et al., 2016; Do et al., 2018). Multiple types of plant tissues can be utilized for stable transformation, all with the goal of inducing callus tissue growth (Supplementary Table 1). Each crop is transformed uniquely, but within clades, methodologies overlap. Many current root/tuber transformation protocols (see Figure 3A) utilize some type of explant material and an Agrobacterium-mediated methodology (Niklaus et al., 2011; Wang et al., 2019). Most cereal transformation protocols (see Figure 3B) utilize immature embryo as transformable material and may rely on either biolistic bombardment (Liu et al., 2019a) or Agrobacterium (Do et al., 2018) for plasmid delivery. Notably, CRISPR/Cas can be delivered as ribonucleoprotein (RNP) by biolistic bombardment, which has been demonstrated in important crops, including Triticum aestivum (wheat; Zhang et al., 2016), Zea mays (maize; Svitashev et al., 2016), and Lactuca sativa (lettuce; Park et al., 2019). This process avoids bacterial cloning, as well as crossing or segregation to remove construct transgenes from edited plants but comes at a significant financial cost.
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FIGURE 3. Transformation, regeneration, and breeding methods in orphan crops. (A) An overview of Agrobacterium-mediated transformation. Constructs are first transformed into agrobacteria. Transformed agrobacteria are then co-cultivated with callus tissue from plant material derived from the target organism. Various types of plant material can be utilized, including leaf explants (shown here). Following transformation and callus induction, shoot and root tissue is then regenerated. As shown, most root/tuber crops are predominantly transformed by Agrobacterium-mediated methods (see Supplementary Table 1). (B) An overview of biolistic bombardment. Constructs or RNPs are loaded into gold particles and a biolistic particle-based delivery system is utilized to bombard the plant material. Plant material is then regenerated after callus tissue induction. This method of transformation is particularly employed for species considered recalcitrant to Agrobacterium-mediated methods. As shown, cereal crops, such as sorghum, may be transformed by biolistic bombardment, though this method is less prevalent than Agrobacterium-mediated transformation in orphan crops (see Supplementary Table 1). (C) A simplified representation of breeding methods utilized to allow the introgression of gene edited alleles from lab varieties into grower-preferred varieties. Transgene-free gene edited plants that exhibit a desired trait (disease resistance, shown here) are crossed with elite, grower-preferred varieties in marker-assisted breeding to produce an elite variety with the desired gene edited allele. In this manner, gene edited alleles may be introgressed into elite lines considered recalcitrant to conventional transformation methods.


Although orphan crops are chronically underfunded, many transformation protocols are available. Both biolistic bombardment and Agrobacterium-mediated transformation have been demonstrated in sorghum, the most well-studied orphan cereal (Che et al., 2018; Do et al., 2018; Liu et al., 2019a; Figure 3B). Cassava is the most transformed orphan tuber crop, having been efficiently transformed and regenerated through Agrobacterium-mediated methods (Niklaus et al., 2011). Importantly, genotype non-specific methods of transformation have also been developed for the crop (Lentz et al., 2018). Cowpea is the only orphan pulse crop to be transformed efficiently; via Agrobacterium-mediated methods, efficient transformation and regeneration rates were achieved (Bett et al., 2019; Che et al., 2021). Many orphan fruit crops, such as citrus, also have viable methods for transformation and regeneration (Donmez et al., 2013; Debernardi et al., 2020).

Throughout the regeneration process, likely transgenic plants are continually screened for by exposing regenerants to a selective antibiotic or herbicide, a resistance gene for which is included in the gene editing construct. Gene edits can be confirmed in primary transformants by RFLP, if the gene edit disrupts the enzyme restriction digestion site (Lin et al., 2018), T7e1 endonuclease, which detects mismatches in DNA strands during PCR (Li et al., 2018a), or barcode sequencing (Smith et al., 2010). Next generation or Sanger sequencing can determine the exact nature of gene edits and should be utilized for validation (Lin et al., 2018; Zsögön et al., 2018; Liu et al., 2021). To note, gene edited crops must go through multiple generations of outcrossing to ensure transgenic DNA is no longer present to be considered by regulatory bodies as a molecular breeding method.




APPLICATIONS OF GENE EDITING IN ORPHAN CROPS


Trial Applications and Phenotypic Controls

Conventional applications of gene editing in orphan crops follow a workflow of genetic target acquisition, construct design and cloning, transformation, regeneration, and screening (See “Current Methodology of Gene Editing in Orphan Crops”; Figure 2). Ideally, the first application of gene editing to a particular species outlines a successful iteration of this workflow, including a transformation and regeneration protocol, a baseline efficiency of transformation, regeneration, and editing and targets a particular gene or multiple genes for editing, often a phenotypic control. The most notable phenotypic control is a knockout of a gene coding for phytoene desaturase (PDS) or a similar enzyme. PDS knockout has been applied in multiple orphan crops, including citrus (Jia and Wang, 2014; Zhang et al., 2017; Dutt et al., 2020; Huang et al., 2020), cassava (Odipio et al., 2017), Dioscorea spp. (yam; Syombua et al., 2021), watermelon (Tian et al., 2017), Musa spp. (banana/plantain; Kaur et al., 2018), Actinidia chinensis (kiwifruit; Wang et al., 2018), Cucumis melo (melon; Hooghvorst et al., 2019), Fortunella hindsii (Hongkong kumquat; Zhu et al., 2019), and sorghum (Liu et al., 2019a). Additionally, PDS knockout has been achieved in the first application of CRISPR in Setaria italica (foxtail millet) protoplasts (Lin et al., 2018). When PDS is knocked out, a photobleached/leaf-whitening phenotype is observed in edited regenerated plants due to the interruption of the highly conserved carotenoid biosynthetic pathway (Odipio et al., 2017; Tian et al., 2017). Photobleached plants do not survive to maturity and as a result, this phenotype is not heritable.

Other phenotypic controls involve heritable traits, such as flowering time, plant height, and root morphology. In sorghum, flowering time was modulated by CRISPR/Cas-mediated knockout of two related genes, FLOWERING TIME (FT) and Gibberellin 2-oxidase 5 (Ga2ox5), resulting in heritable targeted mutagenesis (Char et al., 2020). In green foxtail, a wild relative of foxtail millet, two pairs of highly linked genes involved with male sterility were targeted by multiplex editing. More reliable deletion-only mutations for knockout were also achieved with the Cas9_Trex2 system in this trial application (Weiss et al., 2020). In cowpea, the Symbiosis receptor-like kinase (SYMRK) gene was knocked out to produce a heritable phenotypic effect on root morphology and mycorrhizal symbiosis (Ji et al., 2019). The 9-cis-EPOXYCAROTENOID DIOXYGENASE4 (NCED4) gene in lettuce was knocked out, allowing for germination at high inhibitory temperatures and producing a selectable edited phenotype (Bertier et al., 2018). Some trial applications have also utilized protoplast systems, including the first application of CRISPR/Cas to chickpea, in which two genes associated with drought tolerance, 4-coumerate ligase (4CL) and Reveille 7 (RVE7), were successfully edited (Badhan et al., 2021). Other trial applications bypass phenotypic controls and protoplast systems entirely, modulating important traits based on basic research in model organisms or well-studied crops (Chandrasekaran et al., 2016; Varkonyi-Gasic et al., 2019; Wang et al., 2019; Maioli et al., 2020). Regardless of the trait or phenotypic control, trial applications are vital to orphan crop gene editing as they establish crop-specific workflows and protocols, streamlining future, and trait-centered applications.



Disease Resistance

CRISPR/Cas has successfully been applied to modulate disease resistance in crops, primarily by targeting susceptibility genes (S genes) for knockout. One notable S gene is Lateral organ boundaries 1 (LOB1) in Citrus. Knocking out, as well as promoter editing, of LOB1 with CRISPR/Cas has led to increased resistance to citrus canker, a major bacterial infection affecting the many species, hybrids, subspecies, and cultivars of Citrus (Jia et al., 2016, 2017, 2019; Peng et al., 2017). Similarly, knockout of the psk1 gene in C. lanatus conferred resistance to Fusarium oxysporum f.sp. niveum, a prominent fungal pathogen of the watermelon to which few cultivated varieties are resistant Zhang et al. (2020). In cacao, an analogous result was achieved by knocking out the NPR3 gene for increased resistance to fungal pathogens (Fister et al., 2018). Another notable and well-conserved crop S gene is a gene encoding a eukaryotic initiation factor (eIF), specifically in the 4E and 4G family. When an eIF4 gene or homolog is knocked out in plants, a phenotype of broad-spectrum potyvirus resistance is observed (Rodríguez-Hernández et al., 2012; Chandrasekaran et al., 2016; Gomez et al., 2019). Economically important plant pathogens impacting orphan crops, such as cassava brown streak disease in cassava (Gomez et al., 2019) and Zucchini yellow mosaic virus in cucumber (Chandrasekaran et al., 2016), caused fewer symptoms in plant lines where an eIF4 gene or homolog was knocked out. Given the well-conserved nature of the eIF4 gene, and previous applications of RNAi to this S gene in other crops, namely, melon (Rodríguez-Hernández et al., 2012), many additional orphan crops could be edited for broad- spectrum potyvirus resistance in this manner. These susceptibility genes were originally characterized by basic research (Robaglia and Caranta, 2006) and more susceptibility genes may be identified through further basic research in model species for future application in orphan crops. In addition, mimicking natural polymorphisms in S genes with base editing has been shown to lead to resistance without entirely knocking out the gene in model plant species, a promising result for future applications of gene editing for disease resistance in orphan crops (Bastet et al., 2019).



Nutrition

Nutrition-related traits have been modulated with CRISPR/Cas-mediated gene editing in orphan crops by targeting genes in pathways controlling products that limit potential nutrient availability. In Ipomoea batatas (sweet potato), Granule-bound starch synthase I (GBSSI) and Starch branching enzyme II (SBEII) were knocked out using CRISPR/Cas to produce a plant with decreased complex starch biosynthesis, increasing the nutritional availability of more digestible sugars (Wang et al., 2019). Related genes in cassava, Protein targeting to starch 1 (PTST1) and GBSS, were also targeted for knockout by CRISPR/Cas, which resulted in a similar phenotype (Bull et al., 2018). In sorghum, downregulation of Alpha-Kafirins by CRISPR/Cas-mediated knockout of the Alpha-Kafirin gene family (k1C) resulted in increased protein digestibility (Li et al., 2018a). Notably, in this study, over 20 genes were targeted by a single gRNA due to the high homology among the genes in this family. Editing of uORFs associated with the GDP-L-galactose phosphorylase 1 (GGP1); GDP-L-galactose phosphorylase 2 (GGP2) genes in lettuce led to a significant increase in the vitamin C content of mutants and additionally improved oxidative stress tolerance (Zhang et al., 2018). As part of a broader effort aimed at de novo domestication of Solanum pimpinellifolium (wild tomato), knock out of LYCOPENE BETA CYCLASE (CycB) yielded plants with substantially increased lycopene content without affecting beta carotene levels (Zsögön et al., 2018). Beta carotene levels in banana were similarly increased through CRISPR/Cas-mediated knockout of the LYCOPENE EPSILON CYCLASE (LCYε) gene (Kaur et al., 2020). Classic applications of RNAi to orphan crops for nutrition traits also outline potential applications of gene editing in orphan crops. For example, in cassava, RNAi was utilized to diminish the endogenous production of cyanogenic glucosides (Jørgensen et al., 2005). CRISPR/Cas-mediated knockout of the same gene products targeted by RNAi will similarly lead to a decrease in the toxin content of cassava tubers.



Domestication and Breeding

Domestication-related traits are becoming an exciting application of CRISPR/Cas in plants, which could provide advantageous cultivars more rapidly than through conventional breeding practices. In Physalis pruinosa (ground cherry), an orphan crop and member of the Solanaceae, domestication-related traits were improved with gene editing (Lemmon et al., 2018). Genes related to yield and shoot architecture were targeted, leading to an increased yield and more compact growth habit (Lemmon et al., 2018). Multiple domestication-related traits have also been targeted by gene editing in African rice landraces (Lacchini et al., 2020) and wild tomato (Zsögön et al., 2018), with success in improving yield quantity and quality. Additionally, a path to domesticate wild allotetraploid rice (Oryza alta) has been recently elucidated by CRISPR/Cas-mediated gene editing (Yu et al., 2021). Improvement of domestication traits allows for the development of new varieties by breeding and the preservation of important wild traits, such as disease resistance, in novel and newly domesticated orphan crop cultivars. This is especially pertinent in orphan crops, as many have undesirable traits, such as lodging and low yields in most tef cultivars (Tadele, 2019). De novo domestication approaches have indicated that improving plant architecture and yield is possible through gene editing, enabling the improvement of agronomically important traits in these neglected crops.

Other traits, especially those important for consumers and growers, have been modulated in orphan crops. In eggplant, multiple related genes in the Polyphenol oxidase (PPO) family were simultaneously targeted for editing, leading to a decreased-browning phenotype in fruit (Maioli et al., 2020). This application has been similarly achieved in other members of the Solanaceae, namely, the tomato, and may also be achieved in newly sequenced crops of the same clade, such as the African eggplant (Song et al., 2019). In watermelon, targeted base editing of the Acetolactate synthase (ALS) gene resulted in herbicide-resistant plants, an important trait for growers and breeders (Tian et al., 2018). This remains one of the few applications of base editing in orphan crops. Improvement of traits benefitting the consumer and grower demonstrates progress in developing more economically viable cultivars of orphan crops through gene editing, an area in which orphan crops severely lag behind economically important crops.

Other studies have improved single domestication- and breeding-related traits in already domesticated varieties to overcome obstacles related to plant growth habit and breeding. Notably, more compact growth habits were achieved with CRISPR/Cas-mediated gene editing in banana by editing the Gibberellin 20-oxidase 2 (GA20ox2) gene (Shao et al., 2020). A similar result was demonstrated in kiwifruit, by editing the CENTRORADIALIS (CEN) and CENTRORADIALIS 4 (CEN4; Varkonyi-Gasic et al., 2019). Editing of the CEN and CEN4 genes in kiwifruit also resulted in plants with a decreased flowering time, a beneficial trait for growers and breeders. Gene editing of endogenous banana streak virus (eBSV) present in the B genome of banana/plantain was shown to inactivate eBSV and diminish symptoms of endogenous infection under drought conditions, overcoming a prominent breeding problem in this orphan crop (Tripathi et al., 2019). In cucumber, gynoecious plants for more efficient breeding were created through gene editing of the WIP1 gene (Hu et al., 2017). Another application to aid in breeding, as well as basic research, is the creation of a haploid inducer line via a functional knockout of the MATRILINEAL (MTL) gene in foxtail millet (Cheng et al., 2021). Improvement of these traits shows the potential of gene editing to overcome obstacles in orphan crop breeding and its ability to directly introduce precise modifications to alleles in elite lines.

In addition to improving traits and providing a path to domestication, editing domestication- and breeding-related traits also provides novel germplasm to breeders for further improvement of existing varieties of orphan crops. CRISPR/Cas can also create allelic diversity by targeting trait-specific loci, providing novel alleles for breeders in elite germplasm (Rodríguez-Leal et al., 2017; Lemmon et al., 2018). The interplay between molecular and conventional breeding has expanded in scope with marker-assisted breeding (Figure 3C). This technique allows for the introgression of favorable gene edited alleles from lab or wild strains into grower-preferred or elite germplasm, which are sometimes recalcitrant to traditional methods of transformation (Dempewolf et al., 2017; Cobb et al., 2019). The timeline for breeding in this manner can be accelerated by including an exogenous flowering time locus within the gene editing construct, to be segregated out during the breeding process, as has been demonstrated in cassava (Bull et al., 2018). Further advances in orphan crop breeding programs, such as speed breeding (Chiurugwi et al., 2019), additionally accelerate the process of crop improvement and breeding.




LIMITATIONS OF GENE EDITING IN ORPHAN CROPS


Mechanistic Constraints of CRISPR/Cas

The application of CRISPR/Cas has inherent limitations in any crop. Firstly, if a genome sequence is unavailable or unassembled it is impossible to identify potential targets of interest for editing or assess off-target activity of gRNAs (Hahn and Nekrasov, 2019). Without a sequence for the gene of interest, it is also impossible to design the complementary gRNA sequences necessary for directing Cas nucleases to the target site. Off-target activity of CRISPR/Cas is also a primary concern. Off-target activity has been observed in planta with as many as six base mismatches between gRNA and off-target loci, though it is most common with three or fewer base mismatches (Modrzejewski et al., 2020). However, it is the location of the mismatches that is most relevant: If base mismatches fall outside of the 8–12bp adjacent to the PAM sequence, off-target activity becomes more common (Modrzejewski et al., 2020). To overcome off-targeting concerns, online gRNA design resources can be utilized to select candidates with minimal off targets (Concordet and Haeussler, 2018; Hahn and Nekrasov, 2019). These resources can also be utilized to avoid candidate gRNAs with low efficiency or incompatibility under Pol III, and with low GC content (Concordet and Haeussler, 2018).

The need for a PAM sequence restricts editing certain areas of any genome and limits the number of potential gRNA candidates. This particularly restricts CRISPR/Cas base editing, for which it is necessary to target nucleotides within a base editor catalytic window (usually 4–5bp, but up to 17bp) within the vicinity of a PAM sequence, meaning targeting highly specific base edits to many areas of a genome is currently impossible (Mishra et al., 2020). A near PAM-less Cas enzyme has recently been developed (Walton et al., 2020) and was applied in plants (Ren et al., 2021) to help overcome this limitation. However, this alternate Cas enzyme has not yet been applied in orphan crops nor has it been applied with base editors in plants. Results in rice protoplasts also indicate far lower editing frequencies when compared to Cas9 (Ren et al., 2021). Cas proteins with alternate PAM sequences can be utilized to extend the scope of possible target sites without sacrificing editing efficiency, such as Cas12a for T-rich genomic regions (Zetsche et al., 2015). While this solution can expand the number of targets for knockout and base editing approaches, these alternate endonucleases have not been studied to the same extent as SpCas9, and base editors have not been tested at all with many Cas variants.

A further limitation in base editing is the restriction of specific nucleotide changes (Mishra et al., 2020). Prime editing could overcome these limitations by allowing highly targetable “find and replace edits,” which can facilitate a swap from any one base to any other base; however, initial findings suggest low editing efficiencies, especially when attempting generation of stable transformants (Lin et al., 2020). As neither base editing nor prime editing has been applied widely in orphan crops to date, these limitations should guide their future application. Targeted insertions via the HDR pathway could also overcome these limitations in base editing; however, HDR is observed at extremely low frequency, thus limiting the capacity for precise knock-in gene edits via donor DNA (Hahn et al., 2018). Large sample sizes will be necessary to address the low occurrence of HDR, impacting the associated labor and costs. To date, only model plant species (Hahn et al., 2018) and economically important crop species (Li et al., 2018b) have undergone knock-in gene editing as a result. It is also important to note that crops derived from knock-in editing are considered transgenic and subsequently must comply with local and international regulatory policies associated with transgenics.



The Transformation and Regeneration Bottleneck

Molecular and genetic advances in all plants are restricted by the bottlenecks of transformation and regeneration. Neither major method for stable transformation (Agrobacterium-mediated or biolistic bombardment) is applicable to all crops. Though significant discoveries and improvements have been made over the past three decades, there are still issues to be overcome, including (1) there are few genotypes within a given crop species in which Agrobacterium-mediated transformation is efficient; (2) low precision, high probability of off-target genome damage and tissue damage in biolistic bombardment (Liu et al., 2019b); (3) low rate of stable transformation events occurs with both methodologies; (4) difficulties in developing efficient Agrobacterium-mediated transformation and regeneration protocols in monocot crops (cereals, such as maize and sorghum, are notoriously difficult to transform, with complications arising in both methodologies for each of these crops); and (5) long tissue culture periods required for regeneration of plants from transformed tissue (Altpeter et al., 2016). A novel strategy avoids many of these limitations by utilizing carbon nanotubes to transform plant cells. This method shows promise for the generation of stable, gene edited lines, though more basic research is needed before it can be widely applied (Demirer et al., 2019).

Crop-specific improvements have been developed, for example, the use of surfactant in sorghum transformation (Che et al., 2018) or sonication in legume transformation (Bett et al., 2019). Additionally, overexpression of morphogenic regulators, BABY BOOM (BBM) and WUS, during transformation increases callus tissue proliferation and subsequent regeneration efficiency in maize (Lowe et al., 2016). Similar results have been achieved by expressing GROWTH-REGULATING FACTOR/GRF INTERACTING FACTOR in wheat and citrus (Debernardi et al., 2020). These improvements, however, have not dramatically increased transformation efficiency.

For orphan crops, transformation and regeneration present a particularly challenging obstacle, as there has been little research on the optimization of these methods in many underfunded crops. Despite the successes outlined in Current Methodology of Gene Editing in Orphan Crops, most other orphan crops are not as well studied as those previously mentioned, and transformation for most orphan crops remains inefficient or unexplored. Additionally, transformation protocols for difficult to transform crops are largely genome-specific (Do et al., 2018; Che et al., 2021), limiting the capacity of genome editing in grower-preferred varieties. As such, the development of efficient transformation protocols that can be applied to diverse genomes within a species of orphan crop, and improvement on current transformation protocols to increase efficiency, are necessary steps needed for the improvement of orphan crops with gene editing.



Complex Traits and Upregulation

The majority of orphan crop genome editing studies have resulted in the loss-of-function of target gene products (Supplementary Table 1). Some gene knockouts have unintended phenotypic consequences because of the multifunctionality of gene products. For example, a decrease in yield has been observed when a gene (IPK1) coding for the enzyme (Inositol 1,3,4,5,6-pentakisphosphate 2-kinase) involved in maize phytic acid biosynthesis is knocked out (Liang et al., 2014; Singh et al., 2020). A more effective strategy for IPK1, and its orthologs in related orphan crops, may be base editing or prime editing which can disrupt the active site of the enzyme without altering other protein domains (Lin et al., 2020; Singh et al., 2020). However, these more targeted strategies have yet to be widely applied in orphan crops (Supplementary Table 1).

More complex or polygenic traits, such as yield, are difficult to modulate with gene knockouts. For these traits, a knockout does not always suffice to produce a desired phenotype. Due to the complexity of yield as a trait in crops, thus far very few of the applications of gene editing to orphan crops have directly increased the yield of the crop studied (Supplementary Table 1). To solve this problem, efforts need to be directed to identifying single genes that, when edited, increase yield, employ multiplex editing of multiple genes related to yield, or utilize promoter editing to impact the expression of many genes to achieve the desired phenotypic result. The single gene knockout approach has been utilized in orphan crops, notably to increase the yield of ground cherry (Lemmon et al., 2018). Multiplex approaches to modulating yield may intend to target the CLV/WUS pathway, a highly conserved pathway involved in shoot apical meristem maintenance (Fletcher, 2018; Liu et al., 2021). Multiplexing has been used to edit multiple related genes in Setaria viridis (Weiss et al., 2020), though, to date, it has not been used to directly impact yield. Promising recent work in model species suggests that the high editing efficiencies needed to simultaneously target up to 12 genes can be achieved in plants, potentially allowing for the modulation of more complex traits, such as yield, with gene editing (Stuttmann et al., 2021). Additionally, promoter editing of genes related to shoot apical meristem maintenance can be used to modulate yield in plants by modulating the expression levels of multiple related genes (Rodríguez-Leal et al., 2017; Liu et al., 2021).

To upregulate a gene product with CRISPR/Cas, gene editing often requires identifying an endogenous plant pathway, which represses that gene product. Because knockouts and base editing are limited to altering or knocking out the functions of gene products, and knock-ins and prime editing are not yet efficient or common in any crop species, direct upregulation with gene editing is difficult for most non-transgenic approaches. Inhibitors or negative regulators of certain pathways must be identified in order to achieve upregulation with knockout via gene editing. A study in Cucumis sativus, for example, developed gynoecious plants desired for breeding by knocking out an inhibitor of carpal development (Hu et al., 2017). Non-transgenic upregulation of gene products can also be achieved with promoter editing (Rodríguez-Leal et al., 2017). This, however, requires a well-characterized pathway with multiple regulators, such as the CLE-mediated CLV/WUS pathway (Liu et al., 2021). Currently, however, most plant pathways are not as well described through basic research as CLV/WUS. Alternatively, uORFs may be targeted to upregulate transcription at primary ORFs, though this technique has not yet been widely applied (Zhang et al., 2018). Upregulation of products not expressed naturally in planta, such as vitamin A or Bt toxin, is currently undesirable with gene editing, as this would require the introduction of an exogenous cistron, leading to the edited orphan crop being regulated as transgenic.



Unannotated, Polyploid, or Heterozygous Genomes

Genomic resources are a major prerequisite for the efficient application of CRISPR/Cas to orphan crops. However, due to funding constraints and a lack of research interest, and despite the best efforts of researchers, governments, and philanthropic organizations, many orphan crop genomes are currently not sequenced or assembled. Though genome assemblies are available for multiple orphan crops, gene editing has not yet been applied to some major staples, such as tef (Numan et al., 2021) and pigeonpea. If a sequenced genome is unannotated it is difficult, though not impossible, to identify genes of interest with alignment software, such as NCBI BLAST, and exonic regions can be identified utilizing FGNESH+ (Solovyev et al., 2006). Additionally, orphan crop genomes, such as the assembly for African eggplant (Solanum aethiopicum), among others published in coordination with the AOCC, are not available on traditional genome browsers [Chang et al., 2018; Song et al., 2019; African Orphan Crops Consortium (AOCC), 2021]. Thus, greater genomic resources, in quality, quantity, and ease of accessibility, are needed before gene editing can be applied to many important orphan staples.

Another constraint in applying CRISPR/Cas to orphan crops is ploidy. Polyploid genomes, such as the economically important wheat or the orphan sweet potato and banana/plantain, are more challenging to sequence and annotate compared to diploid genomes, and present unique challenges in gene editing (Kyriakidou et al., 2018). Because they are difficult to sequence, complex polyploid genomes often lag behind other crops with simpler genomes in the availability and quality of genomic resources (Kyriakidou et al., 2018). A high number of homologs, commonly associated with polyploidy, complicate CRISPR/Cas approaches as multiple gRNAs are required to target all gene copies and transcript variants for a functional knockout. Additionally, when editing multiple homologs, a gene editing system, especially a CRISPR/Cas system with few guides, must have high efficiency to reliably edit all target regions. Despite these challenges, CRISPR has been successfully applied to sweet potato (Wang et al., 2019) and banana/plantain (Kaur et al., 2018; Tripathi et al., 2019; Shao et al., 2020). Alike polyploidy, heterozygosity is also common in orphan crop genomes. Given that there are few orphan crop elite lines or cultivars, there is phenotypic and genetic variation within most species (Cannarozzi et al., 2018; Tadele, 2019). This makes CRISPR/Cas-mediated gene editing more difficult, as grower-preferred varieties and varieties used for research are often genetically dissimilar. Breeding can be utilized to overcome the obstacle of heterozygosity through introgression of alleles from sequenced and annotated lab strains to un-sequenced or unannotated grower-preferred cultivars (Figure 3C).



Alternative Methods of Crop Improvement

Gene editing is one of many methods of orphan crop improvement. Transgenic approaches overcome the difficulty of upregulation with gene editing and may introduce novel gene products, such as beta carotene, to plants. While effective, transgenic crops are associated with poor public opinion and heavy, costly domestic and international regulation. As a result, there are few accepted transgenic orphan crop accessions in global databases (https://www.isaaa.org/gmapprovaldatabase/). Conventional breeding approaches can also overcome many limitations of gene editing. For example, in conventional breeding, no transformation or regeneration is needed, and there are no constraints associated with mechanistic technicalities, as in transgenic and gene editing approaches. However, the timeline for conventional breeding approaches is significantly longer than that of gene editing. Breeding techniques are also only possible among highly similar organisms (Taagen et al., 2020). Breeding programs are often expensive, and individual breeding events are unpredictable due to an inability to control the passing of undesirable traits to offspring along with desirable ones (Taagen et al., 2020). Given the limitations of gene editing, it is imperative that this technology be utilized alongside existing methods of crop improvement, namely, transgenic and conventional breeding approaches, in order to facilitate the improvement of orphan crops.




SUMMARY

Orphan crops are distinctly characterized by the lack of funding and scientific research interest associated with them, as evidenced by a limited availability of improved varieties and paucity of basic research (Tadele, 2019). Philanthropic efforts have aided in funding some applied orphan crop research (Gomez et al., 2019), but governments must also recognize the urgency for research associated with orphan crops if significant progress is to be made through gene editing. The process for regulation of a gene edited organism differs among nations, but predominantly, a transgene-free gene edited organism is not constrained by the heavy regulations associated with transgenic organisms (He and Creasey Krainer, 2021). If gene edited organisms are increasingly regulated as transgenic, this regulatory process would serve as a major bottleneck in the development of improved orphan crop varieties through gene editing. Additionally, even if regulations are eased in comparison with transgenic plants, it is imperative to educate the public about the opportunities gene editing with CRISPR/Cas systems provides for agriculture, the environment, and consumers, especially in the developing world. To avoid the societal issues opposing classical transgenic crops, the process, benefits, and limitations of gene editing must be transparent and understood by all.

Gene editing presents an opportunity to circumvent widespread societal distrust of transgenic crops and the heavy regulation and global agricultural inequities associated with it (He and Creasey Krainer, 2021). The rise of the CRISPR/Cas system has allowed for precise, heritable mutations to be made cost-effectively and comes with the benefits of multiplexing, prime editing, and base editing. This system is the first gene editing system to be widely applied in orphan crops. As a result, orphan crop improvement and de novo domestication through gene editing are feasible and have been widely demonstrated (Supplementary Table 1). Future mechanistic improvements to CRISPR/Cas systems will increase the capabilities of gene editing in orphan crops. Near PAM-less Cas enzymes and other newly engineered or discovered nucleases will allow unrestricted knockouts and highly targeted base edits in planta, further increasing the versatility of gene editing. Current multiplexing strategies only continue to improve in efficiency and scope, especially in model plant species. When further improved and applied in orphan crops, it will be possible to simultaneously edit multiple gene families or target up to 12 genes or more, as was demonstrated in Arabidopsis thaliana (Stuttmann et al., 2021). Improvement of the efficiency of HDR and gene knock-ins is imperative, as this currently remains a bottleneck in plants (Huang and Puchta, 2019). These strategies allow mimicking of natural polymorphisms and edit alleles for single amino acid swaps. The improvement of their specificity and efficiency in planta is an essential goal.

Methodology in orphan crop gene editing will continue to improve with coordination and research. A greater focus on coordination and collaboration among research efforts should be a primary goal to ensure resources for orphan crops are developed, available, and easily accessible to all. For example, current gRNA design tools are efficient, but many researchers lack the resources and genomic data necessary to work with orphan crops. Basic and applied research cloning systems will inevitably lead to more efficient cloning processes and simpler protocols for designing and building gene editing constructs. In the near future, cloning may even become obsolete due to the decreasing costs and rapid advancements in DNA synthesis technologies. Transformation, though, will continue to be a major bottleneck in gene editing methodology for orphan crops. Crop- specific improvements have been made, but substantially more efficient transformation will be difficult to achieve, based on results from the past decade. Future research must ensure that all crops are able to be transformed easily and that efficient, genotype nonspecific methodologies are developed for orphan crops.

Through better annotation, gene discovery, and further basic study of plant pathways, more gene targets will be identified for future applications of gene editing in orphan crops. With an increased emphasis on funding of orphan crop research and improvement, gene editing will be applied to orphan staples with genome sequences already published. Notably, gene editing has not yet been applied to tef, pigeonpea, mungbean, Amaranthus spp. (grain amaranth), African eggplant, hyacinth bean, white fonio, and Vigna subterranea (Bambara groundnut), among other orphan staples, despite genomic data being available. Many orphan crops currently do not have genomic data available, but with the declining cost and increasing efficiency of genome sequencing, genomes will be available for many regionally important orphan staples in the near future. The outlook for applications of gene editing to orphan crops is promising, and future research will be greatly expanded in scope by prime editing, promoter editing, knock-ins, and base editing techniques.

The current limitations of gene editing in orphan crops, namely, those associated with the mechanistic constraints of CRISPR/Cas, will be overcome through extensive basic research. As mentioned, transformation and regeneration will likely remain a significant bottleneck for the foreseeable future of orphan crop gene editing (Altpeter et al., 2016). An emphasis must be put on expanding genomic resources and developing improved protocols for orphan crop gene editing and transformation to ensure the rapid improvement of these agronomically important crops through gene editing. It is important to note that gene editing does not exist in a vacuum and that interplay among gene editing and other methods of crop improvement, namely, marker-ssisted breeding, presents an excellent opportunity for expedited crop improvement. Collaboration among basic and applied science and molecular and conventional breeding practices, with input from growers and consumers, is necessary to ensure this end goal.

Current United Nations Population Fund projections see the world population reaching 9.6 billion by 2050, with over 90% of the population growth coming in developing nations, many of which rely primarily on orphan crops as staple foods. In nations projected to see the most population growth, there also exist the greatest rates of hunger and malnutrition today; of the up to 827 million undernourished in 2020, the majority resides in sub-Saharan Africa. These regions are also categorically the most vulnerable to climate change, creating a precarious situation for the future. Improvement of the orphan crops relied upon by the most undernourished regions will abate future strain from population growth and promote resilience to climate change (Tadele, 2014, 2019; Mabhaudhi et al., 2019). This can also lead to more sustainable development by decreasing agricultural land use and input intensity. It is evident that gene editing has the potential to foster this necessary orphan crop improvement, but only if its urgency is recognized through widespread collaboration, ample funding, and the adoption of science-based regulatory processes.



AUTHOR CONTRIBUTIONS

MV reviewed the literature, tabulated the data, edited the figures, and wrote the article. KC devised/drafted the article and figures and reviewed/edited the manuscript prior to submission. All authors contributed to the article and approved the submitted version.



FUNDING

This review was supported by Grow More Foundation. Grow More Foundation in a 501(c)(3) non-profit NGO with the mission to develop and distribute capacity-building scientific resources to enable plant scientists in developing countries.



ACKNOWLEDGMENTS

We would like to especially thank Florian Hahn (The University of Oxford, United Kingdom) for providing critique, substantive suggestions and comments, and critical feedback on the article. We also thank Daria Chrobok for illustrating our concepts.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.742932/full#supplementary-material



REFERENCES

 Abudayyeh, O. O., Gootenberg, J. S., Konermann, S., Joung, J., Slaymaker, I. M., Cox, D. B. T., et al. (2016). C2c2 is a single-component programmable RNA-guided RNA-targeting CRISPR effector. Science 353:aaf5573. doi: 10.1126/science.aaf5573 

 African Orphan Crops Consortium (AOCC) (2021). Healthy Africa through nutritious, diverse and local food crops Available at: http://africanorphancrops.org/ (Accessed March 25, 2021).

 Altpeter, F., Springer, N. M., Bartley, L. E., Blechl, A., Brutnell, T. P., Citovsky, V., et al. (2016). Advancing crop transformation in the era of genome editing. Plant Cell 28, 1510–1520. doi: 10.1105/tpc.16.00196 

 Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. M., et al. (2019). Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 576, 149–157. doi: 10.1038/s41586-019-1711-4 

 Badhan, S., Ball, A. S., and Mantri, N. (2021). First report of CRISPR/Cas9 mediated DNA-free editing of 4CL and RVE7 genes in chickpea protoplasts. IJMS 22:396. doi: 10.3390/ijms22010396 

 Bastet, A., Zafirov, D., Giovinazzo, N., Guyon-Debast, A., Nogué, F., Robaglia, C., et al. (2019). Mimicking natural polymorphism in eIF4E by CRISPR-Cas9 base editing is associated with resistance to potyviruses. Plant Biotechnol. J. 17, 1736–1750. doi: 10.1111/pbi.13096 

 Bertier, L. D., Ron, M., Huo, H., Bradford, K. J., Britt, A. B., and Michelmore, R. W. (2018). High-resolution analysis of the efficiency, heritability, and editing outcomes of CRISPR/Cas9-induced modifications of NCED4 in lettuce (Lactuca sativa). G3 8, 1513–1521. doi: 10.1534/g3.117.300396 

 Bett, B., Gollasch, S., Moore, A., Harding, R., and Higgins, T. J. V. (2019). An improved transformation system for cowpea (Vigna unguiculata L. Walp) via sonication and a kanamycin-geneticin selection regime. Front. Plant Sci. 10:219. doi: 10.3389/fpls.2019.00219 

 Bortesi, L., and Fischer, R. (2015). The CRISPR/Cas9 system for plant genome editing and beyond. Biotechnol. Adv. 33, 41–52. doi: 10.1016/j.biotechadv.2014.12.006 

 Bull, S. E., Seung, D., Chanez, C., Mehta, D., Kuon, J.-E., Truernit, E., et al. (2018). Accelerated ex situ breeding of GBSS- and PTST1-edited cassava for modified starch. Sci. Adv. 4:eaat6086. doi: 10.1126/sciadv.aat6086 

 Cannarozzi, G., Chanyalew, S., Assefa, K., Bekele, A., Blösch, R., Weichert, A., et al. (2018). Technology generation to dissemination: lessons learned from the tef improvement project. Euphytica 214:31. doi: 10.1007/s10681-018-2115-5

 Čermák, T., Curtin, S. J., Gil-Humanes, J., Čegan, R., Kono, T. J. Y., Konečná, E., et al. (2017). A multipurpose toolkit to enable advanced genome engineering in plants. Plant Cell 29, 1196–1217. doi: 10.1105/tpc.16.00922 

 Chakrabarti, A. M., Henser-Brownhill, T., Monserrat, J., Poetsch, A. R., Luscombe, N. M., and Scaffidi, P. (2019). Target-specific precision of CRISPR-mediated genome editing. Mol. Cell 73, 699.e6–713.e6. doi: 10.1016/j.molcel.2018.11.031 

 Chandrasekaran, J., Brumin, M., Wolf, D., Leibman, D., Klap, C., Pearlsman, M., et al. (2016). Development of broad virus resistance in non-transgenic cucumber using CRISPR/Cas9 technology: virus resistance in cucumber using CRISPR/Cas9. Mol. Plant Pathol. 17, 1140–1153. doi: 10.1111/mpp.12375 

 Chang, Y., Liu, H., Liu, M., Liao, X., Sahu, S. K., Fu, Y., et al. (2018). Genomic data of the Hyacinth Bean (Lablab purpureus) GigaScience Database. doi: 10.5524/101056

 Char, S. N., Wei, J., Mu, Q., Li, X., Zhang, Z. J., Yu, J., et al. (2020). An agrobacterium-delivered CRISPR/Cas9 system for targeted mutagenesis in sorghum. Plant Biotechnol. J. 18, 319–321. doi: 10.1111/pbi.13229 

 Che, P., Anand, A., Wu, E., Sander, J. D., Simon, M. K., Zhu, W., et al. (2018). Developing a flexible, high-efficiency agrobacterium-mediated sorghum transformation system with broad application. Plant Biotechnol. J. 16, 1388–1395. doi: 10.1111/pbi.12879 

 Che, P., Chang, S., Simon, M. K., Zhang, Z., Shaharyar, A., Ourada, J., et al. (2021). Developing a rapid and highly efficient cowpea regeneration, transformation and genome editing system using embryonic axis explants. Plant J. 106, 817–830. doi: 10.1111/tpj.15202 

 Chen, L., Li, W., Katin-Grazzini, L., Ding, J., Gu, X., Li, Y., et al. (2018). A method for the production and expedient screening of CRISPR/Cas9-mediated non-transgenic mutant plants. Hortic. Res. 5:13. doi: 10.1038/s41438-018-0023-4 

 Cheng, Z., Sun, Y., Yang, S., Zhi, H., Yin, T., Ma, X., et al. (2021). Establishing in planta haploid inducer line by edited SiMTL in foxtail millet (Setaria italica). Plant Biotechnol. J. 19, 1089–1091. doi: 10.1111/pbi.13584 

 Chiurugwi, T., Kemp, S., Powell, W., and Hickey, L. T. (2019). Speed breeding orphan crops. Theor. Appl. Genet. 132, 607–616. doi: 10.1007/s00122-018-3202-7 

 Christian, M., Cermak, T., Doyle, E. L., Schmidt, C., Zhang, F., Hummel, A., et al. (2010). Targeting DNA double-strand breaks with TAL effector nucleases. Genetics 186, 757–761. doi: 10.1534/genetics.110.120717 

 Cobb, J. N., Biswas, P. S., and Platten, J. D. (2019). Back to the future: revisiting MAS as a tool for modern plant breeding. Theor. Appl. Genet. 132, 647–667. doi: 10.1007/s00122-018-3266-4 

 Concordet, J.-P., and Haeussler, M. (2018). CRISPOR: intuitive guide selection for CRISPR/Cas9 genome editing experiments and screens. Nucleic Acids Res. 46, W242–W245. doi: 10.1093/nar/gky354 

 Debernardi, J. M., Tricoli, D. M., Ercoli, M. F., Hayta, S., Ronald, P., Palatnik, J. F., et al. (2020). A GRF–GIF chimeric protein improves the regeneration efficiency of transgenic plants. Nat. Biotechnol. 38, 1274–1279. doi: 10.1038/s41587-020-0703-0 

 Demirer, G. S., Zhang, H., Matos, J. L., Goh, N. S., Cunningham, F. J., Sung, Y., et al. (2019). High aspect ratio nanomaterials enable delivery of functional genetic material without DNA integration in mature plants. Nat. Nanotechnol. 14, 456–464. doi: 10.1038/s41565-019-0382-5 

 Dempewolf, H., Baute, G., Anderson, J., Kilian, B., Smith, C., and Guarino, L. (2017). Past and future use of wild relatives in crop breeding. Crop Sci. 57, 1070–1082. doi: 10.2135/cropsci2016.10.0885

 Do, P. T., Lee, H., Nelson-Vasilchik, K., Kausch, A., and Zhang, Z. J. (2018). Rapid and efficient genetic transformation of sorghum via agrobacterium-mediated method. Curr. Protoc. Plant Biol. 3:e20077. doi: 10.1002/cppb.20077 

 Donmez, D., Simsek, O., Izgu, T., Aka Kacar, Y., and Yalcin Mendi, Y. (2013). Genetic transformation in citrus. Sci. World J. 2013, 1–8. doi: 10.1155/2013/491207 

 Dutt, M., Mou, Z., Zhang, X., Tanwir, S. E., and Grosser, J. W. (2020). Efficient CRISPR/Cas9 genome editing with citrus embryogenic cell cultures. BMC Biotechnol. 20:58. doi: 10.1186/s12896-020-00652-9 

 Fister, A. S., Landherr, L., Maximova, S. N., and Guiltinan, M. J. (2018). Transient expression of CRISPR/Cas9 machinery targeting TcNPR3 enhances defense response in Theobroma cacao. Front. Plant Sci. 9:268. doi: 10.3389/fpls.2018.00268 

 Fletcher, J. C. (2018). The CLV-WUS stem cell signaling pathway: a roadmap to crop yield optimization. Plan. Theory 7:87. doi: 10.3390/plants7040087 

 Gao, Y., and Zhao, Y. (2014). Self-processing of ribozyme-flanked RNAs into guide RNAs in vitro and in vivo for CRISPR-mediated genome editing. J. Integr. Plant Biol. 56, 343–349. doi: 10.1111/jipb.12152 

 Gomez, M. A., Lin, Z. D., Moll, T., Chauhan, R. D., Hayden, L., Renninger, K., et al. (2019). Simultaneous CRISPR/Cas9-mediated editing of cassava eIF4E isoforms nCBP-1 and nCBP-2 reduces cassava brown streak disease symptom severity and incidence. Plant Biotechnol. J. 17, 421–434. doi: 10.1111/pbi.12987 

 Hahn, F., Eisenhut, M., Mantegazza, O., and Weber, A. P. M. (2018). Homology-directed repair of a defective glabrous gene in Arabidopsis with Cas9-based gene targeting. Front. Plant Sci. 9:424. doi: 10.3389/fpls.2018.00424 

 Hahn, F., Korolev, A., Sanjurjo Loures, L., and Nekrasov, V. (2020). A modular cloning toolkit for genome editing in plants. BMC Plant Biol. 20:179. doi: 10.1186/s12870-020-02388-2 

 Hahn, F., and Nekrasov, V. (2019). CRISPR/Cas precision: do we need to worry about off-targeting in plants? Plant Cell Rep. 38, 437–441. doi: 10.1007/s00299-018-2355-9 

 He, S., and Creasey Krainer, K. M. (2021). The inequity of biotechnological impact. Mol. Plant 14, 1–2. doi: 10.1016/j.molp.2020.12.011 

 Hendre, P. S., Muthemba, S., Kariba, R., Muchugi, A., Fu, Y., Chang, Y., et al. (2019). African orphan crops consortium (AOCC): status of developing genomic resources for African orphan crops. Planta 250, 989–1003. doi: 10.1007/s00425-019-03156-9 

 Hooghvorst, I., López-Cristoffanini, C., and Nogués, S. (2019). Efficient knockout of phytoene desaturase gene using CRISPR/Cas9 in melon. Sci. Rep. 9:17077. doi: 10.1038/s41598-019-53710-4 

 Hu, B., Li, D., Liu, X., Qi, J., Gao, D., Zhao, S., et al. (2017). Engineering non-transgenic gynoecious cucumber using an improved transformation protocol and optimized CRISPR/Cas9 system. Mol. Plant 10, 1575–1578. doi: 10.1016/j.molp.2017.09.005 

 Huang, T.-K., and Puchta, H. (2019). CRISPR/Cas-mediated gene targeting in plants: finally a turn for the better for homologous recombination. Plant Cell Rep. 38, 443–453. doi: 10.1007/s00299-019-02379-0 

 Huang, X., Wang, Y., Xu, J., and Wang, N. (2020). Development of multiplex genome editing toolkits for citrus with high efficacy in biallelic and homozygous mutations. Plant Mol. Biol. 104, 297–307. doi: 10.1007/s11103-020-01043-6 

 Ji, J., Zhang, C., Sun, Z., Wang, L., Duanmu, D., and Fan, Q. (2019). Genome editing in cowpea Vigna unguiculata using CRISPR-Cas9. Int. J. Mol. Sci. 20:2471. doi: 10.3390/ijms20102471 

 Jia, H., Orbovic, V., Jones, J. B., and Wang, N. (2016). Modification of the PthA4 effector binding elements in type I CsLOB1 promoter using Cas9/sgRNA to produce transgenic Duncan grapefruit alleviating XccΔpthA4:dCsLOB1.3 infection. Plant Biotechnol. J. 14, 1291–1301. doi: 10.1111/pbi.12495 

 Jia, H., Orbović, V., and Wang, N. (2019). CRISPR-LbCas12a-mediated modification of citrus. Plant Biotechnol. J. 17, 1928–1937. doi: 10.1111/pbi.13109 

 Jia, H., and Wang, N. (2014). Targeted genome editing of sweet orange using Cas9/sgRNA. PLoS One 9:e93806. doi: 10.1371/journal.pone.0093806 

 Jia, H., Zhang, Y., Orbović, V., Xu, J., White, F. F., Jones, J. B., et al. (2017). Genome editing of the disease susceptibility gene CsLOB1 in citrus confers resistance to citrus canker. Plant Biotechnol. J. 15, 817–823. doi: 10.1111/pbi.12677 

 Jiang, W., Zhou, H., Bi, H., Fromm, M., Yang, B., and Weeks, D. P. (2013). Demonstration of CRISPR/Cas9/sgRNA-mediated targeted gene modification in Arabidopsis, tobacco, sorghum and rice. Nucleic Acids Res. 41:e188. doi: 10.1093/nar/gkt780 

 Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337, 816–821. doi: 10.1126/science.1225829 

 Jørgensen, K., Bak, S., Busk, P. K., Sørensen, C., Olsen, C. E., Puonti-Kaerlas, J., et al. (2005). Cassava plants with a depleted cyanogenic glucoside content in leaves and tubers. Distribution of cyanogenic glucosides, their site of synthesis and transport, and blockage of the biosynthesis by RNA interference technology. Plant Physiol. 139, 363–374. doi: 10.1104/pp.105.065904 

 Juranić, M., Nagahatenna, D. S. K., Salinas-Gamboa, R., Hand, M. L., Sánchez-León, N., Leong, W. H., et al. (2020). A detached leaf assay for testing transient gene expression and gene editing in cowpea (Vigna unguiculata [L.] Walp.). Plant Methods 16:88. doi: 10.1186/s13007-020-00630-4 

 Kaur, N., Alok, A., Shivani, Kaur, N., Pandey, P., Awasthi, P., et al. (2018). CRISPR/Cas9-mediated efficient editing in phytoene desaturase (PDS) demonstrates precise manipulation in banana cv. Rasthali genome. Funct. Integr. Genomics 18, 89–99. doi: 10.1007/s10142-017-0577-5 

 Kaur, N., Alok, A., Shivani, Kumar, P., Kaur, N., Awasthi, P., et al. (2020). CRISPR/Cas9 directed editing of lycopene epsilon-cyclase modulates metabolic flux for β-carotene biosynthesis in banana fruit. Metab. Eng. 59, 76–86. doi: 10.1016/j.ymben.2020.01.008 

 Kim, Y. G., Cha, J., and Chandrasegaran, S. (1996). Hybrid restriction enzymes: zinc finger fusions to Fok I cleavage domain. Proc. Natl. Acad. Sci. U. S. A. 93, 1156–1160. doi: 10.1073/pnas.93.3.1156 

 Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., and Liu, D. R. (2016). Programmable editing of a target base in genomic DNA without double-stranded DNA cleavage. Nature 533, 420–424. doi: 10.1038/nature17946 

 Kyriakidou, M., Tai, H. H., Anglin, N. L., Ellis, D., and Strömvik, M. V. (2018). Current strategies of polyploid plant genome sequence assembly. Front. Plant Sci. 9:1660. doi: 10.3389/fpls.2018.01660 

 Labun, K., Montague, T. G., Krause, M., Torres Cleuren, Y. N., Tjeldnes, H., and Valen, E. (2019). CHOPCHOP v3: expanding the CRISPR web toolbox beyond genome editing. Nucleic Acids Res. 47, W171–W174. doi: 10.1093/nar/gkz365 

 Lacchini, E., Kiegle, E., Castellani, M., Adam, H., Jouannic, S., Gregis, V., et al. (2020). CRISPR-mediated accelerated domestication of African rice landraces. PLoS One 15:e0229782. doi: 10.1371/journal.pone.0229782 

 Lassoued, R., Phillips, P. W. B., Smyth, S. J., and Hesseln, H. (2019). Estimating the cost of regulating genome edited crops: expert judgment and overconfidence. GM Crops Food 10, 44–62. doi: 10.1080/21645698.2019.1612689 

 Lemmon, Z. H., Reem, N. T., Dalrymple, J., Soyk, S., Swartwood, K. E., Rodriguez-Leal, D., et al. (2018). Rapid improvement of domestication traits in an orphan crop by genome editing. Nat. Plants 4, 766–770. doi: 10.1038/s41477-018-0259-x 

 Lentz, E., Eisner, S., McCallum, E., Schlegel, K., Campos, F., Gruissem, W., et al. (2018). Genetic transformation of recalcitrant cassava by embryo selection and increased hormone levels. Methods Protoc. 1:42. doi: 10.3390/mps1040042 

 Li, A., Jia, S., Yobi, A., Ge, Z., Sato, S. J., Zhang, C., et al. (2018a). Editing of an alpha-Kafirin gene family increases, digestibility and protein quality in sorghum. Plant Physiol. 177, 1425–1438. doi: 10.1104/pp.18.00200 

 Li, J., Zhang, X., Sun, Y., Zhang, J., Du, W., Guo, X., et al. (2018b). Efficient allelic replacement in rice by gene editing: A case study of the NRT1.1B gene: targeted elite allele replacement by CRISPR/Cas9 in rice. J. Integr. Plant Biol. 60, 536–540. doi: 10.1111/jipb.12650 

 Liang, Z., Zhang, K., Chen, K., and Gao, C. (2014). Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system. J. Genet. Genomics 41, 63–68. doi: 10.1016/j.jgg.2013.12.001 

 Lin, C.-S., Hsu, C.-T., Yang, L.-H., Lee, L.-Y., Fu, J.-Y., Cheng, Q.-W., et al. (2018). Application of protoplast technology to CRISPR/Cas9 mutagenesis: from single-cell mutation detection to mutant plant regeneration. Plant Biotechnol. J. 16, 1295–1310. doi: 10.1111/pbi.12870 

 Lin, Q., Jin, S., Zong, Y., Yu, H., Zhu, Z., Liu, G., et al. (2021). High-efficiency prime editing with optimized, paired pegRNAs in plants. Nat. Biotechnol. 39, 923–927. doi: 10.1038/s41587-021-00868-w 

 Lin, Q., Zong, Y., Xue, C., Wang, S., Jin, S., Zhu, Z., et al. (2020). Prime genome editing in rice and wheat. Nat. Biotechnol. 38, 582–585. doi: 10.1038/s41587-020-0455-x 

 Liu, H., Ding, Y., Zhou, Y., Jin, W., Xie, K., and Chen, L.-L. (2017). CRISPR-P 2.0: an improved CRISPR-Cas9 tool for genome editing in plants. Mol. Plant 10, 530–532. doi: 10.1016/j.molp.2017.01.003 

 Liu, L., Gallagher, J., Arevalo, E. D., Chen, R., Skopelitis, T., Wu, Q., et al. (2021). Enhancing grain-yield-related traits by CRISPR-Cas9 promoter editing of maize CLE genes. Nat. Plants 7, 287–294. doi: 10.1038/s41477-021-00858-5 

 Liu, G., Li, J., and Godwin, I. D. (2019a). “Genome editing by CRISPR/Cas9 in sorghum through biolistic bombardment,” in Sorghum Methods in Molecular Biology. eds. Z.-Y. Zhao and J. Dahlberg (New York, NY: Springer), 169–183.

 Liu, J., Nannas, N. J., Fu, F., Shi, J., Aspinwall, B., Parrott, W. A., et al. (2019b). Genome-scale sequence disruption following biolistic transformation in rice and maize. Plant Cell 31, 368–383. doi: 10.1105/tpc.18.00613 

 Lowe, K., Wu, E., Wang, N., Hoerster, G., Hastings, C., Cho, M.-J., et al. (2016). Morphogenic regulators baby boom and wuschel improve monocot transformation. Plant Cell 28, 1998–2015. doi: 10.1105/tpc.16.00124 

 Mabhaudhi, T., Chimonyo, V. G. P., Hlahla, S., Massawe, F., Mayes, S., Nhamo, L., et al. (2019). Prospects of orphan crops in climate change. Planta 250, 695–708. doi: 10.1007/s00425-019-03129-y 

 Maioli, A., Gianoglio, S., Moglia, A., Acquadro, A., Valentino, D., Milani, A. M., et al. (2020). Simultaneous CRISPR/Cas9 editing of three PPO genes reduces fruit flesh browning in Solanum melongena L. Front. Plant Sci. 11:607161. doi: 10.3389/fpls.2020.607161 

 Manghwar, H., Li, B., Ding, X., Hussain, A., Lindsey, K., Zhang, X., et al. (2020). CRISPR/Cas systems in genome editing: methodologies and tools for sgRNA design, off-target evaluation, and strategies to mitigate off-target effects. Adv. Sci. 7:1902312. doi: 10.1002/advs.201902312 

 Mishra, R., Joshi, R. K., and Zhao, K. (2020). Base editing in crops: current advances, limitations and future implications. Plant Biotechnol. J. 18, 20–31. doi: 10.1111/pbi.13225 

 Modrzejewski, D., Hartung, F., Lehnert, H., Sprink, T., Kohl, C., Keilwagen, J., et al. (2020). Which factors affect the occurrence of off-target effects caused by the use of CRISPR/Cas: a systematic review in plants. Front. Plant Sci. 11:574959. doi: 10.3389/fpls.2020.574959 

 Niklaus, M., Gruissem, W., and Vanderschuren, H. (2011). Efficient transformation and regeneration of transgenic cassava using the neomycin phosphotransferase gene as aminoglycoside resistance marker gene. GM Crops 2, 193–200. doi: 10.4161/gmcr.2.3.18866 

 Numan, M., Khan, A. L., Asaf, S., Salehin, M., Beyene, G., Tadele, Z., et al. (2021). From traditional breeding to genome editing for boosting productivity of the ancient grain Tef [Eragrostis tef (Zucc.) trotter]. Plan. Theory 10:628. doi: 10.3390/plants10040628 

 Odipio, J., Alicai, T., Ingelbrecht, I., Nusinow, D. A., Bart, R., and Taylor, N. J. (2017). Efficient CRISPR/Cas9 genome editing of phytoene desaturase in cassava. Front. Plant Sci. 8:1780. doi: 10.3389/fpls.2017.01780 

 Park, J., Choi, S., Park, S., Yoon, J., Park, A. Y., and Choe, S. (2019). “DNA-free genome editing via ribonucleoprotein (RNP) delivery of CRISPR/Cas in lettuce,” in Plant Genome Editing With CRISPR Systems Methods in Molecular Biology. ed. Y. Qi (New York, NY: Springer), 337–354.

 Peng, A., Chen, S., Lei, T., Xu, L., He, Y., Wu, L., et al. (2017). Engineering canker-resistant plants through CRISPR/Cas9-targeted editing of the susceptibility gene CsLOB1 promoter in citrus. Plant Biotechnol. J. 15, 1509–1519. doi: 10.1111/pbi.12733 

 Puchta, H. (2004). The repair of double-strand breaks in plants: mechanisms and consequences for genome evolution. J. Exp. Bot. 56, 1–14. doi: 10.1093/jxb/eri025 

 Puchta, H., Dujon, B., and Hohn, B. (1996). Two different but related mechanisms are used in plants for the repair of genomic double-strand breaks by homologous recombination. Proc. Natl. Acad. Sci. U. S. A. 93, 5055–5060. doi: 10.1073/pnas.93.10.5055 

 Rees, H. A., and Liu, D. R. (2018). Base editing: precision chemistry on the genome and transcriptome of living cells. Nat. Rev. Genet. 19, 770–788. doi: 10.1038/s41576-018-0059-1 

 Ren, Q., Sretenovic, S., Liu, S., Tang, X., Huang, L., He, Y., et al. (2021). PAM-less plant genome editing using a CRISPR–SpRY toolbox. Nat. Plants 7, 25–33. doi: 10.1038/s41477-020-00827-4 

 Robaglia, C., and Caranta, C. (2006). Translation initiation factors: a weak link in plant RNA virus infection. Trends Plant Sci. 11, 40–45. doi: 10.1016/j.tplants.2005.11.004 

 Rodríguez-Hernández, A. M., Gosalvez, B., Sempere, R. N., Burgos, L., Aranda, M. A., and Truniger, V. (2012). Melon RNA interference (RNAi) lines silenced for cm-eIF4E show broad virus resistance. Mol. Plant Pathol. 13, 755–763. doi: 10.1111/j.1364-3703.2012.00785.x 

 Rodríguez-Leal, D., Lemmon, Z. H., Man, J., Bartlett, M. E., and Lippman, Z. B. (2017). Engineering quantitative trait variation for crop improvement by genome editing. Cell 171, 470.e8–480.e8. doi: 10.1016/j.cell.2017.08.030 

 Rodriguez-Leal, D., Xu, C., Kwon, C.-T., Soyars, C., Demesa-Arevalo, E., Man, J., et al. (2019). Evolution of buffering in a genetic circuit controlling plant stem cell proliferation. Nat. Genet. 51, 786–792. doi: 10.1038/s41588-019-0389-8 

 Shan, Q., Wang, Y., Li, J., Zhang, Y., Chen, K., Liang, Z., et al. (2013). Targeted genome modification of crop plants using a CRISPR-Cas system. Nat. Biotechnol. 31, 686–688. doi: 10.1038/nbt.2650 

 Shao, X., Wu, S., Dou, T., Zhu, H., Hu, C., Huo, H., et al. (2020). Using CRISPR/Cas9 genome editing system to create MaGA20ox2 gene-modified semi-dwarf banana. Plant Biotechnol. J. 18, 17–19. doi: 10.1111/pbi.13216 

 Singh, A., Karjagi, C., and Rakshit, S. (2020). Minimally altering a critical kinase for low-phytate maize. Sci. Rep. 10:6324. doi: 10.1038/s41598-020-63016-5 

 Smith, A. M., Heisler, L. E., St.Onge, R. P., Farias-Hesson, E., Wallace, I. M., Bodeau, J., et al. (2010). Highly-multiplexed barcode sequencing: an efficient method for parallel analysis of pooled samples. Nucleic Acids Res. 38:e142. doi: 10.1093/nar/gkq368 

 Solovyev, V., Kosarev, P., Seledsov, I., and Vorobyev, D. (2006). Automatic annotation of eukaryotic genes, pseudogenes and promoters. Genome Biol. 7, S10.1–S10.12. doi: 10.1186/gb-2006-7-s1-s10 

 Song, B., Song, Y., Fu, Y., Kizito, E. B., Kamenya, S. N., Kabod, P. N., et al. (2019). Draft genome sequence of Solanum aethiopicum provides insights into disease resistance, drought tolerance, and the evolution of the genome. GigaScience 8:giz115. doi: 10.1093/gigascience/giz115 

 Steinert, J., Schiml, S., Fauser, F., and Puchta, H. (2015). Highly efficient heritable plant genome engineering using Cas9 orthologues from Streptococcus thermophilus and Staphylococcus aureus. Plant J. 84, 1295–1305. doi: 10.1111/tpj.13078 

 Stemmer, M., Thumberger, T., del Sol Keyer, M., Wittbrodt, J., and Mateo, J. L. (2015). CCTop: An intuitive, flexible and reliable CRISPR/Cas9 target prediction tool. PLoS One 10:e0124633. doi: 10.1371/journal.pone.0124633 

 Stuttmann, J., Barthel, K., Martin, P., Ordon, J., Erickson, J. L., Herr, R., et al. (2021). Highly efficient multiplex editing: one-shot generation of 8× Nicotiana benthamiana and 12× Arabidopsis mutants. Plant J. 106, 8–22. doi: 10.1111/tpj.15197 

 Svitashev, S., Schwartz, C., Lenderts, B., Young, J. K., and Mark Cigan, A. (2016). Genome editing in maize directed by CRISPR–Cas9 ribonucleoprotein complexes. Nat. Commun. 7:13274. doi: 10.1038/ncomms13274 

 Syombua, E. D., Zhang, Z., Tripathi, J. N., Ntui, V. O., Kang, M., George, O. O., et al. (2021). A CRISPR/Cas9-based genome-editing system for yam (Dioscorea spp.). Plant Biotechnol. J. 19, 645–647. doi: 10.1111/pbi.13515 

 Taagen, E., Bogdanove, A. J., and Sorrells, M. E. (2020). Counting on crossovers: controlled recombination for plant breeding. Trends Plant Sci. 25, 455–465. doi: 10.1016/j.tplants.2019.12.017 

 Tadele, Z. (2014). Role of crop research and development in food security of Africa. Int. J. Plant Biol. Res. 2:1019. doi: 10.7892/BORIS.69524

 Tadele, Z. (2019). Orphan crops: their importance and the urgency of improvement. Planta 250, 677–694. doi: 10.1007/s00425-019-03210-6 

 Tian, S., Jiang, L., Cui, X., Zhang, J., Guo, S., Li, M., et al. (2018). Engineering herbicide-resistant watermelon variety through CRISPR/Cas9-mediated base-editing. Plant Cell Rep. 37, 1353–1356. doi: 10.1007/s00299-018-2299-0 

 Tian, S., Jiang, L., Gao, Q., Zhang, J., Zong, M., Zhang, H., et al. (2017). Efficient CRISPR/Cas9-based gene knockout in watermelon. Plant Cell Rep. 36, 399–406. doi: 10.1007/s00299-016-2089-5 

 Townsend, J. A., Wright, D. A., Winfrey, R. J., Fu, F., Maeder, M. L., Joung, J. K., et al. (2009). High-frequency modification of plant genes using engineered zinc-finger nucleases. Nature 459, 442–445. doi: 10.1038/nature07845 

 Tripathi, J. N., Ntui, V. O., Ron, M., Muiruri, S. K., Britt, A., and Tripathi, L. (2019). CRISPR/Cas9 editing of endogenous banana streak virus in the B genome of Musa spp. overcomes a major challenge in banana breeding. Commun. Biol. 2:46. doi: 10.1038/s42003-019-0288-7 

 Varkonyi-Gasic, E., Wang, T., Voogd, C., Jeon, S., Drummond, R. S. M., Gleave, A. P., et al. (2019). Mutagenesis of kiwifruit CENTRORADIALIS -like genes transforms a climbing woody perennial with long juvenility and axillary flowering into a compact plant with rapid terminal flowering. Plant Biotechnol. J. 17, 869–880. doi: 10.1111/pbi.13021 

 Varshney, R. K., Chen, W., Li, Y., Bharti, A. K., Saxena, R. K., Schlueter, J. A., et al. (2012). Draft genome sequence of pigeonpea (Cajanus cajan), an orphan legume crop of resource-poor farmers. Nat. Biotechnol. 30, 83–89. doi: 10.1038/nbt.2022 

 Walton, R. T., Christie, K. A., Whittaker, M. N., and Kleinstiver, B. P. (2020). Unconstrained genome targeting with near-PAMless engineered CRISPR-Cas9 variants. Science 368, 290–296. doi: 10.1126/science.aba8853 

 Wang, X., Chen, S., Ma, X., Yssel, A. E. J., Chaluvadi, S. R., Johnson, M. S., et al. (2021). Genome sequence and genetic diversity analysis of an under-domesticated orphan crop, white fonio (Digitaria exilis). GigaScience 10:giab013. doi: 10.1093/gigascience/giab013 

 Wang, Z., Wang, S., Li, D., Zhang, Q., Li, L., Zhong, C., et al. (2018). Optimized paired-sgRNA/Cas9 cloning and expression cassette triggers high-efficiency multiplex genome editing in kiwifruit. Plant Biotechnol. J. 16, 1424–1433. doi: 10.1111/pbi.12884 

 Wang, H., Wu, Y., Zhang, Y., Yang, J., Fan, W., Zhang, H., et al. (2019). CRISPR/Cas9-based mutagenesis of starch biosynthetic genes in sweet potato (ipomoea Batatas) for the improvement of starch quality. IJMS 20:4702. doi: 10.3390/ijms20194702 

 Weiss, T., Wang, C., Kang, X., Zhao, H., Elena Gamo, M., Starker, C. G., et al. (2020). Optimization of multiplexed CRISPR/Cas9 system for highly efficient genome editing in Setaria viridis. Plant J. 104, 828–838. doi: 10.1111/tpj.14949 

 Wu, S., Zhu, H., Liu, J., Yang, Q., Shao, X., Bi, F., et al. (2020). Establishment of a PEG-mediated protoplast transformation system based on DNA and CRISPR/Cas9 ribonucleoprotein complexes for banana. BMC Plant Biol. 20:425. doi: 10.1186/s12870-020-02609-8 

 Xiao, B., Yin, S., Hu, Y., Sun, M., Wei, J., Huang, Z., et al. (2019). Epigenetic editing by CRISPR/dCas9 in plasmodium falciparum. Proc. Natl. Acad. Sci. U. S. A. 116, 255–260. doi: 10.1073/pnas.1813542116 

 Xie, K., Minkenberg, B., and Yang, Y. (2015). Boosting CRISPR/Cas9 multiplex editing capability with the endogenous tRNA-processing system. Proc. Natl. Acad. Sci. U. S. A. 112, 3570–3575. doi: 10.1073/pnas.1420294112 

 Xing, H.-L., Dong, L., Wang, Z.-P., Zhang, H.-Y., Han, C.-Y., Liu, B., et al. (2014). A CRISPR/Cas9 toolkit for multiplex genome editing in plants. BMC Plant Biol. 14:327. doi: 10.1186/s12870-014-0327-y 

 Yin, K., Gao, C., and Qiu, J.-L. (2017). Progress and prospects in plant genome editing. Nat. Plants 3:17107. doi: 10.1038/nplants.2017.107 

 Yu, H., Lin, T., Meng, X., Du, H., Zhang, J., Liu, G., et al. (2021). A route to de novo domestication of wild allotetraploid rice. Cell 184, 1156.e14–1170.e14. doi: 10.1016/j.cell.2021.01.013 

 Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K. S., Essletzbichler, P., et al. (2015). Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell 163, 759–771. doi: 10.1016/j.cell.2015.09.038 

 Zetsche, B., Heidenreich, M., Mohanraju, P., Fedorova, I., Kneppers, J., DeGennaro, E. M., et al. (2017). Multiplex gene editing by CRISPR–Cpf1 using a single crRNA array. Nat. Biotechnol. 35, 31–34. doi: 10.1038/nbt.3737 

 Zhang, F., LeBlanc, C., Irish, V. F., and Jacob, Y. (2017). Rapid and efficient CRISPR/Cas9 gene editing in citrus using the YAO promoter. Plant Cell Rep. 36, 1883–1887. doi: 10.1007/s00299-017-2202-4 

 Zhang, Y., Liang, Z., Zong, Y., Wang, Y., Liu, J., Chen, K., et al. (2016). Efficient and transgene-free genome editing in wheat through transient expression of CRISPR/Cas9 DNA or RNA. Nat. Commun. 7:12617. doi: 10.1038/ncomms12617 

 Zhang, M., Liu, Q., Yang, X., Xu, J., Liu, G., Yao, X., et al. (2020). CRISPR/Cas9-mediated mutagenesis of Clpsk1 in watermelon to confer resistance to Fusarium oxysporum f.sp. niveum. Plant Cell Rep. 39, 589–595. doi: 10.1007/s00299-020-02516-0 

 Zhang, H., Si, X., Ji, X., Fan, R., Liu, J., Chen, K., et al. (2018). Genome editing of upstream open reading frames enables translational control in plants. Nat. Biotechnol. 36, 894–898. doi: 10.1038/nbt.4202 

 Zhao, Y., Zhang, C., Liu, W., Gao, W., Liu, C., Song, G., et al. (2016). An alternative strategy for targeted gene replacement in plants using a dual-sgRNA/Cas9 design. Sci. Rep. 6:23890. doi: 10.1038/srep23890 

 Zhu, C., Zheng, X., Huang, Y., Ye, J., Chen, P., Zhang, C., et al. (2019). Genome sequencing and CRISPR/Cas9 gene editing of an early flowering mini-citrus (Fortunella hindsii). Plant Biotechnol. J. 17, 2199–2210. doi: 10.1111/pbi.13132 

 Zsögön, A., Čermák, T., Naves, E. R., Notini, M. M., Edel, K. H., Weinl, S., et al. (2018). De novo domestication of wild tomato using genome editing. Nat. Biotechnol. 36, 1211–1216. doi: 10.1038/nbt.4272 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Venezia and Creasey Krainer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 23 September 2021
doi: 10.3389/fpls.2021.735610






[image: image2]

Novel Expressed Sequence Tag-Derived and Other Genomic Simple Sequence Repeat Markers Revealed Genetic Diversity in Ethiopian Finger Millet Landrace Populations and Cultivars

Haftom Brhane1, Teklehaimanot Haileselassie1*, Kassahun Tesfaye1,2, Cecilia Hammenhag3, Rodomiro Ortiz3, Kibrom B. Abreha3 and Mulatu Geleta3


1Institute of Biotechnology, Addis Ababa University, Addis Ababa, Ethiopia

2Ethiopian Biotechnology Institute, Ministry of Science and Technology, Addis Ababa, Ethiopia

3Department of Plant Breeding, Swedish University of Agricultural Sciences, Lomma, Sweden

Edited by:
Simon E. Bull, ETH Zürich, Switzerland

Reviewed by:
Mahmoud Said, Academy of Sciences of the Czech Republic, Czechia
 Yong Suk Chung, Jeju National University, South Korea

*Correspondence: Teklehaimanot Haileselassie, tekle1961@yahoo.com

Specialty section: This article was submitted to Plant Breeding, a section of the journal Frontiers in Plant Science

Received: 02 July 2021
 Accepted: 26 August 2021
 Published: 23 September 2021

Citation: Brhane H, Haileselassie T, Tesfaye K, Hammenhag C, Ortiz R, Abreha KB and Geleta M (2021) Novel Expressed Sequence Tag-Derived and Other Genomic Simple Sequence Repeat Markers Revealed Genetic Diversity in Ethiopian Finger Millet Landrace Populations and Cultivars. Front. Plant Sci. 12:735610. doi: 10.3389/fpls.2021.735610



Finger millet (Eleusine coracana (L.) Geartn.) is a self-pollinating amphidiploid crop cultivated with minimal input for food and feed, as well as a source of income for small-scale farmers. To efficiently assess its genetic diversity for conservation and use in breeding programs, polymorphic DNA markers that represent its complex tetraploid genome have to be developed and used. In this study, 13 new expressed sequence tag-derived simple sequence repeat (EST-SSR) markers were developed based on publicly available finger millet ESTs. Using 10 polymorphic SSR markers (3 genomic and 7 novel EST-derived), the genetic diversity of 55 landrace accessions and 5 cultivars of finger millet representing its major growing areas in Ethiopia was assessed. In total, 26 alleles were detected across the 10 loci, and the average observed number of alleles per locus was 5.6. The polymorphic information content (PIC) of the loci ranged from 0.045 (Elco-48) to 0.71 (UGEP-66). The level of genetic diversity did not differ much between the accessions with the mean gene diversity estimates ranging only from 0.44 (accession 216054) to 0.68 (accession 237443). Similarly, a narrow range of variation was recorded at the level of regional states ranging from 0.54 (Oromia) to 0.59 (Amhara and Tigray). Interestingly, the average gene diversity of the landrace accessions (0.57) was similar to that of the cultivars (0.58). The analysis of molecular variance (AMOVA) revealed significant genetic variation both within and among accessions. The variation among the accessions accounted for 18.8% of the total variation (FST = 0.19; P < 0.001). Similarly, significant genetic variation was obtained among the geographic regions, accounting for 6.9% of the total variation (P < 0.001). The results of the cluster, principal coordinate, and population structure analyses suggest a poor correlation between the genetic makeups of finger millet landrace populations and their geographic regions of origin, which in turn suggests strong gene flow between populations within and across geographic regions. This study contributed novel EST-SSR markers for their various applications, and those that were monomorphic should be tested in more diverse finger millet genetic resources.
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INTRODUCTION

Finger millet (Eleusine coracana G.), which is commonly called “Ragi” in India and “Dagusa” in Ethiopia, belongs to the subfamily Chloridoideae in the family Poaceae. It is a self-pollinated (95%) amphidiploid (2n = 4x = 36; with AABB genome) cereal crop cultivated in tropical and subtropical parts of Africa and Asia (Dida et al., 2008; Goron and Raizada, 2015). A flow cytometric analysis has estimated the genome size of finger millet (1C value) to be about 1.9 pg (Mysore and Baird, 1997), which is approximately 1.86 Gbp according to the conversion factor provided in the study by Dolezel et al. (2003). The assembly of 1.18 Gbp (Hittalmani et al., 2017) of the finger millet genome is available at https://www.ncbi.nlm.nih.gov/assembly/GCA_002180455.1/. Some archeological records suggested that the cultivation of finger millet started in Ethiopia and Uganda, and later reached India during the second millennium BC (Hilu and Dewet, 1976). Finger millet is the third most important cereal crop in semiarid areas of the world, only surpassed by sorghum and pearl millet (Barbeau and Hilu, 1993). It is cultivated as a food crop for its nutritious grain with additional use of its straw as livestock feed. It is an important source of calcium, iron, essential amino acids, and dietary fiber, as well as a health-promoting substance such as anti-hypocholesterolemia, anti-hypoglycemia, and anti-ulcer compounds (Barbeau and Hilu, 1993; Chethan and Malleshi, 2007; Nakarani et al., 2021). It also serves as a source of additional income for smallholder farmers. Finger millet is recognized as a promising climate-resilient crop combining the ability to perform well on marginal lands and under moisture, salt, and acidity stress conditions and good storage quality and high nutritional value (Dida et al., 2007). However, it is one of the few research-neglected crops globally and consequently referred to as an “orphan” crop.

In Ethiopia, it is the sixth most important cereal crop after teff, wheat, maize, sorghum, and barley (Fentie et al., 2013). Its average grain yield in Ethiopia is about 2 tha−1, which can be regarded as low, but it has the potential to yield up to 3 tha−1 (CSA, 2016). Factors such as limitedly improved cultivars, not adopting new technologies, lack of agronomic packages, lodging, drought, and diseases such as head blast are major contributors to its low yield (Degu et al., 2009; Molla, 2010). Hence, overcoming these constraints including the development of new improved cultivars tolerant to biotic and abiotic stresses can boost the grain yield of the crop for its significant contribution to food security.

Finger millet genomic resources and tools including its whole genome sequence published in 2017 by Hittalmani et al. (2017) are highly important for efficient genetic improvement and conservation of the crop. However, a significant proportion of published research outputs in finger millet have limitations in terms of sample size, representativeness of diverse ecological conditions or type, and the number of markers used. In the case of Ethiopian finger millet germplasm, a few research publications used morphological (Tsehaye and Kebebew, 2002; Daba and Debelo, 2008; Tesfaye and Mengistu, 2017; Kebede et al., 2019) and DNA markers such as random amplified polymorphic DNA (RAPD) (Babu et al., 2007) and inter simple sequence repeats (ISSRs) (Brhane et al., 2017). Hence, further genetic diversity assessment is needed for crucial insight into the gene pool of the crop in the country. Simple sequence repeat (SSR) markers are among the most preferred molecular markers for population genetics analyses and have been widely used in various crops such as finger millet (Babu et al., 2014; Manyasa et al., 2015; Ramakrishnan et al., 2016; Lule et al., 2018; Pandian et al., 2018; Prabhu et al., 2018). They have been useful for molecular breeders and geneticists to associate the phenotype-genotype variations for marker-assisted selection of desired genotypes (Babu et al., 2018).

Among the SSR markers, the expressed sequence tag-derived simple sequence repeats (EST-SSRs) have become popular due to their various advantages such as high transferability among closely related taxa, relative ease, and cost-effectiveness to develop (Teshome et al., 2015; Chombe et al., 2017; Gadissa et al., 2018; Serbessa et al., 2021). Due to the fact that they represent expressed parts of a genome, they have a higher average rate of transferability across species than genomic SSRs (Gupta et al., 2003), and they are highly associated with differentially expressed genes (Saha et al., 2004). The identification of candidate genes as an input for breeding and conservation, and the analyses on population genetics are among the various applications of EST-SSR markers (Yu et al., 2011). In this study, new EST-SSR markers were developed from publicly available finger millet EST sequences as a contribution to the genetic improvement of the crop. Using these new markers and previously developed genomic SSR markers (Dida et al., 2007), the genetic diversity and the population structure of finger millet representing four geographical regions in Ethiopia were assessed to determine the extent and distribution of its genetic diversity in the country.



MATERIALS AND METHODS


Plant Material and DNA Extraction

Sixty finger millet accessions were used in this study. A total of 55 accessions were landraces originally collected from four regional states of Ethiopia (i.e., 15 from Amhara, 15 from Oromia, 15 from Tigray, and 10 from Southern Nations, Nationalities, and People's region) whereas the remaining five were improved cultivars. The landrace accessions and cultivars were obtained from the Ethiopian Biodiversity Institute (EBI) and the Bako Agricultural Research Center (BARC), respectively (Supplementary Table 1). Seeds of each accession were planted in a greenhouse at the Swedish University of Agricultural Sciences (SLU), Alnarp, Sweden. Leaf tissue was collected from young seedlings at about 3 weeks after planting, for DNA extraction. Each accession was represented by 15 individual plants. However, the samples of 29 accessions were collected individually (i.e., each accession was represented by 15 separate samples) whereas the samples of 31 accessions were collected in the pool (i.e., each accession was represented by a single pool of leaf tissue from 15 plants). Hereafter, the two groups of samples will be referred to as “indiv-accessions” and “pool-accessions,” respectively, for the sake of simplicity. For sampling, we used a deep-well plate containing two glass beads in each well. Immediately after sampling, the plate was sealed with a perforated lid, placed in a freeze drier for 4 days, and stored at −80°C until DNA extraction. Frozen samples were homogenized using a Retsch MM400 shaker (Haan, Germany) at 300 Hz for 30 s. DNA was extracted from the homogenized tissue using QIAcube HT (QIAGEN GmbH, Hilden, Germany) following a modified CTAB (Cetyltrimethylammonium bromide) procedure as described previously (Bekele et al., 2007; Tesfaye et al., 2007). A NanoDrop ND-1,000 spectrophotometer (Saveen Werner, Sweden) was used for estimating the quality and quantity of the DNA.



The Development of New EST-SSR Markers

A total of 1,956 finger millet EST sequences downloaded from the National Center for Biotechnology Information (NCBI) were analyzed for the presence of SSRs within the EST sequences using a web-based software WebSat (Martins et al., 2009). A total of 100 sequences that contained SSRs with 2–6 repeat motifs were identified among the downloaded ESTs. After excluding duplicates, overlapping and very short sequences, and sequences with more than one SSRs, 50 EST sequences suitable for designing primers were maintained. Primer pairs were designed for the 50 ESTs targeting the SSRs using a web-based Primer3 primer-designing program version 4.1.0 (Rozen and Skaletsky, 2000). Of note, 10 samples from diverse finger millet accessions were used to evaluate the primer pairs for the quality of their amplified products. This led to the selection of 13 primer pairs that specifically amplified their target SSR loci. These primer pairs were used to amplify the target EST-SSRs (for PCR conditions, see the “SSR-PCR amplification and capillary electrophoresis” section). The amplified products of the 13 loci (five samples each) were purified using the GeneJet PCR Purification Kit (Thermo Fisher Scientific, Vilnius, Lithuania) followed by the Sanger sequencing to confirm that their sequence matches the original EST sequences. The sequencing was performed at Eurofins (www.eurofins.com) using a mixture of 2 μl of 10 μM of a sequencing primer and 15 μl of a purified PCR product. Each amplified product was sequenced using both forward and reverse primers. The comparative analysis of the EST sequences containing these target EST-SSRs through the Basic Local Alignment Search Tool (BLAST) was also performed to evaluate the transferability of the repeat motif across the Poaceae species and to determine the position of the SSRs within the corresponding genes.



SSR-PCR Amplification and Capillary Electrophoresis

A total of 10 genomic SSRs reported to be highly polymorphic in the previous research (Dida et al., 2008) were screened for good amplification, polymorphism, specificity, and suitability for multiplexing using the same set of DNA samples used for testing the EST-SSRs, and three SSR loci were selected. Hence, the 13 EST-SSRs developed in this study and the 3 genomic SSRs from the study by Dida et al. (2008) were used to analyze the 60 finger millet accessions. The PCRs were performed in a volume of 25 μl containing 25 ng genomic DNA, 0.3 μM of each primer, 2 mM MgCl2, 0.3 mM dNTPs, 1 U Taq polymerase, and 1 × PCR buffer (10 mM Tris–HCl, pH 8.3, and 50 mM KCl). S1000™ Thermal Cycler (Bio-Rad, Hercules, CA, USA) was used for the amplification of the target loci using the following temperature profile: initial denaturation at 95°C for 5 min followed by 35 cycles of 30-s denaturation at 95°C, 30-s primer annealing at optimized temperature for each primer pair (ranging from 55°C to 59°C), and 1 min primer extension at 72°C, with a final primer extension at 72°C for 10 min.

The forward primers were 5′-labeled with 6-FAM™ or HEX™ fluorescent dyes. To prevent the non-template addition by Taq polymerase to the PCR products, the reverse primers were PIG-tailed with GCTTCT according to the study by Ballard et al. (2002). Prior to capillary electrophoresis, PCR amplification was confirmed by running 5 μl of the PCR products on 1.5% agarose gel containing GelRed and visualized using BioDoc-It™ Imaging System (Upland, CA, USA). The multiplexing of the PCR products was performed as described in the study by Geleta et al. (2012). The capillary electrophoresis of the PCR products was performed using an Applied Biosystems 3,500 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) at the Department of Plant Breeding, Swedish University of Agricultural Sciences, Sweden.



Data Analysis

After capillary electrophoresis, GeneMarker version 2.7.0 (SoftGenetics, LLC, State College, Pennsylvania, USA) software with default settings was used for peak identification at recommended threshold intensity. The determination of the fragment size was based on the GS600 size standard. Each peak was treated as an allele at a codominant locus, and the genotype of each individual/pool at each locus was recorded. Polymorphic information content (PIC) (Botstein et al., 1980) for each marker across all accessions was determined using PowerMarker version 3.25 (Liu and Muse, 2005). Arlequin version 3.5.2.2 (Excoffier and Lischer, 2010) was used for the analysis of molecular variance (AMOVA). The pairwise FST output in an XML format was used to generate a graph through the application of a series of R scripts within Rcmd (i.e., a console version of the R statistical package) triggered through the Rcmd command button added to Arlequin version 3.5.2.2 toolbar. The Numerical Taxonomy System (NTSYS) statistical program version 2.1 (Exeter Software, New York, USA) was used to calculate Nei's standard genetic distance (GD) as described by Rohlf (2002). These GD data were used for the unweighted pair group method with arithmetic mean (UPGMA) and neighbor-joining (NJ)-based cluster analyses using the MEGA7 program (Kumar et al., 2016). The Nei's standard GD-based principal coordinate analysis (PCoA) was performed to further display the genetic relationship between the finger millet accessions using GeneAlEx 6.41 (Peakall and Smouse, 2006). The allele data set obtained from the polymorphic loci was used to identify the genetic populations for 29 indiv-accessions using STRUCTURE software version 2.3.4 (Pritchard et al., 2000). The admixture model was adopted with 100,000 burn-in periods and 200,000 Markov chain Monte Carlo (MCMC) chain iterations. To find the optimum number of clusters, a K-value was set from 2 to 10 with 10 independent runs. STRUCTURESELECTOR (Li and Liu, 2018) was used to visualize the threshold K-value (i.e., number of clusters) based on different approaches, the median of medians (MedMedK), median means (MedMeaK), maximum of medians (MaxMedK), and maximum of means (MaxMeaK) (Puechmaille, 2016). After the optimum K-value was determined, the CLUMPACK beta version (Kopelman et al., 2015) was used to display the graphical representation of the population structure.




RESULTS


The Newly Developed EST-SSR Markers and Genetic Diversity

Thirteen new EST-SSR markers were developed in this study. The list of these EST-SSRs is given in Supplementary Table 2 along with information such as repeat motif, SSR position, the position of forward primer (start), the position of reverse primer (end), expected product size, forward and reverse primer sequences, and the full corresponding EST sequences. Six of these markers are trinucleotide repeat whereas the remaining seven are dinucleotide repeat SSRs (Supplementary Table 2). A comparative analysis of the EST sequences containing the 13 EST-SSRs against annotated genomes of Poaceae species available at https://phytozome.jgi.doe.gov/pz/portal.html (Phytozome version 12.1) showed that, on the one hand, the SSRs of Elco-33, Elco-37, Elco-39, and Elco-41 are located within the coding sequences. On the other hand, the SSRs of Elco-27 and Elco-40 are located in the 5′UTR whereas those of Elco-42, Elco-43, and Elco-48 are located in the 3′UTR (Supplementary Table 2). For example, the SSR of Elco-27 is located 13 nucleotides upstream of the start codon of the aquaporin gene. However, there was no sufficient sequence information to determine the SSR location within the corresponding genes for Elco-14, Elco-35, Elco-45, and Elco-47. Among the 13 EST-SSRs, 6 (i.e., Elco-14, Elco-35, Elco-41, Elco-43, Elco-45, and Elco-47) were monomorphic across the 60 accessions studied. The remaining seven were polymorphic and used for the analyses of population genetics together with the three polymorphic genomic SSRs (Supplementary Table 2). The three genomic SSRs (i.e., UPEG24, UPEG27, and UPEG66) were selected from those used in the study by Dida et al. (2007).

In total, 26 alleles were recorded across the 10 polymorphic loci and 60 accessions of finger millet. The observed number of alleles (Na) per locus ranged from three (in Elco-37 and Elco-42) to nine (Elco-39) with an average value of 5.62 (Table 1). The polymorphic SSR loci accurately followed their repeat motif patterns. For example, locus Elco-27 is a dinucleotide repeat SSR and had 131, 147, and 153 bp alleles (Figure 1) whereas the trinucleotide repeat locus Elco-33 had 158, 161, and 172 bp alleles. The allele pattern of the three samples in Figures 1A–C is an example that demonstrates finger millet is a tetraploid species.


Table 1. Gene diversity estimates of each indiv-accession and its mean values (row 2–34) and number of alleles (Na), observed heterozygosity (HO), within-population gene diversity (HS), total gene diversity (HT), and polymorphic information content (PIC) of each polymorphic locus across the accessions (row 35–40).
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FIGURE 1. Electrophoretograms of three finger millet samples at Elco-27 locus showing (A) homozygosity for the same allele (131 bp) in both (A,B) genomes; (B) either heterozygosity for the two alleles (147 and 153 bp) in both (A,B) genomes or homozygosity for 147 bp allele in one genome and for 153 bp in the other genome; and (C) homozygosity for 131 bp allele in one genome and heterozygosity for the two alleles (147 and 153 bp) in the other genome.


The total gene diversity (HT) of each locus across all populations ranged from 0.004 in locus Elco-48 to 0.19 in locus UPEG-66 with an average value of 0.09. Among the 29 indiv-accessions, Elco-48 was polymorphic only in two accessions (242622 and 243623), which were originally collected from western Tigray. Similarly, two accessions that were polymorphic only for Elco-48 (accessions 215908 and 215929) were identified among the pooled accessions. These accessions were originally collected from Agew Awi and Gojam, respectively. The within-population gene diversity (HS) of each locus varied from 0.004 to 0.16 with an average value of 0.08. The observed heterozygosity (HO) for each locus varied from 0.30 (Elco-48) to 0.81 (UPEG-24). The estimates of population differentiation (GST) at each locus varied from 0 (Elco-48) to 0.27 (Elco-37) with a mean of 0.12. Similarly, the lowest (0.045) and highest (0.71) PIC values were recorded for Elco-48 and UPEG-66, respectively, with a mean of 0.51 (Table 1).

The mean gene diversity estimates of each accession across the 10 polymorphic loci showed narrow variation ranging from 0.44 (accession 216054) to 0.68 (accession 237443) (Table 1). Similarly, a narrow range of variation was recorded at the level of regional states ranging from 0.54 (Oromia) to 0.59 (Amhara and Tigray). Interestingly, the average gene diversity of the landrace accessions (0.57) was similar to that of the cultivars (0.58).



Genetic Variation Within and Among Accessions

The AMOVA based on allele frequency of the 60 accessions (combined data set of indiv-accessions and pool-accessions) was conducted to determine the genetic differentiation at accession and higher hierarchical levels (Table 2). AMOVA that was conducted by grouping the accessions according to their geographic regions of origin and without grouping revealed a highly significant variation among accessions and regions as well as within accessions (Table 2; P < 0.0001). Of the total genetic variation, 18.8% accounted for the differentiation among the accessions (FST = 0.18) whereas 81.2% was varied within the accessions. Furthermore, when the accessions were pooled to their respective regions, variation among groups (regions) and among accessions within groups were 6.9 and 13.2%, respectively.


Table 2. Analysis of molecular variance (AMOVA) of 60 finger millet accessions (31 indiv-accessions plus 29 pool-accessions) without grouping and by grouping them according to their region of origin.
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GD, Population Differentiation, Cluster, and Population Structure Analyses

The Nei's pairwise GD among the 29 indiv-accessions ranged from 0 indicating high genetic similarity (215908 vs. 243640; 245088 vs. 215932; 238317 vs. 237443, and Bako-09 vs. 215943) to slightly over 0.5 showing low genetic similarity (Bareda vs. 215929, Bareda vs. 216046, and Boneya vs. 216046). Accession 216046 from Oromia is the most genetically distinct accession with a mean GD of 0.32 from the other 28 accessions. The highest GD between accessions within a region was 0.42 for Amhara (215929 vs. 215943), 0.38 for Oromia (216046 vs. 237969), and 0.31 for Tigray (238321 vs. 242623). The highest GD within the cultivar group (0.41) was recorded for Boneya vs. Addis-01 cultivar (Table 3). The mean GD between accessions within Amhara, Oromia, Tigray, and cultivar groups were 0.13, 0.10, 0.14, and 0.15, respectively. Among regions, the mean GD of 0.15, 0.18, and 0.20 were recorded for Amhara vs. Oromia, Oromia vs. Tigray, and Amhara vs. Tigray, respectively. Against the cultivars, the mean GDs of 0.27, 0.25, and 0.14 were recorded for Amhara, Oromia, and Tigray regions. The pairwise FST values demonstrated in Figure 2 are in agreement with the overall significant differentiation (FST = 0.18; P < 0.0001) among all accessions studied.


Table 3. Pairwise Nei's standard genetic distance between the 29 finger millet indiv-accessions calculated based on the data from 10 simple sequence repeat (SSR) loci.
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FIGURE 2. Graphical representation of pairwise FST between 29 indiv-accessions of finger millet.


The Nei's standard GD-based NJ dendrogram revealed six clusters with each cluster comprising accessions from different groups (i.e., geographical regions and cultivar) except Cluster-4, which comprised only two accessions from Oromia. Cluster-1 was the largest comprising eight accessions composed of three accessions from Amhara, one accession from Tigray, and four cultivars. Cluster-2 was composed of four accessions from Tigray, two from Oromia, and one from Amhara. Cluster-3 comprised one accession from Oromia and a cultivar. Cluster-5 comprised two accessions from Tigray and one from Oromia, whereas four accessions from Amhara, two from Oromia, and one from Tigray were placed in Cluster-6 (Figure 3).


[image: Figure 3]
FIGURE 3. Nei's standard GD-based NJ tree showing the clustering pattern of the 29 indiv-accessions of finger millet. Accessions sharing a symbol with the same shape and color belong to the same group (regions or cultivar).


The PCoA was used to visualize the differentiation among the 29 indiv-accessions (Figure 4). The analysis revealed that the first and second coordinates accounted for 39.8% and 18.9% of the total variation, respectively. Hence, the two coordinates together explained 58.7% of the total variation. Along the first coordinate, a group comprising eight accessions (i.e., three accessions from Amhara, one from Tigray, and four from the improved cultivar group) was separated (highlighted in light yellow) from the major group (highlighted in light green) whereas an accession from Tigray (242621) was an outlier. Similarly, three accessions were separately grouped along the second coordinate. An outlier accession (216041) was also observed along the second coordinate (Figure 4). Overall, the PCoA revealed the absence of a clear clustering pattern of the accessions according to their geographic regions of origin, similar to the results obtained through the cluster analysis (Figure 3).


[image: Figure 4]
FIGURE 4. Principal coordinate analysis (PCoA) based on 10 simple sequence repeat (SSR) markers, depicting the genetic relationship between the 29 finger millet indiv-accessions. Accessions originated from different regions and the improved cultivars were represented by different symbols.


The analysis of the population structure of the 29 indiv-accessions was conducted based on the data from the 10 polymorphic loci using STRUCTURE software. For this analysis, the approach of Puechmaille (2016) was used, which revealed that the optimum K = 3 (i.e., MedMeaK, MaxMeaK, MedMedK, and MaxMedK = 3), indicating that the individual genotypes of the 29 indiv-accessions most likely came from three genetic populations (Figure 5). The STRUCTURE output at K = 3 displayed partial membership of all indiv-accessions to more than one cluster (Figure 6), suggesting a strong population admixture.


[image: Figure 5]
FIGURE 5. Graphs displaying an optimum of three genetic clusters representing the genotypes of the 29 indiv-accessions based on the approach of Puechmaille (2016) of determining the optimum number of clusters.



[image: Figure 6]
FIGURE 6. The population genetic structure of 29 indiv-accessions of finger millet for K = 3. Each color represents a different cluster, and the different colors of each genotype represent membership in the different genetic populations. (A) Graphical representation of individual genotypes arranged according to the level of their membership in different clusters; (B) graphical display of the genetic structure of each accession (8, 8, 8, and 5 accessions representing Amhara, Oromia, Tigray, and cultivars, respectively).





DISCUSSION


The Newly Developed EST-SSR Markers and Genetic Diversity

In general, compared with other markers, the EST-SSR markers are appropriate and provide useful genetic information in diversity studies due to their high transferability across species and association with differentially expressed genes (Gupta et al., 2003; Saha et al., 2004; Varshney et al., 2005). In this study, most of the newly developed EST-SSR markers showed high transferability across different crops and they are linked to the coding regions of different genes. For example, the EST-SSR of Elco-27 is linked (only 13 nucleotides upstream of the start codon, data not shown) to the aquaporin gene in maize and rice. The aquaporin gene is responsible for water stress-induced chilling tolerance (Li et al., 2000). The EST-SSR of Elco-42 is linked to a gene coding for a chemocyanin-like protein that plays a positive role in a response to salinity stress and stripe rust in wheat (Feng et al., 2013). In addition to marking aquaporin coding genes and chemocyanin-like protein genes, the newly developed EST-SSR markers are also important for species identification, gene identification, and conservation of genetic material. In this study, 6 of the 13 newly developed EST-SSRs were monomorphic, and those that are monomorphic within E. coracana can probably serve as species-specific markers, differentiating it from other Eleusine species.

Among the seven new polymorphic EST-SSRs, three of them were located in the CDS (coding sequences) whereas four were located in either 3′UTR or 5′UTR. Interestingly, those in the CDS were more informative (mean PIC = 0.40) than the others (mean PIC = 0.24). The three SSRs in the CDS were trinucleotide repeat SSRs and hence do not cause frameshift mutations, which might have contributed to their higher polymorphism. Among the new EST-SSRs, Elco-27 and Elco-39 were the most informative with PIC values of 0.53 and 0.65, respectively. Hence, they need to be prioritized for use in population genetics studies. The level of HO obtained in this study was similar to that of Bharathi (2011) and Babu et al. (2018) who reported values ranging from 0.20 to 0.85 and from 0 to 0.88, respectively. Given that finger millet is a predominately self-pollinating species, such a relatively high level of heterozygosity is not expected. The possible explanation for high heterozygosity is the fact that it is an amphidiploid, and the SSR loci used are most likely found in both A and B genomes. Hence, although the heterozygosity within a genome can be very low due to self-fertilization, HO could be high due to the dominance of different alleles in the A and B genomes. Among the three UPEG SSR loci, UPEG24 was mapped to chromosome 3B (Dida et al., 2007). If the locus is specific to the B genome, the high heterozygosity at this locus may suggest that the locus is under selection that favors heterozygosity. This locus was associated with productive tiller number whereas UGEP66 was associated with grain yield and thousand-grain weight (Lule et al., 2018). Hence, breeders can use these markers in their marker-aided breeding programs to increase the productivity of finger millet. It is interesting to investigate if any of the alleles identified in this study at these loci are associated with desirable characteristics of these traits.

The level of genetic variation in populations can be estimated by different statistical parameters, such as HO, HT, HS, percentage of polymorphic loci (PPL), and Nei's gene diversity (HE). The PIC of an SSR locus indicates the extent of its usefulness in the determination of population genetic diversity. Similar to other population genetics parameters, the PIC of a locus is dependent on the number and frequency of alleles at that locus. The higher the PIC value of a locus, the more informative it is. In this study, a broad range of PIC values (0.05–0.71) was obtained. Interestingly, the average PIC of the seven EST-SSRs (0.31) was lower than the mean PIC of the three previously published SSRs (0.69) (Dida et al., 2008), which is expected as EST-SSRs are more conserved than genomic SSRs in general. The mean PIC values of these three primers in this study (0.69) are lower than previously reported (0.88) (Lule et al., 2018). The higher values reported in the study by Lule et al. (2018) can be explained by the more diverse germplasm used which led to the recording of a larger number of alleles (sum = 61) than those recorded in this study (sum = 20). The gene diversity estimates of the accessions varied from 0.44 (accession 216054 from Oromia) to 0.68 (accession 237443 from Amhara) with an overall mean of 0.58. To identify the local genetic diversity hot spots for finger millet, further study needs to be conducted in the localities where accessions with the above-average gene diversity estimates were obtained. Interestingly, the average gene diversity of the landrace accessions and that of the cultivars were similar, implying that breeding activities did not have a significant effect on the genetic diversity of the crop.



Genetic Variation Within and Among Populations

The AMOVA revealed significant genetic variations both among and within the finger millet accessions. A higher percentage of variation (81.23%) was detected within accessions compared with that of among accessions (18.77%), which is in line with the fact that finger millet is a predominantly self-pollinating species. Babu et al. (2014) reported 73% within-population and 27% among-population variation in the study conducted on 190 accessions of finger millet using 75 genic SSR markers. Similarly, Lule et al. (2018) found 69.52% within-population and 30.48% among-population variation in 138 finger millet accessions using SSR markers. Furthermore, research by Pandian et al. (2018) on 83 finger millet genotypes using 43 genic SSR markers revealed 77% within-population and 23% among-population genetic variation. The significantly higher within-population variation than the among-population variation in finger millet could be partly explained by the fact that farmers select finger millet genotypes based on different criteria, such as good performance in grain yield and tolerance to various biotic and abiotic stresses. Only the farmer-selected individuals contribute seeds to the next generation, and hence, the selection of genetically diverse genotypes leads to high genetic diversity within populations. The amphidiploid nature of finger millet is also another contributor to genetic variation within populations. The lower genetic differentiation among populations compared with the variation within populations, which is in agreement with other published studies (Babu et al., 2014; Lule et al., 2018; Pandian et al., 2018), could be explained by strong gene flow through the market channel-based seed exchange and the use of the same improved cultivars among neighboring regions in Ethiopia.



Genetic Relationship and Population Structure Analysis

The NJ cluster analysis of the 29 indiv-accessions revealed a weak clustering pattern of the accessions according to the geographic regions of origin of the landrace accessions, indicating that the genetic makeup of the accessions does not have a strong correlation with their geographic origin. The clustering together of accessions from different regions, as well as the placement of accessions from geographically close areas in different clusters in this study, agreed with the results of previous studies. For instance, Pandian et al. (2018) reported 3 clusters for 83 accessions of finger millet using 43 genic SSR markers, Lule et al. (2018) reported 3 clusters for 138 accessions evaluated using 20 SSR markers, and Ramakrishnan et al. (2016) reported 3 clusters for 128 Indian finger millet accessions evaluated using 87 genomic SSR markers. Given that the first two principal coordinates of the PCoA biplot (Figure 5) explained only 58.7% of the total variation, a discrepancy between the clustering patterns of the accessions displayed in the cluster analysis and PCoA is expected. However, the PCoA analysis also revealed a weak clustering of the accessions according to their geographic origin, in agreement with the result of the cluster analysis. The results suggest a strong gene flow between the geographic regions. The fact that most of the cultivars were clustered closely together suggests that they might have been developed based on genetically similar germplasm and/or selected for similar traits during the breeding process. However, Boneya and Adis-01 were described as the best cultivar in terms of grain yield and stability, tolerance to disease, and also other agronomic performance (Negash et al., 2019).

The population structure analysis distinguished three genetic groups (K = 3), which were not based on the geographical origin of the accessions. Some individual genotypes from different accessions showed highly similar genetic profiles and hence have a close relationship. Previous studies, using SSR markers on different finger millet accessions, also produced three genetic clusters having week grouping based on their geographic origin (Dida et al., 2007; Ramakrishnan et al., 2016; Lule et al., 2018; Pandian et al., 2018). All accessions and individual samples analyzed had alleles from the three genetic populations indicating strong gene flow that led to poor genetic differentiation among the accessions. Although there are some exceptions, there is a good general agreement between different analyses in terms of grouping the accessions. For example, the seven accessions in Cluster-6 of the NJ tree (Figure 3) were clustered closely together (highlighted in light yellow) in the PCoA biplot (Figure 4). Similarly, most accessions in Cluster-1 of the NJ tree (Figure 3) were mainly represented by the combinations of purple and blue clusters in the STRUCTURE output (Figure 6B), whereas most of the accessions in Cluster-6 of the NJ tree (Figure 3) were dominated by orange cluster in the STRUCTURE output (Figure 6B). Overall, given the result of the cluster and genetic structure analyses, there are indications of the complex genetic composition of finger millet landrace accessions, and this needs extensive study using different molecular tools, as in other crops (Thurber et al., 2013; Qiu et al., 2014).




CONCLUSION

The population genetics analyses using seven newly developed EST-SSR and three genomic SSR markers revealed significant genetic variation both within and among accessions, with over 80% of the variation residing within the accessions. There was also a significant variation among regions, suggesting stronger gene flow within regions than among regions. Given the results of the cluster, PCoA, and population structure analyses, it can be concluded that the grouping of the accessions is poorly correlated with the geographical origin of finger millet grown in Ethiopia. The STRUCTURE analysis revealed that the accessions belong to three genetic populations with strong admixture in each accession. Although accessions differ in the level of their genetic diversity to some extent, the level of diversity at the regional level is quite similar. This suggests that there is no hot spot for finger millet genetic diversity and all areas where the crop is grown should receive similar attention for the conservation of its genetic resources and use in breeding programs. The genetic diversity in landrace populations was also similar to that of the cultivars, and hence, the process of breeding did not lead to the loss of genetic diversity. This study contributed novel EST-SSR markers for their various applications, such as population genetics analyses and association studies, and hence, it promotes the efforts of molecular breeding in finger millet. The EST-SSRs that were monomorphic in this study should be tested in other finger millet genetic resources found in Ethiopia and beyond, to detect new alleles with potentially useful applications.
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Horsegram is a grain legume with excellent nutritional and remedial properties and good climate resilience, able to adapt to harsh environmental conditions. Here, we used a combination of short- and long-read sequencing technologies to generate a genome sequence of 279.12Mb, covering 83.53% of the estimated total size of the horsegram genome, and we annotated 24,521 genes. De novo prediction of DNA repeats showed that approximately 25.04% of the horsegram genome was made up of repetitive sequences, the lowest among the legume genomes sequenced so far. The major transcription factors identified in the horsegram genome were bHLH, ERF, C2H2, WRKY, NAC, MYB, and bZIP, suggesting that horsegram is resistant to drought. Interestingly, the genome is abundant in Bowman–Birk protease inhibitors (BBIs), which can be used as a functional food ingredient. The results of maximum likelihood phylogenetic and estimated synonymous substitution analyses suggested that horsegram is closely related to the common bean and diverged approximately 10.17 million years ago. The double-digested restriction associated DNA (ddRAD) sequencing of 40 germplasms allowed us to identify 3,942 high-quality SNPs in the horsegram genome. A genome-wide association study with powdery mildew identified 10 significant associations similar to the MLO and RPW8.2 genes. The reference genome and other genomic information presented in this study will be of great value to horsegram breeding programs. In addition, keeping the increasing demand for food with nutraceutical values in view, these genomic data provide opportunities to explore the possibility of horsegram for use as a source of food and nutraceuticals.
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INTRODUCTION

Horsegram [Macrotyloma uniflorum (Lam.) Verdc., also known as Dolichos biflorus and Dolichos uniflorus], is a self-fertile cleistogamous species with a diploid chromosome number of 2n=20. It is an annual short-day (SD) climbing legume with a thermo- and photosensitive phenology. However, some lines show day-neutral characteristics as well, and these mature within 120–180days. Horsegram is a member of the family Fabaceae, and it is largely cultivated for food in countries in temperate and subtropical regions, including in India, China, Philippines, Bhutan, Pakistan, Sri Lanka, and Australia (Krishna, 2010). It is an excellent source of phosphorous, iron, molybdenum, vitamins (carotene, thiamine, riboflavin, niacin, and vitamin C), and calcium (Gopalan et al., 1989; Sodani et al., 2006). Its seeds contain about 23% protein and are richer in lysine (an essential amino acid) content than pigeon pea and chickpea, making it a good complement to a cereal-based diet. Its seed and its extracts are widely prescribed in Ayurvedic medicine to treat numerous health disorders, including rheumatism, renal stones, worm conjunctivitis, and piles. The seeds also contain important anti-nutritional proteins, such as trypsin inhibitors and lectins (Liener, 1970). Its high levels of dietary fiber and molecular tannins, low levels of lipids and sodium, and slowly digestible starch make it suitable for a cardio diet and for diabetic and obese patients (Bazzano et al., 2001). Furthermore, horsegram is particularly rich in the antioxidants such as polyphenols, proteins, and flavonoids. Because of its large amount of digestible protein and small amount of digestive inhibitors, it is widely used as feed for milch animals and horses. Overall, horsegram has the potential to serve as food, as forage, and as a nutraceutical to combat malnourishment (Morris, 2008). Despite these benefits, a lack of genomic data has impaired the crop improvement of this species. To date, there have been a very limited number of reports on the transcriptomics and identification of microRNAs and simple sequence repeat (SSR) markers (Bhardwaj et al., 2013; Kaldate et al., 2017) in this species. Genotyping using next-generation sequencing (NGS) technologies has made it feasible for any crop to acquire many genome-wide single nucleotide polymorphism (SNP) markers over a short period, which can be used for genetic estimation of diversity, association mapping, and genetic enhancement through molecular breeding.

The lack of genomic resources and the scarcity of scientific research on this neglected legume prompted us to describe the first whole-genome sequence of the high-yield horsegram variety PHG-9, using both short- and long-read sequencing technologies. We used a ddRADSeq approach to genotype 40 horsegram germplasms to understand genetic diversity and identify markers for molecular breeding.



MATERIALS AND METHODS


High Molecular Weight DNA and RNA Isolation

Genomic DNA (gDNA) was isolated from horsegram variety PHG-9 (Supplementary Figure S1) using the DNAeasy Plant Mini Kit as per the manufacturer’s instructions (Catalog # 69104, Qiagen), and the DNA quality was checked using a NanoDrop device. The RNA from root and leaf tissues was isolated using TRIzol reagent (Catalog # 15596026, Invitrogen), followed by the procedure of the Direct-zol RNA MiniPrep kit (Catalog # R2050, Zymo Research). The integrity and quantity of the RNA were checked using the Agilent 4200 TapeStation system. Then, the RNA from root and leaf tissues was mixed in equimolar proportions and processed as a single sample for RNA-seq library preparation.



Sequencing Library Preparation and Sequencing

Genomic DNA in the amount of 1μg was fragmented, and a paired-end library was prepared using a NEBNext Ultra DNA library Prep Kit for Illumina (NEB#E7370S/L) following the instructions provided in the user’s manual. In brief, fragmented DNA was end-repaired, and the adapter was ligated, followed by incubation at 20°C for 15min in a thermal cycler. Adapter-ligated DNA ranged from 400 to 500bp was selected using AMPure XP beads, followed by PCR enrichment and PCR cleanup. For RNA-seq library preparation, the TruSeq Stranded Total RNA Library Prep kit was used. Initially, the ribosomal RNA fraction was depleted and processed to prepare the RNA-seq library, as per the instruction manual. The DNA and RNA libraries were sequenced at 2×250, 2×100 ntds using an Illumina HiSeq2500. High-quality and high molecular weight gDNA was used to prepare a 20-kb insert size PacBio library, as detailed in the instruction manual1 and was sequenced on the PacBio Sequel system.



Checking Sequence Data Quality and Filtering

The raw reads for Illumina (181,192,098 paired reads of lengths of 250 ntds) and PacBio (1,074,434 reads) were processed, and low-quality bases were removed. High-quality reads were aligned to the Plant Organelle database, and unmapped reads were considered for nuclear genome assembly. RNA-seq reads (110,054,066 paired reads of length 100 ntds) were pre-processed, and reads belonging to rRNA genes were removed by mapping to the SILVA rRNA database (Quast et al., 2012).



Genome and Transcriptome Assembly

Illumina short-read data were assembled using MaSuRCA assembler. Hybrid assembly was performed using MaSuRCA with Illumina and PacBio data. The transcripts were assembled using RNA-seq data with a Trinity assembler (Grabherr et al., 2011). Transcriptome assembly was used to scaffold the hybrid assembly using the L_RNA_scaffolder tool (Xue et al., 2013). Genomic completeness was assessed using BUSCO v.3.0.2 (Simão et al., 2015).



Horsegram Repeat Annotation and Comparative Analyses

A de novo and structure-based approach was used to annotate the repeats in horsegram and in five related legume genomes. The genome sequences of five legume genomes, Medicago truncatula (barrel medic Mt4.0), Glycine max (soybean Williams82-V4), Phaseolus vulgaris (common bean, G19833 V1.0), Vigna angularis (adzuki bean v1.0 JyYc), and Vigna radiata var. radiata (mung bean V1.0 VC1973A), were obtained (Schmutz et al., 2010, 2014; Young et al., 2011; Kang et al., 2014, 2015) from the legume information system database.2 The EDTA tool (Ou et al., 2019) was used to predict the whole genome repeat proportion in the six legume genomes. The LTR assembly quality of the six legume genomes was estimated using the LTR assembly index (LAI) tool (Ou et al., 2018). In addition, the LTR_retriever (Ou and Jiang, 2018), integrated with the EDTA, was used to estimate the age of full-length LTRs with the default parameters, and the LTR subfamily was classified using the program TEsorter (Zhang et al., 2019). The scaffolds/contigs were used to predict SSRs using the MicroSatellite (MISA) identification tool (Thiel et al., 2003) and classified into Class-I and Class-II SSRs (Temnykh et al., 2001).



Prediction of Genes and Functional Annotation

The repeat-masked (by RepeatMasker tool) genome was used for gene prediction. Arabidopsis was the model, and RNA-seq data were taken as hints to predict the genes using the AUGUSTUS tool (Stanke et al., 2006). The predicted CDSs were compared against the NCBI plant non-redundant protein database using the BLASTX program. Matches with e-values ≤10−5 and similarity scores of ≥40% were retained for further annotation. RNA-seq evidence for predicted genes was identified by mapping these gene sequences to Trinity-assembled transcripts using the BLAST tool. The protein domains (Pfam), gene ontology (GO) annotations, and KEGG pathways were assigned to predict genes using InterProScan 5.36–75.0 (Jones et al., 2014), and the plant metabolic network was assigned based on BLASTP alignment.



Orthologous Gene Clustering and Prediction of Transcription Factors

The OrthoVenn2 web platform was used to cluster genes using default parameters (Xu et al., 2019). The predicted genes of the horsegram were compared to previously reported protein sequences of Phaseolus vulgaris (common bean), Vigna angularis (adzuki bean), Vigna radiata var. radiata (mung bean), Glycine max (soybean), and Medicago truncatula (barrel medic). The Transcription Factors (TFs) were predicted by comparing horsegram genes to the plant transcription factor database v5.0. The TFs of the aforementioned legumes were downloaded from the plant TFs database3 and clustered using OrthoVenn2 to check the conserved TFs between these important legumes.



Divergence Analyses

In the phylogenetic analyses, 11,647 orthologous genes were identified between horsegram and its related legume species, and they were compared to construct a data matrix consisting of a concatenated alignment of 14,267,980bps. The sequences of individual orthologous gene sets were aligned using ClustalW version 2.1 (Larkin et al., 2007), and poorly aligned regions were removed using trimAL version 1.2 (Capella-Gutiérrez et al., 2009). Trimmed sequences were concatenated using the Phyutility program (Smith and Dunn, 2008) to produce the final data matrix. The phylogenetic relationships were inferred using the maximum likelihood method implemented in RAxML version 8.0.0 (Stamatakis, 2014) with rapid bootstrapping (100 replications) and a GTRGAMMA substitution model. The resulting phylogenetic tree was visualized using the web server of the Interactive Tree of Life version 4 (Letunic and Bork, 2019).

Ks analyses (distribution of synonymous substitutions) were performed as described previously (Kagale et al., 2014). Briefly, for each pair of orthologous genes between horsegram and other legume species, protein sequences were aligned using ClustalW version 2.1 (Larkin et al., 2007), and the corresponding codon alignments were produced using PAL2NAL (Suyama et al., 2006). The Ks values for each sequence pair were calculated using the maximum likelihood method, implemented using codeml from the PAML package (Yang, 2007) under the F3x4 model (Goldman and Yang, 1994). Histograms were generated using log-transformed Ks values >0.001. Gaussian mixture models were fitted to the ln (Ks) values using the R package Mclust, and the number of Gaussian components, the mean for each component, and the data fractions were calculated. The Bayesian information criterion was used to determine the best-fitting model to the data. The fit of the determined models was confirmed using χ2 tests.



Horsegram Germplasm Sequencing

Genomic DNA was isolated from young leaves of 40 horsegram germplasm accessions using the DNAeasy Plant Mini Kit (catalog # 69104, Qiagen). The quality and quantity were checked using a NanoDrop device, a Qubit assay, and agarose gel electrophoresis. Double-digested restriction associated DNA (ddRAD) libraries were prepared. In brief, 250–1,000ng DNA was digested with two units MlucI and four units SphI restriction enzymes at 37°C overnight followed by AMPure purification. Adapters specific to MlucI and SphI were ligated to the double-digested DNA using T4 DNA ligase at room temperature for 30min and then heat killed at 65°C for 15min. Equal volumes of five samples of ligated DNA were combined to prepare one Illumina library. (In total, eight libraries were prepared for 40 samples.) The samples were size selected (370–470bp) on a 2% SYBR safe gel and purified. The samples were enriched in nine cycles of PCR amplification, and the PCR products were purified using AMPure beads. The concentration of the ddRAD libraries was checked using Qubit, and the quality was assessed using Agilent 2200 TapeStation on a D1000 ScreenTape system. The ddRAD libraries were paired-end (2×100 ntds) sequenced using Illumina HiSeq2500.



ddRAD Data Pre-processing, Variant Calling, and Functional Annotation of SNPs

The raw reads for all libraries were demultiplexed based on an internal barcode, and sequences were indexed using the process_radtags.pl script in the STACKS tool (Catchen et al., 2013). Low-quality bases were trimmed using the cutadapt tool (Martin, 2011). Processed reads were mapped to the PHG-9 genome as a reference using Bowtie2 (Langmead and Salzberg, 2012), and BAM files were used as an input to call SNPs using SAMtools (Li et al., 2009). All aligned files were converted into the SAM format, and the SNPs were called using SAMtools and bcftools. The alignment data were filtered to retain only high-quality SNPs with a minimum mapping quality of 30, a read depth (DP) of 5, and a minimum allele frequency (MAF) of 0.1 using Tassel-5 (Bradbury et al., 2007). The SnpEff 4.3 (Cingolani et al., 2012) was used to annotate the filtered variants to establish their potential effects on associated genes. Admixture-1.3 (Alexander and Lange, 2011) was used to estimate population structure as detailed previously in other legumes (Li et al., 2018; Wang et al., 2019). To define the most optimal K value, the cross-validation (CV) procedure was followed by running K=2 to 10. CV error was plotted against all of the assumed population sizes to determine the optimum K value.



Powdery Mildew Disease

In all, 40 germplasms were screened for powdery mildew disease. The severity of the disease was recorded using a rating scale from 0 to 5 measuring the leaf coverage of the powdery mildew, where 0=immune, 1=resistant, 2=moderately resistant, 3=moderately susceptible, 4=susceptible, and 5=highly susceptible. A total of 3,810 SNPs were filtered for a minor allele frequency of 1% and missing genotype of 50%. The missing calls were imputed using Beagle version 5.1 with default criteria (Browning et al., 2018). The imputed SNP genotyping data and log-transformed powdery mildew data were utilized for genome-wide association studies (GWAS). A multi-locus mixed linear model was employed to perform GWAS using GAPIT in R (Lipka et al., 2012). Significant SNPs were identified using at a 5% false discovery rate (FDR). The sequence information of annotated genes was retrieved from the region 200kb upstream and downstream in associated SNPs. The sequence homology search was performed by applying BLAST against the Plant Resistance Genes Database (PRGdb; Osuna-Cruz et al., 2018) and the UniProt database for reviewed genes of powdery mildew disease across different crop species.




RESULTS


Genome Sequencing and Assembly

A hybrid genome sequencing approach involving short-read (Illumina) and long-read (PacBio) sequencing technologies was used to assemble the genome sequence of the horsegram variety PHG-9. Illumina paired-end library preparation and sequencing on HiSeq generated 181 million 2×250bp reads (45.30Gb of data). PacBio Sequel sequencing generated 1.07 million reads (6.9Gb of data). Approximately 110 million reads were generated using the strand-specific RNA-sequencing method. A combination approach was used to obtain a reference horsegram genome assembly (Mahesh et al., 2016). First, Illumina short-read sequences were assembled into contigs using the MaSuRCA (Zimin et al., 2013) genome assembler. This resulted in a total of 108,849 contigs, with the largest contig size of 36,091bp and an N50 contig length of 3,372bp. Then, the PacBio long-read sequences were used to build scaffold-level assemblies using MaSuRCA assembler. This enabled us to construct scaffolds by filling gaps left by the Illumina sequence-based assembly.

A combination of genome (Illumina and PacBio Sequel) and transcriptome (Illumina) data with hierarchical scaffolding resulted in a consensus genome size of 279.12Mb and a N50 size of 111,472bp (Table 1). This generated 5,854 scaffolds (>1kb) in the assembly with a largest scaffold size of 754,305bp and 72.6% total assembled genome in the scaffolded contigs. The completeness of the genome and gene repertoire was assessed using BUSCO. Based on a core set of 1,440 single-copy ortholog (SCO) genes from the Embryophyta lineage (includes 30 different species), 91.8% were complete in the assembly (84.7% as single copies, 7.1% as duplicates), where 1.8% were fragmented and 6.4% were missing (not found), which indicates that the assembly represented a substantial fraction of the horsegram gene space (Supplementary Figure S2).



TABLE 1. Genome assembly and annotation statistics of horsegram.
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Gene Prediction and Functional Annotation

The prediction of the horsegram genome’s protein-coding genes was done using ab initio and homology-based methods. A repeat masked genome was subjected to gene prediction by providing RNA-seq assembled transcripts as hints using the Augustus tool (Stanke et al., 2006). In total, we predicted 24,521 genes with an average gene length of 1,383bp, whose total length was 33,902,758bp (12.15% of the entire assembled genome). We annotated 147,389 exons with an average length of 230bp and an average of six per gene (Table 1).

Among 24,521 predicted genes, 24,143 had significant matches (>60% similarity at the protein level) to existing proteins in the NCBI database. More horsegram proteins showed homology to Phaseolus vulgaris (common/French bean), followed by Vigna angularis (adzuki bean, syn. Phaseolus angularis), Vigna radiata var. radiata (mung bean or green gram), Glycine max (soybean), Glycine soja (wild soybean), and Cajanus cajan (pigeon pea). More than 69% of predicted genes (17,163 genes) were confirmed by RNA-Seq evidence. The protein family (Pfam) database was used to assign Pfam domain to 19,999 proteins; of these, 11,657 proteins had only one Pfam domain, and 8,342 proteins had more than two Pfam domains. Relative abundance analyses showed that pentatricopeptide repeats (PF01535, PF13041) were the most abundant in horsegram, followed by protein kinase (PF00069), WD domain G-beta repeat (PF00400), leucine-rich repeat (PF13855), protein tyrosine kinase (PF07714), and RNA recognition motif (PF00076) domains.



Repetitive Sequences and Comparative Analyses With Relative Legume Genomes

De novo repeat analyses revealed that approximately 25% of the horsegram genome was occupied by repetitive sequences (Table 2). A major fraction of the genome was occupied by class I retrotransposons (13.57%), followed by class II DNA transposons (11.35%). Among the class I retrotransposons, LTR gypsy (5.57%) and LTR copia (5.35%) were the major contributors to the horsegram genome. A comparison of horsegram genome repeat content to the five previously published legume genomes revealed very low repeat content in the horsegram genome (Figure 1A). The repetitive elements in each of the five legume genomes were annotated using different approaches. To facilitate the comparison and CV, we re-annotated the repeat elements in these species using the same approach as that used for horsegram.



TABLE 2. Summary of repeat proportion in the horsegram genome.
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FIGURE 1. Comparison of repeats in horsegram and the genomes of related legumes. (A) Repeat proportions in the six legume crops using the EDTA approach compared to those previously reported. (B) LTR assembly index in the six legume genomes. (C) Copy numbers of full-length LTRs in six legume genomes. (D) Full-length LTRs and age-distribution in six legume genomes. Age of full-length LTRs from 14 different families in horsegram, barrel medic, soybean, common bean, adzuki bean, and mung bean.


The EDTA method predicted a slightly higher repeat content in four of the five legume genomes than the previous estimation (Schmutz et al., 2010, 2014; Young et al., 2011; Kang et al., 2014, 2015). Soybean had 9% fewer repeats than in the previous estimation, but in soybean, >25% unknown LTR fragment corresponded to 9.2% annotated repeats in our current approach, suggesting a more stringent filtering than the EDTA method (Figure 1A). In addition, we evaluated the quality of the assembled genomes using the overall LAI. The genome assemblies developed by long-read assemblies provide a superior assembly of the LTR indices than the short-read assemblies. Our analyses indicated that three long-read-based assemblies (horsegram, barrel medic, and common bean) had higher LAIs (>10), which is indicative of a good genome assembly, while the other three genomes assembled by short reads had lower LAI scores, namely <5 (Figure 1B).

fl-LTRs are not only important for the increase in genome size but also for the evolution of the genome. We identified 547 fl-LTRs belonging to 12 different families in the horsegram genome (Figure 1C). Among the 12 different families, ALE was the most abundant, with 157 copies, followed by the Reina family, with 73 copies. Age analyses of ALE LTR revealed that 96 (61%) copies had less than one million years of age, suggesting recent and continuous proliferation of ALE LTRs in the horsegram (Figure 1D). Similarly, analyses of five other related legume genomes showed a varying number of fl-LTR elements in each genome. For example, common bean contained 2,051 Retand family elements, while soybean contained 1,244 SIRE family elements (Figure 1C). Interestingly, six of the genomes were dominated by different families, each with a recent proliferation (Figure 1D).



Comparison of Gene Families Among Selected Legumes

A total of 206,480 genes from six legumes, including horsegram (24,521), common bean (27,996), adzuki bean (28,285), mung bean (21,570), soybean (56,209), and barrel medic (47,899), were clustered using the OrthVenn2 tool. Among these species were 26,899 gene clusters (164,679 genes), of which 23,855 core orthologous gene (COG) clusters had genes from at least two species (Figure 2A) and 3,044 SCO gene clusters contained at least one gene from each species. In horsegram, out of a total 24,521 genes, 22,057 genes were clustered into 19,456 COGs and 2,464 singletons that were unique to horsegram. The similarity matrix for pairwise genome comparison showed that the horsegram–soybean combination had more orthologous clusters (21,491), followed by horsegram combinations with common bean (21,425), adzuki bean (21,396), barrel medic/Medicago (21,356), and mung bean (21,339).
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FIGURE 2. Orthologous gene clustering and phylogenetic relationship. (A) Venn diagram showing shared and specific gene clusters among the six major legumes as determined by OrthoVenn. An e-value cutoff of 1e−5 was used for the protein similarity search, and inflation value of 1.5 was used for orthologous clustering. (B) Frequency distribution of Ks values obtained by pairwise comparison. (C) Phylogenetic tree showing evolutionary relationships among six legumes inferred by single-copy orthologs.




Divergence and Evolution

We compared the gene coding sequences of the six legume species to determine their phylogenetic relationships (Figure 2B). A supermatrix was constructed consisting of 11,647 orthologous genes in a concatenated alignment of 14,267,980bp, which was used to define evolutionary relationships among the legume species. Maximum likelihood revealed that horsegram is most closely related to common bean, followed by adzuki bean, mung bean, soybean, and barrel medic (Figure 2B).

To assess the relative age of separation between horsegram and the other species, we estimated Ks, the level of synonymous substitutions, using pairs of orthologous sequences between horsegram and other legumes. Major peaks in each Ks distribution were identified using mixture model analyses, as described previously (Kagale et al., 2014). Based on a synonymous substitution rate of 8.3×10−9, extrapolated using an established age of 19.2 million years for the divergence of Phaseolus and Glycine (Lavin et al., 2005) and the geometric mean of the peak observed in each Ks distribution (Supplementary Table S1), the age of divergence between horsegram and the other leguminous species was estimated. It was 10.17 million years for common bean and 11.89, 12.49, 14.43, and 35.57 million years ago for adzuki bean, mung bean, soybean, and barrel medic, respectively (Figure 2C).



Transcription Factors

We identified 1,680 genes encoding TFs belonging to 58 families in the horsegram genome. basic helix–loop–helix (bHLH), ethylene response factor (ERF), C2H2, WRKY, NAC, MYB, and bZIP were the major TF families. Their relative abundances were compared across the five major legume species, and their proportions were similar in each species (Supplementary Table S2). To confirm the extent of the conservation of TFs among the legume species, the TFs were clustered using OrthoVenn2 (e-value 1e−5 and inflation value 1.5). Out of 1,680 TFs in horsegram, 848 were clustered in 766 orthologous clusters (61 were single-copy gene clusters), which implies their conservation among these legume species, and 75 TFs were unique to the horsegram. MuNAC4 (NCBI protein accession number HS109648) and MuWRKY3 (NCBI protein accession number KM520390.1) have previously been cloned in horsegram and over-expressed in groundnut to impart drought tolerance (Pandurangaiah et al., 2014; Kiranmai et al., 2018). These two TFs were predicted via BLAST similarity searches to be present in the horsegram. MuNAC4 showed 99.21% nucleotide identity and 93% query coverage with the Mu_g21627.t1 gene. Similarly, MuWRKY3 showed 99.8% nucleotide identity and 99% query coverage with the Mu_g13338.t1 gene. This confirms the accuracy of our prediction model.



Stress Responsive and Anti-nutritional Genes

The inherent stress resilience in horsegram could be partly attributed to 6,347 genes with Pfam domains related to biotic and abiotic stresses (Hittalmani et al., 2017). The PPR repeat, protein kinase, leucine-rich repeat, protein tyrosine kinase, ring finger, salt stress response/antifungal, d-mannose binding lectin, NB-ARC domain, late embryogenesis abundant protein, BTB/PZ domain, CB domain, U-box domain, legume lectin domain, lipoxygenase, NAD-dependent epimerase/dehydratase family, universal stress protein family, HSP70 protein, galactose-binding lectin domain, and dehydrin were some of the major-stress associated Pfam domains enriched in the annotated genes of horsegram.

Out of 34 genes with lipoxygenase function, Mu_g15332.t1 and Mu_g08128.t1 had ~92% sequence homology to previously cloned lipoxygenase gene (NCBI accession number KJ886941.1), exhibiting defense against pests and pathogens (Roopashree et al., 2006). In addition, BLAST analyses with drought-induced ESTs (958 ESTs retrieved from GenBank NCBI accession numbers DR988679–DR989637) showed sequence similarity with previously annotated genes of horsegram (Reddy et al., 2008). Among the 958 ESTs, 461 mapped to 296 genes that indicated a role in stress tolerance (Supplementary Data S1).

Proteinase inhibitors serve as a means of defense against pests and diseases in addition to controlling protease activity in plants. We identified 35 genes based on Pfam domains encoding various protease inhibitors, such as serine Bowman–Birk protease inhibitor (BBI), LTP family/protease inhibitor, serpin (serine protease inhibitor), trypsin, and protease inhibitor (Supplementary Data S2). Mu_g18571.t1, which codes for BBI, had sequence homology with an already cloned gene (NCBI nucleotide accession JQ259858.1).



Genes Involved in Photoperiod Sensitivity in Horsegram

The transition of apical meristem from the vegetative to reproductive (flowering) stage is a very crucial stage in the life cycle of any plant. Horsegram is a SD photoperiod-sensitive plant, and it flowers in shorter photoperiods. The development of photoperiod-insensitive horsegram varieties plays a major role in growing this nutri-legume in many cultivation areas and in different cropping seasons. The cloned and characterized CONSTANS (CO) and HEADING DATE1 (Hd1) genes (Putterill et al., 1995; Yano et al., 2000), which promote flowering under SD conditions in Arabidopsis and Oryza, respectively, were predicted in horsegram through a protein–protein homology search. The Mu_g12727.t1 gene was found to share 49 and 46% homology with the CO and Hd1 genes, respectively. This gene contains CCT (CONSTANS, CO-like, and TOC1) motif and B-box zinc finger domains based on Pfam domain analyses. The CCT domain contains 43 amino acids near the C-terminal end of the protein often involved in light signal transduction. It has been reported that the CCT domain is associated with other domains, such as the B-box zinc finger, GATA zinc finger, and TIFY (previously known as ZIM) motif. Pfam analyses identified 36 genes with these domains in horsegram (Supplementary Data S3); further, 20 previously validated Arabidopsis and Oryza protein sequences with a CCT domain were retrieved from UniProt and aligned with Mu_g12727.t1 to determine their evolutionary relationship (Supplementary Figure S3).



Large-Scale Identification of Genetic Markers

In silico prediction of the horsegram genome provided 77,821 SSRs including mono- (63,087), di- (10,755), tri- (3,882), tetra- (3), penta- (0), and hexa- (94) nucleotide repeats. Of 5,854 scaffolds, 4,468 contained SSRs that contributed to 0.874% (2,438,790 bases) of the total horsegram genome. Among di-nucleotides, AT/AT (7,407) repeats were the most abundant, followed by AG/CT (2,309), AC/GT (1,031), and CG/CG (8). Similarly, AAT/ATT (1,864) repeats were followed by AAG/CTT (713), ATC/ATG (411), AAC/GTT (315), ACC/GGT (223), AGG/CCT (135), AGC/CTG (103), ACT/AGT (59), CCG/CGG (35), and ACG/CGT (24). Interestingly, only one type of tetra-repeat (AGAT/ATCT) was identified. The classification of di-, tri-, and tetra- SSRs based on length of repeat motif resulted in 109 (16 di-, one tri-, three tetra-, and 89 hexa-) hypervariable (Class I with ≥20bp repeat motif) and 8,459 (4,962 di-, and 3,497 tri-) potentially variable (Class II with >12 to <19bp) SSRs in the horsegram genome. The remaining 4,211 SSRs were <12 ntds in length (Supplementary Table S3).



Germplasm Sequencing, SNP Identification, and Genetic Diversity

Genome-wide SNPs were identified in a total of 40 diverse germplasms using ddRADSeq technology to understand and study the genome-wide variability in the horsegram. Sequence-based barcoding followed by a pooling of eight genotypes per library and sequencing on Illumina HiSeq2500 generated a total of ~162.6 million paired reads with an average of four million reads per genotype (Supplementary Table S4). Filtered and high-quality reads were aligned to the reference genome. A total of 18,032 SNPs were identified across 40 germplasms at a read depth of 10 and an MAF of 0.05. The population structure of 40 germplasms based on multi-locus SNPs was estimated using the ADMIXTURE tool. Using the maximum likelihood method, the optimal partitioning of the population with lowest CV error was obtained at K=3 (Figures 3A,B). The dendrogram based on SNP markers grouped 40 germplasms into three distinct clusters (Figure 3C) indicating low genetic diversity among horsegram germplasm selected for ddRADSeq. The estimated Tajima’s D value was 3.74, indicating a lack of rare alleles in the germplasm population. Out of 40 germplasms, five germplasms, namely TCR1734, TCR1572, TCR1635, IC385836 and IC139556, were admixed (AD) genotypes. BGM-1 and AK26 varieties were bred systematically and were assigned to cluster III (SP3; Figures 3A,C).
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FIGURE 3. Population structure of horsegram germplasm accessions. (A) Population stratification of 40 horsegram germplasm accessions. (B) Principal component analyses showing four groups of germplasm. (C) Genome-wide single nucleotide polymorphisms (SNPs) based on a dendrogram showing the genetic diversity of horsegram germplasm accessions with reference to PHG-9 reference genome.




Functional Annotation of the SNPs

Approximately 3,942 high-quality SNPs (MAF=0.01, DP=5) were retained for downstream analyses, of which 2,277 (57.76%) were transition substitutions (1,145 A/G and 1,132 C/T), and 1,665 (42.24%) were transversion substitutions (404 G/T, 313 G/C, 399 A/C, and A/T 549). This SNP pattern showed that transition substitutions were predominant; the transition-to-transversion rate was 1.37 in the selected horsegram germplasm. These SNPs were annotated using the SnpEff tool to understand their potential effects in their genomic locations. Of 3,942 SNPs, 1,150 (18.73%), 435 (7.085%), 2,931 (47.736%), 528 (8.599%), 986 (16.059%), 58 (0.945%), 32 (0.521%), and 20 (0.326%) spanned the downstream, exon, intergenic, intron, upstream, 3'-UTR, 5'-UTR, and splice site regions, respectively (Supplementary Figure S4). Furthermore, functional classification in the coding region of genes revealed 233 missense/nonsynonymous, 12 nonsense/stop gained, and 178 silent/synonymous mutations (Supplementary Table S5).



Genome-Wide Association for Powdery Mildew Disease

Powdery mildew disease caused by the biotrophic parasite Erysiphe polygoni causes chlorosis followed by drying of leaves and defoliation and results in 70–80% yield loss and poor-quality grains (Figure 4A). The field evaluation of 40 horsegram germplasms revealed wide variation in disease expression (Figure 4B). A total of 4,624 variants were used for GWAS analyses, and we identified 10 significant SNPs (value of p, 5.43×10−5 to 4.45×10−22) associated with powdery mildew resistance in horsegram, with effect estimates ranging from 0.03 to 0.15 (Table 3; Figures 4C–E). Using the SnpEff annotation tool, the functionality of the associated SNPs was assigned, and we found five SNPs in the downstream region, three in intergenic regions, whereas S_64394 and S_68796 were in intron and upstream regions, respectively. A further comparison of genes was conducted ~200kb upstream and downstream of the scaffold of associated SNPs with PRGdb (Sanseverino et al., 2010), and Uniprot reviewed database for powdery mildew disease resistance genes. The SNPs were highly comparable with the candidate genes governing powdery mildew resistance in Hordeum vulgare and Arabidopsis. The overall comparison of annotated SNPs with the PRGdb indicated the putativeness of the genomic regions contributing to disease resistance in horsegram and candidate genes from Uniprot database for powdery mildew identified in the several crop species has been represented in the Circos (Figure 4F).

[image: Figure 4]

FIGURE 4. Genome-wide association analyses of powdery mildew disease. (A) Different stages of disease progression. (B) Violin plots depicting phenotypic distribution of powdery mildew disease scores among 40 horsegram germplasms. (C) Quantile–quantile plot of SNPs. (D) Manhattan plot of the associated SNPs. The plot shows negative values of p on a log 10 scale (y-axis) plotted against SNP positions of scaffold (x-axis). (E) Distribution of G and A alleles of S_30879 SNP. (F) Circos diagram showing the homology of SNP-associated horsegram genes with cloned resistance genes against powdery mildew in the Plant Resistance Genes database (blue concentric ring) and UniProt database for powdery mildew (red concentric ring). The SNPs (brown) on scaffolds (green) of horsegram with predicted genes are shown in gray.




TABLE 3. Significant markers associated with powdery mildew in horsegram.
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DISCUSSION

Horsegram is a nutritious and stress-resilient legume, referred to as an indicator crop. However, to date, little scientific work has been devoted to its improvement. Considering that horsegram is important for future sustainable nutrition and food security, it is important to understand its genetic architecture using genomic resources. The first framework linkage map was recently constructed using 211 SSR markers, and the same study mapped QTLs for agronomically important traits (Chahota et al., 2020). This crop gas many desirable traits, including drought tolerance, antioxidant activity, antimicrobial properties, and high protein and iron contents. The development and utilization of genomic resources for genetic improvement may be extremely useful.

The horsegram variety PHG-9 was chosen for whole genome sequencing, as it has had wide cultivation for its high productivity. The reference genome sequence and re-sequencing of 40 germplasm presented in this manuscript have tremendous scope for the genetic improvement of the horsegram in the near future. The combination of short- and long-read sequencing technologies helped us to assemble up to 83.53% of the total estimated genome size (334Mb). Previous genome sequencing studies of important legumes have reported similar genome coverage (Schmutz et al., 2010, 2014; Varshney et al., 2012, 2013; Kang et al., 2014; Yang et al., 2015). Further advancements in long-read sequencing technologies and construction of high-density linkage map will facilitate building pseudomolecule-level genome assembly for horsegram in near future. The completeness of genome assembly, quality, and gene set of the present study confirmed the presence of ~93.6% of the universal SCO genes useful criteria for further downstream analyses of the horsegram genome. According to our analyses, 25.04% of the horsegram genome is occupied by repetitive sequences. Compared to five legume relatives, horsegram has a low level of repeats, indicating less proliferation in the genome. Furthermore, our long-read-based genome assembly had high (>12) LAI values, suggesting a good assembly of the repeat fraction. However, the unassembled horsegram genome, which usually consists of repeat related sequences, may contribute to a slight increase in repeat content.

fl-LTR analyses revealed recently amplified (<1 Mya) ALE family LTRs specific to the horsegram genome. For example, the genomes of the other five legume analyses showed active amplification of different LTR families, demonstrating a unique role for each genome. Further analyses of these LTRs may provide insight into how their evolution relates to each legume genome. Gene prediction supported by RNA seq data, followed by structural annotations of the horsegram genome, enabled the identification of 25,942 protein-coding genes including 147,389 exons with average gene and exon lengths of 1,383 and 230bp, respectively. Sequence homology-based functional annotation of predicted genes helped to assign gene function, gene ontology, pathway information, and protein family domains. This genomic information can help horsegram breeders understand the genetic architecture of important traits, which can aid the process of marker-assisted selection and candidate gene discovery. Furthermore, this may improve the possibility of unraveling the molecular mechanisms underpinning trait variation in future studies through the establishment of the complete gene repertoire of the horsegram.

The genomic resources of legume crops have opened the door to translational research with greater success in marker-assisted selection, genomic selection, and high-yield varieties. A comparison of the 24,521 gene families of horsegram with five sequenced legumes (adzuki bean, common bean, mung bean, barrel medic, and soybean) showed that 79% (19,456) of the genes are orthologous to those of the other five legumes. These conserved orthologous genes also have conserved gene functions, offering an opportunity for comparative functional genomic studies in horsegram and other species (Varshney et al., 2013). A minimum of 77.54% of the predicted horsegram genes have a history of duplication. Over the same period of time, 3,044 genes remained SCOs without duplication or loss, indicating the essential role of these genes during the evolution of the legumes.

A protein–protein homology search against a plant TFs database revealed that bHLH, ERF, C2H2, WRKY, and NAC transcription factors were abundant in the horsegram genome. These TFs confer tolerance of biotic and abiotic stresses in many crops including horsegram (Nuruzzaman et al., 2013; Pandurangaiah et al., 2014; Kiranmai et al., 2016, 2018; Sun et al., 2018; Han et al., 2020). The inherent drought tolerance mechanism of horsegram is most likely due to the presence of these TFs in its genome. The identification and cloning of novel TFs in horsegram will assist in understanding signaling and transcriptional regulation for various biotic and abiotic stresses, and the same information can be used to develop varieties with broad-spectrum biotic and abiotic tolerance. Horsegram exhibits an innate defense against pest/pathogens from the genes encoding lectin and lipoxygenase-like functions (Roopashree et al., 2006).

Functional annotation allowed us to identify 170 genes that encode lectin and lipoxygenase activity. These lectin proteins have specific affinities for carbohydrate moieties. When insects feed on horsegram plants, lectins bind to glycoproteins in the peritrophic matrix lining of the insect midgut, leading to a disruption of digestive processes and nutrient assimilation (Michiels et al., 2010; Roy et al., 2014). These lectins also serve as a source for protein–carbohydrate interactions in the horsegram. According to our analyses, horsegram is enriched in several drought- and pest/pathogen-responsive genes, which is possibly responsible for its high resistance to several environmental stresses (Roopashree et al., 2006; Bhardwaj et al., 2013).

Since the establishment of the nutraceutical concept and with the growth health consciousness, the demand for nutraceutical and functional foods has been increasing. In recent years, the isolation and utilization of potential antioxidants from legumes such as horsegram have gained relevance, as they decrease the risk of intestinal disease, diabetes, coronary heart disease, and dental caries. Functional annotation of the horsegram gene repertoire has allowed us to identify a number of protease inhibitors, particularly trypsin inhibitors. The BBI is being explored as a functional food ingredient in other legumes such as soybean (Hernández-Ledesma et al., 2009). Interestingly, these BBIs have potential applications in human health for combating cancer, obesity, multiple sclerosis, ulcerative colitis, and several degenerative and autoimmune diseases (Chen et al., 2005; Duranti, 2006; Gran et al., 2006; Lichtenstein et al., 2008; Kumar and Gowda, 2013). These innate nutritional properties of horsegram make it a potentially excellent functional food ingredient.

The utilization of novel genomic tools to investigate variability in the horsegram germplasm is a viable option for improving horsegram’s agronomically important traits. The sequencing of 40 horsegram germplasm accessions with significant plant breeding implications allowed us to identify 18,032 SNPs against the PHG-9 reference genome. Validating this large number of SNPs is laborious and expensive, and discovering high-quality SNPs with a minimum number of false positives remains challenging. Using stringent filtering criteria, 3,942, SNPs were identified, and their genetic effects were annotated. Of these, 427 missense/nonsense nonsynonymous SNPs were identified, spanning 259 annotated horsegram genes. These SNPs can be potential sources for mining functional alleles in different horsegram germplasm accessions and driving genomics-assisted crop improvement through genetic and association mapping (Bajaj et al., 2016). Maps of genetic linkages and of the QTLs that govern the traits are the starting point of any molecular breeding program. In this direction, a framework genetic map for mapping drought and yield-related QTLs has been reported (Chahota et al., 2020). Further, horsegram requires molecular breeding and genomics to overcome the drawbacks of conventional breeding, which is laborious and time-consuming. The adoption of genomics-assisted breeding strategies through NGS and high-throughput genotyping platforms has helped breeders to improve efficiency and accelerate their success (Pandey et al., 2016).

Powdery mildew is a serious limitation for horsegram production. Despite the significant damage caused by powdery mildew disease in horsegram, there have been no efforts to determine the genetic basis of the disease and identify resistant genes. The GWAS results of our study identified the SNPs associated with powdery mildew resistance. A protein–protein homology search identified candidate genes in horsegram that are homologous to the genes MLO and RPW8.2 that are conferring resistance to powdery mildew in H. vulgare and Arabidopsis, respectively. The MLO gene has been studied in several monocot and eudicot species including Triticum aestivum, Oryza sativa, Brachypodium distachyon, Solanum lycopersicum, Vitis vinifera, and Cucumis sativus. The mapping of powdery mildew resistance genes has helped to identify QTLs in mung bean (Chaitieng et al., 2002; Kasettranan et al., 2010) and field pea (Katoch et al., 2010; Fondevilla et al., 2011; Pavan et al., 2011), which may be of potential interest in comparative genomic studies in horsegram.

Further assessment of the horsegram germplasm through genomic platforms will lead to the identification of putative disease-resistance regions through GWAS, and detailed tracking of these regions using the reported candidates in other legume/model crops will allow us to work toward identifying possible resistance genes for powdery mildew and the subsequent characterization of candidate genes in horsegram. In addition to SNPs and GWAS, we also identified di-, tri-, and tetra-SSRs within the PHG-9 genome, which can serve the immediate purposes of any molecular biology laboratory with limited resources for genetic diversity analyses and QTL mapping. Overall, these SNPs and SSRs can be used for linkage map construction, gene/QTL mapping, allelic diversity analyses, and population genetic structure analyses. The successful use of these markers can support marker-assisted selection of desirable traits and germplasm accessions for horsegram improvement.
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Constant production of quality food should be a norm in any community, but climate change, increasing population, and unavailability of land for farming affect food production. As a result, food scarcity is affecting some communities, especially in the developing world. Finding a stable solution to this problem is a major cause of concern for researchers. Synergistic application of molecular marker techniques with next generation sequencing (NGS) technologies can unlock the potentials hidden in most crop genomes for improving yield and food availability. Most crops such as Bambara groundnut (BGN), Winged bean, and African yam bean are underutilized. These underutilized crops can compete with the major crops such as cowpea, soybean, maize, and rice, in areas of nutrition, ability to withstand drought stress, economic importance, and food production. One of these underutilized crops, BGN [Vigna subterranea (L.), Verdc.], is an indigenous African legume and can survive in tropical climates and marginal soils. In this review, we focus on the roles of BGN and the opportunities it possesses in tackling food insecurity and its benefits to local farmers. We will discuss BGN’s potential impact on global food production and how the advances in NGS technologies can enhance its production.
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INTRODUCTION

The evidence of climate change is now overwhelming, with a rise in global temperature predicted by up to 4°C by 2100, with alterations in wind patterns, and precipitation (Thuiller, 2007). According to the United Nations, it involves shifts in weather patterns which affect food production, and rises in sea levels which result in flooding.1 Climate change is a danger to the sustainability of food and nutrition. It is one of the most pressing challenges facing food security and nutrition (Abberton et al., 2016). Improving crops for adaptation to climate change effects is essential to avert a looming decline in food production. Hence, the need to develop crops that are resistant to drought stress, salinity stress, higher or colder temperatures, and flooding, which are made more pronounced by climate change.

The importance of food security in society cannot be over-emphasized but, achieving food security is hampered by climate change impact. According to the World Food Summit (1996), food security exists when sufficient safe and nutritious food is available for people. These foods must also meet the relevant dietary needs to maintain a healthy life. Household food security is applying this concept to the family level, with individuals within households as the focus of concern. However, most households in the developing world do not have daily access to quality food. The FAO, therefore, deemed food security to be achieved based on these four pillars; availability, accessibility, sustainability/stability, and utilization (Figure 1).
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FIGURE 1. Aligning BGN with the SDG goals. The relationship of Bambara groundnut (1) to the four pillars of food security (2) and the importance of this crop to farmers, agriculture, the economy, and its nutrient composition (3).


One of the highest occurrences of food insecurity and malnutrition is recorded in Africa (Khan et al., 2016). Africa and Asia have been postulated to have the highest population increase by 2050 because most urban growth will be concentrated on these two continents (Huang et al., 2019). This will place severe strain on the available food system; therefore, there is the need for an extensive revolution in agricultural research to mitigate the effect of climate change on food availability in these regions. In a bid to also achieve food availability, some crops which are domesticated in their locality are grown, especially in Africa and some parts of Asia. However, these crops are not widely accepted when compared with their major counterparts. Therefore, they are consumed primarily within their locality. These crops are termed orphan/underutilized/neglected crops grown by subsistence farmers in their local adaptations. They have proven to be vital sources of nutrients and income (Ratnayake et al., 2020), even when faced with the impacts of climate change.

The development of a high-yielding and climate-resilient crop is essential for food security. Although there have been positive improvements from conventional plant breeding, the rate of genetic gain has not been entirely up to expectations (Chen L.Y. et al., 2019; Piunno et al., 2019). Both conventional breeding (such as grafting and crossing techniques) and new technologies [such as genome editing, epigenetics, phenomics, transgenesis, protoplast fusion, and marker-assisted selection (MAS) breeding] can be harnessed to mitigate the impact of climate change on food availability. Furthermore, increased diversity in cultivated plant species will improve the plant germplasm and increase genetic coverage for improvement. Despite the availability of over 31,000 useful plant species, it is surprising that just three crops (rice, wheat, and maize) provide over 50% of plant-derived calories for use (Borrell et al., 2020). However, the custom of planting limited species of a crop is not favorable because these crops can become vulnerable to climate instability. Besides, more crop varieties will allow variability and diversity in improving important adaptive mechanisms and nutritive values, while keeping the present varieties to prevent loss of diversity. Agricultural biotechnological research for the development of more crop varieties has been an important focus area of the Consultative Group on International Agricultural Research (CGIAR) in collaboration with other partners (Hickey et al., 2017). Researchers carried out several collaborative types of research on different staple food crops in various developing countries. These researches, especially those involving the locally adapted underutilized crops, improve the lives of the farmers in these countries.

Due to the predicted increase in the world population, there is the need for an immediate revolution in the agricultural system to satisfy food demand. With underdevelopment and climate change, there is no better solution to combat the looming food scarcity than to look within. Therefore, the improvement of underutilized indigenous crops could proffer a lasting solution to food insecurity in Africa. The best potential underutilized crop must be able to adapt to its environment, have market value, acceptable taste and texture, and must be able to thrive well with less agricultural inputs (Mayes et al., 2011).

Bambara groundnut (BGN) is an underutilized crop with a lot of potentials for achieving food security in sub-Saharan Africa. Africa produces ∼0.3 million tons of BGN annually with an average of 0.85 t/ha. Nigeria, Burkina Faso, and Niger used to be the largest producers in Africa producing 0.1 million, 44,712, and 30,000 tons, respectively (Hillocks et al., 2012), but recently Burkina Faso, Niger, and Cameroon are the largest producers with 74% of the world production (Majola et al., 2021). The lipid content in BGN compares favorably well with that observed in cowpea (1–1.6%), pigeon pea (1.2–1.5%) but lower than groundnut (45.3–47.7%) (Azam-Ali et al., 2001). The predicted yield in Africa is between 300 and 3,000 kg/ha with majority of west African countries predicted to produce in the range of 300–1,000 kg/ha while southern African countries were predicted to produce between 1,000 and 3,000 kg/ha (Azam-Ali et al., 2001). Hence, the highest production of the crop should be from the southern part of the continent. This view is confirmed by Majola et al. (2021), who reported the southern African region as the suitable region in the continent for the production of BGN. Despite its reported qualities, one of the critical challenges facing BGN production and other underutilized legumes is their low yield when compared to the major crops (Sidibé et al., 2020; Temegne et al., 2020). This can result from loss in genetic diversity during domestication, as most of their wild relatives perform better and adapt well over the years (Zhang et al., 2019). But strategic technological advancement in the production of BGN involving genetic analysis can provide essential data for breeding programs that will enhance its potential in improving food and nutritional availability in the presence of low water availability. Furthermore, when other legumes, such as soybean, chickpea, and groundnut, are shifting into the post-genomic era, BGN is just drifting into its genomic era. As a result, available genetic resources for efficient breeding programs are limited.

Hence, this review will be looking at the current knowledge in molecular breeding through next generation sequencing (NGS) technologies, and the progress expected from these technologies on BGN production. We will take a brief look into some of the different NGS technologies that apply to improving crop yield. Each has its specific attributes depending on the research questions to be answered, such as trait mapping and association analysis (Liu and Cheng, 2020), breeding for drought tolerance (Nithya et al., 2020), breeding for salt tolerance (Yu et al., 2020), and genome diversity (Hassani et al., 2020). Finally, we will outline some key points that need to be addressed for BGN to become fully utilized in improving food and nutrition security.



BAMBARA GROUNDNUT (Vigna subterranea (L.) Verdc.) PROVIDES A SUSTAINABLE ALTERNATIVE TO MAJOR CROPS

Bambara groundnut is gradually receiving more international research attention. It is considered a complete food containing a high amount of protein and other nutrients (Halimi et al., 2019; Table 1). A pulse with a subterranean fruit set, cultivated by subsistence farmers mostly in the semiarid part of Africa, and an African legume (Mayes et al., 2019) with variations in seed color and morphology: such are the attributes of BGN (Figure 2). The botanical name of the crop is Vigna subterranea (L) Verdc, which consists of the wild species type (V. subterranea var. spontanea) and the cultivated variety (V. subterranea var. subterranea). Its high carbohydrate amount and considerable protein contents make it regarded as a complete food (Bamshaiye et al., 2011).


TABLE 1. Nutritional components of BGN and some underutilized legumes.
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FIGURE 2. Bambara groundnut seeds showing variability in different accessions through colors, shapes, and eye patterns.


Bambara groundnut is believed to be the most resilient to drought among grain legumes (Ntundu, 1997; Jørgensen et al., 2010). Wild varieties predominate due to limited research into domesticating new varieties. The major producing/exporting countries are Niger, Ghana, Chad, Nigeria, Mali, Senegal, Côte d’Ivoire, Burkina Faso, and Togo. The International Institute of Tropical Agriculture (IITA), also in Nigeria, holds over 1900 accessions obtained from various countries in their Genetic Resources Center (Paliwal et al., 2020). Knowledge of the genetic variation of BGN accessions will be important for their efficient use in breeding program, studies on the crop’s evolution, and conservation purposes. BGN is characterized by a high degree of variability for various morphological, physiological, and agronomic traits. To analyze the genetic structure of crop germplasm, the estimation of variation within and between populations of its species is important. Genetic diversity on the crops has been studied using various molecular markers (Olukolu et al., 2012; Fatimah and Ardiarini, 2018; Konate et al., 2019), and more researches are still ongoing in this regard. As landraces are not available, BGN varieties must still be developed; thus, their continued improvement and development contributes to the development of diverse, superior varieties. Mutant collections made using the tools of genetic engineering can supply new genetic diversity as well.

Bambara groundnut belong to the genus Vigna, subclass Phaseolinae, class Phaseoleae and family Leguminosae (Azam-Ali et al., 2001; Bamshaiye et al., 2011). It was known as Voandzeia subterranea for more than a century before it was changed to V. subterranea in 1980 (Borget, 1992). A comprehensive botanical study by Maréchal et al. (1978), found striking similarities between BGN and plant species of the genus Vigna leading to the studies by Verdcourt who later proposed the name V. subterranea (L) Verdc (Goli, 1995).



MAINSTREAMING BAMBARA GROUNDNUT FOR ENSURING FOOD AND NUTRITIONAL SECURITY

Bambara groundnut plays an important role not only in addressing food and nutritional well-being, but also in boosting immunity (Adebowale et al., 2011; Adedayo et al., 2021), livestock feed (Feldman et al., 2019), improving biodiversity, and protecting farmers’ livelihoods. Resistant starch is concentrated in this crop, which encourages the slow and sustained release of glucose into the bloodstream, making a healthy diet (Cummings and Englyst, 1995). These characteristics highlight the significance of BGN being introduced into the mainstream. Prioritizing the development of the best agronomic practices, improving storage and supply chains, and using better methods of delivery for BGN is possible, but it will necessitate developing a roadmap that includes developing beneficial traits, utilizing better agronomic practices, and optimizing supply chains. Identifying suitable BGN species for cultivation and providing training to farmers is required at hotspots where other species are being grown.

When searching for an appropriate variety, location, climatic conditions, soil fertility, and availability of human resources all play a role. If there can be easy access to worldwide germplasm repositories, releasing seed materials for cultivation will be simpler; however, improvements in target location may be required to produce higher agricultural values of the produce. Because of the availability of recent and relevant genetic tools and biotechnological interventions, it would be beneficial to work with modern genetic engineering techniques and biotechnological interventions to aid in the BGN breeding process. Simple crop management techniques, including straightforward irrigation techniques, soil preparation, and crop rotation, help to produce good crops. Using this techniques thus enable higher yields and avoid crop failure (Muthamilarasan et al., 2019). Insect pests that have been observed to be attacking BGN have been reported (Lale and Vidal, 2003; Majola et al., 2021). An understanding of these pests’ biology, including their mode of action, and the various host defenses that organisms use to resist insect pests is critical for the development of insect-tolerant varieties. Mitigating the effects of insect pests can also be helped by optimizing integrated pest management strategies.

Large scale production of seed grains can encounter bottlenecks in post-harvest processing and storage, but streamlined processes and equipment are available to minimize processing and storage loss, as is the case with BGN. Crop-specific technologies are required to develop and implement solutions that are specific to each BGN grain type. Long-term storage of BGN grains necessitates the use of protective measures such as storing BGN grain at temperatures far beyond the optimal range to avoid sprouting or rancidity, and as a result, valuable produce gradually turns rancid. This is attributed to the oxidation of the unsaturated fatty acids (Adeleke et al., 2018). To mitigate global hunger and child malnutrition indices, these storage facilities can be assessed by people during natural disasters or future pandemics. Incorporating an established supply chain helps ensure the agricultural outputs, such as BGN, that benefit farmers and stakeholders who are involved in small scale BGN cultivation can be distributed throughout the supply chain.



BIOTIC AND ABIOTIC FACTORS AFFECTING BAMBARA GROUNDNUT PRODUCTION

Diseases and pest infestation on the crop are not very pertinent. Therefore, reports have not been elaborate on it. Ability to produce their foods below the soil and the hardness of the seeds aid in their resistance to pests. Notwithstanding, BGN still hosts pathogens and insect pests which cause a significant economic impact through yield loss (Figure 3). Major biotic constraints to BGN production are disease, insects, and viruses. There are diverse stands as regards the crop being affected by pests and diseases. Purseglove (1992) stated that the crop is free from pests and diseases meaning that it cannot be affected by any pest or disease. This notion is partially supported by Gibbon and Pain (1985). However, Gibbon and Pain (1985) also reported the possibility of infestation by leafhoppers (Hilda patruelis and Empoasca facialis). Tanimu and Aliyu (1990) in their own view observed that the crop is free from other insect pests that affect other legumes such as cowpea and peanut. This limits the use of a pesticide when cultivating the crop. Goli (1995) reported the attack of BGN pods by termites. Immature pods can be damaged by moth beetle (Piezotraachelus ugandum), while larvae of Rivellia causes damage to the root nodules. Reports of insect infestation on the crop mainly during storage has been reported in the works of Kabir et al. (2017); Nyamador et al. (2017), Mahama et al. (2018), and Moussa et al. (2018).
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FIGURE 3. (A) Bambara groundnut (BGN) on the field; (B) healthy matured BGN pods during harvest; (C) infected BGN pods; (D) drought stressed BGN plants.


Moving away from insect pests, Brink et al. (2006) reported that BGN can be infested by fungal pathogens resulting in fungal diseases such as cercospora leaf spot (Cercospora spp.), powdery mildew (Erysiphe polygoni), and Fusaruim wilt (Fusarium oxysporum). Root-knot nematode (Meloidogyne javanica) attack the crop in sandy soil (Fourie et al., 2017). In addition, viruses such as cowpea mottle virus (Hema et al., 2014), necrotic mosaic virus (Masindeni, 2006), white clover mosaic virus (Adu-Dapaah et al., 2004) and two potyviruses (Mkandawire, 2007) have been reported to affect the crop. When stored while it is damp, molds are able to grow on the seeds thereby permitting weevils to be able to attack the seed. Bruchids (Callosobruchus maculatus) are the most important pest attacking the seeds of the crop during storage (Kosini and Nukenine, 2017).

Aside from pests and diseases, various environmental factors also pose some challenges to the yield of the crop. Factors such as temperature, drought, and salt (Suzuki et al., 2014), affects its growth at different developmental stages (Figure 3). These factors reduce the yield of crops worldwide by as much as 50%. The stresses resulting from the impact of these factors causes morphological, physiological, biochemical, and molecular alterations in the crop which affects its productivity and yield (Bita and Gerats, 2013). In BGN, biotic stress causes yield reduction, but abiotic stress is the most limiting factor causing unstable yield. Important abiotic stresses are temperature, water, soil conditions, and drought stress.

Soil texture and structure that enhance aeration in the soil determine the suitability of soils for BGN production. The seeds of BGN are borne below the soil surface; therefore, the choice of soil type is very important. The crop prefers well-drained, sandy loam soil because they can utilize lighter rain showers to greater advantage than clay soil and the soil cannot damage the seeds (Swanevelder, 1998).



RECENT PROGRESS IN BAMBARA GROUNDNUT RESEARCH AND ROOM FOR IMPROVEMENT

Crop improvement depends on access to genetic resources. Genetic resources provide parent lines for characterization in breeding programs. Hence, effective use of these lines is of high importance in improving crops. In BGN, available genetic resources have been utilized in various studies which have resulted in the development of molecular markers for trait mapping and possible improvement. However, the lack of reference genome for BGN has hindered the progress of improvement in this regard. Till date, whole genome sequencing generates molecular data that can be used in comparative genomics analysis between underutilized legumes like BGN and their major crop counterparts to identify genes, alleles, and quantitative trait loci (QTL) for yield-determining, agronomic, and climate-resilience traits [reviewed by Khan et al. (2016)]. This techniques was used by Chai et al. (2017) to identify QTL involved in agronomic and drought related traits using an expression marker-based genetic map based on major crop resources developed in soybean. In another study, Ho et al. (2017) carried out a comparative genomics study based on common bean, adzuki bean, and mung bean genomes to identify conserved genes in BGN. The use of molecular markers has resulted in the development of large scale, genome-wide molecular markers, high-density maps, and genomic regions governing key traits (Ahmad et al., 2016).

The primary goal of BGN or any plant breeding program is to alleviate production constraints. Owing to limited genome data, most genetic traits have received less attention in BGN research. It was notable that only the genetic diversity studies from molecular markers have been studied in BGN. No reported genome wide association study on BGN has been reported while very few have identified genes for some traits using comparative genomics studies (Ho et al., 2017). This research should be expanded to aid in the development of genomics-enabled breeding for the improvement of higher yield and higher nutrient-containing varieties. Another intriguing feature of BGN grain is the presence of resistant starch and its hard-to-cook phenomenon (Oyeyinka et al., 2017; Akintayo et al., 2021), which will require further investigation to uncover its genetics and genomics. In comparison, research on nutrient composition (Hlanga et al., 2021), antinutrient composition (Adegboyega et al., 2021), amino acids composition (Oyeyinka et al., 2019), antioxidant composition, responses to environmental stress (Bonthala et al., 2016; Khan et al., 2017), and photoperiodism (Kendabie et al., 2020), has been conducted in BGN. Achievements that further genomic tools such as molecular markers, gene editing, omics will bring to BGN breeding are discussed elsewhere in this study by comparing the impact of these tools on some major crops.


Key Points to Be Addressed in Bambara Groundnut Improvement Include


Tackling Low Yield Syndrome

Underground pods are a big challenge for the yield output in this crop. The seeds must be covered or else they will not mature. This exposes them to waterlogging during heavy rainfall; it can also expose them to too much heat in hot climates. Because of their high level of oil content, excessive heat is not good for the embryo. This situation can be helped through genotype by environment interaction studies. Accessions should be assessed for their performance in various environments and accessions with the best and stable yield at the various environments could be developed for improved varieties (Olanrewaju et al., 2021). Accurate records of exact maturity dates should also be taken so that the pods will not overstay in the soil before they are harvested. Post-harvest procedures such as threshing and storage pose another great challenge to the output of this crop. There is no mechanized way of threshing; when done manually, most of the seeds are destroyed and a large portion of the harvest is lost. Finding better ways to prevent these significant losses will boost total output.



Research Funding

Until recently, research funding for underutilized crops have been limited when compared with their counterparts among major crops. Most organizations prefer to support widely known crops. The availability of funds for research on these crops will not only reveal their importance, but will also create an opportunity to generate more varieties from their wild counterparts. Domestication will be made easier as the latest advances in technology will open new frontiers. The role of biotechnology in the preservation of germplasms cannot be over-emphasized. Collections of these germplasms allow the selection of traits for improved breeding (Dawson et al., 2009). Therefore, technologies such as gene editing, genomics, proteomics, transcriptomics, and other omics technologies can all help to improve different varieties of BGN for various useful traits such as drought tolerance, salt tolerance, nutrient composition, and physical traits.



Favorable Government Policies

Most countries in the developing world import most of their food. Policies can be set by the government for a gradual reduction in importation. This will lead to the consumption of the local underutilized crops such as BGN until they gradually become fully accepted. An increase in awareness of the benefits of BGN leads to an increase in consumption. Once demand has increased, there will be a definite increase in the cultivation and production of these locally grown crop species. Therefore, there should be a favorable balance between policies governing exports and imports of food crops (Tomlinson, 2013). Supporting exports of the underutilized crops will be a source of revenue for the nation. This will improve the economy and provide another source of income generation.



Crop Popularity Issues

Most people are not aware of these underutilized crops because most of them are grown only in the immediate locality of their use. They are not widely available to the larger part of society (Jaenicke, 2013). Awareness should be created for people to know and have access to these crops as supplements to the popularly known counterparts. The various media devices available can be used to create the needed awareness.



Unavailability of a Reference Genome

The availability of a complete genetic map of BGN will increase speed breeding in this crop. As at the time of this study, the only established one is a draft genome, which was reported in the study of Chang et al. (2018b). This does not represent a full genome, as coverage is incomplete and the assembly is fragmentary. Complete coverage will give detailed knowledge of the crop which will inform breeders about various traits that can be improved for better production.



Awareness of the Right Planting Period

Finally, the BGN needs water for stabilization on the field, after which it needs little or no water. Farmers need to be wary that it does not need much water, especially once it starts podding. Because of this, planting time should be in such a way to conform with the reduction of rainfall, such that when the crop reaches the podding stage, the amount of rain would have been significantly reduced to help in the quick maturation and drying of the seeds.





IMPROVING BAMBARA GROUNDNUT PRODUCTION: A CASE FOR GENOTYPING BY SEQUENCING

Yield variation can make the effective use of BGN and other underutilized crops complicated. Thanks to advancements in the use of molecular markers in plant breeding, crops are able to produce greater yields (Zhang et al., 2017). With the aid of these markers, target loci will be located and amplified for further studies. Research to develop disease resistance, stress tolerance, and nutrient and water-use efficiency is important in crop breeding (Wani et al., 2016; Khan et al., 2020). Therefore, development of an improved BGN variety is the focus for BGN breeding. The greater the population grows, the greater the demand for food. Genomics-based innovations in NGS have expedited crop research and provided access to the previously closed frontiers of functional genomics, gene discovery, and molecular marker development in non-model plants. Through the construction of linkage maps (Meng et al., 2015), characterization of traits via QTL determination leading to MAS was a major achievement, causing a revolution in plant breeding, hence its translation into BGN breeding will be a success for achieving food security. Markers linked to a gene can be developed after the gene of interest has been identified through genomic studies or other applications. Similarly, the parallel sequencing of RNA (RNAseq or transcriptome profiling) is a powerful tool for transcription profiling, providing rapid access to a large collection of expressed sequences (transcriptomes). RNAseq technology has been successfully applied in several organisms, including model and non-model plants (Wang et al., 2017). It can be used as a cost effective source for developing molecular markers such as Simple Sequence Repeats (SSRs) and Small Nucleotide Polymorphisms (SNPs). It is expected that these transcriptome-derived markers will show greater transferability among closely related species than the genomic markers because of their presence in more conserved transcribed regions of the genome. These markers can also be used for comparative mapping and evolutionary studies between BGN and its closely related Vigna species. The complete sequencing of BGN genomes with the assistance of NGS technology will be a milestone for BGN biology and provide needed resources for its functional genomics.

A high number of molecular markers is of great importance in crop breeding. In many underutilized crops, however, the availability of sufficient molecular markers is lacking. Going forward, Diversity Array Technology (DArT) has been the “go-to” technology when it comes to developing molecular markers in underutilized crops basically because there is no need for prior sequence information. The combination of DArT with NGS resulting in DArTSeq has been used in many underutilized crops, including BGN (Ho et al., 2017; Redjeki et al., 2020) for SNP discovery.

Going forward, incorporating gene editing into BGN breeding is a possibility that is worth considering. Sequence-specific nucleases which include engineered homing endonucleases or meganucleases, zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and the CRISPR-Cas system are used in genome editing (Gao, 2021). Protein engineering in ZFNs and TALENs is expensive, time consuming, and difficult, therefore limiting their use. These challenges have made CRISPR to be a more attractive proposition. It is faster, more precise, cheaper, and efficient. It is more versatile and has been employed in many legumes such as Medicago truncatula (Meng et al., 2017; Zhang H. et al., 2020), Lotus japonica, Glycine max (Zhang P. et al., 2020), and Vigna unguiculata (Ji et al., 2019). Removing unwanted trait elements for an improved crop is a strategy used in crop genetic improvement. This is achieved by knocking out genes of undesirable traits. Knocking out undesirable traits is the most common application of the CRISPR-Cas system (Chen K. et al., 2019). Traits such as yield, biotic, and abiotic stress resistance have been improved in crops through CRISPR-Cas application (Li R. et al., 2019; Makhotenko et al., 2019; Bouzroud et al., 2020; Zeng et al., 2020; Zheng et al., 2020; Li et al., 2021; Liu et al., 2021).

Yield is a complex trait and is controlled by factors such as grain number, grain size, grain weight, and panicle size; therefore, targeting the genes that regulate these traits through detection and gene-knock-out in BGN will improve its yield. In the study of Liu et al. (2021), for example, grain yield traits in maize were improved by editing CLE genes using the CRISPR-Cas application. Also, Gn1a and GS3 genes, which regulate grain number and grain size, respectively in rice, were targeted for yield improvement in the study of Li et al. (2016) using the CRISPR-Cas system. Therefore, translating such studies into BGN will provide insight into the mechanism of yield development thereby facilitating its molecular breeding for improved yield.

Bambara Groundnut is rich in nutrient compositions. The nutrients in it are sufficient that it is regarded as a complete food (Bamshaiye et al., 2011; Jideani and Diedericks, 2014). However, BGN possesses a considerate amount of antinutritional factors such as phytates, tannins, and saponins. These antinutritional factors affect protein digestibility and bioavailability of other nutrients (Halimi et al., 2019). Therefore, the removal of these antinutritional factors should be a target in BGN breeding. CRISPR-Cas technology can be applied to target genes regulating the production of these antinutritional factors. The application of CRISPR-Cas technology has been shown to improve nutrient components in seeds of soybean (Li C. et al., 2019). Abiotic stress is a complex trait controlled by many genes. CRISPR-Cas has been applied to induce and edit genomes for abiotic stress genes (Shi et al., 2017; Li R. et al., 2019). Gene-directed mutagenesis can be incorporated in BGN breeding to improve its drought tolerance capability.

Genome editing can be used to modify traits BGN to accelerate the process of domestication. However, the lack of a well-annotated genome, lack of genetic transformation methods, and suboptimal tissue regeneration protocols are bottlenecks underlying the application of gene editing tools on BGN and other orphan crops.



PROSPECTS FOR GENOMIC MARKERS IN BAMBARA GROUNDNUT BREEDING

A vast array of molecular markers has been developed in plant breeding for various purposes. The first set of markers include the Restriction Fragment Length Polymorphisms (RFLPs) which was developed in the early 1980s (Hu et al., 2020), Random Amplified Polymorphic DNA (RAPD) (Yan-Qiong et al., 2019), and Amplified Fragment Length Polymorphism (AFLP) (Yan-Qiong et al., 2019). DArT, SNP, and SSR, which have been regarded as second generation markers, have all been developed and implemented in modern plant breeding technology. Application of molecular markers are pronounced in MAS and genetic plant breeding.

Analysis of genetic diversity in crop species is based on the different phenotypic markers which are affected by the environment making it less sufficient for proper germplasm characterization. Molecular markers, on the other hand, occur at high frequencies and allow for in-depth genetic characterization. Hence combining molecular markers with phenotypic markers allow for a comprehensive characterization of germplasm collections. Even though BGN has a large genetic diversity, there are few molecular markers and genomic resources available. Meanwhile, DNA markers have been used to successfully to analyze genetic diversity in BGN germplasm collections from different parts of the world (Amadou et al., 2001; Ntundu et al., 2004; Somta et al., 2011; Olukolu et al., 2012; Fatimah and Ardiarini, 2018; Konate et al., 2019). The recently developed SNP markers enhance the effectiveness of genotyping because of their high density (Savadi et al., 2020). Therefore, this will aid large scale BGN germplasm characterization, high resolution genetic and QTL mapping.

The world’s largest collection of BGN is held in GRC-IITA and various evaluation studies are being carried out (Paliwal et al., 2020). Large germplasm collection cannot be effectively characterized; therefore, a subset termed “core collections” is taken from the larger collection. The core collection can then be improved for future breeding. MAS through QTL mapping has been used to identify genes controlling important economic traits of interest in BGN and other crops. Genome-wide association studies (GWAS) is more robust and accurate in detecting QTL controlling important traits. In recent years, it has emerged as the best choice for QTL mapping in plant species (Sonah et al., 2015; Tao et al., 2020; Zhang X. et al., 2020). So far, there are no GWAS studies on BGN. However, GWAS can aid accurate detection of QTLs for important traits and their application in molecular breeding of BGN for developing improved climate-resilient varieties.

Furthermore, strategies for the development of molecular markers and their applications are based on polymorphism among individual organism genomes, hence, the nature and type of polymorphism are important. There has been full sequencing of many plant genomes such as Arabidopsis (Michael et al., 2018), rice (Du et al., 2017), soybean (Rehman et al., 2018), barley (Beier et al., 2017), maize (Jiao et al., 2017), and cowpea (Spriggs et al., 2018) but no full sequencing of BGN genome has been reported yet. The use of molecular markers for genetic diversity studies have been reported in BGN (Massawe et al., 2002, 2003; Ntundu et al., 2004; Somta et al., 2011; Olukolu et al., 2012; Siise and Massawe, 2013; Molosiwa et al., 2015; Fatimah and Ardiarini, 2018; Konate et al., 2019; Alhamdi et al., 2020).

In addition, complete pseudochromes of the BGN genome are not yet available because the sequences have been done using high-density Illumina short read data. However, plans are being made to use long read sequence data (Gregory et al., 2019). When compared to cowpea, the BGN total genome size is smaller (Lonardi et al., 2019). While Chang et al. (2018a) reported that it has higher number of protein-coding genes (31,707) than mung bean (22,427) but lower than adzuki bean (34,183), the percentage of BGN that has been functionally annotated is reportedly 98%.



BAMBARA GROUNDNUT PRODUCTION: DROUGHT AND WATER STRESS AS A CASE STUDY

Agricultural drought (AD) refers to the reduction of the water level in the soil to a point below the required amount needed by plants. AD causes an increase in soil acidity as well as affecting plant nutrient uptake. Plants need water to transport nutrients from the soil through the roots to other parts where they are needed. This decreased water level makes AD a limiting factor in the improvement of plant production. The ability of BGN to survive where other plants cannot do so has made it important for small scale farmers, especially in the developing world. The farmers benefit from the low maintenance attributes. Both physical and molecular traits have been identified and reviewed for drought, and water stress tolerance in plants (Sahebi et al., 2018), and research focusing on these traits is the right direction for improving BGN production. The response of plants to drought is determined by the duration of water stress, the plant’s developmental stage at the time of stress occurrence, and its genetic and phenotypic make-up.

Though BGN is considered a drought-tolerant crop, limited rainfall can still hamper its productivity. Drought reduces crops’ resistance to pests and diseases as well as nutrient uptake. Due to inter- and intra-accession variations in genetic diversity, there will be variations in the responses of BGN accessions to drought. However, little information is available to understand the genetic basis of the drought tolerance mechanism of BGN.


Identifying the Genetic Bases for Drought Tolerance in Bambara Groundnut

A schematic representation for studying drought tolerance in BGN is shown in Figure 4.
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FIGURE 4. Schematic representation of drought assessment.


The application of these techniques to BGN will help breeders in the selection for highly drought-tolerant landraces; it will help in gene location and editing to create new, improved varieties. Extensive data sets generated from sequences are analyzed using the proper bioinformatics applications and pipelines. Whole genome association studies and genome sequences for functional genomics analysis, co-expression analysis, and QTL mapping all require an advanced level of knowledge on bioinformatics because of the large data sets. System biology approaches work in synergy for a better understanding of the morphology, physiology, biochemistry, genetics, and phenotypic traits in plants (Mohanta et al., 2017) as well as their responses to various environmental challenges.

In addition, drought-tolerant genes in BGN can be identified through comparative studies with the drought-tolerant genes in other crops, and secondly through differential expressions of mRNAs in drought-stressed and non-stressed conditions. The second approach was used to identify genes expressed in stressed and non-stressed plants in BGN (Khan et al., 2017). In their study, Khan et al. (2017) identified PRR7, ATAUX2-11, CONSTANS-like 1, MYB60, AGL-83, and Zinc-finger protein genes, and concluded that these genes could serve as a basis for drought stress study in BGN. Over-expression or suppression of these genes will aid in deciphering their roles in BGN drought tolerance. Under stress conditions, plant secrete solutes like proline, polyols, abscisic acids, jasmonic acids, etc. (Ma et al., 2020). These solutes can serve as markers in BGN stress response studies.

Genome-wide association studies can be another useful technique in identifying the molecular basis of drought tolerance in BGN. Linking phenotypes to genotypes is important in deciphering the genetic basis of any trait. Drought tolerance is controlled by many traits (Parvathi et al., 2020), therefore, it will not be straight forward in regulating loci for all the associated traits. However, GWAS can be used to identify the regions of the chromosome where the loci controlling these traits are present. Identification of these regions will be a starting point for identification of drought tolerance mechanisms in less researched crops with no reference genome, like BGN.




CONCLUSION AND RECOMMENDATIONS

Modern techniques of improvement are not fully employed in orphan crops. Their crop breeding depends mostly on conventional methods such as selection and hybridization. However, limited numbers of breeders implement modern techniques such as marker-assisted breeding and transgenics. Genomic information such as the whole genome sequence has not gathered pace for any orphan crop. To feed the ever-increasing population in Africa, an agricultural revolution is needed to boost the productivity of orphan crops using modern technologies that have proven to be effective for the major crops of the world.

The application of NGS technology is greatly increasing our knowledge of plant genomics. This has been established in some plants where functional genomics would never have been a reality with earlier sequencing technologies. NGS will enable the quest for higher quality BGN reference genomes and resequencing of many cultivated species genotypes and wild relative accessions soon. With the availability of these rich genetic resources and high-quality genotyping platforms, the functional genomics studies of BGN are entering a new era.

A comprehensive survey of genetic diversity in BGN landraces and wild relatives will deepen our understanding of the genetic basis underlying the domestication and evolution of this orphan crop. Using the NGS technology and informatics combined with information on genetic variation will provide the push needed for BGN to catch up with other crops in studies on functional genomics. The time for genomics-assisted BGN breeding is finally here.
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Finger millet, an orphan crop, possesses immense potential in mitigating climate change and could offer threefold security in terms of food, fodder, and nutrition. It is mostly cultivated as a subsistence crop in the marginal areas of plains and hills. Considering the changes in climate inclusive of recurrent weather vagaries witnessed every year, it is crucial to select stable, high-yielding, area-specific, finger millet cultivars. Sixty finger millet varieties released across the country were evaluated over six consecutive rainy seasons from 2011 to 2016 at the Agricultural Research Station, Vizianagaram. The genotype × environment interaction (GEI) was found to be significant in the combined ANOVA. Furthermore, the Additive Main effects and Multiplicative Interaction (AMMI) analysis asserted that genotypes and the GEI effects accounted for approximately 89% of the total variation. Strong positive associations were observed in an estimated set of eleven stability parameters which were chosen to identify stable genotypes. Furthermore, Non-parametric and Parametric Simultaneous Selection indices (NP-SSI and P-SSI) were calculated utilizing AMMI-based stability parameter (ASTAB), modified AMMI stability value (MASV), and Modified AMMI Stability Index (MASI) to identify stable high yielders. Both methods had inherent difficulties in ranking genotypes for SSI. To overcome this, the initial culling [i.e., SSI with culling strategy (C-SSI)] of genotypes was introduced for stability. In the C-SSI method, the top ten genotypes were above-average yielders, while those with below-average yield were observed in NP-SSI and P-SSI methods. Similarly, the estimation of best linear unbiased prediction (BLUP)-based simultaneous selections, such as harmonic mean of genotypic values (HMGV), relative performance of genotypic values (RPGV), and harmonic mean of relative performance of genotypic values (HMRPGV), revealed that none of the top ten entries had below-average yield. The study has proven that C-SSI and BLUP-based methods were equally worthy in the selection of high-yielding genotypes with stable performance. However, the C-SSI approach could be the best method to ensure that genotypes with a considerable amount of stability are selected. The multi-year trial SSI revealed that entries Indaf-9, Sri Chaitanya, PR-202, and A-404; and VL324 and VL146 were ascertained to be the most stable high-yielding genotypes among medium-to-late and early maturity groups, respectively.

Keywords: AMMI, BLUP, finger millet, simultaneous selection, culling, stability


INTRODUCTION

In a thrust to achieve food security, few crops were intensively cultivated while other neglected crops turned out to be “Orphan crops.” Small millets are the hitherto staple food for millions of people residing in arid and semiarid regions of Asian and African countries and are currently restricted to certain traditional growing areas. Increased health problems, due to changes in lifestyle, have driven people to rethink their food habits and deliberately shift toward nutritional crops, such as small millets. Finger millet [Eleusine coracana (L.) Gaertn.], one of the small millets, is highly nutritious in terms of fiber content, essential amino acids, calcium, and minerals (Sood et al., 2016). It is cheaper than milk and provides three times higher calcium content compared to milk, generally consumed as a calcium source (Puranik et al., 2017). Regular consumption of finger millet allows for healthy bone growth in children and prevents osteoporosis in adults. As it is rich in fiber with a low glycemic index, it is beneficial to include it in the diet of persons suffering from diabetics and other lifestyle diseases (Mitharwal et al., 2021). They are also rich in antioxidants with anticancer agents as well as high levels of methionine, lysine, and tryptophan, which are limited in other cereals. These attributes make finger millet a “super cereal” (Kumar et al., 2016). In subsistence farming, it is even used to cure illnesses, such as measles, pleurisy, pneumonia, and smallpox (Gupta et al., 2017). Undoubtedly, bringing back the neglected crops, such as finger millet is the prime concern of environmentalists and agricultural scientists due to its contribution toward biodiversity and livelihood to the poor in various parts of the world. India is the major producer of finger millet that is being cultivated in an area of 1.17 million hectares with a production of 2.00 million tons and an average productivity of 1,661 kg/ha (ASSOCHAM, 2021).

Finger millet is a drought-hardy crop that can grow with limited water resources, tolerate extremely high temperatures, and sustain in poor and degraded soils (Gupta et al., 2017). Nevertheless, it is a climate-resilient C4 crop with high water and nutrient use efficiency, unlike C3 crops that harness more nutrients (Sage and Zhu, 2011). This proves the crucial role of finger millet in food, nutrition, and economic security, and hence it should be called “Climate-smart Nutri-cereal” rather simply “Nutri-cereal” alone. Aforesaid potential benefits of finger millet have obliged the attention of researchers along with consumers and farmers.

In any crop, researchers and farmers aspire more stable and high-yielding varieties. Similarly, for finger millet, a breeder generally desires to develop a highly adaptable variety that adequately thrives in varied climatic conditions. However, it is arduous to achieve all aspects of quantity and quality of the produce. Researchers should rather focus on the development of stable high-yielding varieties specific to a target environment over the years instead of across environments as the preference of a variety may change in different climatic zones. In the recent past, it was moreover observed that the climate of a particular region varies considerably from one year to the next and poses quite a challenge to anticipate similar climatic conditions. Hence, the major task during the breeding of finger millet is to obtain high-yielding and stable varieties. Selection for high stability or adaptability is appropriate even for hilly and tribal belts of India, where the crop is usually grown in poor soils without any improved technology.

Grain yield is a complex trait and is genetically governed by many quantitative genes with small additive effects. Hence, the expression of this is generally affected by genotype, environment, and genotype × environment interaction (GEI). Understanding the GEI pattern among test entries in multi-environment trials (METs) is very crucial for plant breeders, as it complicates the selection of promising genotypes by declining the association between genotypic and phenotypic values (Ebdon and Gauch, 2002; Yan and Tinker, 2006). Modeling the GEI in METs assists in defining the phenotypic stability of the genotypes for a range of locations or a particular genotype for varied environmental conditions (Vaezi et al., 2017, 2018, 2019; Ghazvini et al., 2018). Several approaches exist to analyze genotype stability, including biplots obtained from additive main effects and multiplicative interaction (AMMI; Gauch, 1988) and genotype plus genotype × environment interaction (GGE; Yan et al., 2000; Yan and Kang, 2002) which gained popularity. Nevertheless, the primary constraint is that they are representative only when two principal components (PCs) are significant. With more significant PCs, stability cannot be satisfactorily explained by biplots. Amendments were made in due course, and AMMI-derived values, such as (1) AMMI Stability Index (ASI) and AMMI stability value (ASV) using two PCs and (2) Modified AMMI Stability Index (MASI) and Modified AMMI stability value (MASV), using all the significant PCs were explored to demonstrate the stability of genotypes more effectively. Several selection indices were developed for selecting a stable genotype with high yields, such as Kang’s Yield Stability Index (Kang, 1993), Bajpai’s Index (Bajpai and Prabhakaran, 2000), Simultaneous Selection Index (SSI; Rao and Prabhakaran, 2005), and Non-parametric Genotype Selection Index (Farshadfar, 2008), which guide the simultaneous selection of both stability and high yield using data from stability parameters and grain yield. Earlier best linear unbiased prediction (BLUP)-based simultaneous selections, such as harmonic mean of genotypic values (HMGV), relative performance of genotypic values (RPGV), and harmonic mean of relative performance of genotypic values (HMRPGV), were used similarly, for the simultaneous identification of high-yielding genotypes with stability and adaptability to adverse conditions (de Resende, 2004). This study intended to identify potential finger millet genotypes that might consistently perform throughout the crop years employing an appropriate SSI.



MATERIALS AND METHODS


Plant Material and Experimental Site

A set of 60 best performing finger millet varieties released across India were collected from different states (Table 1) of the country and evaluated during the rainy season of six consecutive crop years from 2011 to 2016 at the Agricultural Research Station, Vizianagaram Andhra Pradesh, India. The mega variety, PR 202, and another national check, GPU 67 were also included, along with the test entries. The variety VR 847 was included as a local check. Out of sixty entries, eight (i.e., Bairabhi, Chilika, Co 7, RAU 8, VL 146, VL 149, VL 324, and Champavathi) are early while the rest are medium-tolate duration. The test entries were planted in randomized block design with two replications in all the trials. Geographically, the experimental site is located at 18° 12′ N latitude and 83° 40′ E longitude at an altitude of 63 m above mean sea level comprising red sandy loam soil. Weather data, inclusive of maximum and minimum temperatures as well as rainfall, were recorded during all the six crop growing periods, as shown in Figure 1. Proper crop management practices, such as the application of a recommended dose of fertilizers (50-40-25 kg NPK/ha) and plant protection measures, were complied.


TABLE 1. List of finger millet genotypes evaluated under six test environments during the main seasons of 2011–2016.

[image: Table 1]

[image: image]

FIGURE 1. Weather parameters, including (A) maximum and minimum temperatures and (B) rainfall in the crop growing period during the main seasons of 2011–2016. The line graph represents the number of rainy days, and the bar plot shows total rainfall (in mm).




Statistical Analysis


Additive Main Effects and Multiplicative Interaction and Best Linear Unbiased Prediction Analyses

The AMMI analysis was carried out with the grain yield data of the 60 experimental lines recorded during 6 consecutive crop years. AMMI decomposes residual matrices through singular value decomposition (SVD) after fitting main effects and also captures non-linear GEI, unlike regression models. The AMMI analysis was performed by subjecting grain yield to the following model (Gauch et al., 1996):
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where Yij is the mean yield of the genotype i (i = 1, 2, …, 60) in the environment j (j = 1, 2, …, 6); μ is the general mean, gi is the ith genotypic effect; ej is the jth environment effect; λk is the eigenvalue of the principal component analysis (PCA) axis k; αik and γjk are the ith genotype in jth environment PCA scores for the PCA axis k; θij is the residual.



Estimation of Stability Indices and Their Association

The AMMI-based stability parameters (ASTABs), such as averages of the squared eigenvector values (EV; Zobel, 1994), Annicchiarico’s D parameter (D; Annicchiarico, 1997), sums of absolute value of the interaction principal component (IPC) scores (SIPC; Sneller et al., 1997), ASV (Purchase, 1997), Zhang’s D parameter or AMMI statistical coefficient or AMMI distance or ASI (DZ; Zhang et al., 1998), ASTAB (Rao and Prabhakaran, 2005), sum across environments of the absolute value of GEI modeled by AMMI (AVAMGE; Zali et al., 2012), stability measure based on fitted AMMI model (FA; Zali et al., 2012), absolute value of the relative contribution of IPCs to the interaction (Za; Zali et al., 2012), ASI (Jambhulkar et al., 2014), MASI (Ajay et al., 2018b), and MASV (Ajay et al., 2019), were calculated. The Spearman’s rank correlations among all the 13 stability values were computed.



Simultaneous Selection Index

Although AMMI and GGE biplots can be considered the best tools for simultaneously visualizing the mean grain yield and genotype stability, these cannot provide the exact numerical information required for comparison. Therefore, biplots alone cannot be relied on where more than two PCs are required to interpret a considerable proportion of GEI. The stability parameters in this study, namely, ASTAB, MASI, and MASV, utilize all significant PCs for their estimation and were also considered for SSI calculation. This study comprised four approaches to estimate the SSI, where the first three methods were based on AMMI scores while the fourth relied on BLUP scores of stability (Figure 2).
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FIGURE 2. Various approaches used for the simultaneous selection of finger millet genotypes evaluated during the six main seasons of 2011–2016.



Non-parametric Simultaneous Selection Index

This is based on the cumulative ranking of genotypes in which the top ranks were assigned to the highest grain yielding genotypes and least ranks to lowest grain yielding genotypes. In contrast, it was reversed in the case with stability, where the lowest values were assigned the top rank (Ajay et al., 2020). The two ranks were simply added and aligned in ascending order, and re-ranking was given from 1 to 60.



Parametric Simultaneous Selection Index

This approach is based on average yield and stability as suggested by Rao and Prabhakaran (2005), and the index was calculated using the following formula:
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where P-SSI is the SSI of the ith genotype; [image: image] is the mean grain yield of the ith genotype during six years of testing; [image: image] is the overall mean grain yield; SPi is the stability parameter value (ASTAB/MASI/MASV) of ith genotype; g is the number of genotypes evaluated. α and β are the weights attached to grain yield and stability, respectively, to arrive at an index of a genotype with a limit that sum of α and β counts to 100%. In this study, the weights of α and β were assigned 70 and 30%, respectively, giving more weight to grain yield for calculating P-SSI. Initially, the genotype with the highest P-SSI score was ranked first, followed by genotypes with descending scores, and the least score genotype was ranked 60.



Simultaneous Selection Indexes With Culling Strategy

In this study, we introduced a slight modification in SSI where genotypes were initially screened for stability. Only those genotypes with more than above-average stability (scores less than the mean value of stability scores) were considered to be qualified for stability or simply as stable genotypes. These qualified genotypes were arranged in descending order of their grain yield. The highest yielder was attributed the first rank while the lowest yielder attained the last rank.



Best Linear Unbiased Prediction-Based Stability and Adaptability

This approach involved the estimation of HMGV (to infer both yield and stability), RPGV (to investigate the mean yield and genotypic adaptability), and HMRPGV (to evaluate stability, adaptability, and yield simultaneously) through the formulae given in the study by de Resende (2004, 2016).
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where n is the number of crop years (n = 6); GVij is the genetic value of ith genotype in jth year where GVij = uj + gi + geij, uj is the average of jth crop year, gi is the BLUP value of ith genotype, and geij is the BLUP value of the interaction between ith genotype and jth crop year; Mj is the mean grain yield in the jth year.





Software Used

All the ASTABs and correlations among the stability parameters were computed using the functions of “agricolae” (De Mendiburu, 2015) and “ammistability” (Ajay et al., 2018a) packages in R (R Core Team, 2018). The estimation of BLUP-based stability models, such as HMGV, RPGV, and HMRPGV, was performed in R using the “lme4” package (Bates et al., 2015).




RESULTS


Additive Main Effects and Multiplicative Interaction Analysis

The basic statistical analysis for the grain yield data of 60 genotypes during 6 years showed that considerable variation existed among different genotypes within environment (Supplementary Table 1). The grain yield data of 60 test genotypes from 6 consecutive years were subject to combined ANOVA and AMMI analysis after confirming the homogeneity of error variance through Bartlett’s test (p > 0.05). Mean squares from the combined ANOVA revealed that the environments, genotypes, and GEI showed significant variation at 0.1% (p < 0.001) for grain yield (Table 2). The AMMI analysis recorded significant variation (p < 0.001) among the studied genotypes, environments, and also GEI (Table 2). Genotypes contributed a large portion of total variation (52%), whereas the environment and GEI contributed about 7.1 and 37.8%, respectively. Furthermore, the analysis revealed that GEI was significantly explained by the first four PCs. Among them, the first PC contributed 46.8% toward the total GEI while second, third, and fourth PCs contributed 28.3, 18.6, and 3.8%, respectively.


TABLE 2. Additive Main effects and Multiplicative Interaction (AMMI) analysis for grain yield data of 60 finger millet genotypes under six test environments during the main seasons of 2011–2016.
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Additive Main Effects and Multiplicative Interaction 1 and Additive Main Effects and Multiplicative Interaction 2 Biplots

The AMMI stability showing the relationship between experimental genotypes and test environments across different seasons was presented in “grain yield vs. PC1 scores,” i.e., AMMI1 (Figure 3). The years 2011 and 2014 were farthest from biplot origin, with long vectors representing strong interaction forces, while 2015 and 2016 were nearer to the origin and had shorter vectors with weak interaction forces. The biplot depicted that entries, such as 34 (Indaf 9), 1 (A 404), 48 (PR 202), 39 (L 5), 60 (Sri Chaitanya), and 59 (Bharathi), had maximum grain yield. In contrast, entries, namely, 3 (Birsa Marua 1), 40 (ML 365), 53 (Shakti), 49 (PRM 1), and 18 (GN 4), had poor yields, indicating their high adaptability across the seasons. The mean grain yield of all the genotypes was 2,557 kg/ha with a range of 1,268 kg/ha (Birsa Marua 1) to 3,419 kg/ha (Indaf 9). The AMMI2 biplot, which is constructed between the first two IPCs, explained 75% of the GEI (Figure 4). Entries, such as 57 (VL 324), 22 (GPU 45), 51 (RAU 3), and 26 (Hamsa), prevail near the origin in AMMI2.


[image: image]

FIGURE 3. AMMI1 biplot [grain yield vs. principal component 1 (PC1)] for grain yield (00’ kg/ha) of 60 finger millet genotypes evaluated under six test environments during the main seasons of 2011–2016.
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FIGURE 4. AMMI2 biplot (PC1 vs. PC2) for grain yield (kg/ha) of 60 finger millet genotypes evaluated under six test environments during the main seasons of 2011–2016.





Estimation of Additive Main Effects and Multiplicative Interaction-Based Stability Indices

The visualization of AMMI biplots for grain yield was difficult since 60 genotypes were studied with many of them overlapping, creating a fuzzy figure. Various stability parameters related to AMMI analysis, such as ASI, ASV, ASTAB, AVAMGE, DA, DZ, EV, FA, MASI, MASV, SIPC, and Za, were computed and are presented in Table 3. The scores of EV were close to 0, followed by Za. Among the estimated stability statistics, ASTAB, AVAMG, DA, DZ, EV, FA, MASV, and SIPC showed similar results, and the genotypes, namely, 57 (VL 324), 22 (GPU 45), and 51 (RAU 3), were found to be highly stable according to these indices. Based on ASI and ASV, genotypes 55 (VL 146) followed by 22 (Paiyur 2) were highly stable, while ZA revealed that genotypes 57 (VL 324) followed by 55 (VL 146) had maximum stability.


TABLE 3. Various stability parameter estimates of 60 finger millet genotypes evaluated under six test environments during the main seasons of 2011–2016.
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In an attempt to reveal the relationship between each pair of AMMI stability parameters, Spearman’s rank correlations (Figure 5) revealed a strong association among the estimated AMMI-based indices. Results demonstrated a significant association for MASV with almost all the parameters, though at a relatively lesser magnitude. According to the results, ASI showed a strong correlation with most of the parameters while MASV was minimally associated with other parameters, such as ASI, ASV, and MASI (0.47, 0.47, and 0.56, respectively). It was ascertained that ASI and ASV were 100% associated. Three stability parameters, namely, ASTAB representing most of these parameters, MASV, and MASI, were considered for further analysis of SSI (Table 4). According to NP-SSI, genotypes 34 (Indaf 9) followed by 1 (A 404) were found to be highly stable based on ASTAB and MASI, while based on MASV, genotypes 60 (Sri Chaitanya), 23 (GPU 48), and 48 (PR 202) had surpassed other genotypes. Similarly, under P-SSI, ASTAB and MASI showed genotypes 57 (VL 324) and 22 (GPU 45) as the best stable with high grain yield while 57 (VL 324) followed by 55 (VL 146) had a good score of SSI based on MASI (Table 4).
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FIGURE 5. Spearman’s rank correlation among various stability and simultaneous selection indices estimated for grain yield data of 60 finger millet genotypes evaluated under six test environments. AMGE, sum across environments of genotype × environment interaction (GEI) modeled by AMMI; ASI, AMMI Stability Index; ASV, AMMI stability value; ASTAB, AMMI-based stability parameter; AVAMGE, sum across environments of the absolute value of GEI modeled by AMMI; DA, Annicchiarico’s D parameter; DZ, Zhang’s D parameter; EV, averages of the squared eigenvector values; FA, stability measure based on fitted AMMI model; MASI, Modified AMMI Stability Index; MASV, modified AMMI stability value; SIPC, sums of the absolute value of the IPC scores; Za, absolute value of the relative contribution of IPCs to the interaction.



TABLE 4. Ranking of finger millet genotypes through non-parametric, parametric, and culling methods.

[image: Table 4]
In the C-SSI method, ranks were allotted based on grain yield after culling genotypes with less than mean stability estimates (Table 4). The results showed that 37 out of 60 genotypes were qualified to be stable since they recorded less than the mean stability value for ASTAB (2.14) and, similarly, 34 genotypes for MASI (<0.43) and 32 genotypes for MASV (<3.55) with scores less than their representative mean values of stability.



Estimation of Best Linear Unbiased Prediction-Based Stability Indices

The BLUP-based SSIs, such as HMGV, RPGV, and HMRPGV (Table 5), were estimated using BLUP-derived values for grain yield to check which method can be a better choice for selecting stable and high-yielding genotypes. The genotypes, namely, 34 (Indaf 9), 1 (A 404), 60 (Sri Chaitanya), 48 (PR 202), and 39 (L5), were identified as highly stable and high-yielding genotypes according to the stability parameters, such as HMGV, RPGV, and HMRPGV.


TABLE 5. BLUP-based ranking of 60 finger millet genotypes evaluated under six environments during the main seasons of 2011–2016.
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Top Ten Stable High-Yielding Entries

The results showed that among the top ten genotypes identified through various SSIs, few shared a commonality (Table 6 and Supplementary Table 2). In NP-SSI ASTAB, four stable genotypes, namely, Indaf 9, A 404, PR 202, and Sri Chaitanya, possessed more than 3,000 kg/ha grain yield. In contrast, in NP-SSI MASI, along with the four genotypes, GN1 was also considered in the top 10 stable high-yielding genotypes, while in NP-SSI MASV, only three genotypes (i.e., Indaf 9, PR 202, and Sri Chaitanya) recorded more than 3,000 kg/ha grain yield. The top ten genotypes in P-SSI included a very small number of genotypes with more than 3,000 kg/ha grain yield, and it was observed that 50% were below-average yielders. In C-SSI, none of the below-average yielding entries were enlisted among the top 10.


TABLE 6. Number of genotypes with high (>3,000 kg/ha), below (<2,557 kg/ha), and above-average (>2,557–≤3,000 kg/ha) grain yield among top ten entries selected through various stability models.

[image: Table 6]
The results of HMGV, RPGV, and HMRPGV established that none of the entries were below-average yielders. All the seven test entries with mean grain yields of more than 3,000 kg/ha were included in the top ten, which were relatively similar to the ranking based on mean grain yield alone. Similarly, poor grain yielders, such as Birsa Marua 1, ML 365, Shakti, PRM 1, and GN 4, were identified to be poor yielders with low stability.




DISCUSSION

The vagaries of weather conditions were observed, during the six rainy seasons, where the experimental material was tested. The highest rainfall was recorded during October 2013 (403 mm), whereas higher temperatures were recorded during July 2015 (Figure 1). The recorded precipitation and temperatures were found to be different every year and ultimately had an impact on the grain yield of the studied genotypes.

Combined ANOVA (Table 1) revealed that all components of variation, namely, environment (year), genotype, and GEI, were not only significant but can also be noticed through the percent sum of squares that the impact of environment (7.1%) was minimal compared to genotypes (51.8%) and GEI (37.8%). Although the environment component contributed less, an ample variation was explained by genotype interaction and the respective year. However, less, the variation due to the environment, including differences in rainfall and temperature, led to inconsistent performance of finger millet genotypes in the North Coastal Region of the state. In contrast to our results, a large proportion of total variation contributed by the environment was reported in finger millet in the studies by Adugna et al. (2011), Molla et al. (2013), Dagnachew et al. (2014); Birhanu et al. (2016), Lakew et al. (2017), and Seyoum et al. (2019) whereas the studies by Dehghani et al. (2006), Tolessa et al. (2013), and Singamsetti et al. (2021) unraveled GEI among the genotypes of field pea, wheat, and maize, respectively.

The procedure of AMMI included the partitioning of GEI by PCs, followed by the significance of the interaction was measured by Gollob’s F-test. F-statistics was used to identify the actual number of PCs to be considered for each axis of the testing mean square with an estimated error. Mean squares of AMMI analysis showed that, among GEI, four PCs recorded significance, and the first two PCs explained almost 75% of GEI with 124 corresponding degrees of freedom, indicating that most variation was captured by the first two components for grain yield (Table 2). Sood et al. (2017) and Mamo et al. (2018) recorded almost 90% of GEI contributed by the first two PCs in finger millet. As the first four PCs were significant (p < 0.001), AMMI4 was the best fit AMMI model for these multiyear yield trial data, explaining 97.5% of GEI. A significant proportion solely assures the phenotypic stability of genotypes over locations/years of GEI (Farshadfar and Sutka, 2006; Gauch, 2013). In AMMI, the visualization of the best stable genotype was provided by the biplots, and the genotypes to the extreme right and nearer to the axis were 34 (Indaf 9) and 1 (A 404), indicating that they were highly stable with more grain yield. In AMMI2, the most widely adopted genotype with more than mean grain yield was genotype 52 (RAU 8), indicated by its position almost at the origin point. Other genotypes nearer to the origin were 22 (GPU 45) and 51 (RAU 3), which were also highly stable across the environments. The high grain yielding genotypes were different in each year as shown by AMMI1 and 2 biplots, which suggested the impact of year-after-year variation of rainfall pattern and temperature during the crop period on the grain yield of finger millet genotypes. The amount of grain yield variance due to the genotype-by-year (i.e., GEI) effect, which is obtained from the MET data, played a key role in the identification of stable genotypes.

The stability parameters, namely, ASI, ASV, ASTAB, AVAMGE, DA, DZ, EV, FA, MASI, MASV, SIPC, and Za, were computed to compare whether they were equally efficient in assessing the stability of genotypes (Table 2). Among the genotypes, very low scores and less variation among different genotypes were recorded for parameters, such as EV and Za, deliberating that they might not be of much use in further calculations of SSI. The lower the score, the more stable a genotype is in any stability parameter and vice versa. As per ASI and ASV estimates, the genotypes viz., 55 (VL 146) followed by 45 (Paiyur 1) are the most stable while 57 (VL 324) followed by 22 (GPU 45) are according to all the other stability parameters except MASI and EV. In MASI and EV, genotype 57 (VL 324) was followed by 55 (VL 146). These differences depict the variation in estimation methods, whether they consider the first two or all the significant PCs. However, as a whole, all the stability parameters almost displayed a similar trend in identifying stable genotypes. Similar results were reported in the study by Cheloei et al. (2021) in rice using the same set of stability indices.

The association between all stability parameters was positively significant, implying that highly stable genotypes remained the same in almost all cases, whatever the index may be, indicating subtle differences in the calculation (Figure 2). Among all the significant associations, ASI and ASV that were computed based on the scores of the first two PCs were strongly correlated (r = 1), implying a similar trend in assessing the stability, though MASI is based on all four PCs but was extremely correlated (r = 0.99) with ASI and ASV, and hence a similar genotype ranking pattern. It might be due to capturing the maximum portion of GEI by the first two PCs. Comparatively weak but significant associations showed by MASV with ASI, ASV, and MASI due to their differences in weights assigned to various PCs in the computation of ASV and MASI. The stability parameters, such as ASTAB, AVAMGE, and Za, were highly significant, with all the remaining parameters implying almost similar calculations. A similar association between all these stability parameters was studied earlier by Ajay et al. (2020) in peanut and Sabaghnia et al. (2013) in wheat.


Simultaneous Selection for Yield and Stability

Stable genotypes ensure sustainable yields, without much variation, every year. At the same time, it is well known that breeders or farmers prefer a cultivar with a high yield and average stability and not a highly stable genotype with just an above-average yield. In the quench to select the highest yielders, genotype selection simply based on mean grain yield in evaluation trials will mislead the plant breeders to select the wrong genotype that might not sustain over time due to its poor stability. Hence, the identification of a high-yielding and stable performing genotype is very much required for a plant breeder so that the cultivar can survive longer in the fields of the farmer.



Ranking of Genotypes

Predominantly, two different attempts were made to identify stable high-yielding genotypes, such as (A) AMMI-based and (B) BLUP-based. In AMMI-based models, NP-SSI (Farshadfar, 2008; Ajay et al., 2020), P-SSI (Rao and Prabhakaran, 2007), and C-SSI were used. The culling strategy was earlier used in selection indices by Smith (1936) and Hazel (1943) while selecting genotypes for more than one economic trait, especially during the screening of disease-resistant genotypes. The utilization of this strategy in stability studies was not reported till date. The culling strategy used here is similar to the tandem culling proposed by Hazel and Lush (1942) where there was only one cutoff for one trait. Priority is to be given for the selection of high yielders only after culling for stability. In this study, we introduced this to ensure that the selected genotypes have at least an average or acceptable stability. All those genotypes with less than the mean stability score were considered as “stable genotypes.” Then, the highest yielder would be most advantageous among the qualified genotypes.

In the NP-SSI model, at least one or two out of top ten genotypes were with less than mean grain yield score and three to five genotypes (Indaf 9, A 404, PR 202, Sri Chaitanya, and GN1) recorded above 3,000 kg/ha grain yield. Early entry VL 324 (2,544 kg/ha) was at par with an average yield, and it was among the top ten ranks in all the methods studied. The SSI based on the ranking of the genotypes (i.e., NP-SSI) for both mean performance (either grain yield or any other trait) and stability may have inherent arbitrariness in the scoring procedure and were mostly biased toward the relative performance genotypes rather than their real worth. This arbitrariness is taken care of in other methods where actual values are being utilized to calculate the selection scores. A parametric approach, such as P-SSI, would be better when the data follow a normal distribution. Both rank-based and SSI selection methods may serve the purpose of selecting stable high yielders based on the population studied. Stable and high-yielding genotypes were identified through NP-SSI in the studies by Bose et al. (2014) in rice, Rea et al. (2020) in sugarcane, and Alizadeh et al. (2021) in rapeseed.

In all the three methods of the P-SSI, the top most genotype was VL 324 (2,544 kg/ha), which is an early entry. Another early entry, VL 146 (2,326 kg/ha) was also among the top ten in ASTAB and MASI. The genotypes were chosen among the top ten with more than 3,000 kg/ha grain yield varied with the stability parameters, namely, Indaf 9 in ASTAB, A 404 in MASI, as well as Sri Chaitanya, PR 202, and A 404 in MASV. In the SSI proposed by Smith (1936), weights were assigned to all the traits under consideration, to assess the real value of a genotype. However, there is a possibility that a higher value of another trait may compensate those with less value. Similarly, higher stability (low score of stability) may compensate for the low value of grain yield, resulting in a higher SSI score compared to other better performing genotypes. More stability cannot be compensated for low yield since the chief motive is higher yield. Grain yield is to be given more criteria compared to stability, but a certain level of stability expression is required. Although grain yield (70%) was given more weight compared to stability (30%), almost 50% of the top ten genotypes were below-average yielders irrespective of the stability parameter chosen (Table 6). The compensation of one factor over another was much more pronounced in P-SSI; hence, below-average yielders were observed among the top 10 ranks.

In the C-SSI approach, three to five genotypes (Indaf 9, A 404, Sri Chaitanya, PR 202, and GN1) were selected among the top ten with more than 3,000 kg/ha. By considering a separate cutoff value for early entries, VL 324 stood among the top stable high-yielding varieties. This method has shown that none of the top ten genotypes in ASTAB, MASV, and MASI were below-average yielders (Table 6). C-SSI takes advantage of NP-SSI and assures that none of them were below stability and below-average yielders. Compared to NP-SSI and P-SSI, this approach was more beneficial as it consisted of all the top ten genotypes with above-average grain yields.

The restricted maximum-likelihood (REML)/BLUP models emerged as the most acceptable procedure for genetic evaluation in breeding (Henderson, 1975), especially in GEI studies (Pires et al., 2011). The chief advantage of biometric approaches, such as HMGV, RPGV, and HMRPGV, is to disclose the randomness of the genotypic effects and to allow ranking genotypes in relation to their performance based on the genetic effects (de Resende et al., 2001). The BLUP-based simultaneous selections, such as HMGV, RPGV, and HMRPGV estimates, showed that seven entries (Indaf 9, A 404, Sri Chaitanya, PR 202, GN1, L5, and Bharathi) among the top 10 ranks had more than 3,000 kg/ha grain yield, while three entries were with above-average and none with below-average yield. It was also observed that the ranking of early entries was very high similar to that of grain yield ranks alone. The evaluation of adaptability and multi-trait stability of wheat genotypes through these BLUP-based indices was reported by Szareski et al. (2018). The estimates of HMGV, RPGV, and HMRPGV had the same genotype ranking that was reported in macaw palm by Rosado et al. (2019) and in Jatropa by Alves et al. (2018). Although the studied stability parameters were applied to various crops to estimate the stability and adaptability, no study was reported in finger millet crops. Bharathi and L5 recorded more than the mean stability scores (Table 3) of ASTAB, MASV, and MASI, indicating that they are less stable, and hence culled out in C-SSI while they were included in the top ten in the BLUP-based SSI. To ensure the selection of only stable genotypes, C-SSI might prove to be a better approach.




CONCLUSION

Various stability parameters, such as ASV, ASTB, AVAMGE, DA, DZ, EV, and FA, considered in this study proved that all are equally potential in the identification of stable genotypes. All of the SSI models were almost similar in identifying the stable high-yielding genotypes; any one of these can be an alternative approach. Nevertheless, less stable genotypes with more yield or vice versa may be selected by rank-based NP-SSI, with more chance for the compensation of stability score for high yield in P-SSI, whereas in C-SSI and BLUP-based methods, there is no possibility to select low yielders. Hence, the last two methods may be best for selecting stable high-yielding genotypes. To ensure high stability, the C-SSI method can be suggested as the best approach. To conclude, medium-to-late varieties, namely, Indaf 9, Sri Chaitanya, PR 202, and A 404, whereas early entries, namely, VL 324 and VL 146, can be decisively considered as stable high-yielding genotypes for finger millet cultivation.
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Generation Mean Analysis Reveals the Predominant Gene Effects for Grain Iron and Zinc Contents in Pearl Millet

Mahesh Pujar1,2, Mahalingam Govindaraj1,3*, S. Gangaprasad2, Anand Kanatti1, T. H. Gowda2, B. M. Dushyantha Kumar2 and K. M. Satish4

1International Crops Research Institute for the Semi-Arid Tropics, Patancheru, India

2Department of Genetics and Plant Breeding, University of Agricultural and Horticultural Sciences, Shimoga, Shivamogga, India

3Alliance of Bioversity International, International Center for Tropical Agriculture (CIAT), Cali, Colombia

4Department of Biotechnology, University of Agricultural and Horticulatural Sciences, Shimoga, Shivamogga, India

Edited by:
Zerihun Tadele, University of Bern, Switzerland

Reviewed by:
Mahmoud Said, Institute of Experimental Botany, Czech Academy of Sciences, Czechia
Waltram Ravelombola, Texas A&M University, United States

*Correspondence: Mahalingam Govindaraj, m.govindaraj@cgiar.org

Specialty section: This article was submitted to Plant Breeding, a section of the journal Frontiers in Plant Science

Received: 11 April 2021
Accepted: 16 December 2021
Published: 28 January 2022

Citation: Pujar M, Govindaraj M, Gangaprasad S, Kanatti A, Gowda TH, Dushyantha Kumar BM and Satish KM (2022) Generation Mean Analysis Reveals the Predominant Gene Effects for Grain Iron and Zinc Contents in Pearl Millet. Front. Plant Sci. 12:693680. doi: 10.3389/fpls.2021.693680

Pearl millet [Pennisetum glaucum (L.) R. Br.] is a climate-resilient dryland cereal that has been identified as a potential staple food crop that can contribute to alleviating micronutrient malnutrition, particularly with respect to grain iron (Fe) and zinc (Zn) contents, in Sub-Saharan Africa and India. In this regard, an understanding of the inheritance pattern of genes involved in Fe and Zn contents is vital for devising appropriate breeding methods to genetically enhance their levels in grains. In this study, we aimed to determine the genetic effects underlying such inheritance and their interactions based on the generation mean analyses. Four experimental crosses and their six generations (P1, P2, F1, BCP1, BCP2, and F2) were independently evaluated in a compact family block design in 2017 rainy and 2018 summer seasons. ANOVA revealed highly significant mean squares (p < 0.01) among different generations for grain Fe and Zn contents. Six-parameter generation mean analyses revealed a predominance of additive genetic effect and a significant (p < 0.05) additive × dominant interaction for the grain Fe content. The additive genetic effect for the grain Zn content was also highly significant (p < 0.01). However, interaction effects contributed minimally with respect to most of the crosses for the grain Zn content and hence we assume that a simple digenic inheritance pattern holds true for it. Furthermore, we established that narrow-sense heritability was high for the grain Fe content (>61.78%), whereas it was low to moderate for the grain Zn content (30.60–59.04%). The lack of superior parent heterosis coupled with non-significant inbreeding depression for Fe and Zn contents in grains further confirmed the predominance of an additive genetic effect. These findings will contribute to strategizing a comprehensive breeding method to exploit the available variability of grain Fe and Zn contents for the development of biofortified hybrids of pearl millet.

Keywords: biofortification, iron (Fe), zinc (Zn), additive, dominant, gene interaction, epistasis, heritability


INTRODUCTION

Pearl millet [Pennisetum glaucum (L.) R. Br.] is a climate-resilient dryland cereal crop predominantly grown for its grain and as fodder across the arid and semi-arid tropical regions of Africa (18 m ha) and Asia (10 m ha), particularly among poor farmers (FAOSTAT, 2020). With 8.6 million tons of grain produced per annum, India is the largest worldwide producer, with pearl millet being cropped on an area of approximately 7.0 million hectares (Directorate of Millet Development, 2020) and accounting for 20–60% (Dalberg, 2019) of the total cereal consumption among the major pearl millet growing states such as Maharashtra, Gujarat, and Rajasthan. Compared with other cereals, pearl millet is naturally a rich source of grain iron (Fe) and zinc (Zn) contents, which play a macro-role in human health. For example, Fe is a core component of hemoglobin that serves as an oxygen carrier in red blood cells, whereas both Fe and Zn play key roles in the functioning of numerous metabolic enzymes (Abbaspour et al., 2014).

Deficiencies in one or multiple essential nutrients can lead to micronutrient-associated malnutrition, also known as “hidden hunger” (UNICEF, 1990) with an excess of 2 billion people worldwide suffering from micronutrient deficiencies, primarily in developing countries such as Africa and India (World Health Organization [WHO], 2019). Within these populations, anemia has been found to be alarmingly high, particularly among pregnant women (40%) and children (42%) below 5 years of age (WHO)1. In India alone, 54% of pregnant women and 59% of children under the age of five are anemic, whereas 38% of children of the same age group are afflicted by stunted growth (NFHS, 2015–2016). Both anemia and stunting are, to a large extent, consequences of diet deficiency in Fe and Zn (Caulfield et al., 2006).

The biofortification breeding program of the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), supported by the Consortium of International Agricultural Research Centers (CGIAR) HarvestPlus, is continuously working toward the development of grain Fe- and Zn-biofortified pearl millet varieties and hybrids, and at present, the grains of commercially cultivated pearl millet varieties and hybrids have Fe and Zn contents of 42 and 32 mg kg–1, respectively (Rai et al., 2016). Genetic information on the inheritance of genes underlying grain Fe and Zn contents would further contribute to exploiting the potential inherent in the existing variability to attain the final breeding targets in the form of biofortified hybrids.

The genes underlying Fe and Zn assimilation being quantitative in nature are governed by a large number of genes that are strongly influenced by environmental conditions (Kumar et al., 2018). Frequently, these genes interact, thereby distorting Mendelian ratios, which in turn contributes to the development of novel phenotypes (Phillips, 1998). Estimates of gene action in crop improvement programs are assumed to have a direct bearing on the selection of breeding procedures to be followed. Earlier genetic studies based on hybrids and their parental lines have shown that both grain Fe and Zn contents are predominantly under additive genetic control (Velu et al., 2011; Govindaraj et al., 2013; Kanatti et al., 2014), and there is virtually no better parent heterosis (BPH). Furthermore, the per se performances of parental lines have been found to be significant and highly correlated with their general combining ability. However, although studies have expanded genetic models to estimate different genetic effects (Ribaut et al., 2012; Adebayo et al., 2014), most of these models, such as line × tester, diallel, and North Carolina design (NCD), are additive–dominance models or simply additive models, wherein epistatic or non-allelic interactions are rarely considered, thereby tending to lead to overestimations of gene action or underestimates of the contribution of gene interactions. It has, nevertheless, been established that inter-allelic interactions occur frequently and would have the effect of controlling the continuous expression of genes (Ribaut et al., 2012; Moharramnejad et al., 2015, 2016).

As an alternative, models based on generation mean analysis can take into account the effect or contribution of non-allelic interactions that have not been studied for these traits. The advantage of this type of analysis lies in the ability to provide information on the relative importance of the average effects of the genes (additive effects), dominance deviations, and effects due to non-allelic genetic interactions, which can assist in quantifying the genotypic value of individuals, and in turn, would contribute to determining the average generation genotypic value. In this regard, it is noteworthy that the magnitude and type of epistasis can have major repercussions with respect to both the reliability of predictions and the design of breeding strategies. Hence, in the present study, we sought to dissect the information regarding the classical inheritance gene interaction models using six basic generations evaluated in two contrasting seasons (rainy and summer) for grain Fe and Zn contents in pearl millet.



MATERIALS AND METHODS


Plant Genetic Material

The genetic material used in the present study consisted of hybrid (F1) plants obtained from four crosses, along with their respective eight parents (Table 1). The selected parental inbred lines differed exclusively with respect to grain Fe and Zn contents (Table 2). Among the four crosses, crosses I, II, and IV were associated with the B × B group, whereas only cross-III was from the R × R group. This is a random contrast parent’s selection and crosses made specific to B and R groups for better understanding and possible use in hybrid-parent breeding. These inbreds, which were developed at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, Telangana, India, also differed in terms of performance for important agronomic traits, including flowering time, plant height, thousand-grain weight, and panicle size.


TABLE 1. Parentage of pearl millet inbred lines (P1 and P2) involved for the study of generation mean analysis.
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TABLE 2. Estimates of mean and range for grain iron (Fe) and zinc (Zn) contents among different generations within each cross evaluated in 2017 rainy (E1) and 2018 summer (E2).

[image: Table 2]


Development of F2, BCP1, and BCP2 Generations

Four single-cross hybrids (F1) were developed using selected parents (P1 and P2) with contrasting grain Fe and Zn characteristics. The crossing program was performed in the 2017 summer to develop segregating generations, i.e., backcross and second filial (F2) generations. In each cross combination, a BCP1 generation was developed by crossing F1 individuals with the respective parent P1 (female parent). Similarly, BCP2 generation progeny was obtained by crossing F1 individuals with parent P2 (male parent). Finally, the F2 populations for each cross were developed by selfing F1 plants.



Crossing Program

In the backcross block, the panicles of male and female parental line plants were bagged using 30 cm × 10 cm parchment paper bags at the boot leaf stage to avoid contamination by foreign pollen. When developing BCP1 and BCP2 generations, both P1 and P2 plants were used as pollen sources, and F1 plants were used as a female, i.e., pollen collected from P1 plants was used to pollinate F1 plants to develop BCP1 generation progeny, whereas pollen from P2 plants was used to pollinate F1 plants to develop the BCP2 generation. The bagging of male and female line plants was performed daily. At the full bloom stage (detected by the observation of protruding white feathery stigma on the female parent), pollen (bulk pollen) from the male parent (P1 and P2) was collected in a parchment paper bag and dusted on the female lines (F1) by gentle thorough tapping in the morning hours between 08:00 a.m. and 11:30 a.m. Soon after the pollination, the crossed panicles were covered with parchment paper bags to avoid foreign pollen contamination, appropriately labeled, harvested at maturity, sun-dried for more than 15 days, and threshed to collect hybrid seeds. Prior to threshing, we removed one-third of the top and bottom of the panicles to ensure the high quality of crossed seeds and to minimize the likelihood of collecting any selfed seeds.



Field Evaluation

The six generations, (P1, P2, F1, BCP1, BCP2, and F2) for each cross were evaluated in a compact family block design (CFBD) with three replications at ICRISAT, Patancheru, in two contrasting seasons, namely the 2017 rainy (E1) and the 2018 summer (E2). The rainfall, temperature, and relative humidity during field evaluation in E1 and E2 are presented in Supplementary Tables 1, 2, respectively. The CFBD consisted of a block comprising two rows each of P1, P2, and F1; six rows each of BCP1 and BCP2; and eight rows of F2, thereby ensuring a sufficient number of plant samples per generation. Sowing was carried out using a tractor-mounted four-cone planter (7100 US model, John Deer, Moline, IL, United States) with seeds planted in 4-m-long rows spaced at 75 and 60 cm in E1 and E2, respectively. All recommended agronomic practices were followed for good and healthy crop growth. Observations were recorded only for grain Fe and Zn contents in 15 plants of the P1, P2, and F1 generations, whereas we selected 120 BCP1 and BCP2 plants. Among the F2s, 300 plants were selected together across three plots. Soil samples were collected from the experimental fields from depths of between 0 and 30 cm and bulked to prepare single composite samples. Soil micronutrient analysis was performed using the diethylenetriaminepentaacetic acid extractable method (Lindsay and Norvell, 1978) at the Charles Renard Analytical Laboratory, ICRISAT, Patancheru. The mean values obtained for the soil Fe and Zn contents at ICRISAT, Patancheru in the E1 and E2 were 3.8 and 2.0 mg kg–1 and 5.0 and 1.6 mg kg–1, respectively. The soil contents of these two elements were accordingly deemed to be within a range sufficient for normal plant requirements (2.6 to 4.5 mg kg–1 for Fe; 0.6 to 1.0 mg kg–1 for Zn) (Tisdale et al., 1993; Sahrawat and Wani, 2013).



Grain Sampling and Micronutrient Analysis

Open-pollinated grains were sampled and used to obtain estimates of grain Fe and Zn contents, which are expressed as mg kg–1. At the time of harvesting, 5–10 representative main panicles from plants growing in each plot were harvested at physiological maturity (80–90 days after planting) for P1, P2, and F1 generation plants, whereas, for the BCP1, BCP2, and F2 generations, we separately harvested single plant panicles (tagged plants). The harvested panicles were placed in a separate cloth bag to avoid soil contamination and dried in the sun. The dried panicles were threshed manually, and samples of approximately 20 g of grain were collected for grain Fe and Zn content analyses. Grains were cleaned of the glumes, panicle chaff, and debris, and thereafter transferred to non-metal fold envelopes and stored at a cold temperature (12°C), with care being taken at each step to avoid contaminating the grains with dust, following Stangoulis and Sison (2008).

Grain Fe and Zn contents were analyzed using an X-Supreme 8000 energy-dispersive X-ray fluorescence spectrometry device (ED-XRF: Oxford Instruments, Abingdon, United Kingdom), installed at the HarvestPlus Lab, ICRISAT, Patancheru. The XRF method used for pearl millet has been calibrated and validated in Flinders University, Adelaide, Australia (Paltridge et al., 2012) and ICRISAT (Govindaraj et al., 2016).



Statistical Analysis


Generation Mean Analysis

The data obtained were subjected to ANOVA using a compact family block design, as described by Panse and Sukhatme (1985). The four scaling tests (A, B, C, and D) were determined according to the method suggested by Mather (1949). These different scales are computed simply by simple linear combination as given below:
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Where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are means of different generations, respectively. The variances of the quantities A, B, C, and D were calculated from respective variances of different generations as given below:
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Where, VA, VB, VC, and VD are the variances of respective scales A, B, C, and D; [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are the variances of P1, P2, F1, F2, BCP1, and BCP2 generations, respectively. SEs for A, B, C, and D scales were calculated by estimating the square root of the respective variances. The test of deviation from the hypothetical value of zero was tested using the t-test. The calculated t-values were compared with “t” table values at 5 and 1% level of significance at their respective degrees of freedom. In each test, the degrees of freedom was taken as the sum of the degrees of freedom of various generations involved in that scaling test, and the degrees of freedom for any generation was calculated as a total number of observations minus the number of replications.

After computing scaling tests, if any one of them was found significant then the genetic effects were estimated by fitting the data into six-parameter models of the generation mean analysis, as suggested by Hayman (1958) to estimate the genetic parameters viz., mean (m), additive gene effects (d), dominance gene effects (h), and three types of non-allelic gene interactions viz., additive × additive (i), additive × dominance (j), and dominance × dominance (l).
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Where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are means of different generations, respectively. Furthermore, the variance component for each estimate was calculated as below:
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where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] were the variances of P1, P2, F1, F2, BCP1, and BCP2 generations, respectively.

The significance for the above genetic parameters was tested using the t-test. First, SE is worked out for each component separately by taking the square root of the variance of the respective component. The significance of the genetic effect is tested using the t-test in a similar manner as in the case of the scaling test. All these statistical analyses were conducted using the DOS-based Excel program, TNAUSTAT-Statistical package (Manivannan, 2014).



Heterosis

Mid-parent heterosis (MPH) was expressed as the percentage increase or reduction observed in the F1 progeny over that of the mid-parent value (Fonseca and Patterson, 1968). The residual heterosis over the mid-parent value (RHM) in the F2 generation was calculated as described by Rao (1980).

[image: image]



Heritability, Degree of Dominance, and Inbreeding Depression

Broad-sense heritability [image: image], narrow-sense heritability [image: image], and genetic advance (GA) from the heritability estimates were determined according to Warner (1952), whereas the percentage GA over the mean (GAM) was computed as described by Johnson et al. (1955). The degree of dominance, expressed as the square root of the ratio of dominance variance (H) to additive variance (D), was determined according to Robinson et al. (1949). Furthermore, the loss of fitness in progeny with reduced heterozygosity arising from consanguineous mating, known as inbreeding depression (ID), was estimated as described by Kempthrone (1957). Values were obtained using the following equations:

[image: image]

Where VP1, VP2, VF1, VBCP1, VBCP2, and VF2 are the variances of P1, P2, F1, BCP1, BCP2, and F2, respectively; K is the selection differential, the value of which is 2.06 at a 5% selection intensity; and VE is the environmental variance.





RESULTS

The ANOVA estimate for six generations of each cross revealed highly significant (p < 0.01) mean squares for grain Fe and Zn contents in E1 and E2, thereby indicating the presence of significant genetic variability for the two micronutrient traits (Table 3). Furthermore, analysis of the mean performance of each generation for both grain Fe and Zn contents revealed higher mean values in E2 than in E1 (Table 2 and Figures 1, 2), which was consistent among the four crosses. The frequency distribution of the number of plant samples for grain Fe and Zn contents in each generation (segregating) plotted during E1 and E2 is presented in Supplementary Figures 1–4.


TABLE 3. Analysis of variance for grain iron (Fe) and zinc (Zn) contents between the six generations within each cross evaluated in 2017 rainy (E1) and 2018 summer (E2).
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FIGURE 1. Mean performance of parents (P1 and P2), F1, F2 and backcross generations (BCP1 and BCP2) for grain iron (Fe) content among eight crosses during E1 (2017 rainy) and E2 (2018 summer) seasons.



[image: image]

FIGURE 2. Mean performance of parents (P1 and P2), F1, F2 and backcross generations (BCP1 and BCP2) for grain zinc (Zn) content among eight crosses during E1 (2017 rainy) and E2 (2018 summer) seasons.



Scaling Tests

Among all the crosses, at least one significant scaling test was observed out of four (A, B, C, and D) during E1 and E2 and this indicates the presence of epistasis or gene interactions except in cross-III during E1, wherein all the four scaling tests were non-significant (Table 4), which indicates that the simple additive and dominant model is adequate to explain the cause of variation in grain Fe and Zn contents.


TABLE 4. Scaling tests for grain iron (Fe) and zinc (Zn) contents of different cross evaluated in 2017 rainy (E1) and 2018 summer (E2).
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Genetic Effects

With respect to the grain Fe content, partitioning of the generation mean into six different genetic components revealed that the effect of the mean was significant (p < 0.01), and its magnitude was higher than that of the other genetic effects assessed, namely additive (d) and dominant (h), and the three interaction effects, additive × additive (i), additive × dominant (j), and dominant × dominant (l), among the four crosses studied. The cross-wise direct and inter-allelic interaction effects for the grain Fe content in cross-I showed the presence of a significant additive genetic effect (p < 0.01) and an additive × dominant interaction effect (p < 0.05) in E1 (Table 5). In E2, both additive (p < 0.01) and dominant (p < 0.01) genetic effects were significant, wherein the magnitude of the additive genetic effect was 1% higher than that of the dominant genetic effect. Among the interaction effects, additive × additive and additive × dominant effects were significant (p < 0.01), wherein the magnitude of the additive × additive genetic effect was 70% higher than that of the additive × dominant effect. In cross-II, the additive (p < 0.01) genetic effect along with additive × additive (p < 0.05) and additive × dominant (p < 0.05) interaction effects were significant in E1. The magnitude of the additive × additive genetic effect was 61% higher than that of the additive × dominant effect. In E2, only additive genetic effect (p < 0.01) and the additive × dominant (p < 0.05) interaction effect were significant. In cross-III in E1, all the four scaling tests were non-significant that indicate the absence of epistasis. Nevertheless among direct genetic effects, both additive and dominant effects were significant (p < 0.01), wherein the magnitude of the dominant genetic effect was 24% higher than that of the additive. In E2, both additive and dominant genetic effects along with additive × additive and additive × dominant interaction effects were significant (p < 0.05), wherein the magnitude of the dominant genetic effect was 54% higher than that of the additive effect, and the magnitude of the additive × additive was 60% higher than that of the additive × dominant interaction effect. Cross-IV in E1 was characterized by significant additive (p < 0.01) and dominant (p < 0.05) genetic effects with a higher magnitude of an additive genetic effect. Among interaction effects, additive × dominant and dominant × dominant were significant (p < 0.01), wherein the magnitude of dominant × dominant was 65% higher than that of the additive × dominant. The contrasting directions of the dominant genetic effect and dominant × dominant interaction effects indicated the presence of duplicate epistasis. In E2, an additive genetic effect along with additive × dominant and dominant × dominant interaction effects were significant (p < 0.01), wherein the magnitude of the dominant × dominant interaction effect was 63% higher than that of the additive × dominant.


TABLE 5. Direct and interaction gene effects for grain iron (Fe) and zinc (Zn) contents in different cross evaluated 2017 rainy (E1) and 2018 summer (E2).
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The mean effect for the Zn content in grains indicated a significant (p < 0.01) predominant effect compared with all other assessed genetic effects, including the different interaction effects. The cross-wise direct genetic and interaction effects in E1 and E2 for the grain Zn content revealed that in cross-I, the additive genetic effect was significant (p < 0.01) in E1 and E2. Among interaction effects only in E2, the additive × additive (p < 0.05) and additive × dominant (p < 0.01) interaction effects were significant, wherein the magnitude of the additive × additive effect was 61% higher than that of the additive × dominant effect. In cross-II, only the additive genetic effect was significant (p < 0.01) in E1 and E2. All three interaction effects were non-significant, both in E1 and E2, indicating an absence of epistasis. In cross-III in E1, the additive genetic effect along with additive × dominant interaction effect (p < 0.01) was significant (p < 0.01). In E2, all four scaling tests were found to be non-significant, indicating the absence or lack of role of epistasis. Nevertheless among the direct genetic effects, both additive and dominant genetic effects were significant (p < 0.01), wherein the magnitude of the dominant genetic effect was 51% higher than that of the additive genetic effect in E2. Unlike in earlier crosses, non-significant additive and significant (p < 0.01) dominant genetic effect was observed in cross-IV in E1. Among the interaction effects, the additive × dominant (p < 0.01) and dominant × dominant (p < 0.01) were significant, wherein the magnitude of the dominant × dominant was 79% higher than that of the additive × dominant. The contrasting directions of dominant genetic and dominant × dominant interaction effects provided evidence for the presence of duplicate epistasis in E1. In contrast to E1, we detected a significant additive genetic effect, along with significant additive × dominant (p < 0.05) and dominant × dominant (p < 0.01) interaction effects in E2, wherein the magnitude of the dominant × dominant effect was 85% higher than that of additive × dominant effect.



Heritability and Percentage Genetic Advance Over the Mean

A high broad-sense heritability was recorded for the grain Fe content among all the four crosses in E1 and E2. Furthermore, we also detected high narrow-sense heritability among four crosses with a magnitude varying from 72.14 to 86.64% in E1 (Table 6). Similarly, in E2, we recorded high narrow-sense heritability for the four crosses, among which the magnitude varied from 61.78 to 90.50%. High GAM was recorded for all crosses in E1 and E2, wherein the magnitude varied from 34.50 to 48.42% and from 25.46 to 40.34% in E1 and E2, respectively.


TABLE 6. Estimates of genetic components for grain iron (Fe) and zinc (Zn) contents in different crosses evaluated in 2017 rainy (E1) and 2018 summer (E2).
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Similarly, we recorded high broad-sense heritability values for Zn among all crosses in E1 and E2, whereas a moderate narrow-sense heritability with magnitudes ranging from 48.55 to 58.58% and from 30.60 to 59.04% was recorded for all crosses in E1 and E2, respectively. Moreover, high GAM was recorded among all the crosses in E1 and E2, with magnitudes ranging from 37.00 to 51.76% and from 24.49 to 40.10% in E1 and E2, respectively.



Heterosis, Degree of Dominance, and Inbreeding Depression

Significant (p < 0.01) negative MPH was recorded among all the four crosses for the grain Fe content with the highest being obtained for cross-III (−30.20%) and the lowest for cross-II (−8.90%) in E1 (Table 7). Similarly, among all crosses, RHM was significant (p < 0.01) for the grain Fe content in a negative direction, wherein the magnitude was the highest for cross-III (−15.14%) and the lowest for cross-II (−7.66%) in E1. In E2, a significant (p < 0.01) MPH was recorded only in cross-III (−19.36%). Surprisingly, we established MPH estimates in a positive direction for crosses I and IV, but the effects were non-significant. RHM in E2 was significant only among crosses III and IV, wherein the magnitude of RHM was the highest for cross-IV (−9.70%) and the lowest for cross-II (−0.43%). Furthermore, it was observed that except cross-I, the rest of the three crosses recorded RHM in negative direction in E2. None of the F1 populations exceeded the respective better parent in either E1 or E2. Furthermore, we detected no significant ID among the crosses in E1 and E2. The degree of dominance among the four crosses varied from as low as 0.32 for cross-III to as high as 0.75 for cross-II in E1 and from 0.13 for cross-I to 0.74 for cross-IV in E2.


TABLE 7. Heterosis components for grain iron (Fe) and zinc (Zn) contents for different crosses evaluated in 2017 rainy (E1) and 2018 summer (E2).
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With respect to grain Zn content, we detected a significant MPH for crosses III (p < 0.01) and IV (p < 0.05). Among four crosses, the highest magnitude of MPH was recorded in cross-III (−12.28%) and the lowest in cross-I (1.95%), although the difference was not significant. With the exception of cross-I, the recorded MPH for rest of the crosses was in a negative direction in E1. Furthermore, among the four crosses in E1, we recorded a significant (p < 0.01) RHM for crosses I, III, and IV, with the highest magnitude being recorded in cross-III (−9.91%) and the lowest in cross-II (0.93%) which was found to be non-significant. However, the RHM was observed to be in a positive direction for crosses I and II, whereas it was in a negative direction for crosses III and IV. In E2, a significant (p < 0.01) MPH was recorded only in cross-III. The magnitude of MPH was found to be the highest in cross-III (−13.53%) and the lowest in cross-II (−2.00%), the difference between which was non-significant. Furthermore, MPH recorded was in a positive direction for crosses I and IV, whereas, it was in a negative direction for crosses II and III. RHM was significant (p < 0.01) among crosses II, III, and IV, wherein the highest magnitude was recorded in cross-III (−7.86%) and the lowest in cross-II (2.59%). As in E1, the RHM recorded for crosses I and II was in a positive direction, and that for crosses III and IV was in a negative direction in E2. None of the F1 populations performed better than the better parent in E1 and E2, thereby indicating an absence of BPH. In both E1 and E2, we detected no significant ID among the assessed crosses. Furthermore, the degree of dominance estimates among the four crosses varied from as low as 0.91 for cross-I to as high as 1.25 for cross-IV in E1 and from 0.58 for cross-I to 1.66 for cross-III in E2.



Correlations Between Fe and Zn

With respect to correlations between Fe and Zn contents in pearl millet grain, we performed Pearson’s correlation analysis to assess the different generations among each cross in each of the two environments (seasons) (Table 8) and accordingly detected highly significant positive correlations between grain Fe and Zn contents among all crosses in E1 and E2. The only exception in this regard was cross-I in E1, for which the positive correlation was non-significant. Among the four crosses, the magnitude of the correlation between grain Fe and Zn contents was the highest in cross-II in both E1 (r = 0.692, p < 0.01) and E2 (r = 0.674, p < 0.01). A similar positive correlation was observed between grain Fe and Zn contents in backcross populations, with the exception of cross-III (r = − 0.089). Highly significant positive correlations (p < 0.01) between grain Fe and Zn contents were also detected for all three segregating generations (F2, BCP1, and BCP2) in E1 and E2, with the magnitude of correlation being the lowest in cross-IV in both E1 (r = 0.168, p < 0.01) and E2 (r = 0.371, p < 0.01).


TABLE 8. Correlation between grain iron and zinc contents in F2, BCP1, BCP2 within individual crosses and across all the generation within individual crosses evaluated in 2017 rainy (E1) and 2018 summer (E2).

[image: Table 8]



DISCUSSION

The ANOVA revealed significant generation means for grain Fe and Zn contents among all the four crosses in E1 and E2, thereby indicating a substantial degree of genetic variability for grain Fe and Zn contents among segregating populations obtained from crossing contrasting parents. The mean performances of parents and F1 progeny revealed a slight increase in the levels of Fe and Zn contents in the grains of pearl millet cultivated in the second (E2) season of the present study compared with the first (E1) season. This is in line with the expected observation, given that the accumulation of Fe and Zn contents in grains is predicted to be higher in the summer environment due to the higher absorption from roots in response to higher rates of transpiration. Moreover, in the case of the grain Fe content, we established that the levels of available Fe in soil were higher in E2 (5.0 mg kg–1 Fe). Interestingly though the available Zn in soil was relatively low, this was not reflected in the grain Zn content in E2; thus, the mean performance with respect to the grain Zn content would probably be stable in E1 and E2. Previous studies have likewise reported similar patterns of grain Fe and Zn contents in pearl millet during rainy and summer seasons (Govindaraj et al., 2013; Kanatti et al., 2014). In the present study, we recorded differences in the grain levels of Fe and Zn of 1 to 15 mg kg–1 and 1 to 9 mg kg–1, respectively, between parents cultivated in the two environments (E1 and E2), whereas we found that the mean F2 distribution was normally distributed for all crosses (Supplementary Figures 1–4).

Epistasis is defined as any form of non-allelic interaction (Phillips, 1998; Boubacar et al., 2020). In this respect, comprehensive knowledge of gene action and interactions can contribute to determining the selection of breeding methods that efficiently exploits the genetic variance, which in turn can assist in interpreting the role of breeding systems in crop evolution (Hallauer and Miranda, 1981). The occurrence of significant epistasis has a tendency to bias the estimation of variance components. For example, polygenic inheritance models consisting of a large array of allelic interactions would tend to cause underestimations or overestimations of heritability, generally of the narrow-sense type, that in turn would contribute to additional bias in predicted gains. Generation mean analysis thus involves several basic generations from crosses between two inbred lines and provides estimates of epistatic effects. To assess these effects, we adopted the six-parameter model described by Hayman (1958) in the present study and used this to examine four crosses.

Significant additive genetic effects were consistently recorded for the grain Fe content among all the four crosses in each of the two assessed environments. The higher magnitude of the additive genetic effect over the dominant effect among the crosses (I, II, and IV) indicates that the genes underlying the grain Fe content in pearl millet are predominantly governed by additive genetic effects. Similarly, with the exception of cross-IV, highly significant additive genetic effects among the crosses were detected for the Zn content in grains in E1 and among all the crosses in E2, thus indicating that additive genetic effects also play a major role in determining the inheritance of genes underlying grain Zn content. It is important to note that in the present study, the negative value for “d” (additive) indicates that the parent with lower grain Fe and Zn contents was selected as P1, and the parent with a higher grain Fe content was selected as P2. Hence, when comparing the magnitude of genetic effects, absolute values were taken into consideration. In this regard, the findings of a previous study have also indicated that the positive or negative direction of additive and dominant genetic effects signifies that it is the parent with the highest number of genes or positive alleles that contributes to the increment in the trait of interest (Parihar et al., 2016). Similar predominant significant additive genetic effects for grain Fe and Zn contents have also been previously reported in pearl millet (Velu et al., 2011; Govindaraj et al., 2013; Kanatti et al., 2014), sorghum (Kiran, 2013; Kumar et al., 2013; Hariprasanna et al., 2014; Gaddameedi et al., 2018), maize (Gorsline et al., 1964; Long et al., 2004; Chen et al., 2007; Chakraborti et al., 2010), and rice (Zhang et al., 2004).

With respect to the grain Fe content, we detected a high narrow-sense heritability for all the four crosses in E1 and E2, thereby providing further evidence that the genes underlying the grain Fe content are largely under additive genetic control. Similarly, moderate-to-high narrow-sense heritability has also been previously reported for the grain Fe content in pearl millet (Velu et al., 2011). Contrastingly, the narrow-sense heritability recorded for the grain Zn content was either low or, in the majority of cases, it was moderate. In addition, the absence of BPH, along with non-significant ID, for all the four crosses tends to be compatible with the additive genetic effect for grain Fe and Zn contents. Notably, the non-significant ID detected for Fe and Zn contents in grains in the present study is consistent with the findings of a previous study on pearl millet (Rai et al., 2017). The degree of dominance for the grain Fe content was negligible, whereas that for the grain Zn content was either close to or higher than one during E1 and E2, indicating the some role of partial dominance as non-additive genetic effects. Complementary to this trend in some of the hybrids in the present study, the MPH effect for the grain Zn content was observed to be in a negative direction in E1 and E2, thereby indicating that the effects of the genes determining lower Zn levels are partially dominant. Moreover, it is also probable that the effects of genes acting additively for grain Zn are influenced by genetic background, particularly in a negative direction, resembling the low levels of partial dominance. Similar significant negative MPH has also been reported in previous studies on pearl millet (Velu et al., 2011; Rai et al., 2012; Govindaraj et al., 2013; Kanatti et al., 2014).

The significance of one or more scaling tests for the grain Fe content among most of the crosses in E1 and among all the crosses in E2 provides evidence for the role of epistatic interaction effects in the inheritance genes governing the grain Fe content in pearl millet. Among such interactions, additive × dominant was consistently significant across E1 and E2. Similar results have been reported in previous studies for the grain Fe content in rice (Chamundeswari, 2010) and maize (Chakraborti et al., 2010). However, in the case of cross-II in E1 and crosses I and III in E2, we found the role of additive × additive interactions for the grain Fe content to be significant. Additive genetic effects along with the additive × additive interaction effects represent fixable genetic variance, and hence the progeny per se selection would presumably be effective for enhancing the grain Fe content in pearl millet. Similar significant additive × additive genetic effects for the grain Fe content have been previously reported in pearl millet (Boubacar et al., 2020), rice (Mallimar et al., 2017), and maize (Chakraborti et al., 2010). We suspect that most of these interaction effects would be cross-specific and would show a slight environmental variation for the same cross, whereas direct gene effects (additive) would be relatively consistent.

With the exception of additive × dominant effects for cross-III in E1, we found that the epistatic interaction effects for the grain Zn content were non-significant for crosses II and III in E1 and E2, wherein their magnitudes were also relatively lower than those of the respective additive genetic effects. This further indicates that among these two crosses, the grain Zn content is predominantly governed by additive genetic effects, and at most, interaction effects play only a rudimentary role. In cross-I, all three of the assessed interaction effects showed a non-significant effect in E1, whereas in E2, both additive × additive and additive × dominant interaction effects showed a significant effect. Moreover, the magnitude of the additive × additive interaction effect was almost double that of the additive × dominant effect. The significant additive genetic effect coupled with the predominant additive × additive interaction effect would tend to indicate that the inheritance genes governing the grain Zn content are largely governed by additive genetic effects in cross-I. We found that the interaction effects associated with grain Zn content, such as additive × dominant and dominant × dominant, were consistently significant in both E1 and E2 in the case of cross-IV, thereby further confirming that these interaction effects are cross-specific. A similar higher magnitude of the dominant × dominant interaction effect for the grain Zn content has also been previously reported in sorghum (Kiran, 2013) and rice (Chamundeswari, 2010; Gajanan, 2015; Rani, 2016). Moreover, we found that only cross-IV in E1 showed a significant dominant genetic effect along with a dominant × dominant interaction effect, which was in the opposite direction (sign), indicating that the grain Zn content is governed by duplicate epistasis. However, the non-significant effects of the dominant × dominant interactions among crosses I, II, and III precluded a determination of the respective types of epistasis. The duplicate type of epistasis found for both Fe and Zn in cross-IV in E1 suggests that the selection for high grain Fe and Zn recombinants is possible through pedigree breeding by delaying the selection to later generations. Similar duplicate epistatic effects have previously been reported for Fe and Zn in sorghum (Kiran, 2013; Gaddameedi et al., 2018) and rice (Chamundeswari, 2010; Gajanan, 2015; Rani, 2016; Mallimar et al., 2017). In contrast, the consistent absence of a significant interaction effect and predominant additive genetic effect in E1 and E2 for both grain Fe and Zn content indicates that they are under the control of a simple digenic inheritance, which is similar to the simple digenic inheritance for the grain Zn content previously reported in pearl millet by Kumar et al. (2018).

Notably, none of the hybrid progeny obtained in the present study exceeded the mean of the better parent for the grain contents of Fe and Zn, which implies that there was no BPH, and in turn, indicates that the predominance of additive components for grain Fe and Zn inheritance would make it difficult to obtain BPH based on genetic variance. Furthermore, in most instances, we observed a significant RHM for both grain Fe and Zn contents in E1 and E2, although for almost all the hybrids, this was in a negative direction, indicating that the MPH obtained in the F1 generation was retained in F2 populations. Moreover, it would tend to imply that even in the F2 progeny, the expression of grain Fe and Zn contents could be masked by the undesirable linkage of partially dominant genes (negative alleles) that govern the low levels of Fe and Zn contents in grains. Similar negative MPH and partial dominance have been detected previously in pearl millet (Govindaraj, 2006; Velu et al., 2011). In general, the correlation between grain Fe and Zn contents was positive and significant, and the positive direction observed in hybrids and segregating generations in the present study provides evidence of the co-segregation of these two micronutrients. Thus, these findings tend to indicate that the grain Fe content in pearl millet could be simultaneously enhanced with the grain Zn content as an associated trait, which would be consistent with previous reports of a positive correlation between grain Fe and Zn contents in pearl millet (Gupta et al., 2009; Velu et al., 2009; Rai et al., 2012, 2014; Govindaraj et al., 2013).



CONCLUSION

In summary, the generation mean analysis revealed that with additive genetic variance, additionally, there are gene interaction contributions indicating additive × additive and additive × dominant interaction effects for grain Fe and Zn contents in pearl millet. This study confirms the significant role of additive gene effects in grain Fe and Zn improvement reported earlier in pearl millet, whereas there is a chance of specific gene interactions exist merits further strategic genetic and genomic studies using more inbreds for a profound understanding of biofortified hybrid breeding. Among the direct genetic effects, additive genetic effects predominantly govern its evidence of grain Fe and Zn contents. Therefore, duplicate epistatic interactions would not constitute a substantial impediment to the improvement of grain Fe and Zn contents in pearl millet, which could be overcome by practicing early selection (F2s) for agronomic traits and delayed selection (>F3−F4s) in Fe and Zn trait mainstreaming breeding pipelines.
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Orphan crops are indigenous and invariably grown by small and marginal farmers under subsistence farming systems. These crops, which are common and widely accepted by local farmers, are highly rich in nutritional profile, good for medicinal purposes, and well adapted to suboptimal growing conditions. However, these crops have suffered neglect and abandonment from the scientific community because of very low or no investments in research and genetic improvement. A plausible reason for this is that these crops are not traded internationally at a rate comparable to that of the major food crops such as wheat, rice, and maize. Furthermore, marginal environments have poor soils and are characterized by extreme weather conditions such as heat, erratic rainfall, water deficit, and soil and water salinity, among others. With more frequent extreme climatic events and continued land degradation, orphan crops are beginning to receive renewed attention as alternative crops for dietary diversification in marginal environments and, by extension, across the globe. Increased awareness of good health is also a major contributor to the revived attention accorded to orphan crops. Thus, the introduction, evaluation, and adaptation of outstanding varieties of orphan crops for dietary diversification will contribute not only to sustained food production but also to improved nutrition in marginal environments. In this review article, the concept of orphan crops vis-à-vis marginality and food and nutritional security is defined for a few orphan crops. We also examined recent advances in research involving orphan crops and the potential of these crops for dietary diversification within the context of harsh marginal environments. Recent advances in genomics coupled with molecular breeding will play a pivotal role in improving the genetic potential of orphan crops and help in developing sustainable food systems. We concluded by presenting a potential roadmap to future research engagement and a policy framework with recommendations aimed at facilitating and enhancing the adoption and sustainable production of orphan crops under agriculturally marginal conditions.

Keywords: orphan crops, marginal environments, climate change, food and nutritional security, improved livelihood


INTRODUCTION

The current world population is 7.8 billion, which is projected to reach 9.7 billion by 2050 (United Nations Population Fund, 2019). Tilman et al. (2011) indicated that agricultural production must increase by 60–110% to meet the global requirement of the projected population by 2050. Potapov et al. (2021) estimated total global cropland area in 2019 to be 1,244 Mha, along with a corresponding total annual net primary production of 5.5 Pg (5.5 × 1015) carbon year–1. Arable lands are usually affected adversely by land degradation and climate change, which have become the present-day reality of our ecosystem. Soil and water salinity are also major contributors to the decline in productivity of agricultural lands, thereby limiting food and fodder production (Khan et al., 2006). About 1,125 million hectares of land are affected by salinity across the globe, with human-induced salinization accounting for about 76 million hectares (Wicke et al., 2011, 2020). As of now, an estimated one-fifth of the land area under irrigation is adversely affected by salinity while the current rate of advancement in salinization is projected to render about 1.5 million hectares of land useless every year (Hossain, 2019). Water scarcity also constitutes a limitation to the intensive use of land. According to White (2014), water scarcity occurs when water is grossly inadequate to meet human and ecosystem requirements simultaneously. This scenario is often occasioned by physical water scarcity or lack of required infrastructure for the provision of access to available water resources (economic scarcity). Natural phenomena such as aridity and drought could cause physical water scarcity; however, human influences, including desertification and water storage, could also trigger physical water scarcity (Pereira et al., 2009; White, 2014). In view of the present scenarios, farmers are forced to grow their crops in saline soils under rainfall deficit and drought and/or heat stress during the cropping season. Interestingly, some underused alternative crops (e.g., foxtail millet, proso millet, Bambara groundnut, and barnyard millet, among others) have a competitive nutritional profile comparable to and in some cases better than that of commonly grown food crops such as maize, rice, and wheat. These crops not only have high concentrations of essential nutrients but also have potential for outstanding performance under suboptimal growing conditions (Bharucha and Pretty, 2010).

To mitigate the impact of climate change and continued land degradation as well as to increase/sustain global food production, two potential approaches can be pursued. The first involves increasing yield per unit area of crops through genetic enhancement and improved agronomic practices (Parry and Hawkesford, 2010). The second option involves bringing back degraded lands into productive use through the introduction, testing, and adaptation of alternative nutrient-dense and stress-tolerant crops to marginal environments especially where these crops have not been previously cultivated (Mabhaudhi et al., 2019). This would facilitate dietary diversification and pave the way for food self-sufficiency in the affected regions. In summary, to achieve sustainable food and nutrition security, there is a need to breed crops for stress tolerance and resource use efficiency in marginal environments as well as devote more research attention toward the introduction, evaluation, and adaptation of underused crops for dietary diversification.

This review was conducted to examine the potential of some selected orphan or underused crops for diversified and balanced diets, improved food and nutrition security, income generation by rural poor, empowerment of women and youth, as well as salvaging degrading marginal environments. The potency of modern breeding strategies (including high-throughput genotyping and phenotyping, marker-assisted selection, genomic selection, gene editing, mutation breeding, and other approaches that could fast-track the genetic enhancement of these crops) along with the anticipated impact of dietary diversification on the social fabric are also highlighted along with a potential roadmap for future research engagement and a policy framework.


Marginality

The concept of marginal environments is subjective and therefore defined from diverse perspectives, including societal, infrastructure, health, education, political, economic, environmental, and development index (Gurung and Kollmair, 2005). In the context of agriculture, we consider marginal environments as lands that are limiting in the provision of optimal conditions required for crop growth and productivity as well as those that result in poor economic returns when used for crop cultivation. A comprehensive definition of marginal environments was provided by Pender and Hazell (2000), who referred to these environments as less-favorable agricultural areas (LFAAs) characterized by constrained agricultural potential and resource degradation attributable to biophysical and politico-socioeconomic factors. The authors indicated that the low production potential of these LFAAs is driven by rugged terrains, extreme weather conditions, poor soil and water quality, lack of socioeconomic connectivity, and limited exposure to agricultural intensification opportunities. They also added that drought and erratic rainfall, salinization, and other factors present significant constraints for intensive agriculture in LFAAs.



Orphan Crops

According to Dawson et al. (2007), orphan crops are those that have either originated from a geographical location or become “naturalized” due to many decades (usually greater than 10 decades) of cultivation alongside natural selection and/or artificial selection by farmers. The term “orphan” is derived from the state of neglect and abandonment of the crops by the scientific community despite their grossly underexploited food and nutritional potential that can contribute to food and nutrition security, healthy living, improved livelihood of farmers, and improvement of the environment (Tadele and Assefa, 2012; Tadele and Bartels, 2019). Orphan crops are also referred to as underused, lost, indigenous, minor, promising, or future crops (Tadele, 2019). Orphan crops have a history with indigenous people and are generally accepted among the rural populace for their nutritional and health values as well as adaptation to prevailing local stresses and growing conditions (Kamei et al., 2016). With renewed awareness of the potential of orphan crops in terms of being nutrient-dense, amenable to diverse food systems, and tolerant of suboptimal growing conditions, research attention is beginning to shift in the direction of these crops, for which the knowledge of indigenous people would be invaluable.

Although number of orphan crops are native to different continents or regions like Africa, Asia, South America, North America, South Pacific, and Australia, among others (Davies et al., 2005; Foyer et al., 2016; Mueller et al., 2017; Kagawa-Viviani et al., 2018; Dawson et al., 2019; Kehinde et al., 2022), but a plant species may be called orphan for one particular region may not be necessarily orphan crop for others. Several orphan crops listed for Africa include crops that are commonly grown in South Asia and other parts of the world. For example, the African Orphan Crops Consortium (AOCC) listed okra, onion, cashew, custard apple, jack fruit, papaya, watermelon, coconut, pumpkin, finger millet, sweet potato, lentil, mango, bitter gourd, drumstick, mulberry, banana, guava, etc., as part of the 101 most important orphan crops in Africa1, whereas these crops are widely cultivated in other areas of the world and are not considered as orphan crops in those regions. In the past couple of decades, crop species from different parts of the world have been gaining attention in other regions, that is, outside of their niche. Quinoa (Chenopodium quinoa) is one of the most captivating cases, moving out of South America (Bolivia, Peru, and Chile) and expanding globally. Quinoa varieties have been bred specifically for the European and North American environments (Alandia et al., 2020). Similarly, amaranth, buckwheat, millets, and other crops have gained attention outside of their centers of origin and domestication (Rodríguez et al., 2020).

It is noteworthy that the AOCC selected the 101 priority orphan crops based on three primary criteria: (1) being rich in micro- and macronutrient contents, (2) being relevant to Africa, and (3) having a need for developing breeding resources (Hendre et al., 2019). In a similar manner, the Food and Agriculture Organization of the United Nations Regional Office for Asia and the Pacific (FAO/RAP) identified and designated traditional underused crops as Future Smart Food (FSF) based on four criteria: high nutritional profile, climate resilience, local availability, and economic viability. This was in line with the FAO/RAP Initiative for Zero Hunger (Li and Siddique, 2018). Thus, in this review, we identified 13 orphan crops based on four criteria: (1) resilience to salinity, drought, and/or heat stress, which are prevalent in marginal environments; (2) high nutritional profile; (3) amenability to diverse cropping systems; and (4) local availability for economic growth and social development. These crops were assigned to three categories: cereals and pseudo-cereals, pulses, and oil crops (Table 1).


TABLE 1. Selected nutrient-dense orphan crops for dietary diversification in marginal environments.

[image: Table 1]
It suffices to indicate that the intention is not for orphan crops to dominate the diet or compete with the major food crops but to complement production to meet the food requirements of the fast-increasing population as soon as possible. Orphan crops are also outstanding in performance and could thrive better than major food crops in environments where they are indigenous and widely cultivated. Promotion and adoption of orphan crops are expected to achieve direct and indirect impacts on many global challenges.




POTENTIAL AND PROSPECTS OF ORPHAN CROPS IN FOOD SYSTEMS

Despite being grown on infertile portions of farms and commonly cultivated in marginal agricultural regions; orphan crops continue to play a significant role in food security. They provide the calorie requirement of people living in areas where major food crops such as maize, rice, and wheat cannot be produced optimally. It is also noteworthy that orphan crops require low inputs by nature; thus, farmers will be spending far lesser amount of money on production compared to those of major food crops.


Role in System Diversification, Sustainability, and Soil Health

While maize, rice, and wheat dominate cropping systems; these crops do not perform well in marginal areas. Orphan crops can be grown successfully as sustainable alternatives to satisfy the calorie requirements of communities. The use of orphan crops to occupy niches in production in multiple cropping systems has several advantages. For instance, niche management using alternative orphan crops addresses the food production challenges in locations where climate and other environmental factors can no longer support traditional cereals. Second, selected orphan crops can be used to explore sustainable crop diversification opportunities for multiple cropping, thereby supporting yield stability, building up of disease and pest resistance, higher resource use efficiency, and intensification where conditions allow for this. Local crop intensification and the use of diverse crop cycles have been put forward as a solution to improve food security without increasing the area under cultivation subject to site-specific productivity and actual environmental costs (Waha et al., 2020). As the frequency of climate extremes increases, mixed crop production practices that include wide adaptation traits are important for maintaining food security (Iijima et al., 2016). Therefore, the inclusion of orphan crops can increase both food security and opportunities for designing sustainable crop intensification strategies. Alternative crops in the form of orphan crops score highly in all areas of the four pillars of food security: access, availability, use, and stability. In particular, the majority fit in sustainable production practices and support dietary diversity. Orphan crops could have a different supplemental requirement (fertilizers/minerals) for their growth and development as compared with the staple cereals that largely dominate food systems, but definitely not exhaustive requirements. Soil nutritional status affects the nutritional profile of crop produce (Rekik, 2020). Therefore, it is imperative to work out soil health needs and define specific fertilizer requirements prior to including orphan crops in food systems.

Nutritional requirements significantly affect food systems. Small millets, which are mostly orphan crops, play significant roles in the diets and nutrition of local indigenous people in Africa, Asia, and South America. Compared with traditional cereals, orphan crops such as finger, foxtail, and proso millet, among others, have high potential and value as food sources as they provide gluten-free flour, are higher in dietary fiber and essential amino acids (leucine, isoleucine, and lysine), and have good lipid content (Dias-Martins et al., 2018). For example, finger millet has comparable carbohydrate, protein, and fat content as wheat and rice, but the crop is by far the richest source of calcium (300–350 mg/100 g), as detailed in Table 2A. Finger millet also has comparable and, in some cases, higher essential amino acids, vitamins, and micronutrients than wheat and rice (Table 2B). Other small millets also serve as abundant sources of phosphorus and iron. In a study conducted by Devisetti et al. (2014), the protein content of foxtail and proso millets was found to be high (e.g., 14.8 g/100 g), and measured total and soluble dietary fiber was significantly high. In the brown and whole grains, both small grains had significant phenolic compounds and phytic acid, which can be overcome by processing, while the nitrogen solubility of their flours was good (e.g., up to 16.4 mg/g) in water (Devisetti et al., 2014). Work of Das et al. (2019) has shown that proso millet, for example, provides vitamins (niacin, B-complex vitamins, and folic acid), minerals (P, Ca, Zn, and Fe), and essential amino acids (methionine and cysteine). Proso millet also has comparable contributions to protein, energy, and carbohydrates.


TABLE 2A. Nutritional profile of selected millets compared with those of wheat and rice.
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TABLE 2B. Nutritional profile of selected millets compared with those of wheat and rice.

[image: Table 3]


Agricultural Systems for Health

Orphan crops support sustainable production practices of diverse cropping systems, have high feed value in livestock and fisheries, and contribute to soil health. They also contribute to net-carbon sequestration (Toensmeier et al., 2020), a goal important for climate adaptation and mitigation. These system attributes are fundamental in pursuit of good human health as supported by agriculture and related ecosystem services. The nutritional status of the crops can be considered as an overlap between agriculture and health. In this process, system performance and the ability to provide nutritious food become a “central dogma.” It is also evident that evolution of a few dominant crops largely contributes toward a risk of malnutrition and dietary diseases. Here, we give some examples of direct health benefits from agricultural products beyond nutrition. For instance, the low glycemic index of their flour products has been found to decrease the risk of type-2 diabetes mellitus and cardiovascular disease in human adults (Das et al., 2019). Foxtail millet products have been found to contribute to human health through low glycemic index and hypolipidemic and antioxidant attributes (Sharma and Niranjan, 2018). Several diseases in humans (i.e., cancer, cardiovascular disease, dental disease, diabetes, obesity, and osteoporosis) are on the increase in developed and developing countries and diets supported by orphan crops are an extremely important consideration for diminishing these diseases. The prominence of diverse foods that include orphan crops has potential to decrease the impact of epidemics from diet-driven non-communicable diseases (Watkins and Daignault, 2020; Åhlberg, 2021; Carazo et al., 2021).



Source of Livelihood for Resource-Poor Farmers

Indigenous communities living in remote areas often grow orphan crops for their food and livelihood development (Kuhnlein et al., 2013). The proliferation of orphan crops in remote areas is driven by low adoption of modern farming methods because of limited access to agricultural services and a disconnect from input and output markets. For these indigenous communities, orphan crops are central to religious beliefs, rituals, and customary practices. These crops have also been used to develop recipes for dishes served on special occasions, in the cure of disease bouts, and as currency for the barter system of exchange for other commodities. Together with wild fruits and vegetables collected from forests, orphan crops constitute a source of the entire livelihood system for poor rural people living in remote areas.



Consumer Taste Satisfaction

With higher incomes, a spin-off from improved literacy and rural-urban migration, most of the youth do not consume traditional dishes (Baada et al., 2019; Marchetti et al., 2020). In urban centers, consumer tastes are shaped by increased access to meat products and other dairy products at the expense of products from orphan crops (Akinola et al., 2020; Lillford and Hermansson, 2021). Large well-developed commodity value chains dictate consumption of rice, maize, and wheat products at the expense of orphan crops in urban centers (Reardon, 2015). Generational differences have not supported the use of orphan crops on a large scale. Orphan crops have maintained the diversity of food chains although they have limited taste preferences.

Some of the challenges could be as follows:


Relatively Inferior Yields

Most orphan crops have not been genetically improved and hence have yield lower than that of the main food crops. Attributes such as high nutrient density are lost in the poor yield and poorly applied management practices. Without improved high-yielding varieties and a positive response to management and inputs, orphan crops face extinction because of anthropogenic negligence (Azam-Ali et al., 2021).



No Favorable Policy Supports

Orphan crops have not received fair and supportive policy coverage worldwide. Without policies, the knowledge vested in, and cultural importance associated with orphan crops have dwindled over time (Azam-Ali et al., 2021), a situation that needs redress. Promotion and widescale popularization have been suggested to protect the huge value of orphan crops.





CURRENT STATUS OF THE EX SITU AND IN SITU CONSERVATION OF SELECTED ORPHAN CROPS IN GENEBANKS

The rich diversity that exists in most of the orphan crops is threatened with extinction unless their germplasm is conserved and fully characterized (Bhattacharjee et al., 2009). There have been various efforts (Sogbohossou et al., 2018; Daley et al., 2020) to conserve a few orphan crops, but, in most cases, the germplasm collections are not optimum and lack full genetic characterization. Both in situ and ex situ germplasm collections of different orphan crops will be required, followed by the full characterization of the collections to facilitate further genetic improvement efforts. At present, approximately 7.4 million accessions of different crops are stored in approximately 1,750 genebanks (FAO, 2010) around the world. Most of this genetic diversity (∼80%) belongs to the major crops and their relatives. Keeping in view the importance of orphan crops in agricultural diversification, the genebank at the International Center for Biosaline Agriculture has assembled and conserved several accessions of various orphan crops from different countries. These accessions are available for use in research and development programs for the region and other parts of the world.

Globally, ex situ collections of small millets and pseudo-cereals are being preserved in more than 150 genebanks across the world, of which the International Crop Research Institute for the Semi-Arid Tropics (ICRISAT) in India; Institute of Crop Germplasm Resources, Chinese Academy of Agricultural Sciences (ICGR-CAAS), in Beijing, China; Plant Genetic Resources Conservation Unit, Southern Regional Plant Introduction Station, University of Georgia, USDA-ARS, United States; and National Bureau of Plant Genetic Resources (NBPGR), New Delhi, India, are the major repositories for these orphan crops. Table 3 details the proportion of germplasm accessions of selected orphan crops under the different germplasm storage types, while the list of selected orphan crops conserved in different genebanks and the status details of the collections appear in Supplementary Table 1 (Genesys, 2017).


TABLE 3. Germplasms of selected orphan crops conserved under different types of germplasm storage.
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ADVANCES IN GENETIC IMPROVEMENT OF ORPHAN CROPS

A global-level coordinated effort is urgently required in orphan crop research that can address the array of upcoming challenges, including climate resilience, shrinking agricultural resources, hidden hunger, food/nutrition security, etc. It is noteworthy here that the Green Revolution’s genetic gain (Evenson and Gollin, 2003) has been attributed to germplasm conservation, characterization, and trade (Pingali, 2012). To achieve a successful orphan crop improvement program, both in situ and ex situ germplasm collections will be necessary, followed by their intensive characterization. The CGIAR institutes IITA and CIAT-Bioversity International and several other international agencies are making efforts2 (Padulosi et al., 2021); however, more organizations and intensive endeavors are needed. The One CGIAR platform has the potential to contribute significantly toward this as it is in the vicinity of several centers of crop diversity, for example, CIMMYT (Mexico), CIP (Peru), CIAT (Colombia), IITA (Nigeria), ICRISAT (India), and ICARDA (Morocco). These centers have mandatory crops and target environments. However, if they contribute toward orphan crop collection, conservation, and characterization in their target environments using their already established infrastructure, this could be quite useful.

The ease of hybridization in the staple food crops (rice, wheat, and maize) rendered them fit candidates for crop improvement programs globally. Orphan crops have varying floral biology. The tiny intricate flowers in orphan crops such as finger millet (Hilu and De Wet, 1980) and amaranth (Stetter et al., 2016) hinder crossing effectively. Further, the invariable outcrossing percentage in orphan crops, including amaranth (up to 49%), African eggplant (up to 30%), and several others, hindered hybridization (Adeniji et al., 2012). Unlike amaranth and African eggplant, other orphan crops such as grass pea (predominantly autogamous) and water yam (dioecious) facilitate the breeding process (Hanson and Street, 2008; Ghorbel et al., 2014). A focused and coordinated effort is urgently required in understanding the possibility for hybridization while addressing crossing barriers of different orphan crops.

Genetic variability in progenies from interspecific crosses is always inevitable, although few of them are viable. With success achieved through interspecific hybridization between Dioscorea alata (water yam), and Dioscorea nummularia (yam), Lebot et al. (2019) encourage replication of this strategy in other orphan crop species and suggest further opportunities to introgress superior traits. On the one hand, ample genetic variation can be created while introgressing useful traits from one species into another. Large-scale crossing followed by embryo rescue could help in opening new avenues in interspecific hybridization of relatively unexplored orphan crop species. Well-established and standardized breeding protocols, breeding schemes, and strategies for orphan crops are instrumental in crop genetic improvement.

Apart from hybridization barriers, time incurred in the generation advancement process poses another bottleneck in fast-tracking varietal improvement. Chiurugwi et al. (2019) have reviewed different technologies that have potential to transform and speed up the genetic improvement process (breeding) for orphan crops. Shortening of the crop cycle through decreasing days to flowering is the key step in this process. This can be achieved successfully by modifying growth conditions, including photoperiod adjustments through light exposure, modifying relative humidity and temperature in growth chambers, and carrying out early seed harvest (O’Connor et al., 2013; Ghosh et al., 2018). Doubled haploidy offers an alternative approach toward fast-track fixing of useful alleles in breeding germplasm (Chaudhary et al., 2019). Protocols for speed breeding have been optimized in staple cereal crops, including rice and wheat (Ohnishi et al., 2011; Alahmad et al., 2018). Speed breeding protocols are being developed in orphan crops such as grain amaranth, grass pea, and quinoa (Stetter et al., 2016; Ghosh et al., 2018). This strategy therefore offers a promising approach in addressing the breeding bottlenecks of orphan crops.

For traits per se, the breeding strategy of orphan crops could be slightly different from that of staple food crops for which the focus is mainly on yield. The domestication syndrome traits in orphan crops are a priority objective that facilitates their adaptation into relatively newer environments and agricultural systems. Furthermore, improved processability needs to be focused on for orphan crop products, which depends largely on their physical properties (e.g., amylose to amylopectin in cereal starches) and chemical properties (e.g., anti-nutritional phytates in legumes) (Jamnadass et al., 2020). To enhance favorable crop-crop interactions, orphan crops must be better integrated into existing farming systems by concentrating on features such as plant architecture and phenology. Fixing these traits will promote the suitability of orphan crops in relatively newer agricultural systems; thereafter, breeding programs can target yield or other economically relevant traits.

Genetic improvement of orphan crops has been achieved by landrace selection to improve domestication syndrome features, including non-shattering seed type, increased seed size and weight, lesser dormancy period, etc., in addition to imparting tolerance for biotic and abiotic stresses (Sseremba et al., 2018a,b). Targeted improvements for domestication syndrome traits using genome editing with CRISPR-Cas9 approaches have been suggested (Lemmon et al., 2018; Tripathi et al., 2019; Zaman et al., 2019), but poorly developed genomic resources pose challenges. Standardized genetic transformation protocols, tissue culture methods, well-annotated genome sequences, and other similar resources/methods have become bottlenecks in using genome editing and other transformation methods in orphan crop improvement. An integrated breeding approach focusing on domestication syndrome traits together with processability, harvestability, architecture, and phenology should help in establishing effective integrated production (intercrop) systems aided by orphan crops.

Despite the important roles of orphan crops in global food and nutrition security and their potential contribution to sustainable food production under the changing climatic scenario, the research efforts made on genetic improvement of these crops are grossly inadequate. Advances in next-generation sequencing, high throughput genotyping and phenotyping techniques have made feasible the rapid identification of yield and yield-related QTLs in these orphan crops. Subsequently, the identified QTLs can be introgressed into the desired genotypes of the orphan crops using marker-assisted breeding. After sequencing of the first orphan genome (i.e., foxtail millet) (Bennetzen et al., 2012; Zhang et al., 2012), the genomes of several other orphan crops have been sequenced: teff (Cannarozzi et al., 2014), pearl millet (Varshney et al., 2017a), finger millet (Hittalmani et al., 2017; Hatakeyama et al., 2018), broomcorn millet (Shi et al., 2019; Zou et al., 2019), wild relatives of barnyard millet (Echinochloa crus-galli and Echinochloa oryzicola) (Guo et al., 2017; Ye et al., 2020), fonio millet (Abrouk et al., 2020), adlay (Guo et al., 2020), and wild Coix (C. aquatica) (Kang et al., 2020; Liu et al., 2020). Apart from these, Chang et al. (2019) published the genome assembly of five orphan crops: Bambara groundnut (Vigna subterranea), lablab (Lablab purpureus), white acacia (Faidherbia albida), marula (Sclerocarya birrea), and moringa (Moringa oleifera). During the past decade, the AOCC (see Text Footnote 1) took the initiative to sequence the genome of 101 African orphan crops and re-sequencing 100 lines of each genome will speed up molecular breeding in these crops by developing better suited genotypes with higher yield. Currently, crop breeding has entered biotechnology-based breeding involving transgenic, genome design, genome editing, and genomic breeding techniques. During the past decades, with the availability of reference genomes and advancement in sequencing technologies, genome-wide association studies (GWAS) and omics studies have been carried out in foxtail millet (Jia et al., 2013; Upadhyaya et al., 2015; Jaiswal et al., 2019), pearl millet (Varshney et al., 2017b), finger millet (Rahman et al., 2014; Sharma et al., 2018), cassava (Rabbi et al., 2017; Kayondo et al., 2018; Zhang et al., 2018; do Carmo et al., 2020), and orphan legume species such as pigeon pea (Varshney et al., 2017a), chickpea (Li et al., 2018), and common bean (Wu et al., 2020). Some of these crops used to be considered as orphan crop are now mainstream crops, and undergone genomic selection during past decades such as pearl millet (Varshney et al., 2017a), pea (Annicchiarico et al., 2017), cassava (Wolfe et al., 2017), pigeon pea (Bohra et al., 2020), peanut (Pandey et al., 2020), common bean (Keller et al., 2020), etc. Thus, there is need to employ application of genomic tools for genetic improvement of current orphan crops as well; so that they can be evolved as the mainstream crops with increased yield potential. Despite the knowledge gained through genomic studies, advancement in breeding has not accelerated in developing new improved varieties as expected. A more concerted genomics-assisted breeding approach is required for the genetic improvement of these orphan crops for yield and other agronomic traits. Details of cytogenetic and genomic information on selected orphan crops appear in Table 4.


TABLE 4. Cytogenetic and genome details of selected orphan crops.
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POLICY PERSPECTIVES FOR GLOBAL EXPANSION OF ORPHAN CROPS


Historical Perspective

Global agricultural systems are at a critical juncture. Agricultural policies, market incentives, trade forces, agricultural subsidies, and years of intensive research targeting agricultural productivity growth have skewed crop production portfolios toward a handful of high-yielding crops that can be grown to scale on the world’s mainstream agricultural lands (Tadele, 2019; Borelli et al., 2020). Policy support has been mainly directed at promoting the production and use of conventional crop species (e.g., wheat, rice, and maize) that dominate global food markets and underpin global diets that are becoming increasingly homogeneous (Borelli et al., 2020). Meanwhile, increasing evidence has come to light suggesting that the narrowing of diversity in crop species poses a significant threat to global food security and environmental sustainability (Khoury et al., 2014). From an environmental standpoint, these specialized modern production systems dominated by conventional crops require high-tech and high-input production systems, leading to the overexploitation of the natural resource base and ecosystems (Willett et al., 2019; Borelli et al., 2020). Given the high-level adaptation of orphan crop species to heterogeneous and harsh agro-ecological conditions, promoting orphan crops on a large scale could encourage the use of regenerative and ecological processes instead of relying entirely on intensification of conventional crops requiring a significant number of external inputs (i.e., chemicals and fertilizers) that are harmful to the environment. From the poverty elimination perspective, orphan crops are seen as “poor peoples’ crops,” which have the potential to not only enhance the food and nutrition security of the rural poor but also offer income-generating opportunities (Naluwairo, 2011). Investment in orphan crops could improve the livelihoods of socially marginal and vulnerable groups, including indigenous people and women (Egeland and Harrison, 2013; Azam-Ali et al., 2021).

In spite of the increased political will throughout recent years to promote investment in orphan crops, numerous studies generate evidence pointing to the lack of support for them, all of which recognize the need for change in the nature and scope of the policy environment (Mabhaudhi et al., 2017; Tadele, 2019; Tadele and Bartels, 2019; Kamenya et al., 2021). Previous literature on neglected crop species points to several impediments and challenges that limit the integration of orphan crops into commercial food systems (Fanzo et al., 2013). Inappropriate agriculture and food security policies that favor large cereal crops often diminish the dietary importance of orphan crops. There is still a lack of policies to support and recognize the nutritional value of neglected crops, which makes it difficult for locally produced traditional products to enter international marketplaces. There is very little research tying orphan crops to various diets and enhanced nutrition or comparing cost-effective strategies of using species for nutritional outcomes. Most of the essential data are dispersed and inaccessible through a single platform, which frequently goes unnoticed by policymakers. More crucial is the lack of infrastructure and markets nationally and regionally to channel neglected crop products to major food markets (Hunter et al., 2019; Kumar and Bhalothia, 2020).



The Broader Policy Context: Global Policy Responses

The State of the World’s Biodiversity for Food and Agriculture highlighted a rapid decline and global disappearance of many local varieties of domesticated plants, many of which are neglected in local production systems and are mainly maintained by custodian farmers exclusively for subsistence and informal trade (FAO, 2019; Borelli et al., 2020). These plants nevertheless have a tremendous potential to redress key challenges in sustainable development, such as the vulnerability of production systems to climate change, disempowerment of vulnerable groups (women and indigenous peoples), widespread poverty, shrinking food biodiversity, and pervasive malnutrition (Egeland and Harrison, 2013; Azam-Ali et al., 2021). With the effects of climate change on the horizon posing critical challenges to agricultural systems, orphan crops have recently attracted increasing attention at the policy level because of their remarkable resilience to biotic and abiotic stresses and importance for rural food security, especially in marginal areas where production is constrained by biotic and socioeconomic constraints (Mabhaudhi et al., 2017).

In pursuit of achieving the Sustainable Development Goals (SDGs) related to the food security-poverty-environment nexus, the United Nations General Assembly (UNGA) has adopted several conventions to address the problems faced by global food production systems, including the lack of policy support for orphan and underused crops. The UN community has widely advocated investing in conserving these crop species and making greater use of the abundance and diversity of orphan crops in promoting sustainable diets (United Nations, 2019a,b). Subsequently, the UNGA conventions recognized several priority actions to transform production systems, especially to make underused and neglected crop species available to producers and consumers. These actions include directing increased research investments to explore their climate resilience and nutritional characteristics; providing greater support for their mainstreaming in food security policies and programs (e.g., public procurement); encouraging their use to diversify farming systems and create more biodiverse landscapes and healthier ecosystems; and upgrading their value chains and markets to ensure their sustainable use (FAO, 2019; United Nations, 2019a,b).

Similarly, the Second Global Plan of Action for Plant Genetic Resources for Food and Agriculture and the International Treaty on Plant Genetic Resources for Food and Agriculture lay out a series of agreed priority plans and actions that can protect the rich portfolio of diverse genetic resources, especially promoting the conservation and sustainable use of neglected and underused species (FAO, 2012). The Second Global Plan of Action aims to promote cost-efficient and effective global efforts to conserve and sustainably use orphan and neglected crops, link conservation with use for a greater use of plant germplasm, reinforce crop improvement and seed systems to foster economic development, create capacity, and strengthen national programs and widen partnerships for orphan crop management. The Second Global Plan of Action is a strategic framework that comprises 18 priority activities organized into four areas: (1) in situ conservation and management, (2) ex situ conservation, (3) sustainable use, and (4) sustainable institutional and human capacity. The agreed priority actions are instrumental in reorienting and prioritizing research and development (R&D) agendas.

Several national and international research and policy institutions have dedicated efforts to investigate and identify best management practices to improve orphan crops. Among others, these include CGIAR, the African Orphan Crops Consortium (AOCC), Crop Diversity Trust, Svalbard Global Seed Vault, Crops for the Future (CFF), and Tef Improvement Project. In addition, several funding agencies provide financial grants and aid for R&D of orphan crops, including the Bill & Melinda Gates Foundation (BMGF), McKnight Foundation, and Biotechnology and Biological Sciences Research Council (BBSRC) (Tadele, 2019). CGIAR plays a vital role among the international institutions involved in germplasm collection and conservation, but it focuses more on the major staple crops. Only a few of the 15 CGIAR centers are mandated to do R&D for orphan crops. The AOCC is an international effort to improve the nutrition, productivity, and climatic adaptability of some of Africa’s most important food crops; its work involves sequencing, assembling, and annotating the genomes of 100 traditional and underused African food crops, which will enable higher nutritional content for society over the decades to come (Jamnadass et al., 2020).



The Way Forward: Research Engagement and Policy Priorities

To put neglected crops back on the national agenda and for orphan crops to see a resurgence in local production systems and global food demand, strategic actions are required at different levels to mainstream orphan crops. These actions should target combining intensification with sustainable solutions (Tadele, 2017). A major part of the recent literature exploring producers’ and consumers’ behavior and preferences advocates for a three-pronged approach to establish enabling environments for mainstreaming neglected crops for food and nutrition in local food systems (Hunter et al., 2019; Borelli et al., 2020; McMullin et al., 2021). This three-pronged approach (Figure 1) revolves around three avenues of R&D activities: (1) generating increased evidence about the nutritional value and biocultural importance of neglected crops, (2) linking research to policy and strategic plans to ensure that underused crop species are considered in national food and nutrition security strategies and actions, and (3) improving the knowledge base to increase consumer awareness about the nutritional desirability of underused crops to incorporate these crops into their food systems, markets, and diets.


[image: image]

FIGURE 1. A three-pronged approach for mainstreaming underused and neglected crops. Source: Adopted from Borelli et al. (2020).


The three-pronged strategy to investigate orphan crop mainstreaming solutions reveals innovative research pathways for examining producer and consumer behavior and preferences. Further research is essential to broaden our understanding of the incentives and factors that influence diverse groups of farmers’ productive activities (Gassner et al., 2019; Borelli et al., 2020; McMullin et al., 2021). It is necessary to take into account a considerably broader range of additional aspects, including long-term aspirations of the farming communities (Mausch et al., 2018). In order for orphan crop foods to compete more effectively with other food crops in more complex market-based food systems, a deeper knowledge of consumers’ preferences and behavior in relation to orphan food crops is required (Revoredo-Giha et al., 2018). These must be considered in relation to the consumers’ age, education, income, location, and media access. Because of the importance of orphan crops in traditional food systems, it is also necessary to analyze and understand consumers’ cultural backgrounds (McMullin et al., 2021).

Future strategies should highlight and promote the design and execution of a variety of interventions aimed at enhancing and improving value chains for neglected crops. The development of quality assurance measures to indicate enhanced nutritional value, demand creation through marketing campaigns and food product development, supply chain development to provide planting materials to farmers, and stimulating private sector involvement to create “shared values” are some examples (Waized et al., 2015). Orphan or indigenous crops are associated with some desirable properties that can be useful in the elevation of the crops to a higher rate of production (Tadele, 2019). However, low yield remains a challenge for producers and policymakers to take orphan crops to the next level. The application of modern genetic and genomic tools to the breeding of these crops can provide enormous opportunities for ensuring world food security (Tadele, 2018). Technological developments in terms of breeding and varietal development should be tailored to the context of harsh and fragile environments where orphan crops can strive. It is also vital to strengthen the seed system for orphan crops to maintain local production systems. Public-private partnerships in the multiplication and distribution of better seed to marginal and isolated agricultural production locations should be encouraged through breeding programs.

With the impending effects of climate change, abiotic stresses such as drought, salinity, and heat, as well as climate change, have a significant impact on crop yield and food security. Future research should focus on creating resistance to or tolerance of these environmental stresses. Several orphan crops are nutrient-dense and their ability to adapt to harsh conditions suggests that they can be deployed as part of efforts to champion climate-change adaptation, improved agriculture, and economic advancement for smallholder farmers residing in low-production environments. However, some of the crops’ negative characteristics (for example, low production) must be improved (Tadele, 2019). Future policies must integrate intensification with sustainable solutions (Tadele, 2017). Future agricultural policies targeting orphan crops should also encourage agro-ecological practices by encouraging the use of orphan crops in operations with the goal of decreasing external inputs and maximizing plant hardiness in vulnerable, drought-prone areas where underused crops can exploit residual soil moisture and scarce rainfall.

Building social capital can help farming communities and grower associations strengthen their governance and technical capacity, particularly for indigenous farmers with limited access to information. Strengthening the capacity of farming communities including women, youth, and indigenous people is fundamental for boosting production efficiency, along with improved post-production, technologies, business and entrepreneurship skills, markets and market information, and sustainable investments in physical infrastructure. This could be pursued as part of a larger public-private partnership initiative and investment goal in agricultural marketing of orphan crops.

Local and indigenous knowledge should be valued as a vital instrument in future policies for agriculture and food security and should be carefully considered and documented, when possible, with the cooperation of indigenous and local populations. Indigenous farmers who typically grow traditional and neglected crops are losing valuable expertise about these crops; thus, traditional knowledge linked with orphan crops is in grave danger of eroding and disappearing. Traditional knowledge on orphan crops is critical not only for the rural farmers who produce them but also for scientific study on crop improvement in general. Future policies should encourage investing in the preservation and protection of traditional knowledge.




CONCLUSION

Orphan crops have undeniable health and nutritional benefits, ability to cope with harsh and suboptimal growing conditions, and broad ecosystem suitability. Thus, they are proven crops with enormous potential to combat food and nutrition insecurity, enrich and diversify diets and crop production systems, improve farmers’ livelihood, as well as use and improve degraded soils in marginal environments. Complementary mainstreaming of these crops into production systems, genetic enhancement, and continuous improvement of the crops for stress tolerance and efficient use of resources through modern breeding approaches, coupled with the use of appropriate agronomic practices, will contribute immensely to increased global crop production. Increased awareness of the importance of orphan crops among stakeholders and favorable policies to provide the crops with required attention, opportunities, and competitive advantage will go a long way to addressing the global food deficit and the challenges of malnutrition.
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Okra [Abelmoschus esculentus (L.) Moench] is a nutrient-rich economically important vegetable crop grown in tropical and sub-tropical regions of the world. Okra is one of the horticultural mandate crops of the National Horticultural Research (NIHORT), Ibadan, Nigeria. It is an under-studied crop in terms of genetic improvement in Nigeria. In response to farmers’ demand for improved varieties, the institute commenced efforts in developing novel okra varieties. However, a successful and sustainable crop improvement program depends on the identification of market-driven demands and the availability of variation in the crop germplasm. In view of the above, this research began with an appraisal study to assess the current situation of okra production and to identify farmers’ preferred traits for establishing breeding priorities. According to the results of the participatory rural appraisal, some of the important constraints affecting okra productivity are lack of improved varieties, diseases, pests, and drought. The quest to assess variability in the collected okra accessions and select superior varieties with farmers’ preferred traits, fifty (50) okra accessions were evaluated in the field for 3 consecutive years (2019–2021) using a 5 × 10 α-lattice incomplete block design with three replications. The ANOVA revealed high significant variation (p < 0.001) in the number of days to first flower, pod length, and pod girth. The variability observed among the accessions will be useful in the selection of potential parents required for hybridization and generation of progenies with desirable traits for farmers.

Keywords: evaluation, farmers’ perception, germplasm, selection, variation


INTRODUCTION

Cultivated okra (Abelmoschus esculentus (L.) Moench] is an important annual fruit vegetable commonly grown in the tropics and warmer temperate regions of the world (Patil et al., 2015). Okra is generally a self-pollinating crop belonging to the Malvaceae (Oppong-Sekyere et al., 2011). Okra is a multipurpose and economic crop for farmers and marketers in Nigeria because of the income generated from the sale of immature fresh leaves, fresh, and dried fruits, which are made into diverse soup products. It is a nutritious food with many health benefits. It is rich in dietary fiber, minerals (Sodium, Calcium, Sodium, Potassium, Zinc, and Iron), vitamins (A, B, and C), antioxidants, and folate. Okra seed is rich in proteins (15–26%), the seed oil is edible (20–40%), and rich in unsaturated fatty acids like the linoleic acid essential for human nutrition. The mature fruit and stems are used in the paper industry. Okra mucilage can be used as food additives (NRCNAs, 2006; Benchasri, 2012; Kumar et al., 2013, 2017; Gemede et al., 2015; Dubey and Mishra, 2017).

The global okra production is estimated to be around 9.96 million tons, India leading with 6.18 million tons followed by Nigeria with 1.82 million tons (FAOSTAT, 2020). Nigeria recorded the highest okra fruit yield in 2010 with an average yield of 27,275 kg/ha, and since then it has been on the decline with the sharpest drop recorded in 2011 with an average yield of 8,735 kg/ha. The complex interactions of biotic and abiotic stresses are implicated in the decrease in fruit yield over the years. The scarcity of improved okra varieties with important desirable end-user traits also contributes to the yield decline (Kumar et al., 2010).

There are previous studies on the characterization of okra germplasm with the aim of improvement (Komolafe et al., 2021). However, these studies do not consider farmers’ input for desirable traits. Lack of this important information from farmers’ perspectives may have led to low adoption of improved okra varieties in Nigeria. Breeding for improved cultivars is based on selection for traits, such as yield, resistance to pests and diseases, good adaptation, and value-added traits. However, the final marketable product is an integration of several desirable traits that can only be identified through a market-driven breeding approach, which enables the involvement of stakeholders along the value chain in the varietal development (Reddy et al., 2016). With this approach, the breeder has the opportunity to select improved products with customer-centered traits, which invariably boosts farmers’ confidence in the product and its acceptability. Success of market-driven approach, however, is achieved through the inclusion of market-desired traits and the availability of information about the nature and degree of genetic diversity of the traits among the crop germplasm. The participatory rural appraisal (PRA) is one of the methods for identifying market-driven traits. This method is useful for breeders to identify farmers’ constraints and their preferred traits in an improved variety. It is designed to bridge the gap between breeders and other stakeholders along the value chain to ensure that the new varieties satisfy stakeholders’ preferences and suit their socio-economic condition (Kiiza et al., 2012; Sandham et al., 2019).

This study was designed to identify the constraints to okra production, identify farmers’ preferred traits using the PRA technique, and to evaluate the existing okra germplasm for variability and selection of superior lines that can be potential parents for designing customer-driven okra varieties.



MATERIALS AND METHODS


Participatory Rural Appraisal

Using multi-stage sampling approach, a semi-structured survey questionnaire and focus group discussion (FGD) were used to collect information in the selected areas. The first stage is the purposive sampling of the local government areas (LGAs) based on okra production as revealed by the local agricultural extension agency. One community was chosen at random from each LGA, and okra farmers were chosen at random from the selected communities, yielding a total of 120 respondents. For the FGDs, one FGD was conducted in each community, with 12 farmers in each group, including male, female, and youth, to assess the gender view to the questions asked (Table 1). Data collected from the FGD were used to validate the responses obtained from the individual interview.


TABLE 1. Study areas and distribution of farmers for interview and FGD.
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Socio-demographic data was first collected from the respondents on age, gender, marital status, educational level, primary occupation, years of farming experience, farm size, land ownership, okra cultivation per year and type of cultivation system used for okra production, okra variety grown, and sources of seeds grown (Supplementary Table 1). They were then asked to rank the extent to which certain factors (lack of improved cultivars, drought, susceptibility to pests and diseases, gender, and land ownership) limits their productivity (Great extent = 1, some extent = 2, little extent = 3, no extent = 4). Finally, respondents were asked to rank their choice/preference of traits to be selected for in improved okra varieties in order of importance (very important = 1, important = 2, and not important = 3). Later respondents were asked about their opinion about participatory breeding. The interview was conducted using the local language (Yoruba) and the interviewees were divided into male and female groups to establish easy communication. Participants were clearly informed about the purpose of the study, the questions, and the use of the result of the study. All respondents voluntarily gave their verbal consent to participate in the study.



Phenotypic Diversity in Okra Germplasm and Its Usefulness in Okra Improvement

A total of 50 okra accessions from the genebank of National Horticultural Research Institute (NIHORT), Ibadan were evaluated in 3 different environments: (i) the vegetable research field of NIHORT during the wet season of 2019 [N7.40287°; E3.84856°; 162.46 m above sea level (masl)]; (ii) Teaching and Research Farm, University of Ilorin, dry season of 2020 (N8.4928°; E4.5962° 350 masl); and (iii) wet season of 2021 (N7.40160°; E3.84804°; 166.84 masl) giving 3 independent environments. The accessions were evaluated using a 5 × 10 α lattice design with three replications on a plot of size 5.4 m2 (3 m × 1.8 m), the plants were planted on two rows on the plot. The plants were at 0.5 m intra-row spacing. Regular and necessary cultural practices were carried out as and when required. Owing to the variability in the weather conditions at the different seasons and years of evaluation, only 22 accessions with complete data across all the test environments were used in this study.



Agronomic Data

The data collected were based on the descriptor by the International Plant Genetic Resources (IPGRI, 1991) for okra. Data were recorded on five randomly selected and tagged plants for each genotype in a replicate on number of days to first flower (DFF), plant height (HT), stem girth (SG), number of pods per plant (PODPLT), pod length (PODLT), pod girth (PODGTH), pod weight (PODWT), stem color (SC), petal color (PC), leaf color (LC), fruit color (FC), and fruit pubescence (FP).



Data Analyses

Statistical Package for Social Science (SPSS (Statistical package for social sciences), 2007 SPSS version. 20) software was used to analyze the PRA data. Descriptive statistics were used to determine the frequencies and percentages of respondents’ replies to the collected data. ANOVA was computed for data collected on quantitative traits using PROC GLM in SAS (SAS Institute, 2010) considering genotypes as fixed effect and replication and environment as random effects to determine significant variations among measured traits. At 0.05 probability level, means of traits with significant variation were separated using the Least Significant Difference (LSD). Multivariate analysis was computed using the standardized mean values for the data. Principal component analysis (PCA) was computed to determine the percentage contribution of each trait to the observed total variability among the studied okra accessions. Principal components with eigen values > 1.0 were selected to indicate traits with significant contribution (Jeffers, 1967; Ibitoye et al., 2020).

The PROC Cluster and PROC TREE were used to generate dendrogram to show the relationship between the okra accessions studied. Pearson correlation was performed using PROC CORR function in SAS to determine the relationship among the measured traits. A rank summation index (RSI) (Mulumba and Mock, 1978; Kolawole et al., 2021) was constructed to create the aggregate trait by ranking accessions based on number of days to first flower, stem girth, and pod girth. Ranks were summed for each accession to select the top and bottom five. Selection differential (%) was calculated as the proportion of mean for all accessions.




RESULTS


Participatory Rural Appraisal


Socio-Demographic Data of Respondents

From the survey data (Supplementary Table 1), the majority of respondents were male (73%). The majority of farmers were between the age of 31 and 60 years (71%), 23% were less than 30 years while 7% were above 60 years. This survey revealed a large gender gap with 73% of respondents being male and 27% being the women. A larger percentage (89%) of the respondents were married. The majority of the respondents (31%) had no schooling, 24 and 23% had primary education and secondary education, respectively, 10% had tertiary education, and 13% had quranic and adult education. The study communities are predominantly agrarian with a majority (97%) of the respondents having farming as their primary occupation. Most of the respondents carry out their farming activities on inherited land (53%) and cultivate okra at least twice a year (58%). The majority of respondents (78%) use the mixed cropping method, with 93% growing an unimproved landrace of okra. Their major source of getting okra seeds for sowing is seeds preserved from their past harvest (53%).



Okra Farmers’ Production Constraints and Preferences

The respondents for the FGD were asked to identify and rank production constraints while individual respondents were asked to rank the constraints in order of extent to which each constraint limits okra production (Table 2). During the FGD, the lack of improved varieties was ranked first in all communities except Yeregi, where it was ranked second. This could be because Yeregi is closer to the city center where seed sellers are easily accessible. Individual respondents were asked about okra production challenges and were asked to rank the problems using extent of limitation each has on okra production. Seventy-five percent of the respondents indicated diseases as constraint to production while 74% of the respondents indicated that insect pests constrain their okra production to a great extent, followed by drought (71%) and lack of improved varieties (67%). Land ownership with respect to gender was not a serious constraint to production (86%).


TABLE 2. Okra production constraint rank across community during FGD and individual respondents.
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In order of importance, farmers were asked to rank must-have traits in improved okra varieties (Table 3). The top five must-have traits are yield (100%), resistance to pest and disease (90%), high market acceptability (85%), earliness (83%), drought tolerance (74%) and spineless (62%).


TABLE 3. Preferred traits in improved okra variety.
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Assessment of Farmers’ Perception on Participatory Breeding

Perception of farmers about participatory breeding was assessed. About 93% of the respondents accepted their inclusion at formulation stage, on-farm-trials, evaluation, and selection (97%) (Supplementary Table 2).




Variation in Agronomic Traits

Okra accessions used in this study varied for the qualitative traits assessed (Table 4). The color of the fruit varies from green, yellowish-green to green with red patches. About 64% of the accessions had smooth fruit. Petal color varied between cream and yellow, while stem color ranged between green and green with red patches. The accessions differed significantly (P < 0.05) for number of days to first flower, stem girth and pod girth. There were significant differences among the environments for all traits which suggest that the environments were independent to discrimination among the accessions. There was significant interaction of genotype and the environment for number of days to flowering, stem girth, and pod girth (Table 5).


TABLE 4. Variation in qualitative characters among okra genotypes.
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TABLE 5. Mean squares from ANOVA for agronomic characters.
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Mean performance of the okra accessions is presented in Table 6. Variation observed in number of days from sowing to first flower ranged between 44.94 and 54.14 days with a mean of 49.14 days. Accession NHAB6 was the earliest to flower (44.94 days). Pod length also varied among the accessions between 14.93 and 233.86 with NHAB9 having the longest pod among the accessions. Number of pods per plant ranged between 33.96 for NHAB3 and 86.02 for NHAB18.


TABLE 6. Mean performance of agronomic traits of okra accessions.
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Pearson correlation (r) analysis was used to determine the relationship between the measured characters (Table 7). There was a positively strong and significant correlation between number of pods per plant and pod weight per plant (r = 0.92***). Plant height and number of days to first flower showed a significant correlation (r = 0.54*).


TABLE 7. Correlation coefficient (r) between pairs of measured characters.
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Cluster analysis was performed on the accessions to assess the extent of relatedness among them. Characters showing significance in the analysis of variance were used as discriminant variables for the cluster analysis. Cluster analysis based on Ward distance grouped the okra accessions into three main clusters with sub-groups within the main clusters (Figure 1). Clusters I and II had 8 accessions each, while cluster III had 6 accessions.


[image: image]

FIGURE 1. Multivariate cluster analysis using Ward’s minimum variance method showing relatedness of okra accession.


The RSI of the 22 okra accessions identified NHAB15, NHAB18, NHAB20, NHAB13, and NHAB17 as outstanding in performance. These five accessions have a combination of excellent agronomic traits. Okra accession NHAB20 was superior in terms of stem and pod girth and NHAB18 had the least number of days to flowering (Table 8).


TABLE 8. Rank performance of outstanding okra accessions.
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Principal component analysis showed the contribution of each trait to the total variation observed. The first three PCA with eigenvalues > 1 accounted for 75% of the variation. PCA1 accounted for around 34% of the variation, PCA2 for 24%, and PCA3 for 17% (Table 9). In PCA1 traits, which had a high and positive contribution, were number of pods/plants (0.58) and pod weight (0.62). The PCA2 was mainly loaded with days to first flower (0.63), plant height (0.61), and pod girth (0.39). Stem girth (0.39), and pod length (0.77) had positive contributions in PCA3.


TABLE 9. Eigen values and percentage of total variation among okra accessions by the first three principal component.
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DISCUSSION


Socio-Economic Characteristics of Respondents

Preponderance of male farmers across the surveyed communities is based on the cultural and religious beliefs. The majority of women works with their husbands on the farm and are not involved much in physical farm activities but are more involved with the harvest and post-harvest activities. This agrees with the findings of Emokaro et al. (2007). The majority of respondents were married with a relatively large household. According to the farmers, the large household size is very important as it provides easy access and inexpensive labor for their farming activities. The majority of the farmers had no formal education. This result is similar to the findings of Nwaobiala and Nwosu (2013) and Mohammed et al. (2021). A large percentage of the respondents have been growing okra for more than 26 years. This means that they are well experienced in okra production and are used to their production practices, such as intercropping with other crops, like cassava and saving seeds, from previous harvest of local varieties. Mixed cropping is the major cropping system used by the respondents. The farmers argued that mixed cropping help them to maximize their lands and provides multiple sources of income (Mawo et al., 2016; Cobbinah and Kwoseh, 2021).



Assessment of Production Constraints, Preferences and Participatory Breeding

Identifying farmers’ constraints that limit productivity in a specific target environment is important for breeding programs to be able to develop products that are demand-driven. Understanding their production constraints will give effective direction to the breeding efforts and make adoption of the new varieties easy. In this study, lack of improved okra varieties, susceptibility of the local varieties to pest and diseases and drought were identified as major production constraints. The cultivation of improved varieties will increase farmers’ productivity resulting in higher income and better standard of living for them (Persley and Anthony, 2017; Ume and Ochiaka, 2018).

High yield was ranked as the most preferred trait in improved okra variety. Mohammed et al. (2021) reported a similar choice of high yield among cowpea farmers in Nigeria. Other perceived traits in their order of preference were resistance to insects and diseases, high market acceptability, earliness, and drought tolerance. Participatory appraisal combines methods for identifying problems with the stakeholders, analyzing their knowledge, and perception and together planning to proffer solutions to the problems (Sandham et al., 2019). The farmer’s perception was assessed on participatory approach to breeding. The majority of respondents mentioned that they do not want to be brought in at the last stage of varietal testing, but rather want to be involved right from the conceptualization and product design stage up to varietal evaluation and selection. The farmers responded that this will enable them to own the final product and therefore, makes adoption very easy and fast.



Agronomic Evaluation of Okra Accessions

The study showed the variation among the morphological traits of the okra accessions. The three different environments used for this study showed variability in the performance of the accessions for all traits measured. During the phases of okra growth, the edaphic and climatic condition had played a significant role in their performance. However, the significant mean squares attributed to genotype x environment interaction and genotype were only for a number of days to first flower, stem girth, and pod girth. In spite of the diversity of accessions for these traits, there is a need to test these accessions in additional environments, for consistent performance, which is an important factor for variety adoption by farmers. The variations observed will aid selection for improvement, considering that superior accession with farmer’ preferred trait identified from this study will be used as parental lines for hybridization and other breeding activities. Previous findings reported significant variation for agronomic traits in okra (Ariyo and Odulaja, 1991; Vandana et al., 2014; Komolafe et al., 2021).

The numbers of days to flowering in this study were lower than those reported by Alake (2019). In this study, an accession (NHAB7), which flowered 45 days after planting, was identified while the late flowering accession (NHAB9) flowered 54 days after planting. This variability thus provides the opportunity for breeding for earliness, which will be useful for double-cropping or relay-cropping systems in an environment with increased rainfall duration (Mattedi et al., 2015; Assogba et al., 2016). From the PRA carried out in this study, earliness was ranked among the top five traits preferred in improved okra varieties by the farmers. Similarly, the variability observed in stem girth and pod girth which may eventually translate into productivity will boost selection of preferred variety for developing farmers.

Correlations among the characters play an important role during crop improvement and increase the effectiveness of selection (Falconer and Mackay, 1996). Significant positive correlations were observed between the two traits. The strong positive significant relationship between the number of pods and pod weight per plant suggested that as number of pods increases, so does their weight, resulting in increased productivity. Likewise, the number of days to first flower had a positive correlation with plant height. This is an indication that some characters can be indirectly targeted in a selection criterion, especially characters that are costly to measure or easily influenced by the environment (Naveed et al., 2009; Nyadanu et al., 2017; Vrunda et al., 2019).

Significant positive and or negative correlations were observed among several characters. This was an indication that some characters can be indirectly targeted in a selection criterion, especially characters that are costly to measure or easily influenced by the environment (Nyadanu et al., 2017). Therefore, parental lines with desirable traits can be selected from these okra accessions for further hybridization and other breeding activities.

Using RSI to select outstanding accessions is useful for identifying putative parents for hybridization (Ghani et al., 2020; Ibitoye et al., 2020). The rank performance identified accessions NHAB15, NHAB18, NHAB20, NHAB13, and NHAB17 as superior for number of days to first flower, stem girth, and pod girth. The RSI showed that NHAB15 ranked best and NHAB17 ranked 5th, although NHAB18 which ranked 2nd flowered earlier and gave the highest pod weight across the environments. Also, in the second rank (RSI = 21) was NHAB20 which combines stem girth and pod girth. Thus, the selection of these accessions for further improvement will enhance productivity.

Furthermore, the PCA compliments the results from ANOVA and correlation as number of pods per plant, pod weight, number of days to the first flower, plant height, pod girth, stem girth, and pod length explained the entire phenotypic variability among the accessions. The okra accessions were grouped based on similarities for one or more morphology traits. Cluster I consisted of 8 accessions which are late flowering ranging between 50 (NHAB17) and 54 days (NHAB9) after planting. This cluster had the accession (NHAB17) with the widest stem girth (54 mm), accession (NHAB10) with the widest pod girth (10.1 mm). The early maturing accessions were grouped together in cluster II, NHAB7 was the earliest to flower (45 days after planting). This accession also had the widest stem girth (27.85 mm) in the cluster. Cluster III had the intermediate flowering group ranging between 47 (NHAB4) and 50 days for accession (NHAB21). NHAB5 had the widest stem girth (37.56 mm) and widest pod girth (8.51 mm) in the cluster. The cluster analysis aids the identification of genetically diverse parents for hybridization. Crossing of accessions from different clusters will express heterosis, and produce desired segregants (Ahiakpa et al., 2013).




CONCLUSION

The inclusion of farmers’ production constraints and preferred traits in designing breeding programs will enhance adoption of improved varieties and increase productivity. The observed variability among the accessions evaluated in this study provides a strong basis for selecting farmer’s preferred traits.

In this study, the prevailing cropping system for okra farmers’ production constraints and preferred traits were identified. Most of the interviewed farmers ranked lack of improved varieties and susceptibility of available varieties to pests and diseases as major constraints limiting productivity. The result from PRA revealed that farmers ranked earliness among the top five preferred traits. Some early flowering accessions (NHAB7 and NHAB22) were identified in this study which can serve as potential parents for the development of early okra lines. The result from phenotypic evaluation identified number of pods per plant, pod weight, number of days to first flower, plant height, pod girth, stem girth, and pod length contribute significantly to the variability among the accessions. This variability gives a strong basis for selection of farmer preferred traits. Accessions NHAB15, NHAB18, NHAB20, NHAB13, and NHAB17 had outstanding performance and can be useful in the okra improvement program.
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Poverty, food, and nutrition insecurity in sub-Saharan Africa (SSA) have become major concerns in recent times. The effects of climate change, drought, and unpredictable rainfall patterns threaten food production and sustainable agriculture. More so, insurgency, youth restiveness, and politico-economic instability amidst a burgeoning population requiring a sufficient and healthy diet remain front-burner issues in the region. Overdependence on only a few major staple crops is increasingly promoting the near extinction of many crops, especially orphan legumes, which possess immense potentials as protein and nutritional security crops. The major staple crops are declining in yield partly to their inability to adapt to the continuously changing climatic conditions. Remarkably, the orphan legumes are climate-smart crops with enormous agronomic features which foster sustainable livelihood. Research efforts on these crops have not attained a reasonable comparative status with most commercial crops. Though many research organizations and scientists have made efforts to promote the improvement and utilization of these orphan legumes, there is still more to be done. These legumes’ vast genetic resources and economic utility are grossly under-exploited, but their values and promising impacts are immeasurable. Given the United Nations sustainable development goals (SDGs) of zero hunger, improved nutrition, health, and sustainable agriculture, the need to introduce these crops into food systems in SSA and other poverty-prone regions of the world is now more compelling than ever. This review unveils inherent values in orphan legumes needing focus for exploitation viz-a-viz cultivation, commercialization, and social acceptance. More so, this article discusses some of the nutraceutical potentials of the orphan legumes, their global adaptability, and modern plant breeding strategies that could be deployed to develop superior phenotypes to enrich the landraces. Advanced omics technologies, speed breeding, as well as the application of genome editing techniques, could significantly enhance the genetic improvement of these useful but underutilized legumes. Efforts made in this regard and the challenges of these approaches were also discussed.

Keywords: climate change, food security, malnutrition, orphan legumes, sustainable development goals


INTRODUCTION

Africa’s population is currently estimated above 1.3 billion, and it is expected to hit 2.5 billion by the year 2050 (Fischer et al., 2009; Paliwal et al., 2021). This burgeoning figure is mounting pressure on food production. At the same time, factors such as poor soils, land degradation, climate change, lack of access to fertilizers, poor agricultural infrastructures, banditry, and insurgency impede sustainable agriculture. The continent is endowed with a rich agrobiodiversity and has excellent potential for self-sufficiency in food production. However, it is one of the food- and nutrition-deficient regions in the world. Africa’s agrobiodiversity is continuously under threat resulting in the erosion of valuable genetic resources (Popoola et al., 2020; Ikhajiagbe et al., 2021). The destruction of many agricultural fields and farms by overgrazing and unregulated nomadic pastoralism has fueled an upsurge in herder-farmer’s conflict in some regions, thereby subjecting many to poverty. Moreover, the internal displacement of persons is on the increase. Traditional agronomic practices for many indigenous species are on the verge of being lost, resulting in low yield and neglect. This could have far-reaching consequences on global food production and the supply chain. Whereas food insecurity and dietary deficiencies are global issues, their severities are more pronounced in Africa and some parts of Asia (Li and Siddique, 2020; Popoola et al., 2020). Nutritional transitions, overdependence on a few major staple foods, and improved socioeconomic status contribute to food and protein insecurity (Dixon, 2009; Chakona and Shackleton, 2017). Mitigating the impacts of these problems calls for global attention and concerted efforts by all stakeholders.

The promotion of indigenous biodiversity and incorporation of nutrient-dense crops into food value chains have been identified as measures that could ensure sustainable and resilient food systems, improve diet quality, and increase smallholder farmers’ incomes (Padulosi et al., 1999; Cheng et al., 2019; Hunter et al., 2019). The United Nations SDGs of zero hunger, achieving food security, improving nutrition, and promoting sustainable agriculture, are critical to alleviating poverty and malnutrition in Africa. To ensure sustainable food production and overcome dietary deficiencies, several strategies, including consistent cultivation, conservation, and genetic characterization of many unrecognized, abandoned, and under-exploited species alongside the reformation of traditional agronomic practices, are imperative (Popoola et al., 2020; Ikhajiagbe et al., 2021). Dietary diversification and incorporation of resilient crop species such as under-exploited leguminous species referred to as an orphan, minor, or underutilized into food systems will ensure food and protein security in many parts of Africa (Considine et al., 2017; Cullis and Kunert, 2017; Singh and Fernandes, 2018).

The term “Underutilized” or “orphan” alludes to the neglect of a species by international and indigenous research communities. Orphan species are generally classified as crops with little relevance at the global level (Muhammad et al., 2020). By way of definition, underutilized legumes are a diverse collection of domesticated pulses with beneficial properties, but with limited importance compared to major global crops like rice, maize, potato, and wheat due to utility and supply constraints. This set of crops regardless of their neglect is characteristically diverse with cultural values and inherent useful agronomic, genetic, and biochemical traits (Cullis and Kunert, 2017; Khan et al., 2021a). Orphan legumes play a vital role in several developing countries by generating revenue for smallholder farmers, as well as tackling micronutrient and protein deficiencies associated with the consumption of high calorie diet derived from the major crops researched by scientists and private corporations. Although these crops may be extensively distributed beyond their centers of origin, orphan legumes occupy special niches in traditional production and consumption systems. Whereas underutilized legumes are stapled food crops in many rural communities in sub-Saharan Africa (SSA), their economic potential for regional and international markets have not been fully tapped into, hence their neglected status and lack of genetic improvement, resulting in reduced quality and yield (Cullis and Kunert, 2017; Mabhaudhi et al., 2017). Although it is difficult to precisely define what attributes makes a crop underutilized, orphan legumes are marked by the following constraints: (i) often associated with the cultural heritage of their places of origin; (ii) poor documentation of their cultivation and use; (iii) adaptation to specific marginal land and agro-ecological niches; and (iv) no formal seed supply systems. In addition, the hard-to-cook (extended time required to achieve desired softening during cooking) characteristic, inadequate processing techniques, and seed coat hardness of many orphan legumes results in a lack of functional value chain that guarantees the delivery of processed and refined products from farmers to consumers (Khan et al., 2021c). Major legumes with a high quantity of oils particularly soybean and groundnut are preferred to orphan legumes in some regions owing to their numerous uses (Nedumaran et al., 2015; Muhammad et al., 2020). Consequently, orphan legumes which are subsistence food crops for the indigenous population are replaced with these profit crops given their export potentials (Muhammad et al., 2020). In Africa, many orphan legume crops abound which due to their dense nutritional profile, good adaptability to adverse climatic scenarios, and ability to grow in marginal soils hold potential for sustainable cultivation (Gulzar and Minnaar, 2017).

This review focuses on five orphan legume crops endemic to SSA. The crops include African yam bean (AYB; Sphenostylis stenocarpa), Bambara groundnut (BG; Vigna subterranean), Kersting’s groundnut (KG; Macrotyloma geocarpum), Lima bean (LB; Phaseolus lunatus), and Jack bean (JB; Canavalia ensiformis). In addition to the above-listed features, the criteria of low production rank and per capita consumption coupled with common trade in terms of export and import volumes (tons) at the international market compared to mainstream pulses like soybeans (Glycin max) and groundnut (Arachis hypogaea) were used in the selection of the five species. Although yield, production, and consumption of pulses had increased modestly in the last decades in SSA and on the global scale, orphan legume crops were not classed as commodities in the international trade framework. Statistics on their production, consumption, and trade remain scanty and, in some cases, nonexistent or aggregated with other pulses/dry beans. Therefore, this paper unveils inherent values in the selected orphan legumes needing focus for exploitation viz-a-viz cultivation/production, commercialization, and social acceptance. More so, this article discusses some of the nutraceutical potentials of the orphan legumes, their global adaptability, and modern plant breeding strategies that could be deployed to develop superior phenotypes to enrich the landraces. Also discussed are current biotechnology approaches and plant breeding strategies, including advanced omics technologies, speed breeding, genome editing tools, and the challenges of these approaches.



PRODUCTION AND CONSUMPTION STATUS OF ORPHAN LEGUMES

The production and yield quantities of pulses in Africa have surged in the last decade from 2010 to 2020, with a fall between 2015 and 2016 and a steady rise from 2017 to 2020 (Figure 1). Globally, in 2020, over 5.9 million hectares (Ha) of pulses were cultivated with a production of over 4.4 million tons (MT) and a yield of 7,503 kg/ha. Africa produced only about 1.35 MT of pulses on a harvested area of 2.12 million ha with a yield of 6,407 kg/ha. In the same year, the global production of soybean and groundnut was above 350 MT and 53 MT compared to 0.23 MT for BG (FAOSTAT, 2020). Currently, BG production is restricted to only seven countries: Burkina Faso, Cameroun, Democratic Republic of Congo (DRC), Mali, Togo, Niger, and Zimbabwe. Based on FAOSTAT, there are no production data on AYB, KG, LB, and JB (Table 1; Figure 2). Burkina Faso is the leading producer of BG with 57,429 tons, followed by Niger (55,570 tons) and Mali (26,996). Previously 100,000 tons were reported from Nigeria (Hillocks et al., 2012), but this is not captured on the current FAOSTAT data. The overview of the global area and production of pulses show that more tons of soybean and groundnut were produced globally and in SSA compared to BG and lack of production in others. The five orphan legume crops lag with little or no production data or aggregated under other pulses/beans compared to the major pulses (Ayenan and Ezin, 2016; FAOSTAT, 2020). Lima bean production is not reflecting on FAOSTAT, and just like BG, its production and that of others might not likely exceed 0.23 MT recorded for BG.
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FIGURE 1. Pulses production/yield quantities in Africa.




TABLE 1. Major producing countries of five selected orphan legumes of SSA and global production statistics FAOSTAT (2020).
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FIGURE 2. Production in tons of Bambara groundnut (BG). Only BG has data in FAOSTAT.


Consumption of pulses had been driven by factors like taste, accessibility, ease of cooking, population growth, dietary needs, income level, and other supply chain constraints (Nedumaran et al., 2015). Given SSA sizeable consumption requirements, the region consumed 37% of global roots and tubers and only 21% of global pulses (OECD/FAO, 2020). The per capita consumption of pulses recommended by the Food and Agriculture Organization of the United Nations (FAO) is 30 g/day/person. Remarkably, the average per capita daily consumption of pulses in SSA has significantly increased from about 21 g/day/per in 1985 to about 33 g/day/person in recent time (Rawal and Navarro, 2019; Akah et al., 2021). However, the most consumed pulses are the common bean, soybean, and groundnut. The per capita consumption of common bean is about 10 g/day/person. In contrast, soybean consumption has increased tremendously (about 32 g/day/person) and is driven by multiple utilizations in the poultry, fishery, and edible oil industries. Contrarily, the consumption of orphan legumes is meagre, and their per capita daily consumption level is unknown or nonexistent compared to the mainstream pulses. Most orphan legumes are fallback crops usually consumed in lean periods when popular pulses are unavailable and expensive. Several factors such as poor agronomic features, high cost of production, intensive labor, lack of improved varieties, changes in dietary patterns, and most critically, the hard-to-cook (HTC) phenomenon hinders their production and consumption (Alexandratos and Bruinsma, 2012; Tan et al., 2020; Khan et al., 2021c).



FARMER’S PERCEPTION AND CULTIVATION OF ORPHAN LEGUMES

The orphan legumes are mainly cultivated by subsistence farmers, who lack the financial capability to adopt high-input farming practices needed to grow major staple crops (Conti et al., 2019). In some areas, these crops are referred to as “the poor man’s food.” In Niger and Mali, these crops were essential food sources for poor farmers and their livestock during a period of drought that lasted over 20 years (Chivenge et al., 2015). The orphan legume crops are well appreciated by the traditional farmers who have spent most of their years in their hometowns, where the origin and usefulness of these grains are well understood. Farmers are aware of these crops’ capacity to fix atmospheric nitrogen into the soil, tolerate drought, provide medicine, efficiently utilize soil moisture through their deep root system, and survive harsh environmental conditions. However, significant constraints such as long cooking time, poor shelf-life, low yield, sensitivity to daylight, presence of potent anti-nutritional factors (ANTs) have plunged their utilization as farmers are less interested to invest their time and energy in their cultivation and production (Nnamani et al., 2017; Popoola et al., 2020). More so, poor market price, poor demand, lack of buyers, lack of improved varieties, and inadequate capital have hampered their production (Khan et al., 2021c). Generally, the acceptance and utilization of these underutilized grain legumes are declining owing to urbanization, change in market needs, migration, land degradation, and other earlier mentioned factors. It is believed that these factors consequently reduce the transfer of traditional and agronomical knowledge on these crops from the older to younger generation. Thus, reliable production data are scanty, except for BG (Khan et al., 2021c) and as highlighted in Table 1.

Currently, several researchers such as those at the Genetic Resources Center, International Institute of Tropical Agriculture (IITA), Nigeria; Crops for the Future Malaysia; African Orphan Crops Consortium, among others, are reappraising the need to adopt the orphan legumes as a means of boosting child development, improving public health, and bridging the nutritional gaps in the yearly nutritional cycles (Cullis et al., 2018; Vidigal et al., 2019; Paliwal et al., 2021). Very recently, Ojuederie et al. (2020) reported that well-processed seeds and tubers of AYB (one of the orphan legumes) could be included in meals to reduce protein malnutrition while improving food and nutritional security in Africa. All these are geared toward enhancing the utilization of such crops to increase their production. Thus, to obtain significant benefits from these underutilized grain legumes, there is a need for systematic cultivation, wide acceptance, increased utilization, strategic crop improvement and funding, and the creation of global and local market spaces to enhance consumption across the SSA.

Diversity in seeds of the selected five underutilized legumes that can be cultivated to enhance Africa’s food and protein security is shown in Figure 3, while basic scientific information is listed in Table 2. In areas like East Africa, the Pacific, South Asia, and SSA, progress in the fight against poverty, food insecurity, and malnutrition is slow-paced compared to other regions of the world. Most importantly, the food system should be the first area of concern due to its capacity to provide nutrition to the people and stabilize the dilapidating economies of these countries. The need for the addition of food varieties like orphan legumes to the existing homogenous food-basket system in these regions can serve as safety nets to supply the nutritional needs of the people and generate support for local markets. Orphan legumes are resistant to biotic stress like pests and diseases, rich in quality protein and B vitamins, high in lysine content, and a good source of healthy oils. More so, orphan legumes are effective in fixing soil nitrogen, and capable of thriving in unfavorable environmental settings (Ojuederie et al., 2020; Popoola et al., 2020). A crop like Kersting’s groundnut is intolerant to soils with high moisture content. Cultivating this crop in drought-prone areas will have no adverse effect on the yield or nutritional content. While a few African countries such as Ethiopia, Kenya, and Malawi have emergency food reserve systems in place, some others are still unable to provide infrastructures critical to the conservation of these future food products. In the absence of appropriate storage infrastructure, embracing orphan legumes that require little or no special preservative techniques can be suitable in the short term.

[image: Figure 3]

FIGURE 3. Diversity in seeds of the selected orphan legume crops. (A) African yam bean (Sphenostylis stenocarpa). (B) Kersting’s groundnut (Macrotyloma geocarpum). (C) Jack bean (Canavalia ensiformis). (D) Lima bean (Phaseolus lunatus). (E) Bambara groundnut (Vigna subterranean). Source: seeds were collected from the International Institute of Tropical Agriculture (IITA, Ibadan, Nigeria).




TABLE 2. Basic scientific information on selected orphan legumes in SSA.
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POTENTIAL OF ORPHAN LEGUMES AS INCOME SECURITY

The global pulse trade has grown with prices more volatile and increasing faster than traded volumes (Akibode and Maredia, 2011; Nedumaran et al., 2015). This trend situates the growing global demand relative to supply. Also, the export and import of pulses had greatly expanded across SSA (Fabinin, 2021). In 2014, the international export of pulses was worth over USD 10 billion, and Africa contributed only about 9.5%, while in 2020, it grew to over USD 12 billion (ITC, 2022). Major traded pulses include soybean, groundnut, lentils, peas, chickpeas, kidney beans, and black gram. Among the five orphan legumes considered in this review, only BG is on the list and traded but of low volume. In contrast, AYB, Kersting’s groundnut, Lima bean, and Jack bean are not traded or likely bundled under other pulses/beans. The market trend for many orphan legume crops is somehow sketchy. Nevertheless, local trading and markets exist, and we predict regional and international trade expansion in the coming years as awareness increases and the value chain expands.


African Yam Bean

This crop is grown locally in West/East/Southern African countries like Nigeria, Ghana, Benin, Cameroun, South Africa, Zambia, Uganda, and Angola. Its trade is restricted to local markets and not listed under crops and livestock products (production) of the Food and Agriculture Organization (FAO) nor listed under the Harmonized Tariff code System (HS) of the International Trade Centre (ITC). There are no data on its harvested area in hectares, production in tons, and market values. However, in Nigeria, an income of N74,000, equivalent to USD180, was generated monthly from the sales of prepared foods and derived products sold in open markets along the highways. This amount is more than twice the minimum wage (N30,000 or USUSD73) paid by the Federal Government of Nigeria (Nnamani et al., 2017). This portends a high potential to generate income for the rural population and their households.



Bambara Groundnut

It is a pulse with a subterranean fruit set, cultivated by subsistence farmers mostly in semi-arid regions of Africa (Olanrewaju et al., 2022). BG is emerging as an income source and gradually receiving more international research attention with export potential. Currently, it is not classed as a commodity in the global trade framework due to its low production rank (Halimi et al., 2019; Hasan et al., 2021), but it is classified as an edible leguminous vegetable and falls into the Harmonized Tariff code System (HS) as fresh (HS0708) or dried (HS0713). The trade outlook for BG is promising due to its high yielding potentials in varied agro-ecological areas and available intra-Africa trade outlets. The top exporter of BG in 2020 was Madagascar, with an export value of 213,000 USD, while South Africa was the leading importer with an import value of 282,000 USD. The awareness of the potential of BG as a climate-smart crop is expanding beyond its endemic areas (Jahanshiri et al., 2022). Recently, a total of USD 6 to 13 billion of yearly income to the global economy was predicted for BG using the mean potential areas with a modesty yield of 0.85 t/ha for one optimal season (June–September) with a modest price of 143 USD/T (Mayes et al., 2019; Hussin et al., 2020; Jahanshiri et al., 2022). Currently, in Nigeria, 50 kg of BG sells for N30,000 or USD 72.30, with a considerable profit from the sales of processed products (Onuche et al., 2020). Similar information has been reported from Mali (Majola et al., 2021).



Kersting’s Groundnut

It is a highly nutritious tropical crop adapted to drought-prone areas but neglected by researchers and policymakers. KG is declining in cultivation, and production statistics are unavailable due to intensive labor requirements, low yield, and improved varieties (Ayenan and Ezin, 2016). It is not yet traded globally, but it is well-known in Togo, Benin, Ghana, and Burkina Faso. It provides substantial incomes for the rural population, and its price can climb from CFA 1000 (USD 2) per kg in a period of plenty to CFA 4,000–5,000 (USD 8–10) per kg in a period of scarcity (Assogba et al., 2015; Akohoué et al., 2019). Farmers produce KG mainly for home consumption, and thus, market value is still low. Nonetheless, it is an essential source of income for the rural populace since gross revenue earned from growing the crop averages USD1200/ha (Assogba et al., 2015; Akohoué et al., 2019).



Lima Bean

This crop is also known as butter beans. Though there is no matching HS code and trade statistics for LB, its trade is increasing globally and possibly lumped under the HS code for other pulses. Its utilization is expanding in the United States, Brazil, and India. Production and trade volume is low in SSA. In 2020, Morocco was the top exporter of LB with an export value of USD 271 M, while the United States was the leading importer valued at USD 198 M (Tridge Statistics, 2022)—data based on HS code 070820 (Phaseolus spp).1



Jack Bean

This crop is grown in the traditional farming system in SSA, and there are no statistics on its trade. It has impressive nutritional contents, but it is largely untapped.

In summary, the prospects of these underutilized legumes look promising in SSA if stakeholders, including farmers, policymakers, government, and consumers, can embrace an integrated approach involving improved varieties, modern agronomic practices, increased funding, genetic manipulation using their rich genomic resources, and infrastructural development.




AGRONOMIC RESOURCES OF ORPHAN LEGUMES FOR SUSTAINABLE LIVELIHOOD IN SUB-SAHARA AFRICA

Several agronomic features confer on orphan legumes significant potential to enhance sustainable agriculture and human livelihood (Table 3). Poor research interest in these crops informs that there is no robust, comparable, and reliable empirical information which can be used to advocate for policy development (Mabhaudhi et al., 2019). This further establishes their poor competition with notable crops. However, the few reports considered in this review informed that orphan legumes are not useless but host huge possibilities for food and protein security. Critically, the continued existence of orphan crops within marginalized farming systems shows that they are adaptable to changing climatic scenarios. According to Vidigal et al. (2019), pulse crops offer a viable and sustainable strategy for upholding farming systems’ intercropping and production indices. The capacity to augment soil nitrogen makes orphan legumes an excellent partner in many farming systems, with additional contributions leading to soil fertility improvement, biodiversity conservation, ecosystem stabilization, farming risks reduction, and sustainable yield (Table 4).



TABLE 3. Exploitable agronomic wealth offered by underutilized legumes.
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TABLE 4. Agronomic Utilities, Challenges, and plausible solutions of the five orphan legumes.
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Specific Agronomic Utilities, Challenges, and Plausible Solutions of Orphan Legumes

The survival of orphan legumes in a marginal environment may be due to their capacity to stimulate the colonization of a variety of nitrogen-fixing bacteria in different soil types (Naluwairo, 2011; Baldermann et al., 2016; Mabhaudhi et al., 2019).

As documented in Babalola et al. (2017), Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium are among the nitrogen-fixing bacteria which exist naturally in legumes. Moreover, the diversity of host legumes is accompanied by diversity in nodulating bacteria with significant differential capacity at taxa and cultivar levels (Sprent et al., 2010). This seems to inform that the use of legumes in soil amelioration would be a backbone for organic agriculture if their resources are well harnessed. There are very wide variations in nodule productivity and effectivity of both plant and rhizobial germplasms for optimizing nitrogen fixation (Sprent et al., 2010). Babalola et al. (2017) hinted that there are so many underutilized leguminous crops whose potentials have not been fully tapped to understand their functionalities within the realm of biological N fixation (BNF).

Agronomic features, specific challenges, and possible solutions of the considered orphan legumes are provided in Table 4. Notably, the contribution of the nitrogen-fixing bacteria which cooperatively function with orphan legumes is not well documented. However, the reasons for the protracted featuring of the most orphan leguminous crop in the cropping systems in SSA may be due to their contribution to soil fertility which farmers may have found to be highly sustainable. We speculate that the quantity of nitrogen they supply to the soil may be very significant, although this needs to be investigated.




ORPHAN LEGUMES AND HUMAN DIETARY DEFICIENCIES

Human dietary deficiencies are caused by a lack of essential nutrients in diets or the body’s inability to absorb and process these nutrients once ingested. Deficiency in nutritional requirements is the leading cause of various diseases today, like diabetes, protein-energy malnutrition (PEM), ‘beriberi’ (Thiamine deficiency), among others (Wokes et al., 1955; Flyman and Afolayan, 2006). Generally, legumes are a good source of quality proteins, dietary fiber, vital amino acids, and minerals, but scientific reports have shown that under-exploited legumes are nutritionally superior to the other commonly known legumes (Considine et al., 2017; Adegboyega et al., 2020). Many diseases are associated with a low diet, high in animal-based nutrients, overly processed foods, and low plant-based nutrients. Underutilized legumes are known to be a rich source of bioactive compounds, unsaturated fat, little or no cholesterol, and dietary fiber (Bhartiya et al., 2015; Li and Siddique, 2020). These dietary constituents promote health and sustainability by decreasing insulin production and preventing chronic diseases such as cancer, cardiovascular diseases, obesity, and the likes (Bhartiya et al., 2015; Salvi and Katewa, 2016; Hunter et al., 2019). A legume-based diet can guarantee a longer and healthier life. Without any doubt, the inclusion of under-exploited legumes into the dietary cycle of countries suffering from chronic deficiencies, malnutrition, hunger, and protein deficiency, will be a long-lasting solution due to its dense nutrient content, good quality protein, and micronutrients. It could also reduce the over-dependence on other major legumes like soybean, cowpea, chicken pea, groundnut, etc. In obesity, several studies have shown that consumption of processed underutilized legumes such as AYB and Lima bean could significantly aid weight loss (Onwuka et al., 2009; Crujeiras et al., 2010; Rebello et al., 2014). This could be attributed to the low-fat content and high dietary fiber. Many vegetarians include underutilized legumes as an alternative source of animal protein/meat without lagging in nutritional quality (Crujeiras et al., 2010; Vidigal et al., 2019). The low gastrointestinal tract nature of legumes’ carbohydrates aids in stabilizing the blood glucose level (Maphosa and Jideani, 2017). Generally, the B-Group vitamins such as folate, niacin, thiamin, riboflavin, pyridoxine, pantothenic acid among others are abundant in the orphan legumes (Table 5). These species are also a source of essential minerals like zinc, iron, calcium, potassium, copper, and selenium (Table 5). Calcium plays an important role in bone health and also eases the movement of blood within vessels. Zinc helps boost the immune system, iron synthesizes hemoglobin, and potassium helps prevent stroke (Barman et al., 2018). Orphan legumes with high zinc content would be very useful in preventing the symptoms associated with the Covid 19 virus if introduced into the human diet in the required amount. The high-quality protein (from 19.4 g per 100 g in KG to 22.5 g per 100 g in AYB) available in these orphan legumes makes them suitable and essential for every age group. However, some species like AYB, BG, KG, and JB are known to contain some toxic phytochemicals that can lead to bloating, flatulence, or activate allergic reactions in some people. Fortunately, most of these toxins can be easily neutralized by steaming, de-hulling, boiling, fermenting, roasting, and using advanced processing technology such as irradiation, infrared heating (micronization), and high-pressure cooking without jeopardizing their nutritional contents (Maphosa and Jideani, 2017; Adeleye et al., 2020; Tan et al., 2020; Khan et al., 2021c). Comparative nutritional profile of raw, mature seeds, and values per 100 g of the considered orphan legumes are shown in Table 5. The dense network of adequate quality protein, novel minerals, and vitamins all make up for their nutraceutical and pharmaceutical impact on human health, not exempting the animals’ health that feed on them.



TABLE 5. Nutritional profile of raw, mature seeds, and values per 100 g of five orphan legume crops.
[image: Table5]

Regional differences exist in the utilization of these rich protein and nutrition security crops. For instance, for the AYB, the tubers are highly consumed in east and central Africa while the seeds are consumed in West Africa. Thus, there is the tendency of having more seed production of AYB in West Africa and the focus on tuber production in the east and central Africa. Studies by (Ojuederie and Balogun, 2017) and Ojuederie et al. (2020) showed that the tubers of AYB have a high protein content of up to 15% which is considerably higher than the protein content found in tuber crops such as cassava and sweet potato. Findings of their study on Wistar rats also found the tuber to possess fewer antinutrients than the seeds. This study has led to more research interest on the tuberization of AYB for food and nutrition security. There is therefore an urgent need to increase the production of these orphan legumes and others identified as being rich in protein and essential minerals to lessen malnutrition and enhance food and nutrition security in Africa.



NUTRACEUTICAL AND PHARMACOLOGICAL PROPERTIES OF ORPHAN LEGUMES

A nutraceutical can be defined as a food or part of a food that provides medical or health benefits, including preventing or treating a disease. It can be an isolated nutrient, dietary products, processed foods, or beverages. Legume seeds can be considered a potent nutraceutical. It benefits human health and prevents or treats several diet-related diseases such as obesity, cardiovascular diseases, digestive tract diseases, diabetes, and others (Morris, 2003; Duranti, 2006). Regardless of the dense protein content in legume seeds, they are also known to contain an adequate amount of energy, carbohydrates, minerals, vitamins, dietary fiber, and low-fat content (Ojuederie and Balogun, 2017; Adegboyega et al., 2020; Ojuederie et al., 2020). Some bioactive compounds like glycosides, tannins, isoflavones, saponins, flavonoids, and so on contribute to its nutraceutical abilities (Carbonaro et al., 2015; Hoste et al., 2015). In most extensively pigmented legume seeds such as Lima bean, Jack, and Sword beans, there is a high phenolic acid and flavonoid level, contributing to the coloring alongside anti-oxidative functions (Morris, 2003; Carbonaro et al., 2015; Serventi and Dsouza, 2020). The seeds also contain enzyme inhibitors α-amylase, α-glucosidase, and γ-aminobutyric acid (GABA), for which it can be used as a nutraceutical molecule (Barman et al., 2018). Green legume seeds are also a good source of nutraceutical compounds. When legume seeds are processed, they enhance the present nutraceuticals’ bioavailability by inactivating ANTs like trypsin, growth inhibitors, and hemagglutinins (Suneja et al., 2011; Serventi and Dsouza, 2020). Some molecules in legume seeds that have been tagged toxic can be crucial to human health if consumed in the right proportion.

Underutilized legumes can be used as active components of drugs and other pharmaceutical products to promote human health status in terms of pharmaceuticals. Most under-exploited legumes are used in folk medicine in various parts of the world without knowing their active ingredients. For example, Kersting’s groundnut can be used to cure diarrhea, BG provides relief from menstrual cramps, cures insomnia, and promotes red blood cell production as well as prevent cancer (Ayenan and Ezin, 2016; Tsamo et al., 2019; Udeh et al., 2020). Similar properties abound in most of the underutilized legumes, including the AYB seeds where the paste made from the ground seeds have been used to treat ailments such as stomach aches and acute drunkenness when mixed with water in some West African countries; Ghana, Nigeria, and Togo (Adewale and Dumet, 2010). These pharmaceutical capabilities are attributed to bioactive agents like phenols capable of signaling structural polymers such as anthocyanin, flavonoids, tannins, and phenolic acids that chelate metal ions, inhibiting the peroxidation lipids and scavenge free radicals (Morris, 2003; Serventi and Dsouza, 2020). Phenolic compounds are responsible for the anti-oxidative nature of the seeds (Serventi and Dsouza, 2020). Also, phenolic compounds show anti-bacterial, anti-viral, anti-inflammatory, anti-mutagenic activities, and cancer prevention (Morris, 2003; Serventi and Dsouza, 2020; Udeh et al., 2020). Precisely, legumes exhibit pharmacological properties such as antioxidant, antimicrobial, anticancer, anti-inflammatory, anti-obesity, and heart protection (Serventi and Dsouza, 2020). The seeds have to be fermented to get the maximum anti-oxidative potentials of phenolic compounds (Rezende et al., 2018). Triterpenoids are commonly found saponins in legumes which play a major role in reducing carcinogenic substances in the colon. They can lower the risk of heart diseases and serve as immune stimulants by inducing cytokine production such as interferon (IFN) and interleukins (Singh et al., 2017; Serventi and Dsouza, 2020). Tannins are also abundant among the orphan legumes, which helps remove toxins from the intestinal tract because of their ability to bind proteins (Hoste et al., 2015; Barman et al., 2018). Anthocyanin, alkaloids, enzyme inhibitors such as α-Amylase and α-Glucosidase, phytic acid, and phytoestrogen have been isolated and reported among the orphan legumes (Barman et al., 2018; Serventi and Dsouza, 2020). The nutraceutical components of these grain legumes are mostly used as preventive measures of disease or to reduce some infections’ virulence (Duranti, 2006; Hoste et al., 2015; Barman et al., 2018). The introduction of these under-exploited legumes into our diet at a healthy amount will be of great health benefits to people in SSA.



GLOBAL ADAPTABILITY AND GENETIC RESOURCES OF ORPHAN LEGUMES

Globally, tropical Africa and some regions in Asia are the most significant endemic areas and producers of orphan legumes (Cullis and Kunert, 2017; Popoola et al., 2020; Paliwal et al., 2021). These species’ ability to thrive in various environments, whether harsh or favorable, has enabled the species to survive in diverse areas. For instance, the Lima bean (Phaseolus lunatus) was initially endemic to West Africa, but it is now cultivated mainly in the temperate regions of the United States (Caicedo et al., 1999; Serrano-Serrano et al., 2010; Andueza-Noh et al., 2013). Furthermore, adaptability is the capacity to acclimatize to a wide range of environmental conditions effectively. Orphan legumes should be a reference masterpiece in terms of adaptability due to their ability to overcome neglect, near extinction, and under-exploitation before becoming the highlight of scientific research. These unpleasant conditions triggered various adaptation mechanisms (survival strategies) in their morphology, physiology, biochemical, and genetic constituents (Sita et al., 2017). Such survival mechanisms include; possession of a deep taproot system to enhance soil water capture during drought, regulation of stomata, reduction of canopy size and duration, increasing wax accumulation on the surface to prevent water loss, early maturation to allow reproduction before environmental conditions depreciate (mostly in annual crops), and nitrogen-fixing ability to self-enrich their soil (Sita et al., 2017; Kumari et al., 2020). The Canavalia species (C. ensiformis and C. gratilis) are characterized by an extensive rooting system that can be exploited for phytoremediation of polluted sites. Generally, grain legumes have various adaptation mechanisms for different threats and stresses; this ability makes them unique, and the need for their exploitation is crucial (Considine et al., 2017; Cullis and Kunert, 2017).

Plant genetic resources (PGR) are the plant’s vegetative and reproductive parts, from which the plants are propagated. In orphan legumes, every part is of great importance, ranging from the root, seeds, tubers, pods, flowers, and stems. Each part possesses heritable characteristics of potential value to plant breeders, varying from their dietary, medicinal, and social value. Due to the effortless adaptability of orphan legumes to almost all climatic conditions, each species has thousands of accessions, varying in phytochemical content, proximate, nutritional, and antimicrobial values. The availability of a diverse collection of PGR is the building block for any crop improvement program. Future development of improved varieties of orphan legumes depends largely on collections and preservation of their PGR. The Genetic Resources Center (GRC) of the International Institute of Tropical Agriculture (IITA) presently maintains a collection of about 6,747 accessions of various orphan legumes consisting of about 2000 accessions of BG (Atoyebi et al., 2017), with 19% of these collected from Nigeria, 456 accessions of AYB with 97% from Nigeria while 100% of the 22 accessions of the Kersting’s groundnut, were collected from Nigeria. Other legumes conserved at the Genetic Resources Center of IITA include winged bean (50 accessions) and other minor legumes, such as Jack bean, Mung bean, Canavalia species, and rice bean, made up of about 18% of the total 25,000 accessions of the seed crops conserved at the center.

The IITA Genebank has been developing a program of research on various aspects of these orphan legumes, particularly BG, AYB, and winged bean, and lately Kersting groundnut to understand their genetic diversity, nutrient composition and to evaluate them for various biotic and abiotic stresses (Paliwal et al., 2021). To identify valuable traits for improving and developing climate-smart varieties, it becomes necessary to conduct genetic diversity studies and quantitative trait loci (QTL) discovery for drought, yield-related traits, and climate-adaptive traits. Accessions of AYB have been evaluated for both nutritional and anti-nutritional properties, the result indicated a good nutritional profile of the seeds with high protein, carbohydrate, and other nutrients when compared with other important legumes (Adegboyega et al., 2020), while the assessment of the genetic variation of AYB accessions using the established crop descriptors and molecular markers has been carried out for some of the collections (Moyib et al., 2008; Adewale et al., 2014; Ojuederie et al., 2014; Shitta et al., 2016; Nnamani et al., 2019). Studies are ongoing on the seed processing procedure that will enhance the seed’s longevity in storage for both BG and AYB to minimize the high cost of conservation of their germplasm, thereby securing the availability of their PGR for future genetic improvement. The seeds of these crops were collected and stored in genetic resource centers, while the whole plant can be propagated in vitro using tissue culture techniques to ensure their sustainability (Ogunsola et al., 2016).



GLOBAL RESEARCH EFFORTS AND PROSPECTS


Biotechnological Approaches to the Improvement of Orphan Legumes

Major bottlenecks like the “hard-to-cook” factor, low yield, indeterminate growth habit, pest and disease attack, pod shattering, mandatory need for stakes or trellis, low seed supply, among others, cannot be solved at once. However, plant breeders and researchers working on the orphan legumes are to tackle these issues accordingly to improve the species for sustainable utilization. Plant breeders are currently studying how the entire genome sequence of some species such as AYB and BG can hasten their genetic improvement and, hence, better utilization. The genomes of some of these legumes are currently being sequenced by the African Orphan Crops Consortium (AOCC), which seeks to assemble and annotate the genomes of 101 traditional African food crops to improve their nutritional content (Ojuederie et al., 2021). Regardless of the ongoing efforts to see to the complete success of orphan legumes in the global food basket, the need for more crop improvement strategies is demanding, not just from conventional plant breeders alone, but biochemists, plant geneticists, botanists, technology providers, the government, and the traditional farmers. They have in-depth knowledge about these minor legumes. Presently, the impact of morphological markers in analyzing the diversity among germplasms of various under-exploited legumes is minimal since environmental conditions influence results. Future directions lie in the use of genome-editing tools, e.g., the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), GBS (Genotyping by sequencing), High-throughput phenotyping, SNP (Single nucleotide polymorphism), CNV (Copy number variation), cloning, transformation, and core set development, to get improved traits. Exploring the genomics of these underutilized crops via conventional breeding, Genome-Wide Association Studies (GWAS), modern biotechnology, and computational technology, will hasten the species’ improvement for wide acceptability and utilization (Paliwal et al., 2021). In recent years, the development of large-scale genomic and genetic resources, including simple sequence repeat, expressed sequence tags, diversity array technology markers (DArT), and draft genomes, have enhanced genetic knowledge on these minor species (Varshney et al., 2009; Chang et al., 2019). These discoveries can accelerate gene discovery and pioneer breeding at the molecular level in these under-exploited crops.



Molecular Markers of Orphan Legumes

The conventional method of producing plants with improved traits relied on time-consuming and laborious approaches. It could take up to 8–12 generations to obtain an improved crop with the desired trait, but other genes could also be transferred in the process. Thus, the use of an alternative method such as modern biotechnology has been considered by several researchers for the improvement of orphan legumes. However, most of the studies that have been conducted were based on the use of DNA or molecular markers for genetic diversity studies and marker-assisted breeding of these underutilized species. Molecular markers are segments of DNA revealing variations, which can be used to detect polymorphism between different genotypes or alleles of a gene for a particular sequence of DNA in a population or gene pool (Jiang, 2013). These molecular markers are short sequences of nucleotides positioned beside the DNA sequence of the desired gene, thus, they are genetically linked and can be transferred from one generation to the next (Abu et al., 2021). The polymorphisms present in molecular markers which arise from alteration of nucleotides or mutations within the genomic loci make them useful for the identification of genetic differences between individual organisms and assessment of the relationship between breeds (Igwe, 2021). Different molecular markers have been used to assess the genetic diversity within the germplasm of orphan legumes (Table 6). The initial molecular markers were PCR-based Restriction Fragment Length Polymorphism (RFLP), Random Amplified DNA (RAPD), Amplified, Fragment Length Polymorphism (AFLP) until the development of sequencing-based molecular markers such as single nucleotide polymorphism (SNP), diversity array technology (DArT) and expressed sequence tags (ESTs) which have provided much useful information for the improvement of orphan legumes. The relative ease and reduced cost of the next-generation sequencing platforms imply that the use of SSR and/or single nucleotide polymorphisms for genetic diversity analysis and association mapping could be supplanted by genotyping by sequencing (Cullis and Kunert, 2017).



TABLE 6. Molecular markers used for genetic diversity and population studies in orphan legumes.
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The identification of quantitative trait loci (QTLs) for several traits in orphan legumes and the development of codominant molecular markers and linkage maps for some orphan crops have been made possible through marker-assisted selection with specific molecular markers. There is an urgent need to link phenotypic data with the genotypic data to appropriately select the landraces of these orphan legumes for genetic improvement.

Using a high-throughput DArTseq genotype-by-sequencing SNP approach, Oluwole et al. (2021b) generated a total of 3.6 k SNPs out of which 2.48 K quality SNPs were used for Genome-Wide Association Study (GWAS) in the AYB population. They identified quantitative trait loci (QTL) for genes that could be useful for the improvement of the protein, oil, and starch contents of AYB. Likewise, 493 SNPs were used for the genotyping of a population of 281 Kersting’s groundnut accessions from Benin using the DArTseqTM approach with about 10.6% of the SNPs found to be aligned to the reference genomes of adzuki bean and mung bean, an indication of an evolutionary relationship of Kersting’s groundnut with adzuki bean and mung bean (Akohoue et al., 2020; Paliwal et al., 2021). Uba et al. (2021) utilized DArTseq and SNP for genetic diversity and population structure studies on some genotypes of BG obtained from Nigeria, Cameroun, West Africa, East, and Southern Africa regions. The analyses of the results revealed that the mean gene diversity was highest 0.478) in Nigeria/Cameroon and West Africa region within the populations across the five regions and revealed the highest Shannon diversity index (0.787) in the West African region. Likewise, it also indicated that among the populations the genotypes in the unknown origin population from the United Kingdom was more closely related to the Western Africa population (0.018), and then the Nigeria/Cameroon populations (0.020) which were all grouped into a single subpopulation which was the largest based on the population structure generated by ADMIXTURE model among the 270 BG genotypes evaluated (Uba et al., 2021). Not much effort has been done in the use of gene technology or modern biotechnology for the genetic improvement of orphan legumes. Though there is public skepticism of the use of modern biotechnology for crop improvement adhering to biosafety measures and guidelines the technology could be very useful for the genetic enhancement of orphan legumes.

Advances in next-generation sequencing have provided a way for a new generation of different omics such as genomics, proteomics, metabolomics, and transcriptomics, which can proffer imperative solutions to these underutilized legumes, enhance crop improvement, and broaden the scope of the various germplasms (Popoola et al., 2020). These multi-omics approaches have been effectively utilized in elucidating growth, senescence, yield, and the responses to environmental stresses in several crops (Yang et al., 2021). Utilization of omics technologies coupled with high-throughput next-generation sequencing platforms, and bioinformatics, have allowed a greater comprehension of the plant system biology as well as the expression of genes and the various metabolic systems in plants (Ojuederie et al., 2022). The ever-increasing decline in the cost of sequencing has initiated the contribution of genomics to the improvement of orphan legumes. However, the use of omics in the characterization of orphan legumes is still in its infancy stage. This is because most of the genomes of these legumes are yet to be sequenced. Nevertheless, efforts are ongoing in the whole genome sequencing of some orphan legumes led by several organizations such as the African Orphan Crops Initiative2 to close the gap yet to be filled by the use of genomics transcriptomics and proteomics to extract useful information for the improvement of orphan legumes.

The sequenced genomes of legumes and the model species such as Glycine max, Vigna unguiculata, and Medicago trunculata, would speed up genomic advancements through comparative genomics in other important orphan legumes such as cluster bean, Dolichos bean AYB, as well as winged bean, which are still being sequenced (Dhaliwal et al., 2020).



Potential of Gene Editing Tools in Orphan Legumes

Gene editing entails the use of engineered nucleases to instigate cellular DNA repair pathways to make precise, site-directed alterations to an organism’s genome (Bhowmik et al., 2021). Over the years, several genome editing techniques have been developed, including Zinc-finger nucleases (ZFNs), meganucleases, transcription activator-like effector nucleases (TALENs), clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) and homing endonucleases (Gaj et al., 2016). However, CRISPR/Cas9-mediated gene editing has emerged as the most straightforward, adaptable, and precise strategy for genetic manipulation in plants (Bhowmik et al., 2021; Nadakuduti and Enciso-Rodríguez, 2021). The mechanism of action that underpins the CRISPR technology has been extensively reviewed elsewhere (Gaj et al., 2016; Li et al., 2020; Wada et al., 2020; Bhowmik et al., 2021).

While the recalcitrant nature of legumes to in vitro gene transfer, low amenability to transformation, and regeneration efficiencies have posed a significant hurdle to the application of the CRISPR technology, some level of success has been recorded. CRISPR/Cas9-assisted gene editing has been achieved in some legume crops, including Medicago truncatula and Lotus japonicus, cowpea, and soybean (Wang et al., 2017; Zheng et al., 2020; Bhowmik et al., 2021). The success of the technique in these crops shows promise for its cross-application in underexploited legumes (Bhowmik et al., 2021). A critical requirement for improving crops by this technique is in-depth bioinformatic and genomic information, as the technology relies on functionally characterized target genes (Wolter et al., 2019). Primarily, the phytoene desaturase (PDS) gene which encodes an enzyme involved in carotenoid biosynthesis is the most commonly targeted gene in orphan legumes (Badejo, 2018; Venezia and Creasey Krainer, 2021). Furthermore, researchers at the international crops research institute for the semi-arid tropics (ICRISAT) are currently experimenting with the technique to knock down flowering time and photoreceptor genes correlated with photoperiod sensitivity in pigeons pea (ICRISAT, 2020).3 Other traits in orphan legumes that can be targeted for improvement using the CRISPR/Cas system include disease resistance, salinity tolerance, biomass yield, grain yield and quality, and nutrient use efficiency (Rasheed et al., 2021).

Albeit CRISPR provides an unparalleled opportunity to improve traits in the underutilized legumes, the first step remains to establish an efficient transformation protocol for guide RNA (gRNA) delivery and the availability of complete genome sequences in public databases. These are both lacking for the orphan legumes which this review focuses on Mousavi-Derazmahalleh et al. (2019). While the Bioscience eastern and central Africa International Livestock Research Institute (BecA-ILRI) has achieved significant progress in sequencing the entire genome of AYB, the availability of whole-genome sequences and annotations of the underexploited legumes could accelerate the deployment of CRISPR/Cas9 technology to enrich their commercial value, and improve traits associated with photosensitivity, prolonged maturity period, and hard seed coat responsible for long cooking times (ACACIA Africa, n.d.).4

Despite the potential benefits of CRISPR technology to underexploited legumes, regulatory bottlenecks remain a significant matter of concern (Bhowmik et al., 2021). Recently, a ruling by the European Court of Justice declared that targeted mutagenesis via genome editing should be subject to rigorous GMO regulations, even though the product is free of any foreign gene (Wolter et al., 2019; Zaidi et al., 2020). This calls for concerted efforts from policy makers and scientists to design a comprehensive framework for CRISPR-generated crops integration. In addition, large-scale field trials are also required to evaluate the performance of CRISPR-generated crops for traits that may be compromised owing to the disruption of specific genes (Zaidi et al., 2020).



Speed Breeding in Orphan Legumes

Speed breeding is revolutionizing plant breeding, making it possible to have several generations of crops within a year. It utilizes enhanced light-emitting diode (LED) supplemental lighting and day-long regimes of up to 22 h at temperatures maintained between 17°C and 22°C to enhance photosynthesis and early flowering of the plants, which results in rapid growth and better yield. During the process, the LED lighting increases the breeding cycle of the exposed plants. Scientists at the University of Queensland, Australia, developed this technique. They successfully used it to increase the growth of spring wheat (Triticum aestivum), durum wheat (T. durum), barley (Hordeum vulgare), Chickpea (Cicer arietinum) per year in a temperature-controlled glasshouse fitted with high-pressure sodium lamps for up to six generations and four generations for canola (Brassica napus), in contrast to 2–3 generations under normal glasshouse conditions or field using conventional breeding methods (Watson et al., 2018). They achieved a significant reduction in the time taken for anthesis to occur for all crop species at 22 h photoperiod compared with the 12-h day-neutral photoperiod conditions, with a mean decrease of 22 ± 2 days (wheat), 64 ± 8 days (barley), 73 ± 9 days (canola) and for Chickpea, 33 ± 2 days (Watson et al., 2018). It, therefore, implies that plant breeders would be able to accelerate the rate of genetic improvement of several crops such as wheat, barley, rape, and pea for increased yield, disease resistance, and climate resilience in crops. The neglected and underutilized legumes could also benefit from this modern plant breeding technique, especially as most climate-resilient crops possess a rich nutritional profile.

Gaur et al. (2007) and O’Connor et al. (2013) successfully developed protocols for speed breeding of chickpea (Gaur et al., 2007; Chiurugwi et al., 2018) as well as Arachis hypogea, which resulted in a reduction in the generation time to 89 days from the usual 145 days in the second filial generation hybrids (O’Connor et al., 2013; Chiurugwi et al., 2018). They employed controlled temperature and constant light to fast-track plant development and accelerated a single seed descent (SSD) breeding program. Gaur et al. (2007) was able to achieve three seed-to-seed generations within a year by carrying out two generations under open field conditions and one under rainout shelters by exposing plants to lengthened (24-h) photoperiod (Saxena et al., 2019). Protocols have also been developed to shorten the generation time in some orphan legumes and oilseeds. These include lupin (Lupinus sp.; Croser et al., 2016), chickpea (Cicer arietinum; Sethi et al., 1981; Watson et al., 2018), subterranean clover (Trifolium subterraneum; Pazos-Navarro et al., 2017), lentil (Lens culinaris) as well as broad beans (Vicia faba; Mobini et al., 2015; Lulsdorf and Banniza, 2018). The application of cytokinins and auxins to induce early flowering enabled Mobini et al. (2015) to increase the number of generations to 7 generations for Faba bean (Vicia faba L.) and eight generations for lentil (Lens culinaris Medik), after which immature seeds were harvested for generation advancement (Saxena et al., 2019).

The AYB (Sphenostylis stenocarpa) has recently received more attention as a potential food and nutrition security crop. However, it has a long generation time between 6 and 7 months hence it is grown once a year. Could this dual-purpose crop that produces edible seeds and underground tubers also benefit from speed breeding? Some landraces of AYB are tuber producing while others are not. This characteristic has been linked to the photoperiod sensitivity of the crop, with short photoperiods being suggested as a probable stimulant for tuberization in the species. Using the speed breeding approach, which requires more extended photoperiod of 22 h to shorten the breeding cycle, may not initiate tubers in tuber-producing landraces but may shorten the generation time of the crop. However, a major challenge to the use of speed breeding techniques in Africa is the availability of a constant power supply. In some countries utilizing the technology, containers used for conveying manufactured goods across borders are being converted to a speed breeding facility with LED lights installed and powered by solar panels. Alternatively, a solar-powered glasshouse with LED fitted lighting could be used for speed breeding and adapted for orphan or underutilized legumes in Africa by the National Agricultural Research Centers in the various countries where these legumes are cultivated.

With the speed breeding technique, plant breeders and plant molecular geneticists would hasten the genetic variation inherent in wild relatives of these orphan legumes, thereby introducing elite varieties that will be widely accepted and grown by farmers. The ongoing discoveries of the vast genetic resources and nutraceutical components of these lesser-known legumes are increasingly attracting research and funding attention as potential future crops for sustainable agriculture by CGIAR, IITA, and other Genebank institutes around the world. International agricultural organizations such as the West Africa Centre for Crop Improvement (Ghana), the BeCa-ILRI Hub (Kenya), the World Vegetable Center (Taiwan), the African Orphan Crops Consortium (Kenya), Crops for the Future (Malaysia), the Global Pulse Confederation (UAE) and the CGIAR Centres and Research Programmes like the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), the International Institute of Tropical Agriculture (IITA), and the International Center for Agricultural Research in the Dry Areas are well-positioned to establish speed breeding facilities to give a boost to the breeding programs of these orphan legumes for enhanced utilization and food and nutrition security. Despite the potential of speed breeding in reducing the breeding cycle in crops, it has some limitations. The success of speed breeding depends on the crop and species and proper regulation of environmental factors such as the photoperiod, temperature, light intensity, and relative humidity. It may also be challenging to utilize speed breeding for short-day plants that require less light for floral induction. Simulating breeding set-ups that combine rapid generation advances with other technologies like genomic selection (GS) would be an excellent approach to optimize breeding methods cost-effectively (Hickey et al., 2019). Genomic selection (GS) accelerates the selection accuracy of superior genotypes, germplasm enhancement and aids in selecting targeted genes for particular traits from Genebank accession to elite lines. Thus, the genetic gain of key traits can be accelerated using integrative approaches of speed breeding and genomic selection, permitting more rapid production of improved cultivars.




CONCLUSION

The need to introduce these orphan legume crops into the food systems in Africa and other poverty-prone countries to attain zero hunger, improved nutrition, and sustainable agriculture goals of the SDG by 2030 is nonnegotiable. Their dense network of cheap, high, and quality protein, dietary fiber, vitamins, minerals, carbohydrates, low fat, the presence of diverse nutraceuticals and pharmaceutical components that can help prevent or alleviate diet-mediated disease cannot be overemphasized. Without any doubt, the inclusion of underutilized legumes into the dietary cycle could offer long-lasting solution to the high prevalence of malnutrition, hunger, and protein deficiencies in SSA malnutrition, hunger, and protein deficiency, will be a long-lasting solution due to its dense nutrient content, good quality protein, and micronutrients. Currently, the potentials of these minor legumes have begun to receive scientific attention. The target is to improve crop yield, eradicate toxic ANTs, reduce the cooking time of the seeds, speed up maturity rate, gain consumer acceptance, and solve food and protein insecurity. Efforts to elevate these nutrient-rich crops to the top of the food basket of any nation are demanding. However, modern technologies such as speed breeding and CRISPR/Cas9 in an integrative approach with genomic selection and other high-throughput methods could fast track the breeding cycle of orphan legumes to develop new varieties with traits that enable more than one cycle of cultivation per year. Still, with the various efforts being made worldwide, it is hoped that these legumes will contribute immensely to the food and nutritional security of most households and may likely become staple crops for Africans in the not-so-distant future.
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FOOTNOTES

1https://www.tridge.com/intelligences/butter-bean/export

2http://africanorphancrops.org

3https://www.icrisat.org/cgiar-focus-on-gene-editing-crops-for-a-food-and-income-secure-future/

4https://acaciaafrica.org/bioinformatics-community-practice/full-genome-sequencing-and-annotation-of-the-african-yam-bean/
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An enabling, evidence-based decision-making framework is critical to support agricultural biotechnology innovation, and to ensure farmers’ access to genetically modified (GM) crops, including orphan crop varieties. A key element, and often a challenge in the decision-making process, involves the balancing of identified potential risks with expected economic benefits from GM crops. The latter is particularly challenging in the case of orphan crops, for which solid economic data is scarce. To address this challenge, the International Food Policy Research Institute (IFPRI) in collaboration with local economists analyzed the expected economic benefits to farmers and consumers from the adoption of GM crops in 5 sub-Saharan African countries. This paper focuses on case studies involving insect-resistant cowpea in Nigeria and Ghana; disease-resistant cassava in Uganda and Tanzania; and disease-resistant banana in Uganda. Estimations from these case studies show substantial economic benefits to farmers and consumers from the timely adoption and planting in farmers’ fields of GM orphan crops. Our analysis also shows how the benefits would significantly be reduced by regulatory or other delays that affect the timely release of these crops. These findings underscore the importance of having an enabling policy environment and regulatory system—covering, among other elements, biosafety and food/feed safety assessment, and varietal release registration—that is efficient, predictable, and transparent to ensure that the projected economic benefits are delivered and realized in a timely manner.

Keywords: GMO crops, impact assessment, economic surplus model, DREAMpy, sub-Sahara Africa, regulatory policy


INTRODUCTION

Despite their critical local importance, orphan, underutilized, and neglected crops tend to receive relatively limited attention in agricultural R&D initiatives (Tadele, 2019). While these crops play a key role in local diets and are uniquely adapted to the environment in which they are grown, they are characterized by underfunding for research and development, very little attention from agriculture extension services, weak and underdeveloped value chains, lack of awareness about their nutritional value, a perception that they are a “poor farmer’s crop” and low interest among farmers and industry due to lack of demand. Additionally, many orphan crops have large and complex genomes, which has limited the success of conventional research approaches. However, in recent years, genetic modification (GM) has been successfully applied to address some key production constraints faced by orphan crops. This has increased interest in the potential of GM orphan crops to boost local food security and agri-business as evidenced by a growing R&D and field-testing pipeline as presented in this article.

The cultivation of GM crops has increased over the years from just a handful of countries in 1996—the United States, Argentina, Canada, Australia, and Mexico—to 29 adopting countries in 2019 (ISAAA, 2019). Commercial cultivation of GM crops is still largely confined to maize, soybeans, cotton, and canola, with no representation of orphan crops in SSA. This situation changed with the approval of a GM cowpea variety SAMPEA 20-T by Nigeria’s National Committee on Naming, Registration and Release of Crop Varieties. This local GM cowpea variety expresses resistance to the pod borer Maruca vitrata (Okojie, 2019).

Considering a 25-year track record of safe cultivation and consumption, and a growing body of literature assessing the economic benefits of GM crops (National Academies of Sciences, Engineering, and Medicine (NASEM), 2016), countries in SSA have continued to steadily expand their GM crops R&D pipeline. Until 2012, the area planted to GM crops on the continent was limited to South Africa. USDA-FAS (2020) reports that South Africa currently cultivates GM maize, soybeans and cotton, with very high GM adoption rates for all three crops (82, 95, and 100 percent, respectively). In the 2020–2021 production season, a total of 2.9 million hectares of GM crops were planted in South Africa. GM maize plantings represent about 75 percent of total GM crop plantings in South Africa, followed by soybeans (24 percent), and GM cotton representing around 1 percent (USDA-FAS, 2020). Most of the GM maize (over 70 percent) under cultivation in South Africa involves “stacked” improvements, combining insect resistance and herbicide tolerance (USDA-FAS, 2020).

Outside of South Africa, the momentum in African economies towards authorizing the cultivation of GM crops appears to be building up. In 2019, the Kingdom of Eswatini (formerly Swaziland) joined South Africa and Sudan in planting GM crops, with commercial planting of insect resistant Bt cotton. In that same year Nigeria, Ethiopia, Kenya, and Malawi granted approvals for planting GM cotton. Approval for GM cotton in Nigeria was followed by the commercial registration of insect resistant cowpea as mentioned above, and, in 2021 the Government of Nigeria authorized the general environmental release of “TELA maize,” which is tolerant to insect pests and drought (Premium Times, 2021).

Table 1 presents the current area planted to GM crops in SSA. For a more detailed overview, Akinbo et al. (2021) present and analyze the status of GM crop adoption in Sub-Sahara Africa (SSA), including an overview of GM crop confined field trials.



TABLE 1. GM crop cultivation in sub-Saharan Africa.
[image: Table1]

Like other adopting countries most of the countries listed in Table 1 have authorized GM crop cultivation after implementing regulatory frameworks that include food, feed, and environmental safety assessments, which follow international safety assessment standards. Numerous countries, including some in Africa, have authorized GM crop field trials and cultivation after implementing regulatory frameworks, and have also taken into consideration the potential economic benefits and costs of GM crops’ adoption and use, such as their impact on trade, farmers and consumers. However, even though the number of peer-reviewed publications analyzing the economic impacts of GM crop cultivation in SSA has substantially increased over the last 15 years, the majority of articles are still focused on cotton and maize in South Africa (Zambrano et al., 2019). Additionally, the number of GM crops’ economic assessment studies that are generated in-country are few; a fact that is often cited as a hurdle in the adoption of GM crops. In this article, we address this gap by focusing on the potential benefits GM orphan crops in in Ghana, Nigeria, Tanzania, and Uganda.

To address the gap identified above, the International Food Policy Research Institute (IFPRI) jointly with in-country economists, designed and implemented a project, titled, “Biotechnology and Biosafety Rapid Assessment and Policy Platform” (BioRAPP). Unlike many of the previous ex ante or predictive studies on GM crops, BioRAPP was purposely designed to assure the active participation of relevant policy and decision makers as well as other local stakeholders, whose viewpoints were not just considered, but determined the selection of the specific crops of interest to each of their countries, provided guidance throughout the project and selected local economists who led each country study. In other words, BioRAPP’s starting point was an extensive consultation process in each of the countries where the ex-ante evaluations were performed.

In the next two sections we present the project’s overall methodology and research findings for the ex-ante assessments of banana, cassava, and cowpea, the orphan crops included in the BioRAPP project. The final section discusses the importance of these type of studies for decision makers, who need access to current and robust knowledge about potential impacts and tradeoffs to support innovation that may help address pressing agricultural constraints.



MATERIALS AND METHODS

Overall, the BioRAPP project produced a total of 8 GM crop/trait ex ante case studies led by in-country economists in Ethiopia, Ghana, Nigeria, Tanzania, and Uganda (Dzanku et al., 2018; Phillip et al., 2019; Kikulwe et al., 2020; Ruhinduka et al., 2020; Yirga et al., 2020, respectively). Additionally, Zambrano et al. (2019) published an overview of the economic assessment literature for Africa and an updated web bibliography on the economic assessment of GM crops (bEcon). Table 2 lists all 8 BioRAPP ex ante assessments, five of which were focused on cassava, cowpea, and banana, which can be classified as orphan crops and are the subject of this article.



TABLE 2. BioRAPP ex ante case-study assessments.
[image: Table2]


Case Study Selection and Project Setup

The GM crops listed in Table 2 are at various stages of technology progress. In Nigeria, the confined field tests for GM pod borer-resistant cowpea (PBR cowpea) started in 2009 and have steadily progressed towards biosafety authorization for general environmental release, food and feed safety clearance, resulting in registration as a commercial variety in December 2019. Prior to its release for cultivation by farmers, PBR cowpea was selected as a case study under BioRAPP. In Ghana, PBR cowpea has gone through multi-location confined field trials and currently (April 2022) awaits biosafety review for general environmental release.

In the case of disease-resistant cassava in Uganda, after a decade of research and safety testing by the National Agricultural Research Organization (NARO) and partners, GM virus-resistant cassava approached a stage where it can be released to farmers, contingent upon final biosafety clearance and variety release procedures by relevant authorities. To date, Ugandan authorities have assessed the safety and efficacy of GM cassava at multiple stages, including laboratory, greenhouse and multi-location confined field trial stages (since 2010). In Tanzania, local authorities tested the GM cassava under greenhouse conditions in 2017.

Lastly, in Uganda NARO started GM banana improvement in the early 2000s. A major focus for this work involved approaches to achieve resistance to Banana Xanthomas Wilt (BXW), a disease that is currently having devastating effects. NARO initiated confined field trials for BXW-resistant bananas in 2010 followed by multi-location trials in 2016 using the best performing lines.

For the case-study analysis in each country, BioRAPP’s initial and most important efforts were aimed at assuring input by local, relevant stakeholders and experts. Once these stakeholders were identified, meetings were held to discuss which GM crops to select for the case studies, to identify the implementing local agencies and partnerships and the selection of local lead economists. The case study selection was finalized in consultation with policymakers, regulators, and crop scientists and was based on: the stage of product development (beyond proof of concept and approaching general release); the crop’s economic and social relevance; and the potential for these assessments to help inform policy and regulatory reforms.

Following the initial consultations, BioRAPP established collaborative agreements with local partner organizations and lead economists, and appointed local steering committees to provide guidance and expert review of preliminary findings throughout the project’s duration. Lead economists collected secondary data and elicited key expert opinions. Data sources included:

• National and regional crop production statistics such as area planted, yield, crop prices, demand, and growth rates.

• Available household and farm-level survey data.

• Crop use and costs of inputs such as seed, fertilizer, pesticides, and labor.

• Adoption rates of comparable improved varieties.

The projected estimates of some key parameters rely on local experts’ informed opinions. Interviews and consultation meetings were held to elicit their expert opinions on parameters influencing costs and benefits, such as technology adoption rates, expected yield changes, and delivery timelines. Panel data thus generated were analyzed by teams of local economists in collaboration with IFPRI economists using the analytical approach summarized in the next section.



Analytical Approach: Economic Surplus Model1

The estimations presented in this article are based on a multi-region economic surplus model (ESM; Alston et al., 1995). This model has been used extensively over the years in multiple countries to evaluate and prioritize research investments. Specifically for the evaluation of GM crops in developing economies, Smale et al. (2009) comprehensive research methodology on GM crops documented nine peer-reviewed papers that apply the ESM, implemented for Argentina, Colombia, China, India, Kenya, Mexico and Uruguay.

Smale et al. (2009) and Petsakos et al. (2018) have indicated that the ESM has important limitations given that it does not explicitly consider market failures, input markets, transaction costs, externalities, and general equilibrium effects. Nevertheless, the ESM as implemented in the BioRAPP project has a critical advantage over other more comprehensive methods because it is parsimonious in data requirements and it is, in comparison to other methods, easy to understand, learn and implement particularly when facing data and time constraints.

Following Alston et al. (1995), Figure 1 shows changes arising from research driven supply shift for country/region j and time t in the horizontal multi-market model for a single product. The initial supply curve is S, and demand D with a market clearing price [image: image] in country/region j and time t. Supply curve S shifts downward and rightward to SR, with a new market clearing regional price [image: image]. The shaded areas in Figure 1 represent the change in producer and consumer surplus. One can derive algebraically the shaded areas in Figure 1, yielding the following equations to examine economic welfare effects:

[image: Figure 1]

FIGURE 1. Size and distribution of research benefits. Source: Authors’ elaboration.


[image: image]

[image: image]

where Δ[image: image]is change in producer research benefits and Δ[image: image] is change in consumer research benefits in region j in a given year t. In turn, [image: image], [image: image], [image: image], [image: image] are initial production, consumption, producer prices, and consumer prices respectively, in country/region j and time t. Furthermore, [image: image], [image: image], [image: image]and [image: image] are new consumption, production, producer price, and consumer price in country/region j and time t, with research. These general equations are manipulated and translated to elasticity form to derive estimating equations using available parameters in the literature, operationalized in IFPRI’s Dynamic Research Evaluation for Management, Python version (DREAMpy) software (IFPRI, 2019). The DREAMpy approach is a user-friendly open-source software, which follows Alston et al. (1995, p. 212–218) formulation of a multi-region technology adoption with associated production characteristics.

The study results were presented using alternative scenarios based on varying assumptions, of three key parameters: (1) potential yield gain from the adoption of GM varieties; (2) potential adoption rates; and (3) expected change in production cost due to adoption of GM varieties considering alternative estimated changes in seed and input costs. Case studies used minimum, most likely, and maximum values for these three parameters to derive multiple scenarios. Developing multiple scenarios is a standard procedure when performing sensitivity analyses in economic impact evaluations.




RESULTS: CASE STUDY SYNTHESIS

Applying the ESM approach summarized above, the overall estimations confirm significant economic benefits from adopting GM orphan crops. Table 3 presents the estimated total net benefits (Net Present Value) for the GM orphan crops selected as focus for this article. While the main figures reflect the most likely scenario, the range of simulation outcomes under different scenarios (as described in “Materials and Methods” above) is included as well.



TABLE 3. Estimated present value of producers and consumers, and total net present value from adopting GM orphan crops by country (millions of US$).
[image: Table3]


Pod Borer-Resistant Cowpea in Ghana and Nigeria

Based on secondary data analysis and expert consultations, the estimated net present value (NPV) of adopting the PBR cowpea in Ghana is US$ 19 million. Simulations using a range of values for key parameters indicate that this value could fluctuate between US$ 5.6 million and US$ 125 million. As described above, these simulations were constructed based on literature review (e.g., publications on the adoption of improved, conventional varieties), the use of household survey data, and expert informed opinions regarding the expected changes in cowpea yield, production cost (e.g., savings in insecticide applications), and expected adoption rates.

In comparison to Ghana, the expected benefits from adopting PBR cowpea are substantially higher in Nigeria, the world leader in cowpea production (Box 1). The estimated present value of the net benefits of adopting PBR cowpea amount to US$ 336 million, of which more than 75 percent is accrued by producers with the balance accrued by consumers. Given that actual planting of PBR cowpea started in June 2021, it will be now possible to assess the realized benefits of this GM crop in a few years. Anecdotal evidence of the first year of adoption appear to confirm that farmers gain from the adoption of PBR cowpea, with self-reported yield increase and decreased pesticide application (Opoku Gakpo, 2021).


Box 1
Cowpea’s economic importance

Cowpea is grown in tropical Africa, Asia, North and South America mostly as a grain, but also as a vegetable and fodder crop. It is favored because of its wide adaptation and tolerance to several stresses. It is an important food source and is estimated to be the major protein source for more than 200 million people in sub-Saharan Africa (OECD, 2015). Cowpea is the most important grain legume crop in Nigeria and West Africa. It is a key cash crop and plays a critical nutritional and food security role as a source of cheap protein and animal feed and as a source of cash, while also contributing to soil fertility improvement. Nigeria is the largest African producer, followed by Niger, Burkina Faso, Cameroon, and Tanzania. In 2015, Nigeria produced an estimated 2.2 million metric tons of cowpea and consumed 2.6 million metric tons. Cowpea is targeted by multiple insect pests and diseases from planting to storage. Postflowering insect pests such as the legume pod borer, flower thrips and pod-sucking bugs can cause grain yield losses from 55 to 100 percent if not controlled.

Source: Phillip et al. (2019).
 

BioRAPP data analysis allows differentiation of impacts across national geographical areas. Figure 2 illustrates the case of PBR cowpea benefit distribution for three different areas in Nigeria. Such regional estimations can be useful for policymakers who wish to better target investments. In the case of PBR cowpea in Nigeria, a large share of net present benefits will accrue to the Sudan–Sahel savannah region, where 40 percent of all cowpea production is concentrated, and where the adoption rate and the maximum induced change in cowpea yields is projected to be realized. On the other end is the forest region, with the lowest estimated adoption rates and induced yield. Given that the forest region produces only 20 percent of cowpea but demands 40 percent of all cowpeas traded in Nigeria, the expected benefits are mostly gained by the induced decrease in price that will benefit consumers in the region. While the distribution of benefits across countries will be different, regional differences are also observed in Ghana.
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FIGURE 2. PBR cowpea in Nigeria: Net Present Benefits (NPV) over a 25-year period if PBR cowpea is planted in 2020 (million US$; Phillip et al., 2019). Estimations were done in local currency units, converted to US dollars using the official annual exchange rate for 2016, the base year used for these estimations.




Brown Streak Disease Resistant Cassava (Uganda, Tanzania)

The results also show significant regional differences from the adoption GM cassava in Uganda due to the expected regional variance in adoption rates for new cassava technologies. Considering the importance of cassava in Uganda, as well as other countries in East Africa (Box 2), the total benefits to producers and consumers from adopting GM, virus-resistant cassava are an average of US$ 18.4 million per year, over the 31 years of the economic model simulation. Net benefits varied from US$ 1 million/year in the Western region to US$ 8.7 million/year in the Eastern region. In Tanzania, the expected total net benefits range from US$ 15 million/year under an optimistic scenario to US$ 0.5 million/year under a pessimistic scenario.


Box 2
Cassava viral diseases in East Africa

Cassava serves as a primary source of calories for more than 250 million people living in sub-Sahara Africa. It grows well in poor soils with limited rainfall. Cassava production in East Africa, including Uganda and Tanzania, is hampered by two yield-reducing viral diseases—namely, the cassava brown streak disease (CBSD) commonly referred to as the “Ebola of plants” and cassava mosaic disease (CMD). Particularly, CBSD can be responsible for a complete loss of harvest. Addressing the two diseases would enhance cassava farmers’ ability to capture additional income through new business opportunities, while opening alternative value-chain channels through cassava industrialization.

Source: Kikulwe et al. (2020), and Ruhinduka et al. (2020).
 



Bacterial Wilt Disease Resistant Banana (Uganda)

Estimations for GM, BXW-resistant banana show substantial potential benefits to farmers and consumers from improving resistance to a devastating disease (Box 3). Average annual benefits are estimated at US$ 25 million, of which producers receive US$15 million and consumers US$ 10 million. The average annual benefits per hectare are US$ 293.


Box 3
The banana Xanthomas wilt challenge in Uganda

In 2018 Uganda had the second largest area harvested with bananas in Africa with 21 percent of the total area under banana cultivation across Africa and 16 percent of production. Banana production in Uganda amounted to 4.6 million metric tons in 2014, of which 3,070 metric tons were exported. Banana yields reached a peak 5.33 tons/ha in 1994 but is decreasing steadily since then, down to 4.6 tons/ha in 2018. This decrease cannot be attributed solely to plant pathogens such as bacterial wilt. Other reasons for the observed yield decrease include soil fertility declines, pests (nematodes and weevils) and moisture stresses, and institutional and market constraints such as input access and low prices. The area harvested increased from 1961 through 2007 reaching a peak of 1.8 million hectares. Area harvested was just over 1 million hectares in 2018. Total production increased from 6 million tons in 1980 to 10.5 million tons in 2002, declining to 4.3 million tons in 2018. Bananas are the most widely consumed food in Uganda, making them critical to food and income security for families. The average Ugandan eats 220 kg of bananas a year, and for 66 percent of the country’s urban population, bananas are a staple food. Bananas are mainly produced by smallholder farmers. Overall, more than 75 percent of all farmers in Uganda grow bananas.

Banana Xanthomonas Wilt (BXW), first report in Uganda in 2001, affects all banana types. National experts estimated that BXW could destroy 90 percent of all bananas in Uganda if not controlled. BXW can completely decimate individual banana plots and thus heavily impact farmer’s food security. To address BXW’s devastating impacts on farmers, the Ugandan government invested heavily in controlling BXW using agronomic and cultural practices. The recommended control methods included destruction and disposal of infected plants, disinfecting tools used in the plantation, using clean planting material and removing male buds. Such measures are costly and only effective when implemented rigorously and must be complemented by crop improvement programs to generate resistant varieties. And, despite these efforts, the emergence of BXW in Uganda continues to pose a significant problem.

Source: Kikulwe et al. (2020).
 

Using well-established methods to estimate changes in poverty status derived from changes in income (Moyo et al., 2007; Alene et al., 2018), the BioRAPP analysis confirms that the additional economic income created by deploying BXW-resistant banana would be the equivalent of 54,776 Ugandans escaping poverty each year. Similarly, benefits from growing a CBSD-resistant cassava would be the equivalent of 40,308 Ugandans escaping poverty each year. The two disease-protected crops would have a sizable impact on Ugandan’s livelihoods.



Investing in GM Orphan Crops Yields Positive Returns

Figure 3 introduces estimates for the internal rate of return (IRR) derived from the adoption of GM orphan crops in the five case study countries described in this article. This is a key indicator estimating the economic profitability of a proposed R&D investment incurred in-country. The in-country cost estimates in our case studies consider the local R&D costs of adapting the technology to the recipient environment, and the required expenses to secure regulatory compliance, seed registration and in some cases technology deployment and product stewardship. It is important to note that R&D costs by developers, as they are incurred as part of international collaborative research programs, were not included in the R&D cost estimates. Obviously, this results in higher IRRs compared to those including all R&D costs; however, in this case, they are a valuable indicator to guide local investment decisions. Figure 3 presents the IRR under the most likely scenario—regarding expected adoption rates, yield increases. and production cost reductions.
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FIGURE 3. Internal rate of return (IRR)* to R&D investments incurred in-country by crop/trait (percentages; Dzanku et al., 2018; Phillip et al., 2019; Kikulwe et al., 2020; Ruhinduka et al., 2020). *IRR estimates include only R&D costs incurred in country.


Given the relatively low R&D costs, the expected IRR of GM investments is high—estimated to reach a high of 105 percent in the case of PBR cowpea in Nigeria and a minimum of 36 percent for PBR cowpea in Ghana. As explained above, the IRRs presented in Figure 3 contrast with the 40–60 percent range typically found in agricultural R&D projects (Alston et al., 2000). Including local and international costs of R&D will likely bring our findings in line with these averages.



Delays in Research, Decision-Making, and Adoption Reduce the Rate of Return

Several studies (see for example Falck Zepeda et al., 2008a,b; Smyth et al., 2014; Wesseler et al., 2017) point to the economic impact of time delays in GM adoption resulting in foregone benefits. In the BioRAPP study, a 5-year adoption delay was simulated due to possible slowdown in the R&D process, in regulatory decision-making and/or in actual technology adoption (e.g., due to delays in seed availability). Such delays have significant impact on outcomes. An overview of expected economic losses due to a 5-year time delay is presented in Figure 4 below, ranging from 23 percent in the case of brown streak disease-resistant (BSDR) cassava in Uganda to 38 percent in the case of BSDR cassava in Tanzania.
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FIGURE 4. Economic losses due to a 5-year delay* during the R&D/regulatory stages (Dzanku et al., 2018; Phillip et al., 2019; Kikulwe et al., 2020; Ruhinduka et al., 2020). *Impacts of the cost of regulatory delays are estimated maintaining constant the number of years for the simulation after shocking the cash flows with a 5-year delay.


A specific example of the effect of time delays for Uganda, show that a 5-year delay in the research and regulatory process for BSDR cassava reduces the rate of return from 98 to 36 percent, whereas a 5-year delay during the adoption process reduces rate of return to 46 percent. In the case of BXW-resistant bananas in Uganda, a 5-year research and regulatory delay reduces the rate of return from 98 to 60 percent whereas a 5-year adoption delay reduces this rate to 85 percent. The timely variety registration of PBR cowpea in Nigeria, followed by on-farm demonstrations and seed multiplication in 2020 and commercial launch in 2021, will help minimize this potential loss in benefits.




DISCUSSION

The case study analysis presented above adds value to the existing literature on the economic assessment of GM crops as it expands the analysis from cotton and maize to orphan, food security crops in countries where similar estimations are scant. In addition, the BioRAPP project went beyond the customary desktop study to help build a foundation for future assessments by ensuring ownership by local teams, crop experts and economists. The unique nature of the project design and implementation contributed to its impact on building local capacities: Formal government buy-in from each country was the first intermediate outcome that was necessary to achieve before the economic assessments started. This was followed by identifying the appropriate local institutions, crop experts, and economists to lead the ex-ante assessments, and the formation of multi-stakeholder steering committees whose members helped determine the crop/trait case study selections and contributed critical inputs. The analytical tool developed as part of the project, DREAMpy, allows for the generation of rapid but robust estimates of economic costs and benefits of R&D projects, which is now being used beyond the purpose of this study.

The case study analysis confirms the important, expected economic benefits to materialize from the adoption of GM crops in SSA. Considering the substantial positive internal rates of return, investing in the development of GM orphan crops and their adoption is a worthwhile proposition for decision makers in the case-study countries and for SSA generally. The case studies confirm overall findings from previous ex ante and ex post economic analysis in SSA, as documented in the bEcon 4 Africa literature review by Zambrano et al. (2019), notwithstanding the significant variability across crops, countries, and regions.

Obviously, this type of predictive, ex ante analysis is not without limitations. For the case study analysis, assessing the impacts of the introduction of a crop technology requires two types of data. First, a set of acceptable crop production and consumption related data and, second, a set of robust assumptions about how the introduction of the technology will affect yields and crop management. As the BioRAPP analysis primarily relied on existing, secondary data, a major hurdle lies in the fact that such secondary data are rarely readily available, comprehensive, comparable or even reliable. Local research teams invested substantial effort to collect and analyze relevant data from a wide variety of sources and locations. Assumptions, which determine the size and direction of the estimated economic benefits, are hardly found in formal publications. Establishing robust scenarios and assumptions demanded a series of expert consultations, which in turn had to be triangulated against published and unpublished data. Additional, ex post analysis following the actual adoption of GM crops (e.g., PBR cowpea in Nigeria) will be required to validate the main findings from this work.

The results highlight the value of participatory economic and social assessments in support of decision making, as decision makers need to carefully consider which socioeconomic issues and assessments may be feasible for inclusion in a regulatory process.

Case study results also confirmed the fact that delays, particularly in the R&D process and in regulatory review processes, rather than the later adoption stages, significantly reduce anticipated benefits. These findings underscore the opportunity for policymakers and decision makers to invest in policies and programs that affect these critical variables, particularly to foster conditions to make available these crops to farmers and consumers. Investment in effective extension practices and seed systems are critical factors that merit the attention of decision makers. Value chain, seed systems, and market intelligence analysis which target products for profiling prior to release, can be critical to deployment of GM-based crop improvement.

Given that GM crops are regulated, it is critical that a competent, efficient biosafety regulatory system is in place to ensure that improved varieties reach farmers in a timely manner and thus allow the realization of expected economic benefits (Adenle et al., 2018). The crop/trait cases assessed in this study are unlikely to be deployed without an enabling regulatory environment for biosafety review, food and feed safety assessment and subsequent variety registration. As described in this paper, financial costs of regulatory compliance are unlikely to reduce the internal rates of return significantly, especially when evaluated against the potential economic gains. Financial cost may, however, be a limiting factor for the public sector who usually faces budget constraints and in countries where the resources to conduct robust economic assessments may be limited. Nevertheless, time delays due to R&D and/or regulatory compliance issues are the factors that decrease rates of return significantly. Therefore, avoiding unnecessary delays are a major objective for public policy, which will require attention from policy and decision makers, as well as regulators and other stakeholders, especially for public sector R&D (Smyth et al., 2014).

While regulatory policy is not singular in terms of its impact on the adoption of innovations, it is an important component that must be critically evaluated in connection with GM crops. Ultimately, an evidence-based, efficient, predictable and transparent regulatory system, which is well understood by stakeholders and well implemented, can potentially lead to valuable, safe and appropriate GM crops in the hands of farmers.



CONCLUSION

As the area planted to GM crops continues to grow in SSA, the interest in, and the need for economic benefit assessment along with safety assessment are most likely to increase. The research methodology, tools and case studies developed under BioRAPP and presented in this article show that such assessments can be conducted by local experts and stakeholders and can yield relatively rapid assessments for consideration or demanded by decision makers. While recognizing that further work is required, as such, our findings support statements included in the recent “Africa Common Position to the UN Food Systems Summit” (African Union, 2021), which emphasizes that:


“[…] Increased support for the adoption of biotechnology, particularly among smallholders, including the new generation of farmers emerging across Africa, requires accelerated action and a conducive enabling environment. Scientists are designing and developing livestock breeds and crop varieties with higher yields, additional nutrients (e.g., in biofortified crop seeds, roots and cultivars), increased disease resistance and enhanced tastes through crop biotechnology and genomics. The power of modern agricultural biotechnology and genomics in transforming African food systems into a force of economic growth, creating wealth in the rural space and beyond, feeding an African population expected to reach 2.2 billion people by 2050 cannot be ignored. […] Despite challenges and uncertainties surrounding the adoption of biotechnology adoption, there appears to be a significant potential for capturing large economic, social, and environmental payoffs from the use of biotechnology products in the farming systems across Africa.” (African Union, 2021; p. 8)
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FOOTNOTES

1For a detailed review of the analytical approach, methodology, and assumptions, we refer to the IFPRI Discussion Papers listed in the references section (Dzanku et al., 2018; Phillip et al., 2019; Kikulwe et al., 2020; Ruhinduka et al., 2020).
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Farmer-participatory breeding approach is an important component in the crop improvement of lablab (Lablab purpureus (L.) Sweet). The study was carried out to obtain the knowledge, practices and preferences of lablab through 31 lablab growing-farmers from Arusha, Kondoa, Karatu, Same and Babati districts of Tanzania toward initiating a lablab breeding program. Semi-structured questionnaires were administered and focused group discussions were held to collect data on the socio-demographic factors, production practices, constraints and farmer’s preferred traits of lablab. Selection of preferred traits and accessions was also done by the farmers in the field. Results showed that the chief constraints of lablab production are pests and diseases, poor marketability, low seed quality, inadequate rainfall, expensive agrochemicals, low yield, and poor storage facilities. The major pests are pod borer (field) and bruchids (storage). Preferred traits for lablab improvement include the development of insect pests and disease-resistant varieties, early maturing, high yield, black colored seed for market, short cooking time, and dense foliage. Genotypes EK2, D360, HA4, and D96 with preferred traits were identified by farmers, which forms critical decisions in crop improvement. This study describes the current view of lablab production and generates the understanding of farmers’ perceptions and preferences vital for breeding priorities and programs to increase its production, utilization and consumption.

Keywords: lablab (Lablab purpureus), participatory breeding, production practices, production constraints, trait preferences


INTRODUCTION

Advanced plant breeding incorporates genomics and phenotyping which have fast-tracked breeding through the application of molecular marker technology and genome-wide selection methods which have been found to increase the genetic gains in some crops (Watson et al., 2018). These breeding techniques are regarded as a centralized approach where knowledge and management of the genetic resource remains solely with the breeder/researcher without the decisions of the end-users (Fadda et al., 2020). Despite the immense contribution of these modern breeding approaches, the adoption, utilization, and adaptation to adverse climatic conditions of these elite genetic resources remain a challenge (Sanghera et al., 2013). The lopsided problem-solving method has neglected the importance of the end-user, the farmer, culminating the adoption of improved varieties by farmers in the production plan. A strong collaboration between researchers and farmers is required.

The participatory plant breeding approach involves collaboration between researchers and farmers in the genetic improvement of crop species by enabling diffusion, adoption, and incorporation of the improved crop varieties at the farmers’ level. The farmer and the researcher bring different perspectives on improving the crop through knowledge, skills, and experience (Hoffmann et al., 2007; Weltzien and Christinck, 2017), and they contribute during fundamental decision-making phases. Farmer participation plays a crucial part at all stages of the breeding program, from the description of objectives, experimental designs, selection of experimental sites, choice of germplasm resources, field trials, seed production and transfer, and adoption at the community level (Singh et al., 2021). The participation of farmers can be classified into functional and empowering participation (Bhargava and Srivastava, 2019). In functional participation, breeders tailor their approach based on the farmers’ economic resources while ensuring the breeding objectives are achieved. In empowering participation, the farmers are equipped with skills and knowledge vital for breeding to allow active participation in the breeding program (Bhargava and Srivastava, 2019). This participation plays a significant role in the utilization of the released varieties.

Farmer knowledge and skills have contributed to the modern breeding techniques which were accelerated by the advent of the green revolution. The green revolution transformed the agricultural sphere leading to the development of high-yielding, uniform, and site-specific varieties globally. Positively, it reduced the poverty levels, increased food sufficiency, and lowered food prices (Pingali, 2012). Nevertheless, the green revolution remained neutral on the concept of the conservation of biodiversity. The nexus between improving farmers’ landraces and incorporating both indigenous and scientific knowledge is pivotal in breeding programs. This allows the farmer to influence the variety adoption at the local level. Neglected and underutilized species are critical to agricultural diversity and have a rich indigenous knowledge base (Mabhaudhi et al., 2019). Among several crops considered as underutilized crops, lablab is reported as a promising species for increased agricultural systems and food security (Maass et al., 2010).

Lablab is an orphan, underutilized and neglected crop that is native to Eastern Africa (Maass et al., 2010; Letting et al., 2021). Despite its nutritional value, food (Minde et al., 2020), and economic importance, the production, and utilization of this crop are not documented. Farmers are regarded as the custodians of the important genetic resources/germplasm and crucial indigenous knowledge that are always passed from one generation to another. In Tanzania, lablab was previously grown in the northern Arumeru district in the 1930s, but declining land size, lack of research, use of low-quality landraces, and the development of high-yielding major crops have contributed to the disappearance of lablab from the biodiversity as well as the production plans by the farmers (Ngailo et al., 2003; Upadhyaya et al., 2011). According to Witcombe et al. (1996), farmer participatory breeding and participatory variety selection are fundamental when undertaking the breeding of neglected crop species and farmers’ involvement can influence the adoption rates and subsequent production of the crop.

Currently, little information on lablab production in Tanzania is known with fragmented information on its use as conservation agriculture (Shetto and Owenya, 2007; Mariki and Miller, 2017). This pertinent information on lablab production requires concerted efforts from the researchers, breeders, and farmers through a participatory approach to understand the existing knowledge at the local level and merge it with the scientific concepts of research to increase its production. Collaborations with lablab-growing farmers can allow researchers and scientists to tailor their research to the needs of farmers and set up production while increasing the chances of transfer of technologies and adoption of improved varieties. The present study, therefore, delves into assessing the production constraints, farmer preference, existing seed systems, marketing and cropping systems of lablab in selected districts in Tanzania toward developing a lablab breeding program.



MATERIALS AND METHODS

The lablab experimental field for farmers’ participatory selection was set up at the Nelson Mandela African Institution of Science and Technology (NM-AIST), Arusha (Northern part) Tanzania during the long rainy season (May–August 2020). NM-AIST lies at Latitude 03°02′17.0′′ S and Longitude 037°35′24.9′′E at an elevation of 1,106 m.a.s.l. The mean maximum temperature ranges from 22°C to 28°C while the mean minimum temperature ranges from 12°C to 15°C, respectively. Three hundred and twenty lablab accessions were planted in an augmented block design generated by the statistical tool on the website1 with three checks and ten blocks. The checks were replicated twice in each block and the total number of experiment units was 390. This was done on a 40 × 30 m land size divided into 10 blocks of 39 rows, each representing one accession (treatment), and 10 seeds planted on each row (one seed per hole) with a spacing of 45 cm between plants, and 70 cm between the rows and 100 cm between the blocks. Normal agronomic and crop protection practices were followed with irrigation done twice in the absence of rainfall during the vegetative and podding stages of plant growth.


Sampling Method

Farmers for the participatory selection were purposively sampled using a multi-stage sampling technique. Thirty-one farmers from five lablab-growing regions namely, Arusha (12), Kondoa (5), Karatu (5), Same (5), and Babati (4) were invited to take part in this study at NM-AIST during the podding stage of the lablab plants in the experimental field.

Individual interviews with farmers were done with the aid of semi-structured questionnaires and focused group discussions were held to understand the farmers’ knowledge, perceptions, production constraints, preferences, and experience in lablab production before the field visit. The questionnaire consisted of socio-demographic factors, field management, processing, marketing, and storage related questions of lablab. The information on the attributes considered by the farmers for lablab varietal adoption was obtained through the discussions and the semi structured questionnaires. These attributes were used for selecting the most preferred accessions during the field visit by the farmers. Farmers were then divided into six groups each of 5 people and a trained assistant was assigned to assist during the field visit. Each group had one representative from each district as well as gender equality was considered. At first, farmers were allowed to walk in the field, looking into the performance of the individual accessions. After observing the whole field, the farmers were advised to identify the best preferred accessions (at least 5) for 11 attributes mentioned by the farmers namely, early maturity, disease tolerance, high yielding, animal feed, intercrop, food, market, pest resistance, seed color, seed shape, and soil conservation. The first five accessions with the highest number of frequencies in each trait were selected.



Data Analysis

The quantitative and qualitative data collected from the questionnaire and focus-group discussions were coded, organized, and analysis was done using the statistical package IBM SPSS 21. The analysis included cross-tabulations and descriptive statistics computed from the data obtained.




RESULTS


Demographic Description of the Respondents

Thirty-one lablab growing farmers were interviewed. A majority of them (71%) were male while (29%) were female. Male farmers outnumbered female farmers in each of the five study regions. Over 83% of the participants were more than 36 years of age. Regarding education, 74% of the respondents had primary level education, 19.4% secondary level and 3.2% had tertiary education. The main occupation of the respondents was farming, with over 90% being involved entirely in farming while the remaining 10% were also involved in other private sectors as secondary occupation. Most of the respondents were married (80%), whereas 12.9% were single and 6.5% were widowed. Seventy percent of the respondents had less than 10 years of experience in crop farming. 87.1% owned land up to 5 acres of which lablab was grown on less than 2 acres (71%). Regarding the cultivation of lablab, 71% of the respondents reported having < 10 years’ experience (Table 1).


TABLE 1. Description of the respondent’s socio-demographic characteristics.
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Lablab Utilization

It was noted that some of the farmers use lablab for single-purpose, i.e., food (9.68%), animal feed (3.23%), and commercial purposes (12.9%). Farmers from Arusha (6.45%) and Babati (3.23%) mentioned the single-use of lablab. One farmer from Kondoa explained his preference of lablab as animal feed, while 6.48% farmers each from Arusha and Babati grew lablab for commercial purposes. The remaining 64.52% of farmers reported their use for multiple purposes (Figure 1).


[image: image]

FIGURE 1. Utilization of lablab by respondents.


Concerning the lablab parts consumed, the majority of the respondents use dry beans as food, 3.23% as green beans and 6.45% of them utilize the leaves. The remaining 58.07% respondents consumed a combination of the parts. Of the 32.26% farmers who consume dry beans, 22.58% of them are from Arusha, Karatu (6.45%), and Babati (3.23%). 3.23% of the farmers from Babati described their preference for green beans as food. The remaining 18 farmers use several lablab parts as food (Figure 2).
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FIGURE 2. The parts of lablab consumed as food by the respondents.




Lablab Marketing and Market Information


Lablab Marketing Channels and the Peak Selling Season

A majority (84%) of the participants sell their produce in the local market, whereas the remaining 16% sell through the middlemen (Figure 3A). The majority of these farmers reported that the best time to sell their produce was from October to December, followed by July and September (Figure 3B).
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FIGURE 3. Lablab marketing channels (A) and the peak selling period (B).




Source of Market Information for Lablab

More than (61%) of the respondents got market information from salesmen, whereas some (32.3%) of the media channels relayed information to farmers, and 6.5% received information from neighbors (Figure 4).
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FIGURE 4. Source of market information.





Source of the Seed

Over 45% of the farmers grow lablab from their own saved seeds from the previous season, followed by purchasing seeds from local markets (19.4%), while agro-dealers, neighbors, and NGOs each constitute 9.7% of the total. Some farmers (3.2%) sourced from both farmer saved and local markets and others (3.2%) from neighbors and local markets (Figure 5).
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FIGURE 5. Sources of lablab seeds.




Agronomic Practices


Source of Information on Lablab Production

Research institutions were the leading (32%) in disseminating information regarding lablab production. This was followed by the government extension officers (27%), agricultural shows (14%), farmer field days (12%), the media (10%), and NGOs (5%) (Figure 6).
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FIGURE 6. Source of information of Lablab production.




Cropping and Harvesting Practices

A majority (58.1%) of the farmers grew lablab as an intercrop, whereas 41.9% grew it as a pure stand. For those that grew lablab as an intercrop, 94.4% reported maize species as the leading intercrop used. Others (5.6%) reported the mix of maize and pigeon peas. Most (83.9%) of the farmers preferred the determinate type of lablab for their production while only 16.1% liked the indeterminate type. Lablab was grown during the long-rain season by a majority of the farmers (93.5%) while 6.5% grew the crop during the short rains. Maturity indices used by most farmers were the pod color (93.5%) while 6.5% used the seed color. During harvesting, a majority of the farmers (90.3%) picked dry pods while 9.7% uprooted the entire plant. Over 80% of the farmers manually threshed their produce while the remaining 19.4% used mechanical methods (Table 2).


TABLE 2. Cropping and harvesting practices.
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Seed Storage, Sorting, and Color Preference for Food and Commercial Purposes


Lablab Seeds Storage Materials

Most (83.9%) of the farmers stored their seeds in gunny bags, followed by plastic containers 9.7% and Kihenge 6.5% (Figure 7).
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FIGURE 7. Seed storage materials.




Lablab Seed Storage Time Prior to Planting

The majority (61.3%) of the farmers stored seeds for 3–6 months before planting in the next season, while 16.1% stored their seeds for less than 3 months before planting and only 3.2% stored them for more than 12 months (Figure 8).
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FIGURE 8. Storage duration (months) of seeds before planting.




Seed Sorting

Seed sorting is a critical activity for farmers in determining seeds for the next cropping season. Sorting of seeds based on size is the major criteria used by famers (72.4%). Others attributes such as color and shape (48.3%), diseased seed (10.3%), and pest-infested seed (3.4%) play a critical role. Selection based on the combination of color, shape, and size is followed by 19.4% farmers (Figure 9).
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FIGURE 9. Seed sorting criteria of lablab for planting.





Farmer’s Food and Market Color Preferences

Preference of white colored seeds for own consumption (35.5%) was reported by farmers, followed by black and red-colored (22.6%), 3.2% preferred brown-colored seeds (Figure 10A). For commercial purposes, the black color (77.4%) is the most preferred, followed by white at 12.9% (Figure 10B).
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FIGURE 10. Farmer’s color preferences for (A) food and (B) commercial purposes.




Major Constraints in Lablab Production

The major constraints in lablab production mentioned by the farmers across all regions were pests and diseases (83.9%) followed by poor marketability (38.7%). However, poor storage (6.5%) and low yields (19.4%) do not greatly affect lablab production. All the farmers from Same district pinpointed inadequate rainfall as the main challenge in their region. Despite poor storage being least highlighted as a challenge, 6.46% of the farmers, Karatu (3.23%) and Same (3.23%), described poor storage as an impediment to lablab production.

The leading field pests attacking lablab in the field were pod borers (46.9%) and aphids (40.6%). Mites (9.4%) and sucking bugs (3.1%) were also encountered by farmers during lablab production and were highly significant across the study area. Aphids were reported to be found in all the regions under study. Farmers from Babati and Kondoa reported mite infestation while 3.23% of farmers from Kondoa noted sucking bugs as a serious pest. However, in Babati and the Same region, pod borers were not a problem for the farmers. Lablab, despite being a hardy crop, is frequently affected by diseases. According to the farmers, bacterial wilt (38.7%) and late blight (25.8%) are the major diseases during lablab production. Yellowing of leaves was specifically reported by farmers from Same district (19.4%) while powdery mildew was reported by farmers from Arusha, Babati, and Karatu (16.1%). The bruchid (Callosobruchus spp.) was the most damaging storage pest (87.1%), causing up to 100% produce loss. The remaining farmers (12.9%) encountered bean weevil attacks during storage. To prevent losses, >83.9% of the farmers applied pesticides before storage, while 12.9% did not apply any chemicals. However, only 3.23% of the farmers from Kondoa used botanicals to control the storage pests. Most of the farmers revealed that they were satisfied with the use of farmer-saved seeds (77.4%) whereas 22.6% expressed dissatisfaction (Table 3).


TABLE 3. Major constraints in lablab production.
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Farmer Preference for Lablab Improvement

The farmers enumerated six traits of preference to be of importance in their lablab production. A majority of the farmers reported improvement of pests and disease resistance as the most important trait for consideration (38.7%). This was followed by early maturity varieties (42.9%), while the least was forage quality (7.1%). A combination of all these traits to be improved was also reiterated by farmers (6.5%) (Figure 11).
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FIGURE 11. Farmers’ preferred traits for variety development.




Farmer Field Selection

Accessions evaluation for 11 traits was done by farmers in the experimental field. The leading traits with many accession selections were seed color (81) and food (80) while the traits with the least selections were intercrop (28) selections (Figure 12).
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FIGURE 12. Preferred trait selection by farmers.




Best Five Preferred Selections Per Category

The selected farmers were invited to rate the accessions that had been planted in the field as per the traits in Figure 12. The best five varieties with the highest frequency based on uses (Figure 13) and based on preferred traits (Figure 14) were recorded. For animal feed, 14 farmers selected D96 followed by 10 farmers who selected D45, while for food consumption EK2 and D96 were selected by 9 farmers each. In terms of commercial purposes, EK2 was selected by 17 farmers, whereas the other four accessions were selected by at least six farmers. Two accessions (D96 and D45) were selected by more than 11 farmers for soil conservation purposes. One accession, D360, was selected by 14 farmers for high yielding potential, whereas 14 farmers also selected HA4 for its use as an intercrop.


[image: image]

FIGURE 13. Selection of five accessions based on their uses.
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FIGURE 14. Selection of five accessions based on preferred traits.


In terms of preferred traits, accession D165 was selected by at least 7 farmers as early maturing, followed by D360, D252, HA4, and D251, respectively. Three accessions, D360, D152, and D287 were selected by more than 10 farmers as high yielding. Six farmers were able to identify D391 as a disease tolerant species, followed by EK2, D170, D287, and HA4. Similarly, D360 and D391 were identified by at least 5 farmers as being pest resistant. In regards to seed shape, EK2 was preferred by majority of farmers (Figure 14).




DISCUSSION


Socio-Demographic Characteristics

This study was carried out to determine the farmers’ knowledge, practices, production constraints, and trait preference of lablab in selected regions of Tanzania. The information from this study forms a basis for lablab breeding and improvement tailored toward farmer’s needs. Lablab production in the selected areas was male-dominated (Table 1). This is because males are regarded as the main decision-makers in matters related to family, land and production. Land ownership in Tanzania is guided by customary laws and traditions and is mostly under control of patriarchal norms. Female ownership is majorly determined by their husbands’ willingness to give land for production (Moyo, 2017; Lusasi and Mwaseba, 2020). Lack of access to resources such as land and power of decision-making has reduced women’s influence in crop production (Ishengoma, 2004). This study, however, contradicts a similar study by Chawe et al. (2019) on lablab production in the Northern part of Tanzania, who reported a greater percentage of females in lablab production as compared to males. The findings from our study could be related to the purpose as a commercial crop and thus male are more involved in the production.

Most of the farmers involved in lablab production were >36 years old and this could be associated with rural-urban migration by the younger generation perceiving agriculture and related activities as poor-paying (Wineman et al., 2020). This study is in agreement with several others (Chawe et al., 2019; Lindsjö et al., 2020) who reported the involvement of older generations in lablab production. Over 74% of the farmers had basic level education. Abed et al. (2020) revealed similar results in farmers’ literacy levels. Farmer knowledge and education play a key role in enhancing production. This indicates the ability to interpret written material, posters, pamphlets, and even listen and contextualize audio material distributed by government officials, research institutions and NGOs like East Africa Impact Centre (ECHO) and Feed the future program (FANAKA) (Abed et al., 2020). Increased literacy levels are directly correlated to increased adoption rates of new technology and even varieties in crop production.

Similarly, the contribution of labor by both husband and wife would increase productivity as compared to single individuals (Kimaro et al., 2013; Ngongi and Urassa, 2014). Farmer experience in crop production is a critical factor that determines and impacts positively on productivity. Experience influences the ability to access information and expertise that can enhance crop productivity (Makawia, 2018). A majority of the farmers interviewed had <10 years’ experience, indicating little knowledge and information related to lablab. As a neglected and underutilized crop, information on lablab production is limited (Suvi et al., 2021), which may be due to a lack of experience in its production. Land ownership dictates the farmers’ ability to make decisions, access to financial resources and incentives, and the ability to efficiently and sustainably use land and adopt new technologies (Abed et al., 2020). The present study established that a majority of the farmers possessed <5 acres of land, with most of them growing lablab in <2 acres. These small-holder farmers are disadvantaged in accessing resources since financing institutions regard them as risky ventures for credit facilities. These results are consistent with the assessment of rice farmers in Tanzania (Suvi et al., 2021). Similarly, participants with larger land holdings are more likely to obtain higher yields, which are linked to economic benefits, when compared to small-holder farmers (Kulyakwave et al., 2019). The small acreage allocated for lablab production explicitly explains the neglect of its production as it is still considered of less value as compared to the other crops.



Crop Utilization

This study reports that the majority of the farmers utilize lablab for different purposes. From the study, some farmers use lablab for a single purpose as human food, animal feed and commercial purposes. Most of the interviewed participants utilize lablab as food in their households. Ewansiha et al. (2016a) reported that farmers were adopting lablab as food due to its nutritional value. Similar findings have been reported (Kankwatsa, 2018). Its use as animal feed where it is grazed directly by livestock or can be harvested to make hay and make silage has been reported (Manyawu et al., 2016; Bhardwaj and Hamama, 2019; Wangila et al., 2021). Lablab is regarded as an economically valuable crop due to the prices it fetches in the market. Its importance for commercial purposes was emphasized by farmers (Figure 1). The high lablab seed prices in Kenya have contributed to the adoption of lablab production by Tanzanian farmers in the selected regions leading to a gradual shift by farmers toward lablab cultivation. Increased awareness and production of Lablab will result in market creation and subsequent increased economic benefits due to its sale. Soil conservation is critical to the farmers to allow increased productivity with farmers adopting lablab crop in their production systems (Massawe et al., 2016; Lasway et al., 2020).

The parts of lablab consumed vary from the dry beans, leaves, green beans, and fresh pods (Figure 2). The present study revealed that most of the farmers consumed dry beans, which are usually considered highly nutritious as compared to those of other legumes. Davari et al. (2018), Morrison (2019), Purwanti et al. (2019), and Kilonzi (2020) reported that the leaves of lablab are edible with high nutritional factors. Leaves were also reported by the farmers in the present study as their preference for food, especially during the dry season when other vegetables are not growing in the gardens (Shetto and Owenya, 2007; Voss, 2013; Banjarnahor, 2014). Our study also found out that the fresh beans were being utilized by the farmers as food. Fresh beans contain potassium, sodium, calcium, zinc, magnesium, manganese and copper that are essential in the human body (Guretzki and Papenbrock, 2014; Morrison, 2019). None of the farmers consumed the fresh pods of lablab as food. In Asian countries, fresh pods are the main parts of consumption in lablab (Rai et al., 2014; Moonmoon and Ahmod, 2020).



Marketing of Lablab Produce

Lablab is regarded as a minor crop and its market system is not still well described in Tanzania. Most of the respondents sold their produce to local markets, attributing to the poor marketing channels and knowledge on the pricing, and commodity availability. Forsythe (2019) emphasizes the need to revitalize lablab production with a focus on improving marketability and pricing to make it an attractive venture for farmers. Farmer assessment by Chawe et al. (2019) also revealed similar challenges of poor market demand as elaborated by the farmers. The middlemen involved set low prices for the lablab produce resulting in very low-profit margins for the farmers, yet the same product has higher profit margins in international markets. The low-profit margins drive the farmers to shift to higher-valued crops with increased profit margins (Forsythe, 2019). According to Mabhaudhi et al. (2019) fragmented and disorganized markets and variability of pricing hamper adoption and production of neglected and underutilized crops. Market demand for lablab is high during October-December and this is the period when farmers can maximize their profits (Kinyua et al., 2008).

Salesmen/traders were identified as the main source of information on market demands and availability (Figure 4). Limited access to market information has been singled out as the cardinal bottleneck to lablab production (Mkuna and Temu, 2016; Forsythe, 2019). Deliberate efforts should be made to increase the dissemination of lablab information to farmers to enable them to make informed decisions regarding their produce. The middlemen, who are also known as “brokers” purchase the product at the farmers’ gates at low prices and sell at exorbitant prices achieving higher profit margins at the expense of the farmers. New and expanded market opportunities will attract and increase the production of lablab crops in the country.



Seed Source

Informal seed systems contribute to > 90% of the legume crops grown by small-holder farmers in Sub-Saharan Africa (Akpo et al., 2020). Farmers prefer their seeds (Figure 5) due to low cost, readily available during planting season, desired characteristics, and known quality since they are the custodians. This also involves farmer to farmer seed transfers usually based on one’s demand and existing social relationship with each other (ASARECA/KIT, 2014). The participants highlighted farmer-saved seeds as the common seed source for their production. In Kenya, research institutions such as Kenya Agricultural Livestock Research Organization (KALRO) Katumani Dryland Research Station have released lablab varieties such as KAT-DL1, KAT-DL2, and KAT-DL3 (Kilonzi, 2020), Eldoret KT-Maridadi, Eldoret KT Black 1, Eldoret KT Black 2, and Eldoret Cream at the University of Eldoret that describe the formal seed system. These seeds are sold through registered agro-dealers, increasing farmer accessibility. The other seed sources, such as neighbors, NGOs, and local markets, were outlined by farmers as the alternative seed sources. NGOs such as ECHO and Rekolto, Tanzania have been carrying out intensive awareness of lablab together with its multipurpose use as a Conservation Agriculture (CA) crop, leading to cultivation by farmers Mariki and Miller (2017). The development and release of certified seed quality enhances production, which directly relates to increased profits to the farmers.



Information on Production Practices of Lablab

Agricultural research information needs to be diffused to the end-user at an appropriate time, proper channels, and in simplified and farmer-customed language for ease of adoption and eventual execution at the farm level (Figure 6). Tanzania has established 17 agricultural research institutes that have been mandated to undertake research all over the country.2 These research institutions are involved in the transfer of research information, adoption of improved technologies, varieties, and modern practices that can easily be adopted by farmers (Mubofu and Elia, 2017). University institutions such as the Nelson Mandela African Institution of Science and Technology (NM-AIST), the University of Dar es Salaam, Iringa University, Sokoine University of Agriculture (SUA), and the University of Dodoma generate significant findings which are farmer centered and the diffusion of this information to the end-user means enhanced crop improvement. Agricultural shows and exhibitions such as Sabasaba and Nanenane have been fronted by the government to disseminate agricultural information, technologies, and innovations to farmers. Research institutions, learning institutions, seed companies, and other agriculture-related sectors transfer and share research findings with farmers enhancing knowledge diffusion to farmers at the local level (Wetengere, 2016).

Agricultural knowledge and information are transferred through various media forms which include mobile phones, audio, visual, and print media. Tanzania boasts of the existence of various mobile operators which enhance the knowledge transfer to farmers. Tigo Kilimo (Tigo), Zantel Kilimo (Zantel), and Kilimo Club (Vodacom) (Global System for Mobile Communications Association, 2015) highlight the use of mobile phones in the dissemination of information to farmers (Ndimbwa et al., 2020). Other studies have also reported radio to be the primary source of information followed by television that enables the spread of information to small-holder farmers in rural communities (Isaya et al., 2018; Mtega, 2018; Mubofu and Malekani, 2020). Improved access to mass media platforms could be the springboard to enhancing farmer access to information and evidence-based interventions.



Cropping System and Harvesting of Lablab

The present study revealed that lablab was intercropped with maize and pigeon peas (Table 2). Intercropping lablab with other crops improves yield (Nord et al., 2020; Aluku et al., 2021), lowers insect pest abundance (Forsythe, 2019), improves soil quality (Maass et al., 2010), and maximizes the use of land resources (Massawe et al., 2016). Cultivation of lablab as a sole crop occupies land space that can also be used for other crops. The indeterminate growth cycle of lablab that can range from 3 to 7 months prevents farmers from adopting its full cultivation (Gamachu, 2018; Ayele, 2020; Rapholo et al., 2020). Determinate crop varieties are preferred by farmers, especially with the small land size (Chawe et al., 2019) and are suitable for intercropping. Lablab production was mainly done during the long rain season that occurs between March and June. The production of lablab during long-rain seasons has also been reported (Nord et al., 2020; Aluku et al., 2021), with a tenfold increment in yield performance compared to cowpeas, pigeon peas and common beans. Other farmers are, however, involved in lablab production during the short-rain season since lablab a drought resistant crop is. Commonly, maturity indicators in lablab depend on the change of pod color from green to brown (Athmaselvi et al., 2020). This observatory indicator has been used by farmers together with the drying-up of the crop vines to determine the timing and maturity of the crop. Proper identification of maturity in lablab impacts the total yield harvested. Most farmers harvest only the pods which are then manually threshed (Athmaselvi et al., 2020). Manual threshing in these rural communities is preferred due to the availability of economical manpower.



Seed Storage, Sorting, and Color Preference for Food and Market

Most of the farmers stored their seeds in gunny bags for the next season (Figure 7). Poor storage facilities were reported as a constraint by farmers involved in lablab production (Chawe et al., 2019). Proper storage techniques and materials affect the seed viability, vigor, and development when sown in the field. In addition to the gunny bags, traditional grain storage was done on “kihenge.” Kihenge refers to traditional storage constructed from bamboo, reeds and mud. This method is considered low-cost, affordable and does not require technical skills to construct (Luoga, 2019). Most farmers store their seeds for 3–6 months before planting in the field since the seed germination, viability and vigor are at their optimum at this period (Figure 8). Farmers sorted their seeds for the next season based on sizes (Figure 9). Large-sized seeds contain more food reserves as compared to small-sized which is directly correlated to early seed establishment and eventual development (Singh et al., 2017). Farmers’ selection was based on indigenous skills passed from one generation to another on the decision of selecting a particular seed for the next planting season. Seed selection based on color was mostly for the market and food consumption (Figures 10A,B). Most of the farmers preferred white-colored varieties for consumption while, black colored for market purposes (Ewansiha et al., 2007; Morrison, 2019). Studies have revealed that consumers use visual appearance when making choices for consumption (Maina, 2018). Conversely to our results, Morrison (2019) reported that Karamoja Red, a red colored seed, was the most preferred accession for consumption by farmers. Despite its origin being Uganda, this variety has been cultivated by most farmers in Tanzania and its awareness could have contributed to its preference by farmers selected for the present study.



Major Constraints on Lablab Production

The farmers identified the constraints that impede lablab production as insect pests and diseases, inadequate rainfall, poor marketability, poor seed quality, expensive agrochemicals, low yields, and poor storage (Table 3). All farmers from the five regions pinpointed insect pests and diseases as key factors that hinder their involvement in the production of lablab. However, the farmers from Same further emphasized the low rainfall as the main hindrance in their district. Same is a semi-arid district in the northern part of Tanzania and has been reported to receive inadequate annual precipitation of 890 mm to support crop production (Tumbo et al., 2012). Poor marketability contributes to its neglect as a crop by farmers (Chawe et al., 2019).

The major insect pests that infest lablab in the field include pod borers, aphids, sucking bugs, leaf miners, flower thrips, mites, pod borers, and sucking pests (Kamotho, 2015; Ewansiha et al., 2016b; Nahashon et al., 2016; Sambathkumar et al., 2017; Forsythe, 2019). The farmers reported pod borers, aphids, mites, and sucking bugs as the most prevalent pests in their production zones. Pod borers attack the crop at the reproductive stage, resulting in poor pod formation and setting as well as an increased cost of production due to the requirement to do spraying (Shinde et al., 2017). Several species of aphids have been reported in lablab and are usually associated with destructive damage and acting as a vector for most viral diseases (Chopkar et al., 2020). Their infestation varies greatly depending on geographical location and climatic conditions (Reddy et al., 2017; Bharathi et al., 2020). High population levels occur during the flowering to pod formation stage (Golvankar et al., 2019). Breeding of resistant varieties for aphid and pod borers can help catapult the development, adoption and utilization of lablab since they are regarded as the leading pest.

Farmers from Babati and Kondoa reported attacks by mites. This was also documented by Sarwar (2019) and Khan et al. (2020). Despite some mite species being harmful, some species have been described to act as a biological control for other insect pests (Sarwar, 2019). Proper identification and characterization of mite species can provide an effective integrated pest management alternative. Sucking bugs have been reported to cause considerable damage to lablab production (Khan et al., 2020). Proper insect pest management of this pest can increase lablab production. During storage, farmers mentioned the bruchid pests as the most devastating and could even lead to total crop loss. Worldwide, bruchid attacks have been reported to attack crops both in the field and during storage of pulses (Prasad et al., 2013). Proper storage methods are required to prevent loss of produce. The use of triple-layer hermetic storage is inexpensive, safe, and economical compared to the use of insecticides that are costly, unsafe, and harmful to the environment (Vanitha et al., 2018). Development of pest resistant varieties has been pinpointed as the alternative management strategy.

Bacterial wilt, late blight, yellowing of leaves, and powdery mildew were highlighted by the farmers as the most common diseases. Bacterial wilt is a major problem in lablab affecting young plants and seedlings, resulting in wilting, mortality and severe crop loss (Osdaghi et al., 2020). Being a seed-borne disease, it is easily disseminated to various places and its management is crucial for lablab production. Planting of resistant varieties should thus be a priority to efficiently manage the disease (Harveson et al., 2015). Other diseases of lablab are the yellow mosaic virus (Suruthi et al., 2018), and Colletotrichum spp (anthracnose) (Ewansiha et al., 2016b). The use of synthetic chemicals increases the cost of production and thus lowers the profit margin for farmers. While the use of botanicals can act as an alternative only one farmer reported use of botanicals in pest control. A few studies have been done on botanical use in the control of bruchids (Rugumamu, 2014; Sanon et al., 2018; Ekoja and Ogah, 2020; Govindan et al., 2020), which demonstrates the increasing research toward solving societal challenges using affordable and cheap materials at the community level.



Farmer Preferred Traits for Lablab Improvement

Farmer-focused breeding entails incorporating the traits of concern into the research programs leading to the development of varieties that farmers can easily adopt. In the present study, farmers prioritized the development of insect-pest and disease resistance, early maturing varieties, high yielding, market preference, good cooking ability, and improved palatability as forage crop, respectively (Figure 11). Breeding of varieties resistant to pod borer and bruchids can pave the way for increased production of lablab with minimal cost of production, which in turn relates to increased economic benefits for farmers (Prasad et al., 2013; Boit et al., 2018). The development of early maturing varieties can also allow the plant to complete its life cycle early and avoid instances of drought spells in the field. Late and indeterminate varieties are considered unfavorable to farmers due to their increased cost of production in terms of weeding and chemical applications to control insect-pests which affects the establishment of the main crop in the fields. Yield attributes play a big role in selecting the varieties to be grown in the field. High yields directly relate to more income for the farmers and hence, improved standards of living. Market preference (Morrison, 2019), good cook ability (Kankwatsa, 2018; Morrison, 2019), and forage quality (Ewansiha et al., 2016a) are other important attributes that require intensive research and be tailored to meet farmers’ selection criteria.



Farmer’s Field Selection Study

Farmers selected accessions according to the 11 parameters pre-defined for them. From the planted accessions in the field, the trait with the most selections was seed color and food. Seed color is a critical attribute when selecting a lablab variety. Farmers prefer cultivation of black colored accessions for market purposes whereas white/cream color is majorly considered for food consumption. Dark seeded lablab varieties are associated with bitter taste as compared to their light-colored counterparts (Shivachi et al., 2012) thus influencing the farmers’ choice of growing a particular accession. Despite lablab being neglected, farmers selected 80 accessions they considered suitable for food consumption. As earlier explained, lablab is an important nutritional security crop which if adopted, can help solve the food security crisis faced by many countries in Sub-Saharan Africa (Minde et al., 2020). Cultivation of lablab as a soil conservation strategy has been done in various regions including Tanzania. In fields in which lablab has been grown, there was increased water infiltration, minimal soil erosion and reduced evaporation (Owenya et al., 2011). Some farmers grow lablab for economic reasons, particularly in Kenya and Rwanda, where demand is increasing (Shumbusha et al., 2020). The least number of accessions selected was for intercrop purposes. Most existing accessions exhibit spreading growth habits and are unsuitable for use as intercrops (Maass et al., 2010). Breeding of varieties with erect growth habits suitable for use as an intercrop is important, especially for smallholder farmers involved on mixed farming in limited land resources.

The 5 most preferred traits with the highest frequency selected by farmers were tabulated as in Figure 13. Accession D96 and D45 were the leading accessions selected by farmers as animal feed due to their dense foliage, which relates to high fresh and dry matter weight, which is critical in determining the choice of forage crop (Ewansiha et al., 2016a). EK2 and D96 were considered by most farmers for food consumption. Despite being black and brown seeded, their selection was based on pod characteristics and grain type. EK2 and D152 were considered for market purposes, both being dark-colored. As earlier highlighted, color is a factor in selection of a given variety for market or food consumption. D96 and D45 were identified as potential accessions for soil conservation due to their high biomass that covers the surface, thus curbing soil erosion. Dense ground cover plays an important role in the conservation of land resources. Breeding of lablab varieties with dense foliage is vital, especially with current changing climatic patterns. High yielding is critical when selecting a particular variety for breeding. In the present study, D360, D152, and D275 were identified by farmers as potential high-yielding breeding materials. An increase in yields is directly associated with economic returns, which in turn relate to improved livelihoods. One accession (HA4) was identified by farmers as potential breeding material for intercrop use. Accession HA4 has an erect growth habits hence making it suitable for intercropping with other crops such as maize or sorghum. This variety was bred for its determinate growth habit and photoperiod sensitiveness (Keerthi et al., 2014). Breeding of more accessions to be used for intercrop use is required.

Trait preference in development of a given variety is key to its adoption, utilization and production. Farmers identified D165 and D360 as early maturing accessions and further breeding should be done on them. These varieties have a short life cycle, the ability to efficiently maximize water and fertilizer resources and allow economical land use (Grotelüschen, 2014). In terms of seed color and seed shape, EK2 was selected by the majority of the farmers. The seeds of this variety are round and black in color. This attribute is considered suitable for market value. Seed shape and uniformity are critical attributes for machine harvesting, especially in large tracts of land. Development of pest and disease resistant varieties is a core aspect for lablab farmers. D391 and EK2 were identified as potential disease-tolerant varieties, whereas D360 and D391 exhibited pest-resisting ability. Resistant varieties reduce the use of chemicals thus reducing the cost of production, environmental sustainability, and food and human safety (Harveson et al., 2015). Breeding of resistant varieties is thus paramount in lablab breeding program. Mother and baby trials on accessions selected by farmers have been reported to foster adoption and dissemination of a crop (Najeeb et al., 2018). Focusing breeding programs and objectives on these farmer-selected accessions will lead to the release and selection of genotypes with farmer preferred traits.




CONCLUSION

Lablab is considered a climate-smart crop that can contribute to food and nutritional security and help sub-Saharan Africa combat the perennial challenges of malnutrition and climate change effects. Despite this, the production of lablab is faced with a myriad of challenges, such as pest and disease attacks, inadequate rainfall, poor marketability, and poor cooking value. Being an underutilized crop, lablab lacks a formal seed system, with farmers depending on farmer-saved seeds. Poor marketing channels result in low prices that, in turn translate into reduced profits to the farmers. Farmer adoption of a given variety largely depends on the presence of the desired traits in that variety. Farmer’s preferred traits such as developing pest and disease-resistant varieties and high-yielding varieties should be incorporated into the breeding programs of lablab. Promising accessions such as EK2, D360, HA4, and D96 could be considered for further multi-locational trials and breeding. This study generates vital information for researchers, breeders, and policymakers toward enhancing production, consumption, and utilization of lablab.
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Vegetatively propagated crops are particularly prone to disease dissemination through their seed systems. Strict phytosanitary measures are important to limit the impact of diseases as illustrated by the potato seed system in Europe. Cassava brown streak disease (CBSD) is a devastating disease caused by two viral species collectively named cassava brown streak viruses (CBSVs). CBSD can cause substantial root yield losses of up to 100% in the worst affected areas and is easily transmitted through stem cuttings. In Eastern and Central Africa, the epidemiology of CBSVs in the local socio-economical context of production remains poorly known while a better understanding would be an asset to properly manage the disease. This lack of information explains partially the limited efficiency of current regulatory schemes in increasing the availability of quality seed to smallholders and mitigating the spread of pests and diseases. This study surveyed the epidemiology of CBSVs in Uvira territory, Eastern D.R. Congo, and its drivers using a multivariate approach combining farmer’s interview, field observation, sampling and molecular detection of CBSVs. Investigation on the epidemiology of CBSD revealed that three clusters in the study area could be identified using five most significant factors: (i) symptoms incidence, (ii) number of whiteflies, (iii) types of foliar symptoms, (iv) cutting’s pathways and (v) plant age. Among the three clusters identified, one proved to be potentially interesting for seed multiplication activities since the disease pressure was the lowest. Through risk assessment, we also identified several key socio-economic determinants on disease epidemy: (i) factors related to farmer’s knowledge and awareness (knowledge of cassava pests and diseases, knowledge of management practices, support from extension services and management strategies applied), (ii) factors related to the geographical location of farmer’s fields (proximity to borders, proximity to town, distance to acquire cuttings), as well as (iii) the pathways used to acquire cuttings.

KEYWORDS
 viral diseases, epidemiology, seed system, risk factors, molecular diagnostic, cassava [Manihot esculenta (L.) Crantz]


Introduction

Cassava (Manihot esculenta Crantz) is the tenth most important crop in the world in terms of global annual production (303 Million tons) (FAO, 2020). In Africa, its importance in the livelihood of populations has long been demonstrated: it is ranked the first most important food crop in terms of global annual production (192 Million tons in 2019), the first in terms of source of food (76 Million tons) and the fourth in terms of source of calories (167 Kcal/person/day) after wheat, maize and rice (FAO, 2021a). It is the most important food crop (occupying approximately 40% of agricultural land dedicated to food crops) and the largest non-cereal carbohydrate source for more than 70% of people in D.R. Congo (Mahungu et al., 2014). According to statistics from 2019, this country is ranked the second in Africa in term of production (40 Million tons) after Nigeria (59 Million tons; FAO, 2021a).

One of the crucial factors to increase agricultural productivity is the planting material: in this paper stem cuttings used for the propagation of cassava are referred to as seed (McEwan et al., 2021). Farmers often use different approaches to obtain seeds of a crop. Because of their variability and local specificity to needs and preferences, local approaches (e.g., household stocks, markets, and social exchange networks) provide usually most of the seeds that small farmers use (Sperling and Cooper, 2003). These local approaches are the components of the local seed system for which common figures suggested they would provide between 80 and 90% of the planting material to farmers in Sub-Saharan Africa (Danagro, 1988; Rabobank, 1994).

Seed systems of root, tuber, banana and other vegetatively propagated crops (VPC) are predominantly informal or managed at local levels by farmers themselves without major public or private sector involvement in the production, supply, or quality control of planting materials. The quality of seeds is often signaled through trust and reputation while the vegetative mode of seed multiplication increase the risk of pathogens, including viruses, building up over multiple cycles of propagation (Campo et al., 2011; Jarvis et al., 2012; Almekinders et al., 2019; McEwan et al., 2021). In practice, most farmers in low-income countries save seed from the previous season for replanting (Devaux et al., 2014).

Cassava cultivation is suffering significant losses due to biotic stresses (Vanderschuren and Rey, 2017). Lozano and Booth (1974); Reddy (2015); and Kwibuka et al. (2021) among which two viral diseases, cassava brown streak disease (CBSD) and cassava mosaic disease (CMD) are of major economic importance in sub-Saharan Africa (Vanderschuren and Rey, 2017). In Africa, previous estimates indicated overall incidences of 50 to 60% with estimated annual losses of $1.2–2.4 billion for CMD (Thresh et al., 1997; Legg et al., 2006), while annual economic losses of up to US $ 726 million were associated to CBSD with incidences of up to 100% being recorded (Maruthi, 2015). The situation is far from being controlled as future CBSD pressure is projected to increase by at least 2% in D.R. Congo by 2030 (Jarvis et al., 2012).

CBSD is associated with two Ipomovirus species (collectively named CBSVs), named cassava brown streak virus (CBSV) and Uganda cassava brown streak virus (UCBV) (Lozano and Booth, 1974; Bisimwa, 2012; Reddy, 2015). This disease is considered as endemic to low-altitude and coastal zones of Kenya, Tanzania, and Mozambique (Storey, 1936; Nichols, 1950). New outbreaks into areas 1,200 meters above sea level of Kenya, Uganda, Malawi and D.R. Congo indicated later a significant shift in its epidemiology and a westward progression to areas previously not at risk (Alicai et al., 2007; Mulimbi et al., 2012; Tomlinson et al., 2018).

Recently, several studies tried to elucidate the components of pathogens and arthropod pest invasion risk. Factors such as climatic conditions (Kroschel et al., 2016), structure of trade routes (Bebber et al., 2014) as well as habitat (cropland) connectivity (Xing et al., 2020) have been reported to play a major role in pest and disease dissemination. However, these studies have addressed these aspects from a global point of view and specific analysis of cassava crop is still missing. Additionally, network studies (Shaw and Pautasso, 2014) improved the understanding of the pathways of pathogens spreads. Such study can facilitate the reduction of the disease inoculum flow in exchanged plant materials by identifying likely ways to find the best sites to monitor as warning sites. The risk that pathogens can move through particular pathways of a seed system network is a key component of disease risk, along with other risk factors such as potential transmission by vectors or wind dispersal (Buddenhagen et al., 2017).

Pathways (sources) by which farmers obtain cassava seeds (cuttings) are of key importance in the mitigation of plant diseases. Accumulation and spread of viruses in planting material of vegetatively propagated crops provide the primary inoculum on field and are a key factor in the development of disease epidemics. This impact is particularly important when cuttings of susceptible cultivars used by farmers come from pathways without any sanitation measure (Frangoie et al., 2019). Therefore, understanding in a timely manner which cutting pathway/source has a high risk of pathogen dissemination in a seed network is a milestone for mitigation measures to be implemented.

Previous research has identified four factors impacting the spread of cassava viral diseases in most of affected areas in Africa: education and access to information, lack of plant health and extension services, weak access to improved varieties (FAO, 2021b) and social factors, exemplified by kinship systems (Delêtre et al., 2021).

The international Plant Protection Convention (IPPC) has proposed a standardized approach for assessing and managing the phytosanitary risk of a pest and/or of a pathway [Pest Risk Assessment (PRA)] (IPPC, 2021). This study focuses on a component of PRA related to the probability of spread of an established pest (CBSV) through pathways used by farmers to access planting material of a vegetatively propagated crop. It aimed at (i) establishing the epidemic profile of CBSD in Uvira territory by identifying the viruses occurring and describing their spatial distribution and (ii) identifying multidisciplinary factors underpinning the spread of CBSD and that can be useful in generating necessary knowledge for seed quality assurance, clean seed use and ultimately better CBSD control.



Materials and methods


Conceptual framework

Two sets of factors that can play a role in the outcome of CBSV infection were included within the model adopted in this study (Figure 1). The first set (considered here as independent variables) is related to cutting pathways (diversity and characteristics) used by farmers and the second set (considered as intermediate variables) is related to human-mediated (Bebber et al., 2014; Delêtre et al., 2021; FAO, 2021b) and environmental factors (Kroschel et al., 2016; Buddenhagen et al., 2017; Xing et al., 2020). Risk factors are those associated positively and significantly to the increase of the number of diseased plants and therefore to a significant increase in the probability of CBSD infection.
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FIGURE 1
 Illustration of the conceptual framework adopted in this study.


Among other factors, human-mediated factors included (i) farmer’s demographic factors (sex, age, marital status, size of household, household headship and relation to the head of household), (ii) knowledge based factors (education level, access to training, experience in cassava farming, knowledge of cassava pests and diseases, knowledge of management practices against cassava pests, access to extension services, membership to cooperatives), (iii) economic-based factors (land size, land ownership, livestock ownership, access to inputs, main sources of income, labor type and availability) and, (iv) farming practices (type of farming system, field hygiene and rotation, planting and harvesting periods, use of disease-free planting material, use of resistant/improved varieties). Environmental factors included the (i) geographical location of fields (proximity with country borders, roads, main cities, markets, research centers, crop diversity around cassava field etc.), (ii) ecological factors (altitude, topography) and (iii) epidemiology (incidence, severity, type of symptoms, vectors, hosts etc.) etc.



Study area

This study was conducted in Uvira territory, one of the eight administrative entities composing the South Kivu province in the Eastern D.R. Congo (Figure 2). This territory is composed of two ecological regions located in tropical zone of low altitude (climate type AW1-3, altitude lower than 1,000 m, rainfall <1,300 mm/year and annual mean temperature > 24°C) and in tropical zone of mild and high altitude (climate type Am, altitude between 1,000 and 1800 m, rainfall <1,600 mm/year and annual mean temperature < 23°C) respectively (Bisimwa, 2012). This territory is ranked among the top cassava producers of the province (IPA, 2020).
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FIGURE 2
 Geographic map of the study area showing subdivision into 5 sites. Red dots represent surveyed fields.




Farmer and field selection

The design adopted in this study consisted into a multistage approach to select farmers and fields to survey. In the first stage, a purposive sampling strategy was used to select villages to be surveyed. In fact, from an initial sampling frame constituted by the total number of villages in the territory (226), sixty-five villages were retained after discarding villages where cassava productivity was marginal. A preliminary survey as well as literature review allowed to document the main socio-economic and ecological parameters susceptible to play a role in the local epidemiology of CBSD and impacting the way farmers access cuttings. However, some parameters were voluntary ignored because considered as potentially leading to conflicts or inappropriate by the local administrators (village chiefs, local agricultural officers). According to these harmonized parameters (Table 1), the 65 villages were clustered into 5 study sites: the North (site1), the South (site 2), the center (site 3), the East (site 4) and the West (site 5; Figure 2). Using official production statistics from 2019 (IPA, 2020) related to the amount of cassava produced, a typology of villages was established and consisted of villages with high intensity of production (annual cassava production >1,000 tons) as well as those of low intensity (annual cassava production <1,000 tons).



TABLE 1 Characteristics of the five sites.
[image: Table1]

In the second stage, a simple random sampling strategy was used to select farmers and fields in each village. Four farmers and their corresponding fields were surveyed within each village belonging to the first category while at least 2 fields surveyed within villages belonging to the second category. These numbers of fields were determined according to the time and resources assigned to this work. Random numbers generated in Microsoft excel and assigned to the list of cassava producers for each village allowed to select fields to visit. These fields were identified under the lead of local agricultural officers. Fields were distant of at least 2 km and grown with cassava plants of more than 6 months old. An official authorization letter to conduct this study was delivered by the authorities of the Université Catholique de Bukavu and served as the official communication to local administrative chiefs who, in return granted authorization to undertake the study in entities under their responsibility.

The survey consisted into semi-structured interviews using mobile-recorded questionnaires using the Open Data Kit platform (Hartung et al., 2010) and was conducted directly on field site (except for some cases when the farmer could not be present on field). This strategy allowed to perform field inspections directly after interviews and to record information regarding the epidemiology of CBSD. Before starting interviews and performing sampling, a voluntary agreement of farmers was required through an explanation of the purposes of this study. In return, the farmer had to give an oral consent and additional explanations regarding confidentiality of collected data were also provided if required by the farmer.



Epidemic survey

Epidemic parameters that were observed and recorded consisted in symptoms incidence, symptom types, symptoms severity on leaves and stems as well as whitefly number. These observations were conducted on systematically selected plants (see below for further details; Munthali, 1992; Hillocks et al., 1999; Hillocks and Thresh, 2000; Hillocks and Jennings, 2003; Rwegasira and Rey, 2012a).

CBSD symptoms are reported to be expressed as chloroses and necroses in leaves, stems, roots, and sometimes on green fruits. However these symptoms have been documented as being variable depending on the type of the cultivar infected (Hillocks and Jennings, 2003), the age of the plant (Hillocks et al., 1999) as well as the environmental conditions (Munthali, 1992). When a susceptible cultivar is contaminated through a cutting-derived infection, symptoms start soon after sprouting and consists in pronounced foliar and root symptoms. In leaves, chlorosis is associated with the main veins or rather in blotches unconnected to veins. These symptoms are prominent on mature lower leaves and completely absent on young and freshly expanded leaves (Rwegasira and Rey, 2012a). On stems, symptoms consist into brown, round or elongate streak-like lesions on the young green portion of infected stems. They starts as minor necrotic spots which fuse into bigger necrotic lesions culminating into shoot die-back as most of the tender portion of stem becomes necrotic (Hillocks and Jennings, 2003). Root symptoms consists into dried, brown necrotic lesions in the storage tissues and sometimes root constrictions. Sometimes, brown or black lesions on green fruits, and necrotic lesions in leaf scars are observed. When the infection become severe, these lesions develop to kill the dormant axillary buds, leading to a general shrinkage of the node and death of the internodal tissue, so that the branch dies from the tip to cause “dieback” (Hillocks and Thresh, 2000).

Symptoms incidence observation was conducted on 30 cassava plants encountered following diagonals and medians through the field (see below for the details; Hillocks, 2004; Rwegasira and Rey, 2012b). This parameter was then recorded as the number of plants that showed CBSD-like symptoms out of the 30 observed. Symptoms severity on aerial plant parts was assessed using the 5 levels scoring-scale from (Alicai et al., 2016). The number of whiteflies was counted on the top five youngest leaves of cassava plants selected for observation. The type of symptoms were categorized based on distribution of leaf chlorosis and stem lesions on the plant; systemic and on the whole plant (SW), systemic on leaf or stem parts but localized (SL), only on lower leaves (LL) (Alicai et al., 2016).



Sample collection: Leaves and stem cuttings

Two rounds of inspection were undertaken in each cassava field of 6 months old to collect epidemiological data as well as leaf and stem cuttings: the first round consisted into symptoms observation and scoring while the second consisted into sample collection. In the first round, 30 plants were systematically selected and labelled in the field (see Supplementary Figure 1 for the clear illustration) in such a way that 5 plants had to be located on each diagonal (D11 to D15 for the first diagonal, D21 to D25 for the second diagonal), 5 plants on each median (M11 to M15 for the first median, M21 to M25 for the second median) as well as 10 plants on the outer borders of the field. Ten plants out of the 30 assessed for the symptoms presence in the first round were systematically selected for sample collection in the second round including 6 plants on both diagonals (D11, D13, D15, D21, D23, D25) and 4 plants on both medians (M11, M14, M21, M25). This strategy was applied in all of the 240 fields assessed. The figure presented in Supplementary Figure 1 illustrates clearly this process. From the top of the plant canopy downwards, 400–600 mg of the third fully expanded leaf on the major stem were collected, silica gel-dried and stored into sealed plastic tubes pending RNA extraction. Young leaves were preferred as content of polysaccharides and polyphenols, interfering with the molecular detection of the viruses, are lower (Shankar et al., 2010; Zhang and Stewart, 2016; Orek, 2018; Heikrujam et al., 2020). A total of 2,400 leaf samples were therefore collected from the 240 cassava fields of at least 6 months old. Two stem cuttings having at least 6 node buds were also sampled in the middle part of each selected plant using a pair of shear. The stem cuttings were labelled and stored pending re-plantation in an experimental field. A total of 480 stem cuttings were therefore collected.



Molecular analysis


RNA extraction

The 10 separate tubes containing silica gel-dried leaf-tissues from unique fields were pooled (50 mg for each sample) to constitute 240 pooled samples that were shipped to Belgium. Total nucleic acid was extracted from each pooled sample (n = 240) using a modified CTAB protocol (Chang et al., 1993; Moreno et al., 2011).

Each pool were transferred into a thick-gauged plastic grinding bag and 2 ml of CTAB extraction buffer (2% CTAB, 2% PVP, 100 mM Tris–HCl pH 8.0, 25 mM EDTA, 2 M NaCl and 2% β-Mercaptoethanol added before use) was added and the leaf tissues were thoroughly grounded using a hand-held ball bearing sample grinder. 1 ml of the lysate was transferred to a 2 ml Eppendorf tube, homogenized and incubated at 60°C for 30 min with periodic vortexing at 10 min interval. 600 μl of chloroform: IAA (24:1) was added and the mix homogenized by inverting the tube. Phases were separated by centrifugation at maximum speed for 10 min at 4°C and the supernatant (upper aqueous phase) thoroughly transferred to a 1.5 ml Eppendorf tube. This Chloroform-IAA treatment was repeated once and 0.6 volumes of ice-cold Isopropanol (−20°C) was then added. Samples were allowed to stand for 2 h at −20°C then centrifuged for 30 min at 4°C to pellet the nucleic acid. Supernatant was removed and 0.5 ml of 70% Ethanol added to wash the pellet by centrifugation at 4°C for 5 min at maximum speed. Supernatant was removed, the pellet air-dried, re-suspended in 100 μl of TE buffer and stored on ice. Samples were DNase-treated using Amplification Grade DNASE I (Invitrogen®, United States) according to the manufacturer’s instructions and the quality of RNA tested using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). Samples were aliquoted and stored at −80°C prior to testing.



CBSV and UCBSV detection by RT-PCR

All samples were tested for CBSV and UCBSV using a two-step RT-PCR assay. cDNA synthesis was carried out with Tetro™ reverse transcriptase (Meridian Bioscience®) according to manufacturer’s instructions. Random hexamers primers were used for generating the first strand cDNA. Amplification of cDNA was done using Mangotaq™ DNA polymerase (Meridian Bioscience®). Degenerated primer pair targeting the coat protein genes of both CBSV and UCBSV was used [CBSVs-F (5´-CCTCCATCWCATGCTATAGACA-3′) and CBSDD-R (5´-GGATATGGAGAAAGRKCTCC-3′)] (Anjanappa et al., 2016). These primer pair amplified a product of ~703 bp in the presence of CBSV and a product of ~800 bp in the presence of UCBSV. A 10 μl PCR mixture containing 5.8 μl nuclease free water, 2 μl PCR buffer (5X), 0.40 μl MgCl2 (50 mM), 0.20 μl dNTPs (10 mM), 0.20 μl of each primer (10 mM), 0.4 μl Mango taq DNA polymerase (Meridian Bioscience®) and 1.0 μl of cDNA. The temperature profile of PCR consisted of 95°C for 2 min followed by 30 cycles of 94°C (30 s), 56°C (30 s) and 72°C (50 s) for denaturation, annealing and extension, respectively. A final elongation of 72°C for 5 min was also included to terminate the amplification. The cassava PP2A gene was used as internal control gene in parallel reactions with the following primer pair (PP2A-F: 5´-TGCAAGGCTCACACTTTCATC-3′ and PP2A-R: 5´-CTGAGCGTAAAGCAGGGAAG-3′; Moreno et al., 2011). The PP2A primer pair generates an ~187-bp amplicon from cassava cDNA samples. PCR products were analyzed by electrophoresis in TAE buffer (1X) on a 1% agarose gel stained with Gel red® (Biotium), visualized under UV light and photographed using a gel documentation system (E-Box CX5 Edge, Vilber/Fisher Biotech).




Data analysis

Data collected from surveys were CSV-formatted and resulting files were loaded into R Software version 4.1.1 for analysis.


Descriptive statistics

Factors related to sites and clusters served as grouping factors to average the epidemic parameters (field symptom incidence, molecular detection incidence and severity score). The averaging of symptoms incidence and severity in cassava fields included both symptomatic and asymptomatic plants.

To get information about the CBSD incidence with regards to clusters, a generalized linear regression with logit link was applied (Agresti, 2002; Dodge, 2008), namely logit(p) = ln(p/(1-p)). The regression equation used was therefore written as:
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where p is the probability of the dependent variable [0; 1], βn the regression coefficients, and “Cluster” an explanatory variable with 3 levels. The model parameters were estimated using the maximum likelihood method (Everitt, 2006), with Chi-squared test for significance, and the least-squared means comparison by the “lsmeans” package (Lenth, 2016) of the R software (when statistical difference was significant; De Mendiburu and Yassen, 2020).

Additional univariate and bivariate descriptive statistical tools included calculation of frequencies and percentages, standard deviation, minimum and maximum values and were used to describe the main socioeconomic characteristics as well as the parameters for disease epidemics in the field.



Multivariate statistics

A multivariate analysis was performed using a factorial method (Factor Analysis of Mixed Data) to analyze the association between epidemic parameters, detection results and the main seed systems parameters. Hierarchical Clustering on Principal Component (HCPC) method was used to identify groups (or clusters) of fields showing similar characteristics within the study area according to relevant epidemic parameters, detection results and seed systems parameters. For the analysis, the Ward clustering algorithm and the Euclidian distance were used (Hartigan, 1975; Kassambara, 2017).

The “Test Value” criterion (VT) was used to select variables considered as relevant for the characterization of groups/clusters from HCPC analysis. For continuous variables, the VT was used to rank/sort variables according to their relevance in order to distinguish the variables that play an essential role in the interpretation of the groups. For discrete variables, the VT was used to highlight the category which characterizes the better the group/cluster of observations (Lebart et al., 1995; TANAGRA, 2009).



Risk factors/determinants of CBSVs

Binary logistic regression (Hosmer and Lemeshow, 2000; Collet, 2003) was used to identify seed system risk factors (determinants) associated with the absence (negative detection) of CBSVs infection in cassava fields.

The probability p(x) of a field to be infected by a particular form of CBSVs (Y = 1) given a modality x1 of the predictor variable X (1) was estimated by comparing the Odd Ratio (OR) of that modality x1 to the reference x0 (2). The possible outcomes of this comparison were interpreted as indicated in the Table 2.
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TABLE 2 Rules (Rn) for interpretation of odd ratios.
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Rules for interpretation of OR (Rn) are presented in the Table 2. They could be summarized as follow:

R1: When OR > 1, the risk of having an infected field is higher (more probable) in the case X = x1 compared to the reference case X = x0.

R2: When OR = 1, the risk of having an infected field in the case X = x1 is equal to that of the reference case X = x0.

R3: When OR < 1, the risk of having an infected field is lower (less probable) in the case X = x1 compared to the reference case X = x0.



Model building process

Upon completion of the bivariate analysis (univariable model), all variables whose univariate test had a value of p <0.05 were included in the initial multivariate model along with all variables that were relevant for explaining the studied questions (Mickey and Greenland, 1989; Hosmer and Lemeshow, 2000).

Subsequent models were fitted by sequentially including or excluding variables from that initial model based on statistical criteria using forward and backward stepwise procedures (Chambers, 1992; Venables and Ripley, 2002). Before running the stepwise algorithm, multicollinear variables were visually identified using correlation matrix for predictor variables and ensured they were effectively suppressed from the fitted model after running the stepwise procedure. The likelihood ratio test (LRT or deviance adequation test) was used to assess the fitness of these second-order models compared to the initial one (Hastie and Pregibon, 1992; Hosmer and Lemeshow, 2000). Additionally, all candidate models were assessed for their goodness-of-fit using the Hosmer and Lemeshow test implemented using the “ResourceSelection” package in R and for their stability, sensitivity and specificity using the mplot. The AIC (Akaike Informative Criterion) was used to select the optimal model among the best fitted. All else being equal, the model with the lower AIC was considered as optimal and the corresponding significant predictors were considered as determinant risk factors (Sakamoto et al., 1986).

The VIF (Variance Inflation Factor) was used to detect the presence of multicollinearity within the predictors for the best-fitted model and therefore to assess the suitability of the coefficients for the interpretation (Fox and Weisberg, 2019). Odd Ratios and confidence intervals were computed using Wald method.

Geographical maps were elaborated using Quantum GIS Software version 2.14.0 Essen by interpolating values of disease incidence using the Inverse Distance Weight method (IDW; QGIS Development Team, 2021).





Results and interpretation


Identification of clusters within the study area

An HCPC analysis was carried out based on the results of the survey (farmer interview and symptoms observation; see the questionnaires in Supplementary Materials 1–3) and of the molecular detection of both viruses (see next chapter). The nine most important parameters that optimally characterize the studied area were identified with the HCPC analysis. Using those selected parameters (see Table 3 for categorical variables and Table 4 for quantitative variables), the study area was separated into three clusters each with a similar number of fields (Figure 3).



TABLE 3 Categorical variables associated with the description of clusters from HCPC analysis.
[image: Table3]



TABLE 4 Continuous (quantitative) variables associated with the description of clusters from HCPC analysis.
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FIGURE 3
 (A) Cluster dendogram showing the repartition of the data into three clusters using the Hierarchical Clustering on Principal Component method. (B) Mapping of the clusters identified by HCPC in the study area. Each color category is associated to a cluster: Green for cluster 1, yellow for cluster 2 and red for cluster 3.


The cluster 1 is characterized by the presence of a consistent number of fields (91%) that were grown using cuttings that farmers obtained from 2 pathways (i.e., their own fields and the social organizations to which they belong to). In these fields, farmers combined monocropping and crop association farming systems to grow cassava and majority of the plants from this cluster (69%) did not display CBSD symptoms. Fields from cluster 1 were 11-month-old at the time of survey and had CBSD mean symptoms incidence of 25%, significantly lower than the other clusters (Table 4). This cluster also includes high number of fields characterized by the absence of weeds (38%) or whiteflies (53%).

The 10 cassava fields in which farmers used cuttings obtained from neighbor countries are grouped in the cluster 2. These fields are mainly held by the farmers in a tenancy mode (65%). The abundance of whitefly varied between 1 and 10 in most of the fields (62%). Most cassava plants from cluster 2 (67%) displayed CBSD symptoms localized on leaves and/or on the stem.

The cluster 3 is characterized by the presence of CBSD symptoms on both leaves and stems in nearly all fields (96%). Additionally, around 50% of cassava fields are held by farmers in a private ownership. Cassava is grown in monocropping in 37% of the field using cuttings that farmers obtained exclusively from their own fields. The absence of weed was recorded in 57% of the fields while the number of observed whiteflies was higher (11–20) than cluster 2 in 56% of the fields. The average age of cassava plants at the time of survey was 8.5 months. Most of fields from this cluster (52%) were found to be infected by UCBSV and had a mean symptoms incidence higher than what was reported in the two previous clusters (74%).

The spatial arrangement of the above-described clusters is shown on the Figure 3. Fields initially classified as belonging to the site 2 (South) are entirely included in the cluster 1 as it is the case for the majority of fields initially defined as belonging to the site 5 (West). However, there is not a clear spatial demarcation between areas occupied by clusters 2 and 3 despite the fact that much more fields belonging to the cluster 3 presented a tendency to aggregate on the northern part of the border with Burundi. Additionally, the clusters 2 and 3 occupied the areas initially defined as sites 1 (North), 3 (Center) and 4 (East).



CBSVs detection and symptom incidence within the study area and the clusters

The molecular detection of CBSVs in the region and per cluster is shown in the Table 5. Overall, samples from 77 fields (31.3%) out of the 246 were tested positive for CBSVs (Supplementary Figure 2). The geographical localization is shown in Supplementary Figure 3. Fields infected by CBSV alone were evenly distributed along the survey area while fields infected by UCBSV or by both species were concentrated in the Northern and central parts or in the Eastern part of the surveyed area, respectively. Among infected samples, UCBSV in single infection was the most prevalent (42.9%) followed by single infection with CBSV (35.1%) and mixed infection with CBSV and UCBSV (22,1%).



TABLE 5 Percentages of CBSVs detection and of symptom incidence according to clusters of the study area.
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In addition, the CBSVs’ detection percentage varied significantly across clusters (value of p = 0,021). Infection by CBSV was most prevalent within the cluster 1 (15%) while the mixed infection was most present within the cluster 2 (8%). The cluster 3 was characterized by the higher prevalence of UCBSV (21%).

According to the symptoms incidence results (Table 5), the first cluster was characterized by an average incidence (25%) significantly lower than the cluster 2 (42%) which was also significantly lower than cluster 3 (74%). The number of fields for each level of symptoms severity score across the three clusters as well as the number of fields according to symptom types is shown in the Table 6. Results suggested that most fields belonging to the cluster 1 had typical CBSD symptoms located on lower leaves (41 plants out of 80). This was not the case for the two other clusters where symptoms were rather absent in most fields (cluster 2: 56 fields out of 85) or scattered on the whole plant (systemic-like symptoms, on both leaves and stems) in the cluster 3. Results further suggests that differences in proportions of fields for each modality of foliar symptoms across clusters are statistically significant (value of p Pearson’s Chi-squared test = 0,001). Symptom severity score of 1, 2 and 3 included most fields in the survey (82%) with significant differences between clusters. For example, 82 % of the fields presented a severity score of 1 or 2 for the cluster 1 while they represented 63 and 27% of the fields for cluster 2 and 3, respectively. Cluster 3 was characterized by a higher proportion of field with severe symptoms (4 and 5 scores): 33% compared to 10 and 9% for cluster 1 and 2, respectively.



TABLE 6 Types and severity of foliar symptoms observed on surveyed plants across clusters.
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Pathways of cuttings used by farmers

Cuttings used for planting cassava fields were obtained from diverse pathways (Table 7). Pathways that required no or less charges and located in the closest farmer’s environment (representing no or low charges, without travelling long distances and involving actors closely related to the farmer) were the most used. These corresponded to cuttings provided by the farmer himself (obtained from own fields grown with cassava or fields from the neighbors) as well as cuttings obtained from cooperatives to which the farmer belongs or could access (associations, cooperatives, Non-governmental Organization-NGO-, peasant local associations etc.). Unless the fact that some farmers used cuttings from only one pathway (cuttings originated rather exclusively from farmer’s own production: 22% or exclusively from cooperatives: 3%), most of farmers used a combination of different pathways to access cuttings (75%). In fact, the situation in the surveyed area suggested that most of farmers used a combination of 2 or 3 pathways to obtain cuttings.



TABLE 7 Proportion of fields grown by types of cassava varieties from different pathways.
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The table presented in Supplementary Table 1 summarizes the proportion of fields grown with cuttings obtained from each category of pathways identified as well as the means used by farmers to obtain cuttings across clusters. Globally, 103 surveyed fields were grown with cuttings that farmers obtained from a dual pathway source: from their own fields (and fields from neighboring farmers) and from social organizations they belong to. Fifty-four fields were also identified as being grown exclusively with cuttings that farmers obtained from their own fields (or fields of neighboring farmers). Cuttings originating from seed multipliers were found to be grown in 51 fields, always in combination with cuttings originating from farmer’s own fields and Cooperatives. Majority of fields grown with cuttings from seed multipliers were in cluster 2 (39 fields). Few fields (4) were found to be grown with cutting originating from neighbor countries.

Cassava fields grown by cuttings that farmers obtained exclusively from their previously grown fields were mostly located in the cluster 1 (26 fields out of 54) while cuttings resourced from Cooperatives pathways are mostly found in the cluster 3 (44 fields out of 103). Cutting obtained from Market (18 fields out of 28) and from Seed multiplier (20 fields out of 51) were mostly grown in the cluster 2. Results further suggested that differences observed in proportions of fields grown by cuttings from different pathways across sites were not different (Pearson’s Chi-squared test = 0.04).

Results further suggested that all farmers (100%) have used cuttings obtained for free while nearly half of them (48%) have paid for cuttings. Other sources of cuttings were obtained by working in the field of other farmers (6%) or by sharing production after harvest (10%; Supplementary Table 1).

The Table 7 also shows the proportion of fields grown by different types of cassava varieties from each of the pathways described above. Generic names of improved varieties are most of the times changed by farmers during the adoption process to adapt them to local dialects. During the survey, the challenge was to identify a variety as local or improved despite the local name assigned by farmers. Physical traits or appearance of cassava plants were mainly used to determine if a variety was local or an improved one. This identification strategy was rendered efficient by including into the survey team local agronomist officers able to identify varieties in the field. Local names of all the varieties (improved as well as local) identified during this work are shown in the table presented in Supplementary Table 2. Results suggested that most of fields were grown either with improved varieties only (51%), either with a mixture of improved and local varieties (48%; Table 7). A single field was grown exclusively by local varieties.

The table presented in Supplementary Table 3 summarizes the proportion of each type of infection according to cutting pathways. Results suggested that among fields that tested positive to UCBSV infection (34 fields), more than the half (19 fields) were grown by cuttings originated from the dual source Cooperatives + farmers. Among fields that tested positive to CBSV infection (28 fields) and to mixed CBSV+UCBSV infection (18 fields), majority of them were grown with cutting originating from a dual (farmer’s + Cooperatives) and exclusively from farmer’s pathways (respectively 17 fields out of 28 for CBCSV infection, and 13 fields out of 18 for mixed CBSV+UCBSV infection). On the other side, the overall proportion of fields free from infections is higher (78%) when they are grown using cuttings issued from seed multipliers.



Seed system risk factors associated with CBSD

After fitting an initial model containing 37 candidate predictors (most of which were studied in previous sections), a final model containing 9 predictors, all statistically significant, was optimized using a combined forward + backward stepwise procedure (Chambers, 1992; Venables and Ripley, 2002). The results obtained are summarized in the Table 8.



TABLE 8 Prediction of risk factors associated with CBSD (based on RT-PCR detection).
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Results showed that cassava fields owned by farmers who received supports (training, advising or field visit) and had a certain knowledge of cassava pests and diseases as well as on management practices against CBSD, are significantly more likely to be free from CBSVs infection compared to fields belonging to the other farmers. Beyond these aspects related to farmer’s awareness, factors related to the distance location of cassava fields were also found to significantly impact the outcome of CBSD infections. In fact, cassava fields located very far (more than 10 Km) from the borders as well as from Uvira town were significantly and highly associated with the absence of CBSD compared to fields that were very close (less than 1 km) to borders and Uvira (Value of p < 0.05). Also, fields grown with cuttings obtained by farmers from very far locations (more than 10 km) appeared to be significantly less prone to CBSVs infections compared to fields grown with cuttings that farmers obtained in nearby locations (less than 1 Km; value of p = 0.05). Additionally, fields in which farmers were using certified varieties to grow cassava were significantly and highly associated to the absence of CBSD compared to fields grown with cuttings taken from asymptotic plants (value of p < 0.005). Results further suggest that when farmers envisage the option of using cuttings from seed multipliers pathways to grow cassava, the risk of having infection with CBSVs in their fields is significantly lower (less probable; value of p < 0.05) compared to situations where fields where grown with cuttings taken exclusively from farmer’s own fields.




Discussion

The preliminary description of the study area based on socioeconomic, ecological and agronomic parameters supported the existence of various sites (Table 1; Figure 2). In addition, to highlight the role of seed cutting pathways in the epidemiology of CBSD, this information was completed by plant disease observation and virus detection. Such phytopathological information opened the possibility of associating CBSD-infected plants obtained from a particular seed pathway to a set of explanatory parameters depicting the environmental context that, we hypothesized, could explain the outcome of infection. Even tough symptoms presence on a plant is a proxy of infection, they can be misleading in certain circumstances particularly when they are not specific as it is the case for the CBSD. It appeared therefore rationale to use molecular diagnosis so that errors due to the misidentification of the causal agent could be significantly lowered. This integration of several multidisciplinary data facilitated an in-depth description of the study area regarding the objectives of the study and allowed designing local-adapted approaches to act at the formal-informal interface of the cassava seed system for the mitigation of the CBSD dissemination.

Before discussing the results, it is important to state that, despite the multidisciplinary approach used in this study, our survey, as any survey, presented some limitations that might introduce bias on the conclusion drawn. For example, the use of some pre-selected questions in the questionnaire, the random sampling and observation on field (impacting sample representativeness) as well as the limited number of observations. In addition, we were not allowed to uproot cassava plants, and therefore to observe necrotic symptoms on root, in 86% of the surveyed field.

The molecular diagnostic revealed the presence of the two viral species known to cause the disease in single or mixed infection. The prevalence of both species was similar, 18% for CBSV and 20% for UCBSV. Nevertheless, the analysis of prevalence for each cluster revealed contrasted situations: CBSV prevalence was between 17% (cluster 3) and 21% (cluster 1) while UCBSV prevalence was more heterogeneous ranging from 11% (cluster 1) to 20% (cluster 3).

Epidemiologically, the identification of three clusters made sense. Indeed, the homogeneous cluster 1 gathered most of villages located in the high-altitude zone where the fields presented the lowest incidence of symptom and virus detection (with CBSV the most prevalent virus) while the whiteflies were very rare. On the other side, a heterogeneous zone in the low altitude area (cluster 2 and 3) was characterized by the higher prevalence of UCBSV-infected fields but with distinct symptoms incidence and cutting pathways. In the cluster 2, most diseased fields showed systemic symptoms that were localized either on leaves or stems and that presented a higher incidence than in the cluster 1. In addition, among fields grown with cuttings originating from seed multipliers pathways, a consistent number of them were found in the cluster 2. In the cluster 3, most cassava fields were grown in monoculture, most of them were colonized by weeds and presented the highest number of whiteflies, virus infection as well as the highest symptoms incidence rate while presenting typical systemic-like symptoms on the plant. Previous studies have shown that growing conditions (temperature, rainfall and altitude) can induce variation in the expression of foliar symptoms of CBSD (Mohammed et al., 2012) as well as in the dynamic of whiteflies (E. Bisimwa et al., 2012) thus globally reducing disease incidence as observed for the cluster 1. The presence of CBSD-like symptoms on lower leaves is often misleading because symptoms can be confused with those due to normal leaf senescence, and the prevalence of symptoms type restricted on lower leaves could not be necessarily considered as indicative of virus infection. The high prevalence of infected fields in the low altitude areas (clusters 2 and 3) as well as their high symptoms incidence and severity is in agreement with previous findings suggesting that the disease pressure was decreasing with the rise of altitude (Bigirimana et al., 2011; Patil et al., 2011; Bisimwa et al., 2012; Mohammed et al., 2012; Legg et al., 2015; Muhindo et al., 2020).

Furthermore, it is important to note that, in the clusters 2 and 3, the symptom incidence was higher than the virus incidence (percentage of fields tested positive to RT-PCR). This situation suggested that there were a consistent number of plants with symptoms but tested negative by RT-PCR. This situation could be explained by the non-specificity of CBSD symptoms that are reported to be an inconsistent way of identification of CBSVs (Rwegasira and Rey, 2012b). The link between field symptoms and molecular diagnostic could have been better investigated if symptoms assessment were conducted on below-ground parts of the plant as it could provide more reliable data than those collected following leaves and stem observation (Ogwok et al., 2015). Indeed, diseased cassava plants can sometimes recover and become asymptomatic for the above-ground organs whereas roots continue to degenerate. Despite the fact that we initially intended to capture this important information, a consistent number of farmers could not grant authorization for uprooting plant inside their fields. As a consequence, root symptoms were collected only from 33 fields out of the 240. We did not integrate this information in the study as the sampling was not representative. Additionally, the primers used for virus testing have been designed to amplify all isolates whose genome or gene sequence is known. While knowing that CBSV and UCBSV genomes are reported to evolve rapidly under high disease pressure (Ndunguru et al., 2015; Alicai et al., 2016) it is possible that CBSVs isolates not detected by our protocol are present in these clusters. These findings underpins an urgent need to unveil full genomes of CBSVs isolates in this area to support designing inclusive primers necessary for an efficient diagnostic (Adams et al., 2018). High throughput sequencing technology (Massart et al., 2014) can contribute to decipher this problem and will help designing new primers required for increasing the inclusivity of molecular tests. In addition, the viral species complex causing symptoms on cassava might not be fully understood so far. For example, two new viral species belonging to the genus Ampelovirus (MEaV1 and MEaV2) were previously described for the first time infecting cassava plants and one of these species was detected in the area where this study was conducted (Uvira territory; Kwibuka et al., 2021). Nevertheless, the association of these viruses with disease symptom is not yet studied, so the phytosanitary risk posed by them is not known yet.

As suggested in this study, cutting pathways would be determinant in the outcome of CBSVs infections through the fact that when farmers took the option of using cuttings provided from seed multipliers, additionally to cuttings taken from other pathways, the prevalence of CBSVs infection lowered significantly. However, additive effects, resulting from the fact that several pathways were used at the same time by most farmers, might have been obscuring the precise role of each cutting pathway. The decision of using a particular cutting pathway to access cassava planting material by a farmer can result from various considerations that were not investigated in this study. We therefore could not explain why for instance in the cluster 1 a consistent proportion of fields were grown with cuttings originating from previously grown fields while in cluster 2 the situation was quite different (a consistent number of fields were grown with cuttings originating from cooperatives). However, we could observe that, for example, a consistent number of fields in the cluster 1 were located a bit far from main roads/rails than fields from cluster 2. Such distant location pattern of cassava fields could narrow the possibilities in the sourcing of cuttings since the transportation of vegetative material over long distances can be a serious limit for the farmer as seen in the literature (El-sharkawy, 2004; Mdenye et al., 2016; Kidasi et al., 2021).

Improved varieties are widely used. This is consecutive to previous interventions for mitigating devastations caused by the CMD epidemics in this area. Local varieties were progressively abandoned before the outbreak of CBSD against which most of improved CMD-resistant varieties are susceptible. Currently, the research for developing CBSD-tolerant varieties is ongoing (Sheat et al., 2019; Manze et al., 2021). Nevertheless, due to a scarcity of healthy cuttings and disappointments often encountered after using cuttings expected to be healthy, farmers return to traditional varieties that they have been using for years. This scarcity of healthy cuttings is therefore primarily due to the lack of multiplication of phytosanitized tolerant varieties that are available as well as to the lack of varieties with dual resistance to CBSD and CMD for multiplication and dissemination. The use of local agronomists was privileged in this study in the frame of a simple differentiation between local and improved varieties grown on field. The use of molecular markers to perform morphological identification, using for example SNP markers (Karim et al., 2020; Pierre et al., 2022), would have brought more precise information for confirming identities of cassava genotypes. This strategy would provide further evidence on the possible linkages between CBSD symptomology and cassava genotypes but we did not definitely envisage it in this study considering the resources and time available. We therefore strongly recommend to future studies to complement viral survey by the genotyping of the harvested plants.

Factors related to farmer’s awareness, especially the assistance from extension services, the knowledge of cassava pests and disease, the knowledge of management practices of CBSD as well as the use of certified varieties, are key determinants to limit CBSVs infection as illustrated by studies conducted elsewhere (Kumakech, 2013; Chipeta et al., 2016; Legg et al., 2017). This is absolutely relevant because being aware of CBSD, its symptoms as well as management practices helps farmers in identifying diseased plants and taking appropriate decisions for managing and mitigating the disease. This is supported by the fact that using cuttings from seed multipliers lowered significantly the risk of CBSD. Here, it is very important to emphasize that seed multipliers benefited more from extension services supports and seemed to develop more skills and knowledge than ordinary farmers. Therefore, intensifying actions aiming at raising farmers awareness on CBSD control would constitute an effective option to mitigate the disease.

It was also very interesting to found that parameters related to the geographical location of fields, particularly in relation with the national border, were significantly associated with the outcome of CBSD infection. At this stage we do not know if this association is causative or spurious, border proximity hiding other factors. In addition, only 4 farmers mentioned neighboring countries as pathways of seeds. Nevertheless, it would be very important to mention that the proportion of fields effectively grown with cuttings originating from neighbor countries might be higher than what was reported in this study because the unauthorized transboundary movement of planting material is forbidden, therefore despite guarantees of non-divulgation of information, respondent might not explicitly admit to be engaged in such kind of exchanges. Such phenomenon of underestimation of transboundary movement of planting material has been already suggested (Kumar et al., 2021). Therefore, if this association is further demonstrated as causative, farmers living along borders between D.R. Congo, Burundi and Rwanda should be particularly targeted for awareness raising on importance of avoiding moving cassava planting material across borders without following proper international regulations (IPPC, 2021).

Mapping epidemiological aspects of a disease in a range of environments can identify locations where investments in extension and farmer support are most likely to be effective (Buddenhagen et al., 2017). Results provided in this study suggested that efforts to promote a clean seed system in the study region could therefore target the areas covered by the cluster 1 and use it as multiplication site due to its low disease pressure and low vector population density. Additionally, in the same analysis, efforts of extension work should be focused on raising farmer awareness of CBSD to sustain the effectiveness of control strategies. Such extension efforts must target both local and national organizations involved in the farmer’s Cooperatives and would put much attention on areas covered by clusters 2 and 3.

The use of improved varieties in the previous years did not guarantee effective protection against CBSD as observed in the study area because most of these varieties were tolerant to CMD only; viruses kept multiplying inside their vegetative tissues thus leading to increased virus load over years (Manze et al., 2021). Therefore, there is an urgent need to insist on the application of a rigorous phytosanitation program to ensure planting material will be subjected to a cleaning process that will lower the virus load. This will necessitate a good expertise in plant virus diagnostic to ensure that sensitive and inclusive tests are applied on elite materials before they could be multiplied and supplied to farmers. These interventions must also include local (traditional) varieties and could contribute to reduce the disease pressure observed into clusters 2 and 3. A key element on which an adapted program of integrated pest and disease management (IPDM) is based for reducing the disease severity and preventing a disease from further spread include the use of healthy/resistant varieties. Within the surveyed country, existing organizations involved/in charge of developing and supplying healthy seeds and regulating activities within the formal seed sectors include local, national as well as international organizations/institutions. However, the predominance of informal actors within this seed system (private seed sellers, village seed multipliers etc.) has the advantage of disseminating seeds where some bigger institutions and even public sector does not reach out as previously illustrated (Beyene, 2010; Pandit et al., 2011). This capacity of delivering seeds on the last mile of the territory is limited by the lack of access to “virus-free” plants. Information about the collaborations between formal and informal actors as well as their respective interventions in the seed system could therefore allow to identify limitations encountered by all of these actors. However, such information was not captured by this study and future works could consider integrating these observations.

Results from this study further suggested that it would be important to empower and to promote local cassava-seed multipliers, particularly in the cluster 1, as they have been shown to be more reliable in delivering disease-free materials. However, it was shown that farmers had to travel more than 10 kilometers to access less risky cuttings. This could mean that the number of actors susceptible of delivering good-quality planting material to farmer’s is still too low. This could represent an opportunity to draw farmer’s attention to business opportunities offered through cassava seed system activities, thus giving a scope to turn this activity commercially attractive in this area.

In this context, promoting the cassava seed system will undoubtedly raise the need of reinforcing the mechanisms of controlling seed multiplication fields. This could be done by rigorous inspections by well-trained inspectors as well as by testing elite cassava materials used for propagation using sensitive molecular techniques preferably on-site (Tomlinson et al., 2013). However, this will raise the question of sustainability due to the high costs involved in running such techniques. Fortunately, sensitive as well as easy-to-use kits [such as Lateral Flow devices (LFDs) or RT-LAMP] that can be implemented on field and that require reasonable consumables, resources and instruments have been developed (Tomlinson et al., 2013) and, after proper training and validation, could allow local seed multipliers to directly identify healthy mother plants candidate for multiplication and dissemination. This could be an additional aspect where expertise from local Universities would be crucial in supporting the establishment of an efficient cassava seed system.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.



Author contributions

SM, HV, EB, and YK: conceptualization. SM, YB, and YK: methodology. SM, HV, EB, YB, and LL: validation. YB and YK: formal analysis. YK: investigation and writing—original draft preparation. SM, HV, EB, and LL: resources and supervision. SM and HV: funding. All authors contributed to writing—review and editing, contributed to the article, and approved the submitted version.



Funding

The work of YK, CN, and JB in D.R. Congo was supported by the iCARE (Improved Cassava Virus Resistance mitigation strategies and development of disease-free seed system) project funded by ARES (Académie de Recherche et d’Enseignement Supérieur, Fédération Wallonie-Bruxelles, Belgium) and granted to HV.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Acknowledgments

Members of the Integrated and Urban Plant Pathology Laboratory (Angelo Locicero, Nuria Fontdevila and Coline Temple) are sincerely acknowledged for their help in molecular analysis. Members from the agricultural faculty of the UCB are acknowledged for their help during the survey (Safari Baluku) and data analysis (Jules Masimane).



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.803980/full#supplementary-material

SUPPLEMENTARY MATERIAL 1 | Questionnaire used for the epidemiological survey in cassava farmer’s fields.

SUPPLEMENTARY MATERIAL 2 | Questionnaire used for farmers interviews on seed systems.

SUPPLEMENTARY MATERIAL 3 | Questionnaire used for interview of farmers specialized in cassava seed multiplication.

SUPPLEMENTARY FIGURE 1 | Schematic representation of a cassava field showing the selection strategy and process for symptomatic plants observation and sample collection.


SUPPLEMENTARY FIGURE 2 | Results from molecular detection showing the agarose gel with amplicons: Detection of CBSV (~703 bp) and UCBSV (~800 bp) in samples from the site 1 (1 and 6), site 2 (2 and 7), site 3 (3 and 8), site 4 (4, 5 and 9) and site 5 (10, 11 and 12). 1 kb molecular ladder (L) is shown on the left side of the gel. Positive (C+) and negative controls (C-). Numbers 1 to 12 are representative samples retained for the illustration.

SUPPLEMENTARY FIGURE 3 | Geographical mapping of results from molecular detection.

SUPPLEMENTARY TABLE 1 | Proportion of fields grown by different types of cutting pathways and means employed by farmers to obtain cuttings across clusters.

SUPPLEMENTARY TABLE 2 | Number of fields grown by improved as well as local cassava varieties identified in each cluster.

SUPPLEMENTARY TABLE 3 | Proportion of healthy and infected fields for each type of infection according to the channels used to obtain cutting.



References

 Adams, I. P., Fox, A., Boonham, N., Massart, S., and De Jonghe, K. (2018). The Impact of High Throughput Sequencing on Plant Health Diagnostics. Eur. J. Plant Pathol. 152, 909–919. doi: 10.1007/s10658-018-1570-0

 Agresti, A. (2002). Categorical Data Analysis. Wiley Series in Probability and Statistics. Hoboken, NJ, USA: John Wiley & Sons, Inc.

 Alicai, T., Ndunguru, J., Sseruwagi, P., Tairo, F., Okao-Okuja, G., Nanvubya, R., et al. (2016). Cassava Brown Streak Virus Has a Rapidly Evolving Genome: Implications for Virus Speciation, Variability, Diagnosis and Host Resistance. Nat. Publ. Group 6:6164. doi: 10.1038/srep36164 

 Alicai, T., Omongo, C. A., Maruthi, M. N., Hillocks, R. J., Baguma, Y., Kawuki, R., et al. (2007). Re-Emergence of Cassava Brown Streak Disease in Uganda. Plant Dis. 91, 24–29. doi: 10.1094/PD-91-0024 

 Almekinders, A. C. J. M., Walsh, S., Jacobs, K., Andrade, J., Mcewan, M., and De Haan, S. (2019). Why Interventions in the Seed Systems of Roots, Tubers and Bananas Crops Do Not Reach Their Full Potential: A Reflection Based on Literature and Thirteen Case Studies. Food Secur. 11, 23–42. doi: 10.1007/s12571-018-0874-4

 Anjanappa, R. B., Devang Mehta, M. N., Maruthi, E. K., Gruissem, W., and Vanderschuren, H. (2016). Characterization of Brown Streak Virus–Resistant Cassava. Mol. Plant-Microbe Interact. 29, 527–534. doi: 10.1094/MPMI-01-16-0027-R

 Bebber, D. P., Holmes, T., and Gurr, S. J. (2014). The Global Spread of Crop Pests and Pathogens. Glob. Ecol. Biogeogr. 23, 1398–1407. doi: 10.1111/geb.12214

 Beyene, F. (2010). The Role of NGO in Informal Seed Production and Dissemination: The Case of Eastern Ethiopia. J. Agric. Rural. Dev. Trop. Subtrop. 111, 79–88.

 Bigirimana, S., Barumbanze, P., Ndayihanzamaso, P., Shirima, R., and Legg, J. P. (2011). First Report of Cassava Brown Streak Disease and Associated Ugandan Cassava Brown Streak Virus in Burundi. New Disease Rep. 24:26. doi: 10.5197/j.2044-0588.2011.024.026

 Bisimwa, E. B. (2012). Epidémiologie, Diversité Génétique, Distribution et Contrôle Des Virus de La Mosaïque Africaine de Manioc et de Son Vecteur (Bemisia Tabaci) Dans La Région Du Sud Kivu En République Démocratique Du Congo. Université Catholique de Louvain. 6, 1–12. doi: 10.3923/ajppaj.2012.1.12

 Bisimwa, E., Walungululu, J., and Bragard, C. (2012). Occurence and Distribution of Cassava Mosaic Begomoviruses Related to Agro-Ecosystems in the Sud-Kivu Province, Democratic Republic of Congo. Asian J. Plant Patholog. 6, 1–12. doi: 10.3923/ajppaj.2012.1.12

 Buddenhagen, C. E., Hernandez Nopsa, J. F., Andersen, K. F., Andrade-Piedra, J., Forbes, G. A., Kromann, P., et al. (2017). Epidemic Network Analysis for Mitigation of Invasive Pathogens in Seed Systems: Potato in Ecuador. Phytopathology 107, 1209–1218. doi: 10.1094/PHYTO-03-17-0108-FI 

 Campo, B. V., Herrera, G. H., and Bellotti, A. (2011). Threats to Cassava Production: Known and Potential Geographic Distribution of Four Key Biotic Constraints. Food Secur. 3, 329–345. doi: 10.1007/s12571-011-0141-4

 Chambers, J. M. (1992). “Linear Models” in Statistical Models. eds. J. M. Chambers and T. J. Hastie (Wadsworth: Cole).

 Chang, S., Puryear, J., and Cairney, J. (1993). A Simple and Efficient Method for Isolating RNA from Pine Trees. Plant Mol. Biol. Report. 11, 113–116. doi: 10.1007/BF02670468

 Chipeta, M. M., Shanahan, P., Melis, R., Sibiya, J., and Benesi, I. R. M. (2016). Farmers’ Knowledge of Cassava Brown Streak Disease and Its Management in Malawi. Inter. J. Pest Manag. 62, 175–184. doi: 10.1080/09670874.2016.1167268

 Collet, D. (2003). Modelling Binary Data. California: Chapman.

 Danagro, (1988). “SADCC The Regional Seed Production and Supply Project: Main Report (Vol 1A) and Country Reports (Vol. 2A-2J).” GLostrup, Danemark.

 Delêtre, M., Lett, J.-M., Sulpice, R., and Spillane, C. (2021). Kinship Networks of Seed Exchange Shape Spatial Patterns of Plant Virus Diversity. Nat. Commun. 12, 1–10. doi: 10.1038/s41467-021-24720-6 

 De Mendiburu, F., and Yassen, M. (2020). “Agricolae: Statistical Procedures for Agricultural Research. R Package Version 1.4.0.” Available at: https://myaseen208.github.io/agricolae/ (Accessed September 29, 2021).

 Devaux, A., Peter, K., and Oscar, O. (2014). Potatoes for Sustainable Global Food Security. Potato Res. 57, 185–199. doi: 10.1007/s11540-014-9265-1

 Dodge, Y. (2008). The Concise Encyclopedia of Statistics. New York, NY: Springer.

 El-sharkawy, M. A. (2004). Cassava Biology and Physiology. Plant Mol. Biol. 53, 621–641. doi: 10.1007/s11103-005-2270-7

 Everitt, B. S. (2006). The Cambridge Dictionary of Statistics. The Edinburgh Building, Cambridge cb2 2ru, UK: Cambridge University Press.

 FAO (2020). World Food and Agriculture-Statistical Yearbook. Rome: Food and Agriculture Organization.

 FAO (2021a). “Food and Agriculture Organization of the United Nations. FAOSTAT Statistical Database.” FAO. Rome. Available at: https://search.library.wisc.edu/catalog/999890171702121 (Accessed July 23, 2021).

 FAO (2021b). “Plant Production and Protection Division: Cassava-Related Diseases.” FAO. Rome: Food and Agriculture Organization of the United Natios. 2021. Available at: www.fao.org/agriculture/crops/thematic-sitemap/theme/pests/cassava-related-diseases/en/ (Accessed February 2, 2021).

 Fox, J., and Weisberg, S. (2019). An R Companion to Applied Regression. Thousand Oaks, CA: Sage.

 Frangoie, A. N., Bidiaka, S. M., and Mahungu, N. M. (2019). “La Filière Semencière En R.D. Congo” in Informations Destinées Aux Acteurs et Parténaires Du Sous-Secteur Semences En R.D (C. Kinshasa/R.D. Congo: International Institute for Tropical Agriculture).

 Hartigan, J. A. (1975). Clustering Algorithms. 99th ed. USA: John Wiley & Sons, Inc.

 Hartung, C., Lerer, A., Anokwa, Y., Tseng, C., Brunette, W., and Borriello, G. (2010). “Open Data Kit: Tools to Build Information Services for Developing Regions.” In Proceedings of the 4th ACM/IEEE International Conference on Information and Communication Technologies and Development. ICTD’10. New York, NY, USA: Association for Computing Machinery, December 13, 2010.

 Hastie, T. J., and Pregibon, D. (1992). “Generalized Linear Models” in Statistical Models. eds. J. M. Chambers and T. J. Hastie (Wadsworth: Cole).

 Heikrujam, J., Kishor, R., and Behari, M. P. (2020). “The Chemistry Behind Plant DNA Isolation Protocols” in Biochemical Analysis Tools - Methods for Bio-Molecules Studies. eds. O.-M. Boldura, C. Baltă, and N. S. Awwad (Rijeka: IntechOpen).

 Hillocks, R. J. (2004). “Research Protocols for Cassava Borwn Streak Disease.” Chatham Maritime, Kent ME4 4TB, UK: Food and Agriculture Organization.

 Hillocks, R. J., and Jennings, D. L. (2003). Cassava Brown Streak Disease: A Review of Present Knowledge and Research Needs. Inter. J. Pest Manag. 49, 225–234. doi: 10.1080/0967087031000101061

 Hillocks, R. J., Raya, M. D., and Thresh, J. M. (1999). Distribution and Symptom Expression of Cassava Brown Streak Disease in Southern Tanzania. African J. Root. Tuber Crop. 3, 57–61.

 Hillocks, R., and Thresh, J. M. (2000). CASSAVA MOSAIC AND CASSAVA BROWN STREAK VIRUS DISEASES IN AFRICA: A Comparative Guide to Symptoms and Aetiologies. Roots 7:8.

 Hosmer, D. W., and Lemeshow, S. (2000) in Applied Logistic Regression. eds. N. A. C. Cressie, N. I. Fisher, I. M. Johnstone, J. B. Kadane, D. W. Scott, and B. W. Silverman, et al., vol. 70. Second ed (New York, Chichester, Weinheim, Brisbane, Singapore, Toronto: JOHN WILEY)

 Husson, F., Lê, S., and Pagès, J. (2011). Exploratory Multivariate Analysis by Example Using R. Computer Science & Data Analysis. CRC Press. London, UK.

 IPA (2020). “Inspection Provinciale de L’Agriculture: Rapport Annuel.” Sud-Kivu, D. R. of Congo.

 IPPC (2021). “International Standards for Phytosanitary Measures. ISPM 02: Framework for Pest Risk Analysis.” Rome. Available at: https://www.ippc.int/fr/publications/592/ (Accessed January 18, 2021).

 Jarvis, A., Ramirez-Villegas, J., Campo, B. V. H., and Navarro-Racines, C. (2012). Is Cassava the Answer to African Climate Change Adaptation? Trop. Plant Biol. 5, 9–29. doi: 10.1007/s12042-012-9096-7

 Karim, K. Y., Ifie, B., Dzidzienyo, D., Danquah, E. Y., Blay, E. T., Whyte, J. B. A., et al. (2020). Genetic Characterization of Cassava (Manihot Esculenta Crantz) Genotypes Using Agro-Morphological and Single Nucleotide Polymorphism Markers. Physiol. Mol. Biol. Plants 26, 317–330. doi: 10.1007/s12298-019-00740-x

 Kassambara, A. (2017). Multivariate Analysis II: Practical Guide to Principal Component Methods in R. STHDA. Available at: http://www.sthda.com (Accessed September 10, 2021).

 Kidasi, P. C., Chao, D. K., Obudho, E. O., Wakesho, A., and Mwang’ombe, (2021). Farmers’ Sources and Varieties of Cassava Planting Materials in Coastal Kenya. Front. Sustain. Food Syst. 5, 1–14. doi: 10.3389/fsufs.2021.611089

 Kroschel, J., Sporleder, M., and Carhuapoma, P. (2016). “Pest Distribution and Risk Atlas for Africa” in Potential Global and Regional Distribution and Abundance of Agricultural and Horticultural Pests and Associated Biocontrol Agents under Current and Future Climates. eds. J. Kroschel, N. Mujica, P. Carhuapoma, and M. Sporleder (United States: International Potato Center), 7–23.

 Kumakech, A. (2013). Knowledge on Cassava Disease Management: The Case of Cassava Brown Streak Disease Awareness in Northern Uganda. African J. Plant Sci. 7, 597–601. doi: 10.5897/ajps2013.1098

 Kumar, P. L., Maritza Cuervo, J. F., Kreuze, G. M., Kulkarni, G., Kumari, S. G., Massart, S., et al. (2021). Phytosanitary Interventions for Safe Global Germplasm Exchange and the Prevention of Transboundary Pest Spread: The Role of Cgiar Germplasm Health Units. Plan. Theory 10, 1–29. doi: 10.3390/plants10020328 

 Kwibuka, Y., Bisimwa, E., Blouin, A. G., Bragard, C., Candresse, T., Faure, C., et al. (2021). Novel Ampeloviruses Infecting Cassava in Central Africa and the South-West Indian Ocean Islands. Viruses 13, 1–17. doi: 10.3390/v13061030 

 Lebart, L., Morineau, A., and Piron, M. (1995). “Statistique Exploratoire Multidimensionnelle ”. 3. Paris: Dunod.

 Legg, J. P., Lava Kumar, P., Makeshkumar, T., Tripathi, L., Ferguson, M., Kanju, E., et al. (2015). Cassava Virus Diseases: Biology, Epidemiology, and Management. Advances in Virus Res. 91, 85–142. doi: 10.1016/bs.aivir.2014.10.001 

 Legg, J., Ndalahwa, M., Yabeja, J., Ndyetabula, I., Bouwmeester, H., Shirima, R., et al. (2017). Community Phytosanitation to Manage Cassava Brown Streak Disease. Virus Res. 241, 236–253. doi: 10.1016/J.VIRUSRES.2017.04.020 

 Legg, J. P., Owor, B., Sseruwagi, P., and Ndunguru, J. (2006). Cassava Mosaic Virus Disease in East and Central Africa: Epidemiology and Management of a Regional Pandemic. Adv. Virus Res. 67, 355–418. doi: 10.1016/S0065-3527(06)67010-3

 Lenth, R. V. (2016). Least-Squares Means: The R Package Lsmeans. J. Stat. Softw. 69:i01. doi: 10.18637/jss.v069.i01

 Lozano, J. C., and Booth, R. H. (1974). Cassava Diseases and Pests. PANS (Pest.Arctic. News Summ.) 20, 40–45.

 Mahungu, N. M., Tata Hangy, K. W., Bidiaka, S. M., and Frangoie, A. (2014). “Multiplication de Materiel de Plantation de Manioc et Gestion Des Maladies et Ravageurs.” Kinshasa/R.D. Congo: Institut International d’Agriculture Tropicale.

 Manze, F., Rubaihayo, P., Ozimati, A., Gibson, P., Esuma, W., Bua, A., et al. (2021). Genetic Gains for Yield and Virus Disease Resistance of Cassava Varieties Developed Over the Last Eight Decades in Uganda. Front. Plant Sci. 12, 1–11. doi: 10.3389/fpls.2021.651992 

 Maruthi, M. N. (2015). “Limiting the Impact of Cassava Brown Streak Disease on Smalholders, Womens and the Cassava Value Chain, Interim Project Narrative Report Submitted to the African Union Commission.” Addis Abeba, Ethiopia.

 Massart, S., Olmos, A., Jijakli, H., and Candresse, T. (2014). Current Impact and Future Directions of High Throughput Sequencing in Plant Virus Diagnostics. Virus Res. 188, 90–96. doi: 10.1016/j.virusres.2014.03.029 

 McEwan, M. A., Almekinders, C. J. M., Andrade-Piedra, J. J. L., Delaquis, E., Garrett, K. A., Kumar, L., et al. (2021). "Breaking through the 40% adoption ceiling: Mind the seed system gaps." A perspective on seed systems research for development in One CGIAR. Outlook on Agri. 50, 5–12. doi: 10.1177/0030727021989346 

 Mdenye, B. B., Kinama, J. M., Olubayo, F. M., Kivuva, B. M., and Muthomi, J. W. (2016). Effect of Storage Methods on Carbohydrate and Moisture of Cassava Planting Materials. J. Agric. Sci. 8:100. doi: 10.5539/jas.v8n12p100

 Mickey, J., and Greenland, S. (1989). A Study of the Impact of Confounder Selection Criteria on Effect Estimation. Am. J. Epidemiol. 129, 125–137. doi: 10.1093/oxfordjournals.aje.a115101 

 Mohammed, I. U., Abarshi, M. M., Muli, B., Hillocks, R. J., and Maruthi, M. N. (2012). The Symptom and Genetic Diversity of Cassava Brown Streak Viruses Infecting Cassava in East Africa. Advances in Virolog. 2012, 1–10. doi: 10.1155/2012/795697 

 Moreno, I., Gruissem, W., and Vanderschuren, H. (2011). Reference Genes for Reliable Potyvirus Quantitation in Cassava and Analysis of Cassava Brown Streak Virus Load in Host Varieties. J. Virol. Methods 177, 49–54. doi: 10.1016/j.jviromet.2011.06.013 

 Muhindo, H., Yasenge, S., Casinga, C., Songbo, M., Dhed’a, B., Alicai, T., et al. (2020). Incidence, Severity and Distribution of Cassava Brown Streak Disease in Northeastern Democratic Republic of Congo. Cogent Food and Agri. 6, 1–13. doi: 10.1080/23311932.2020.1789422 

 Mulimbi, W., Phemba, X., and Assumani, B. (2012). First Report of Ugandan Cassava Brown Streak Virus on Cassava in Democratic Republic of Congo. New Disease 26:11. doi: 10.5197/j.2044-0588.2012.026.011

 Munthali, D. (1992). Effect of Cassava Variety on the Biology of Bemisia Afer (Priesner & Hosny) (Hemiptera: Aleyrodidae). Insect Sci. Applica. 13, 459–465. doi: 10.1017/S174275840001376X

 Ndunguru, J., Sseruwagi, P., Tairo, F., Stomeo, F., Maina, S., Djinkeng, A., et al. (2015). Analyses of Twelve New Whole Genome Sequences of Cassava Brown Streak Viruses and Ugandan Cassava Brown Streak Viruses from East Africa: Diversity, Supercomputing and Evidence for Further Speciation. PLoS One 10, e0139321–e0139318. doi: 10.1371/journal.pone.0139321 

 Nichols, R. F. W. (1950). The Brown Streak Disease of Cassava: Distribution, Climatic Effects and Diagnostic Symptoms. The East African Agri. J. 15, 154–160. doi: 10.1080/03670074.1950.11664727

 Ogwok, E., Alicai, T., Rey, M. E. C., Beyene, G., and Taylor, N. J. (2015). Distribution and accumulation of cassava brown streak viruses within infected cassava (Manihot Esculenta) plants. Plant Pathol. 64, 1235–1246. doi: 10.1111/ppa.12343

 Orek, C. O. (2018). An Optimised Cetyltrimethylammonium Bromide (CTAB)-Based Protocol for Extracting RNA from Young and Old Cassava Leaves. J. Advan. Biolog. Biotechnol. 19, 1–7. doi: 10.9734/JABB/2018/45370

 Pandit, D. B., Mandal, M. S. N., Hakim, M. A., Barma, N. C. D., Tiwari, T. P., and Joshi, A. K. (2011). Farmers’ Preference and Informal Seed Dissemination of First Ug99 Tolerant Wheat Variety in Bangladesh. Czech J. Genet. Plant Breed. 47, S160–S164. doi: 10.17221/3272-cjgpb

 Patil, B. L., Ogwok, E., Wagaba, H., Mohammed, I. U., Yadav, J. S., Bagewadi, B., et al. (2011). RNAi-Mediated Resistance to Diverse Isolates Belonging to Two Virus Species Involved in Cassava Brown Streak Disease. Mol. Plant Pathol. 12, 31–41. doi: 10.1111/j.1364-3703.2010.00650.x 

 Pierre, N., Wamalwa, L. N., Muiru, W. M., Simon, B., Kanju, E., Ferguson, M. E., et al. (2022). Genetic diversity of local and introduced cassava germplasm in Burundi using DArTseq molecular analyses. PLoS One 17:e0256002. doi: 10.1371/journal.pone.0256002

 QGIS Development Team. (2021). “QGIS Geographic Information System. Open Source Geospatial Foundation Project.” Available at: http://qgis.osgeo.org (Accessed February 27, 2021).

 Rabobank (1994). “The World Seed Market.” Nederland: Ministry of Agriculture, Nature Management and fisheries.

 Reddy, P. P. (2015). Plant Protection in Tropical Root and Tuber Crops. Plant Protection in Tropical Root and Tuber Crops. Springer I. Bangalore, Karnataka, India.

 Rwegasira, G. M., and Rey, M. E. C. (2012a). Response of Selected Cassava Varieties to the Incidence and Severity of Response of Selected Cassava Varieties to the Incidence and Severity of Cassava Brown Streak Disease in Tanzania. J. Agric. Sci. 4:237. doi: 10.5539/jas.v4n7p237

 Rwegasira, G., and Rey, C. (2012b). Relationship between Symptoms Expression and Virus Detection in Cassava Brown Virus Streak-Infected Plants. J. Agric. Sci. 4:p246. doi: 10.5539/jas.v4n7p246

 Sakamoto, Y., Ishiguro, M., and Kitagawa, G. (1986). Akaike Information Criterion Statistics. Mathematics and Its Applications. Netherlands: D. Reidel Publishing Company.

 Shankar, K., Chavan, L., Shinde, S., and Patil, B. (2010). An Improved DNA Extraction Protocol from Four in Vitro Banana Cultivars. Asian J. Biotechnol. 3, 84–90. doi: 10.3923/ajbkr.2011.84.90

 Shaw, M. W., and Pautasso, M. (2014). Networks and Plant Disease Management: Concepts and Applications. Annu. Rev. Phytopathol. 52, 477–493. doi: 10.1146/annurev-phyto-102313-050229

 Sheat, S., Fuerholzner, B., Stein, B., and Winter, S. (2019). Resistance against Cassava Brown Streak Viruses from Africa in Cassava Germplasm from South America. Front. Plant Sci. 10:0567. doi: 10.3389/fpls.2019.00567 

 Sperling, L., and Cooper, D. H. (2003). “Understanding Seed Systems and Strengthening Seed Security: A Background Paper.” Workshop on Effective and Sustainable Seed Relief Activities, May 26–28, 2003. Rome.

 Storey, H. H. (1936). Virus Diseases of East African Plants. VI-A Progress Report on Studies of the Disease of Cassava. East African Agri. J. 2, 34–39.

 TANAGRA (2009). “Understanding the ‘Test Value’ Criterion. Tutorial.” Available at: http://eric.univ-lyon2.fr/~ricco/tanagra/fichiers/en_Tanagra_Comprendre_La_Valeur_Test.pdf (Accessed November 11, 2021).

 Thresh, J. M., Otim-Nape, G. W., Legg, J. P., and Fargette, D. (1997). African Cassava Mosaic Virus Disease: The Magnitude of the Problem. African J. Root Tuber Crop 2, 13–19.

 Tomlinson, K. R., Bailey, A. M., Alicai, T., Seal, S., and Foster, G. D. (2018). Cassava Brown Streak Disease: Historical Timeline, Current Knowledge and Future Prospects. Mol. Plant Pathol. 19, 1282–1294. doi: 10.1111/mpp.12613 

 Tomlinson, J. A., Ostoja-Starzewska, S., Adams, I. P., Miano, D. W., Abidrabo, P., Kinyua, Z., et al. (2013). Loop-Mediated Isothermal Amplification for Rapid Detection of the Causal Agents of Cassava Brown Streak Disease. J. Virol. Methods 191, 148–154. doi: 10.1016/j.jviromet.2012.07.015 

 Vanderschuren, H., and Rey, C. (2017). Cassava Mosaic and Brown Streak Diseases: Current Perspectives and Beyond. Annual Rev. Virolog. 4:041913. doi: 10.1146/annurev-virology-101416-041913

 Venables, W. N., and Ripley, B. D. (2002). Modern Applied Statistics with S. Springer: New York, NY, USA.

 Xing, Y., Fredy, J., Nopsa, H., Andersen, K., and Beed, F. D. (2020). Global Cropland Connectivity: A Risk Factor for Invasion and Saturation by Emerging Pathogens and Pests. Bioscience 70, 744–758. doi: 10.1093/biosci/biaa067 

 Zhang, J., and Stewart, J. M. C. D. (2016). Economical and Rapid Method for Extracting Cotton Genomic DNA. The J. Cotton Sci. 4, 193–201.













	 
	

	TYPE Original Research
PUBLISHED 25 August 2022
DOI 10.3389/fpls.2022.747783





Genome sequencing and analysis uncover the regulatory elements involved in the development and oil biosynthesis of Pongamia pinnata (L.) – A potential biodiesel feedstock

Rachapudi Venkata Sreeharsha1,2*, Shalini Mudalkar3 and Attipalli Ramachandra Reddy1

1Department of Plant Sciences, University of Hyderabad, Hyderabad, India

2Department of Life Sciences, Chhatrapati Shahu Ji Maharaj University, Kanpur, India

3Department of Tree Breeding and Improvement, Forest College and Research Institute (FCRI), Hyderabad, India

[image: image]

OPEN ACCESS

EDITED BY
Jill Margaret Farrant, University of Cape Town, South Africa

REVIEWED BY
Milind Ratnaparkhe, ICAR-Indian Institute of Soybean Research, India
Bhaskar Singh, Central University of Jharkhand, India

*CORRESPONDENCE
Rachapudi Venkata Sreeharsha, rvsls@csjmu.ac.in
rvsreeharsha@gmail.com

SPECIALTY SECTION
This article was submitted to Plant Biotechnology, a section of the journal Frontiers in Plant Science

RECEIVED 26 July 2021
ACCEPTED 22 July 2022
PUBLISHED 25 August 2022

CITATION
Sreeharsha RV, Mudalkar S and Reddy AR (2022) Genome sequencing and analysis uncover the regulatory elements involved in the development and oil biosynthesis of Pongamia pinnata (L.) – A potential biodiesel feedstock.
Front. Plant Sci. 13:747783.
doi: 10.3389/fpls.2022.747783

COPYRIGHT
© 2022 Sreeharsha, Mudalkar and Reddy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Due to rapid industrialization, the consumption of petro-products has increased, while fossil fuel resources have been gradually depleted. There has been a resurgence of interest in plant-derived biofuels as a sustainable alternative to fossil fuels for the purpose of reducing greenhouse gas emissions. Pongamia pinnata L., which is also known as Millettia pinnata is an oil-yielding, leguminous tree with a large and complex genome. Despite its multiple industrial applications, this orphan tree species has inconsistent yields and a limited understanding of its functional genomics. We assessed physiological and morphological characteristics of five high-yielding pongamia accessions and deduced important yield descriptors. Furthermore, we sequenced the genome of this potential biofuel feedstock using Illumina HiSeq, NextSeq, and MiSeq platforms to generate paired-end reads. Around 173 million processed reads amounting to 65.2 Gb were assembled into a 685 Mb genome, with a gap rate of 0.02%. The sequenced scaffolds were used to identify 30,000 gene models, 406,385 Simple-Sequence-Repeat (SSR) markers, and 43.6% of repetitive sequences. We further analyzed the structural information of genes belonging to certain key metabolic pathways, including lipid metabolism, photosynthesis, circadian rhythms, plant-pathogen interactions, and karanjin biosynthesis, all of which are commercially significant for pongamia. A total of 2,219 scaffolds corresponding to 29 transcription factor families provided valuable information about gene regulation in pongamia. Similarity studies and phylogenetic analysis revealed a monophyletic group of Fabaceae members wherein pongamia out-grouped from Glycine max and Cajanus cajan, revealing its unique ability to synthesize oil for biodiesel. This study is the first step toward completing the genome sequence of this imminent biofuel tree species. Further attempts at re-sequencing with different read chemistry will certainly improve the genetic resources at the chromosome level and accelerate the molecular breeding programs.
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Introduction

The unprecedented increase in atmospheric CO2 concentrations, along with the depletion of fossil fuels, is increasing the demand for a reliable supply of carbon-neutral fuels. The use of biological carbon fixation to generate energy is an ideal complement to rapidly dwindling fossil fuel reserves. However, uninterrupted feedstock supplies have become a major impediment to sustainable biofuels and bioenergy production. Bioenergy/biofuel trees can offset 1,000 to 2,000 metric tons of carbon (C) per year through carbon sequestration and energy cropping (Babin et al., 2021). As a result, they meet a major portion of the world’s energy needs while also contributing to the reduction of CO2 levels in the atmosphere. Appropriate biofuel plant selection is contingent on the socioeconomic and environmental factors of agricultural practices. Among the several alternatives for producing biofuels and bioenergy, Pongamia pinnata L. has garnered widespread attention due to its diversified growth habitats and low-input agriculture. Pongamia pinnata (L.), alternatively known as Millettia pinnata (L.), is a member of the Fabaceae family that grows in a range of Indian tropical and subtropical marginal lands (Arote and Yeole, 2010; Sreeharsha et al., 2016). It is a semi-deciduous, nitrogen-fixing tree that grows to a height of 15–20 m with a broad canopy and is known for its drought and salinity tolerance. The dense network of pongamia lateral roots aids in soil erosion control via binding sand dunes. The seeds, leaves, and bark of this tree have traditionally been employed in anti-inflammatory, anti-hyperglycaemic, anti-diarrheal, and anti-ulcer medications (Badole and Bodhankar, 2010; Kesari et al., 2010a). The oil content of pongamia seed ranges from 35 to 40% of dry weight with its composition being oleic acid (55%), an ideal fatty acid for high-quality biodiesel (Sreeharsha et al., 2016). Apart from oleic acid, pongamia oil contains linoleic acid (18%), stearic acid (9%), and palmitic acid (8%) (Arote and Yeole, 2010). Protein and starch make up about 35 and 7% of the dry weight of seeds, respectively. Upon trans-esterification, the pongamia oil can be blended with diesel and utilized in automobiles without requiring any engine modifications. Pongamia seed oil differs from the other two promising biofuel plants, Jatropha of Euphorbiaceae and Camelina of Brassicaceae, in terms of oleic acid content and triacylglycerol (TAGs) composition (Mudalkar et al., 2014; Kumar et al., 2017). The tree can tolerate salt stress up to 300 mM through glycophytic and halophytic adaptive mechanisms in which Na+ sequestration in roots and K+ accumulation in leaves contribute to sustaining photosynthetic efficiency under salt stress (Marriboina et al., 2017).

Numerous studies have recently established elite pongamia accessions based on certain morphological, physiological, and agronomic traits, and a few studies have also documented genetic variability among pongamia accessions by using RAPD, ISSR, and AFLP markers (Kesari et al., 2010b; Kesari and Rangan, 2011; Rao et al., 2011). A variety of environmental factors influence the morphological and agronomic traits of wild pongamia accessions. Also, the capacity for carbon sequestration, photosynthetic activity, and yield patterns of pongamia accessions are unknown. As a result, there is a substantial need to analyze and document the level of carbon sequestration potential among naturally growing and widely distributed pongamia accessions to identify elite trees for biodiesel production. Long gestation periods, lengthy flowering cycles, flower drop, and inconsistent yields have become the bottlenecks for commercial pongamia cultivation. Furthermore, a lack of genomic resources limits crop improvement and breeding efforts, rendering wild pongamia accessions unreliable for consistent yields. Pongamia accessions that are currently accessible have adapted to a wide variety of edaphic and climatic conditions, indicating substantial genetic heterogeneity and low domestication. To maintain pure lines during long-term domestic cultivation for industrial uses, deeper characterization of pongamia elite accessions using current biotechnology, genetics, and genomics is required (Kesari et al., 2010b). This will also help to establish extensive plantations on marginal lands through in vitro culture techniques, which are otherwise impractical due to the inherent challenges in natural propagation. In this scenario, whole-genome sequencing is critical to understanding the structure, organization, and composition of the genome, which will give a substantial platform for designing crop improvement and molecular breeding initiatives.

Pongamia genome research has only recently gained momentum after its potential as a biofuel tree species was revealed. For the first time, Kazakoff et al. (2012) have disclosed the chloroplast and mitochondrial genome information of pongamia. Furthermore, using a flow cytometer, the 2C DNA content was measured to be 2.51 + 0.01 pg, with reference to Z. mays and P. sativum (Choudhury et al., 2014). Pongamia transcriptome and Expressed Sequence Tags (ESTs) gave important insights into lipid biosynthesis, photoperiod, and salt-responsive genes (Huang et al., 2016; Sreeharsha et al., 2016). This study was aimed at understanding the potential problems of pongamia, including its long gestation period, lengthy flowering cycles, susceptibility to gall midge disease, and other biotic factors through its genome. We report on the photosynthetic performance, biomass accumulation, and carbon sequestration potential of different pongamia accessions, as well as the quantity and quality of oil, which serve as crucial descriptors for elite pongamia accessions concerning commercial agronomic yields. Furthermore, the genome of a high-yielding, disease-free pongamia accession was sequenced and revealed the features of the genome to better understand its structure and organization. The major objective of the study is to report the sequence and structural information of genes involved in crucial metabolic pathways, including lipid metabolism, development, and flowering in pongamia, which play a significant role in further crop improvement programs of this potential biofuel tree species. To the best of our knowledge, this is the first study to reveal the genome sequence of a high-yielding pongamia, reporting 680 Mb of genome utilizing multiple Illumina sequencing platforms and hybrid assembly, followed by functional annotation.



Materials and methods


Plant material

Five different Pongamia pinnata accessions were collected from the nursery of Tree Oils India Limited (TOIL), Zaheerabad, Telangana state, India (latitude, 17o36′; longitude, 77o31′E; 622-m MSL) and raised in the experimental farm of University of Hyderabad, India, and grown with minimal agronomic inputs for 5 years. Each plant was planted in a 3-m-×-3-m spacing block planting model with initial application of organic fertilizer as a source of major and trace elements (Supplementary Figure 6). After attaining a reproductive phase, all the accessions were assessed for their morphological and physiological characteristics and yield potential. Typical morphological and phenological features of pongamia are depicted in Figure 1. For genome sequencing, leaves from high-yielding P. pinnata accession (TOIL055), which is a 5-year-old tree, were collected and snap frozen in aseptic conditions and stored at –80oC for further use.
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FIGURE 1
Morphological and phenological characteristics of a typical pongamia plant. (A) Pongamia pinnata plantation in an experimental farm. (B) Pongamia at a full-bloom stage. (C) An immature pod with a typical seed-arrangement pattern. (D) Mature pods bearing varied number of seeds. (E) Root biomass harvested. (F) Characteristic leaf buds of pongamia. (G) The Racemose type of inflorescence in pongamia. (H) Root nodules of pongamia.




Photosynthetic leaf gas exchange measurements

Photosynthetic capacity of pongamia plants was assessed using leaf gas exchange parameters measured on fully expanded upper canopy leaves between 09:00 and 10:00 h, using a portable infrared CO2/H2O gas analyzer (IRGA) (LC Pro+, ADC BioScientific Ltd., United Kingdom) as described (Reddy et al., 2019). A saturating photosynthetically active radiation (PAR) of 1,600 μmol m–2 s–1 was supplied using a LED light source (LC pro Lamp 32070—Broad, ADC BioScientific Ltd., United Kingdom) attached to a leaf chamber. Air temperature was 25–26°C, and CO2 concentration was maintained at 390 μmol mol–1, and relative humidity was set to 55–60%. The net photosynthetic rate (Pn), stomatal conductance (gs), the transpiration rate (E), and intercellular CO2 concentration (Ci) were measured in representative plants. Leaf-level water use efficiency (WUEi) was calculated from gas exchange data by dividing the photosynthetic rate (Pn) with the transpiration rate (E). The gas exchange measurements were recorded for a complete yield cycle, i.e., starting from April 2018 to March 2019 in periodic intervals of 1 month and represented as mean ± SD of ten replicative plants of each accession. ANOVA was performed to test the significance in difference between means of individual accessions.



Growth, yield, and destructive biomass measurements

Morphological and phenological growth characteristics, including plant height, canopy width, and plant girth, were recorded for each accession after their gestation period. Reproductive yield data, including pod length, breadth, seed length, breadth, thickness, and 100-pod weight, 100-seed weight and total pod yield, were recorded for all the accessions from the date of flowering. Leaf length and breadth were measured using a portable laser leaf area meter (CI-202; CID Biosciences, Inc.) equipped with a laser scanner with a built-in control unit. Fresh and dry biomass of above and below ground tissues was determined after harvesting a 5-year-old tree. Carbon content in the stem was estimated by measuring the wood volume for each plant according to Newbould (1967) and specific gravity according to Negi et al. (2003). The amount of carbon dioxide sequestered in the above ground biomass was calculated as the weight of the carbon ×3.663 (Magnussen and Reed, 2004).



Oil extraction and GC analysis

Oil was extracted from 5 pongamia accessions (pooled seeds of ten replicative plants of each accession) by using the Soxhlet extraction method using hexane as the solvent according to Singha et al. (2019). Briefly, seeds (5 g) were grounded to fine powder, and oil was extracted with 150 ml of hexane at distillation temperature for 3 h in the Soxhlet extractor using a heating mantle. Hexane was removed from the extracted oil using a rotary evaporator (Heidolph 514-01002-06-0, Germany) at 55oC under reduced pressure for 30 min. Later, the oil extracted from three technical replicates was used to prepare fatty acid methyl esters (FAMEs; biodiesel) using methanol: sulfuric acid (1:1 ratio) for GC analysis. Briefly, oil was dissolved in 1 ml of toluene and 5-ml methanol: sulfuric acid (2%). The whole mixture was heated at 60oC for 5 h. Later, 2 ml of potassium carbonate solution was added to the mixture, and then FAMEs were extracted with 5 ml of hexane: diethyl ether in the 1:1 ratio. The mixture was stirred vigorously, and the upper layer was collected and evaporated with N2 purging. The FAMEs were dissolved in 1-ml hexane for GC analysis. FAMEs were analyzed on an Agilent 6890N gas chromatograph with an Agilent 5975B inert XL mass-selective detector. Chromatographic separation was achieved using a DB-23 capillary column (J&W Scientific, Folsom CA; 30 m × 250 μm × 0.25 μm) with the following temperature program: initial temperature, 90oC, raised at 10oC/min to 165oC, held for 5 min, and then raised at 3oC/min to 230oC. The obtained peaks were compared with standard fatty acid mix (Supelco, Sigma Aldrich, United States), and the composition was quantified by measuring the peak area.



DNA isolation, library preparation, and sequencing

Genomic DNA was isolated from leaf tissues of pongamia using a GenElute plant genomic DNA miniprep kit (Sigma-Aldrich, United States) according to the manufacturer’s instructions. To avoid the contamination with RNA and protein, the isolated DNA was subjected to RNaseA, proteinase K treatment. The genomic DNA was quantified by Qubit fluorometer (Thermo Fisher Scientific, United States) and used for library preparation. Multiple genomic DNA libraries for different sequencing platforms were generated for a pongamia DNA sample by following the Illumina library preparation protocol. Briefly, 1 μg of genomic DNA was fragmented using ultrasonicator (Covaris M220, United States) by following the manufacturer’s instructions, and the ends were repaired using SureSelect XT2 Library Prep Kit (Agilent, United States). The genomic DNA was cleaned up using AgencountAMPure XP SPRI beads (Beckman Coulter, United States). The DNA fragments were further adenylated at 3′ end and ligated with a paired-end adaptor. The indexed library was amplified, cleaned, and quantified by Qubit fluorometer using a DNA-HS kit (Thermo Fisher Scientific, United States). Two representative libraries from the same accession were loaded independently on different sequencing platforms, including HiSeq, MiSeq, and NextSeq. The generated reads were quality checked using a FastQC tool. Data were processed for adaptors and low-quality bases (the Phred score < Q30 was removed). Adaptors were clipped using the Cutadapt tools with >Q30 and minimum read length of 50 (Martin, 2011).



De novo assembly, functional annotation

De novo assembly of genomic data was carried out with processed reads (generated from multiple libraries) to generate contigs using a Soap de novo assembler (Xie et al., 2014). Scaffolding over the contigs was done using a Redundans tool (Pryszcz and Gabaldón, 2016). The Redundans tool performs the scaffolding and gap closure using multiple libraries. To assess the read utilization, the genomic data generated were aligned back to the assembled genome using Bowtie2 (Langmead and Salzberg, 2012). For predicting genes, three approaches were followed, i.e., the RNA-seq method, the de novo method (using Augustus), and the homology-based method. Homology-based gene prediction using Cajanus cajan, Arabidopsis thaliana, Medicago truncatula, and Glycine max gene models and de novo-based gene prediction using Augustus were carried out. Gene models generated using the de novo-based method (Augustus) were utilized for further downstream annotation. The predicted proteins were similarity searched against the UniProt Viridiplantae (6,386,419) protein database using the DIAMOND9 BLASTP program with an e-value cut-off of 10–5 to assign GO (Gene Ontology) terms and annotated into a biological process, molecular function, and a cellular component. Alignment of transcriptomic reads was carried out using a hisat2 (splice aligner) tool, and then a cufflinks tool was used to assemble the genes (Trapnell et al., 2012; Kim et al., 2015).



Repetitive sequences and organellar genome analysis

Two approaches were followed to identify repetitive DNA in pongamia. De novo repeat identification was done using RepeatModeler while homology analysis against the RepBase library was carried out using RepeatMasker (Chen, 2004). The pongamia mitochondrial genome was mined and compared with Glycine max using a BLAST Ring Image Generator (BRIG) tool (Alikhan et al., 2011).



Phylogeny tree construction, genome comparison, and simple-sequence-repeat marker identification

For phylogenetic tree construction, protein sequences of Glycine max, Medicago truncatula, Eucalyptus grandis, Jatropha curcas, Populus trichocarpa, and Cajanus cajan were retrieved from NCBI. CD-hit was executed to obtain orthologous clusters with 90% alignment coverage (Li and Godzik, 2006). Multiple sequence alignment was performed on generated clusters using ClustalW, and, subsequently, the Gblocks program was used to extract the conserved blocks from the alignment (Larkin et al., 2007). On the basis of concatenated blocks, the phylogenetic tree was constructed using the tool “Seaview,” where the parsimony method with 1,000 bootstrap replicates was used (Gouy et al., 2009). A Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis was performed using the ortholog clusters from OrthoDB as well as a BUSCO plant gene set to find the completeness of the genome assembly (Simão et al., 2015; Zdobnov et al., 2017)1. For SSR marker identification, repeats were identified in each scaffold sequence using MISA11 (the MicroSAtellite identification tool) (Beier et al., 2017).



Pathway identification

The predicted proteins were uploaded in the KEGG-KAAS10 server for pathway identification using Glycine max, Medicago truncatula, Lotus japonicus, Arachis duranensis, and Arachis ipaensis as reference organisms to identify the enriched metabolic pathways in various gene sets (Moriya et al., 2007).




Results


Photosynthetic physiology

Photosynthetic leaf gas exchange characteristics exhibited significant variation among the 5 accessions (Figure 2). TOIL055 showed a maximum photosynthetic rate (Pn) of 9.76 μmol.m–2s–1, which was significantly higher than the rest of the accessions (F = 10.89; p < 0.0001) (Figure 2). There was no significant difference in Pn values of TOIL424 and TOIL407, which showed assimilation rates of 6.23 and 6.53 μmol.m–2s–1, respectively (Figure 2). Similarly, stomatal conductance (gs) (F = 26.32; p < 0.0001), the transpiration rate (E) (F = 2.98; p < 0.028), and leaf water use efficiency (WUEi) (F = 245.1; p < 0.0001) were significantly higher in TOIL055 when compared to other accessions (Figure 2). Internal CO2 concentration (Ci) in the leaf also showed significant difference among the accessions (F = 25.48; p < 0.0001) (Figure 2).
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FIGURE 2
Leaf gas exchange parameters of different accessions of pongamia along with above and belowground tissues biomass and amount of CO2 sequestered per plant. Data are the mean ± SD. The difference between variables of individual accessions was indicated with t and F statistic at *p = 0.1, **p = 0.05, and ***p = 0.01 level of significance.




Growth, yield, and destructive biomass measurements

Morphological growth characteristics like plant height, canopy width, plant girth and leaf area were measured for three representative plants of each accession and documented as mean ± SD with significance values in their variance (Table 1). The plant height and canopy width ranged from 4.5 (TOIL620) to 6.5 (TOIL224) and 6.1 (TOIL620) to 7.5 m (TOIL224), respectively, among the accessions (Table 1). TOIL224 showed maximum plant girth (80 cm), while TOIL407 showed minimum plant girth (71 cm) (Table 1). Leaf length and leaf width have not shown any significant difference among the five accessions (Table 1). In addition, pod and seed characteristics were measured from replicative plants after pod harvesting (Table 1). A single pod of pongamia plant can bear 1–4 seeds per pod, depending upon the accession (Figure 1D). The characteristics, including pod length (F = 98.1; p < 0.0001), pod breadth (F = 61.28; p < 0.0001), seed length (F = 29.89; p < 0.0001), breadth (F = 21.56; p < 0.0001), and thickness (F = 18.9; p < 0.0001), differ significantly among the five accessions (Table 1). Although 100-pod weight was not significantly differed between accessions, the values of 100-seed weight were significantly high in TOIL055 than in other accessions (F = 9.43; p < 0.0001) (Table 1). Reproductive yield was recorded for each accession and reported as mean ± SD (Table 1). Among all the elite trees, the highest pod yield of the 27-kg tree–1 year–1 was recorded in TOIL55, while the lowest-yield 20.5 kg tree–1 year–1 was recorded in TOIL620 (Table 1). The data of 14 morphological and phenological parameters of all elite trees were checked for any interrelation using the Pearson Correlation Coefficient, and the r2 values were tested for significant difference and represented in Supplementary Table 1. Plant height scaled positively with canopy width, seed length, 100-seed weight, and pod yield (Supplementary Table 1). Canopy width and leaf width also scaled positively with 100-seed weight and pod yield (Supplementary Table 1). Leaf characteristics like leaf length and leaf width were associated with pod yield, but the same were not correlated with 100- seed weight. Among yield parameters, 100-seed weight and pod yield were positively correlated with seed thickness and 100-pod weight, respectively (Supplementary Table 1). Interestingly, the oil content of seeds was not correlated with either of seed width or seed thickness. Furthermore, pod yield and seed weight had no relation to the oil content of seeds.


TABLE 1    Morphological, phenological, and reproductive yield characteristics of pongamia.
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The pongamia tree was completely uprooted to measure biomass of aboveground and belowground tissues independently (Figure 1E). Destructive biomass measurements clearly demonstrated that TOIL055 accession accumulated a 205 kg tree–1 total aboveground fresh biomass and a 120 kg tree–1 total belowground fresh biomass, whereas above and belowground dry biomass of same accession was 100 and 55 kg trees–1, respectively (Figure 2). Remaining accessions of pongamia have shown lower fresh and dry biomass after 5 years of growth (Figure 2). The carbon sequestration potential of pongamia was estimated by calculating the amount of CO2 sequestered per year. There was significant difference among pongamia accessions in CO2 sequestration capacity wherein TOIL055 accession showed 46 kg of CO2 per tree per year, which was higher when compared to the other accessions (F = 25.4; p = 0.0001) (Figure 2).



Oil content and GC/MS analysis

Oil content measured in different accessions exhibited significant variation among the elite trees (Table 1). The oil content was highest (36%) in TOIL055 seeds, which is a high-yielding variety, whereas seeds obtained from TOIL224 showed the lowest oil content (28.6%) (F = 28.4; p = 0.0001). GC/MS analysis of FAMEs prepared from seed oil revealed the quality of oil in various elite varieties (Table 2). The quality of seed oil has shown no variation among the accessions. The fatty acid composition of seed oil was predominated by oleic acid followed by linoleic acid, palmitic acid, stearic acid, along with linolenic acid and behenic acid, in most of the accessions (Table 2).


TABLE 2    Fatty acid methyl esters (FAMEs) analysis of oil extracted from five different pongamia accessions.
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Genome sequencing, assembly, and validation

The draft genome of P. pinnata was assembled by paired-end reads, generated by sequencing three hybrid libraries with different read lengths. One library each of Illumina HiSeq4000, NextSeq500, and MiSeq, with 150, 150, and 300 read lengths, respectively, were constructed. The sequencing resulted in generation of ∼408 million paired end reads, which were further processed to generate 356 million high-quality reads (Supplementary Table 2). These reads were subsequently assembled to generate 204,148 contigs, and these contigs were further merged into 199,825 scaffolds by closing the gaps. The longest scaffold had a sequence length of 48.3 Kb and a minimum sequence length of 960, with an average length of 3,432 bp. The statistics of contigs and scaffolds, including average sequence length, N50 value, number of non-ATGC characters, and number of sequences of various sizes, are given in Table 3. Complete single-copy and duplicated BUSCOs correspond to 71% of 5,366 searched BUSCO groups, while there were 26.3% missed BUSCOs obtained from the sequence alignment (Supplementary Table 3). The genomic data generated were aligned back to the assembled genome to find the read utilization percentage, which was found to be 80.63, 83.26, and 80.32% for HiSeq, NextSeq, and MiSeq libraries, respectively. With the help of the three Illumina short reads library data, the assembly showed relatively good N50 and BUSCOs. In order to validate the genome assembly, we aligned 22 million reads generated using the EST library from our previous study. Nearly 60% of reads were aligned with the genome, and 24,695 transcripts were mapped to the respective scaffolds with greater than 95% identity (Supplementary Data 1).


TABLE 3    Pongamia genome assembly statistics showing the contigs and scaffold features.
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Gene prediction and functional annotation

The scaffolds were used to predict gene models using de novo, RNASeq, and homology-based methods, which resulted in identification of 26,633 genes. Gene models identified using the de novo method were further utilized for functional annotation. Functional annotation classifies the data into various categories, such as the biological process, cellular components, and molecular functions wherein each scaffold is assigned to a particular category based on the sequence similarity with the existing databases. In the pongamia genome, around 82.9% of predicted genes were annotated against 30,000 proteins from the existing protein databases (UniProt, TrEmbL, and Swiss-Prot), and another 6,162 unannotated proteins were also identified (Supplementary Data 2). These proteins belonged to various categories, such as the biological process, the cellular component, and the molecular function (Figure 3). A large number of scaffolds were distributed in the cellular processes category (55.28%), of which the integral component of membrane, ATP binding, nucleus, and cytoplasm represented the maximum number of scaffolds (24.22, 12.53, 8.17, and 2.88%, respectively), followed by plasma membrane (1.75%), intracellular proteins (1.19%), extracellular region proteins (0.99%), membrane proteins (0.95%), intracellular membrane-bound organelle (0.94%), ribosome (0.9%), and chloroplast (0.76%) (Figure 3). The second largest component of Gene Ontology was molecular function, with a percentage distribution of 29.14, among which 5.24% of scaffolds represented DNA-binding proteins, followed by metal ion-binding proteins (4.99%), RNA binding (3.51%), protein kinase activity (3.34%), zinc ion binding (3.06%), nucleic acid binding (2.83%), protein serine/threonine kinase activity (2.24%), proteins with sequence-specific DNA binding, transcription factor activity (2.19%), and oxidoreductase activity (1.74%). Scaffolds distributed in the biological process category were majorly represented by proteins involved in transcription, regulation of transcription, the metabolic process, and the carbohydrate metabolic process (3.9, 3.35, 1.82, and 1.74%, respectively), followed by translation (1.09%), signal transduction (0.89%), intracellular protein transport (0.81%), RNA modification (0.71%), transmembrane transport (0.66%), and cell wall organization (0.64%). Gene ontology studies covered proteins belonging to all major categories, thus representing the depth of analysis.
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FIGURE 3
Gene ontology distribution of the scaffolds into the biological process, molecular function, and the cellular component. The number of scaffolds encoded for each category is represented.




Genome elements and structural features

In our study, a total of 15.74% of the base pairs were aligned with repetitive sequences with a reference-based repeat masker wherein 10.78% were retroelements, including, SINE’s, Penelope, and LINE’s (Table 4). The unified classification system grouped transposable elements systematically into 2 major classes, 9 orders, and 29 superfamilies based on the mode of chromosomal integration, gene structure, and sequence similarity. In pongamia, the major categories in retroelements are RTE/Bov-B (0.09%), L1/CIN4 (0.61%), LTR elements (10.06%), Ty1/Copia (4.87), and Gypsy/DIRS1 (4.9%). Whereas, the genome also represented 14.1% of DNA


TABLE 4    De novo and reference-based prediction of repetitive sequences in the pongamia genome.
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transposons, 0.49% hobo-activator, 0.01% Tc1-IS630-Pogo, 0.16% of Tourist/Harbinger, Interspersed repeats (12.45%), Small RNA’s (0.01%), Simple repeats (2.43%) and low complexity repeats (0.87%) were also identified in the pongamia genome (Table 4). De novo repeat prediction of the pongamia genome by a repeat modeler gave 43.6% of the bases as repetitive sequences of which 0.48% were LINEs, 6.94% were LTR elements, 0.64% DNA elements, 42% of total interspersed repeats, 1.6% of simple repeats, and 0.02% of low-complexity elements along with 33.9% of unclassified repeats (Table 4).

We examined a total of 199,825 sequences and identified 406,385 SSRs in which mono-nucleotide SSRs represented the largest fraction (53.7%), followed by tetra-nucleotide (21%), and di-nucleotide SSRs (17.5%) (Supplementary Table 4). Out of the total examined sequences, 143,942 sequences had at least 1 SSR, while 100,447 sequences had more than 1 SSR. Pongamia scaffolds also contained a quite significant number of tri—(7.3%), penta—(0.3%), and hexa nucleotide (0.15%) SSRs, although their representation is small in the total SSR pool (Supplementary Table 3).

In the current study, 55.3 Kb of the pongamia mitochondrial genome was compared with that of G. max and identified 81 scaffolds, representing different genes of mitochondrial metabolism (Supplementary Data 3). Figure 4 shows the BRIG image for blastn comparisons and reveals that the pongamia and soybean mitochondrial assemblies have a nearly complete genome identity. We mined sequences for ATPase subunits, cytochrome c biogenesis proteins, cytochrome c oxidase subunits, maturase, NADH dehydrogenase subunits, ribosomal proteins, and transport membrane proteins (Supplementary Data 3).
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FIGURE 4
Mitochondrial genome architecture of Pongamia pinnata with comparison to Glycine max. Moving from outside to inside, the first circle shows the blast alignment of the Glycine max, while the second purple ring represents blast alignment of the Pongamia pinnata. The third circle shows the GC Skew with above-zero values in green and below-zero values in purple. The fourth circle shows the mean centered GC content, with the average GC as the baseline and outward projections as higher than average and inwardly projections as lower than average. The inner circle shows the position coordinates for the mitochondrial genome sequence.




Genome comparison and phylogenetic analysis

Orthological studies were conducted to see the similarity of pongamia with that of other model legume plants and tree species by gathering the protein sequences from multiple sources, including TrEmbL, UniProt, and EST databases. Nearly, 16,236 functional proteins from P. pinnata identified in the current study were compared with that of 20,488 orthologous proteins of Glycine max, 19,302 of Medicago truncatula, and 16,238 of Populus trichocarpa (Figure 5). Among the analyzed proteins, 10,918 were common in all the four plant species, whereas 6,117 and 3,902 were common among 3 and 2 plant species, respectively, while 988 proteins annotated in this study were exclusively found in pongamia, showing the specificity of the proteins with only pongamia (Figure 5). Phylogenetic analysis was performed to know the evolutionary conservation of pongamia, revealing a monophyletic clade of Fabaceae members, which were separated from other tree species (Figure 6). In total, 65,536 orthologous clusters were extracted from whole genomes of different plant species and identified 25 single-copy orthologous clusters among diversified plant species based on which the phylogeny was deduced (Supplementary Data 4). Interestingly, pongamia out-grouped with pigeonpea and soybean, which are leguminous crops, while it converged with jatropha and populus that are biofuel yielding and slow-growing tree species, respectively. We also compared the phylogenetic relationship of pongamia with other plant species with respect to complete lipid metabolism genes (Supplementary Figure 2A). Similarly, based on the phylogeny of environmental interaction genes, pongamia was placed in between Cajanus cajan and Medicago truncatula, showing maximum homology with these legumes (Supplementary Figure 2B). We found that the photosynthesis-related genes were conserved mostly among Fabaceae members, forming a monophyletic group (Supplementary Figure 2C). Furthermore, the phylogeny of transcription factor genes revealed similar relationship as that of other metabolic pathway genes, showing maximum homology with legume members (Supplementary Figure 2D).
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FIGURE 5
A Venn diagram showing the uniformity between the orthologous proteins among four different plant species. A total of 16,179 proteins of pongamia identified in the current study were compared with that of Medicago truncatula, Populus trichocarpa, and Glycine max and found out the commonly shared proteins between 2, 3, and 4 species. Also represented 1,002 unique or uncharacterized proteins, which were not matched with any other protein in the existing databases.
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FIGURE 6
The phylogenetic relationship of pongamia with other related organisms based on the orthologous proteins. A Seaview program was used to compute the phylogenetic tree. The program used a fast distance-based (Neighbor-Joining) method, BioNJ, to compute a full initial tree. The values present in the image represent the branch length.




Characteristic features of protein coding genes

Ortholog assignment and mapping of the contigs to the biological pathways were performed using KEGG automatic annotation server (KAAS) (Supplementary Data 5). All the contigs were compared against the KEGG database using BLASTX with a threshold bi-score of 60 (default). It assigned Enzyme Commission numbers for 12,581 scaffolds, and they were mapped to respective categories (Supplementary Figure 1). Among the mapped scaffolds, 3,115 were identified as genes involved in metabolic pathways of major biomolecules, such as carbohydrates (857), amino acids (495), lipids (416), nucleotides (216), cofactors (226), glycans (102), and terpenoids (152), while 3,653 scaffolds representing 1,954 different unigenes were belonged to genetic information and processing, performing various functions, including transcription, translation, replication, and repair, as well as folding, sorting, and degradation. Another major KEGG group was signaling and cellular processes wherein 1,013 scaffolds encode 435 unigenes that perform various roles in endocytosis, phagocytosis, transport, and catabolism. Among these, 69 unique genes that belong to peroxisome metabolism were identified. Our data also identified genes involved in major signaling mechanisms, such as the MAPK- signaling pathway (115), the phosphotidyl inositol signaling system (56), as well as plant hormone signal transduction (217). Around 5% of the functional proteins were either uncharacterized or unannotated with the KAAS database (Supplementary Figure 1), while environmental adaptation (2%) represented a minor portion among different categories (Supplementary Figure 1). The genes involved in the following important metabolic pathways were studied further because of their significant interest to the improvement of pongamia.


Lipid metabolism

In the draft genome of pongamia, 311 scaffolds represented the genes involved in lipid metabolism, which were further categorized into fatty acid biosynthesis (22), elongation (24), degradation (26), ketone body synthesis and degradation (5), cutin, suberin, and wax biosynthesis (20), steroid biosynthesis (24), glycerolipid metabolism (47), glycerophospho lipid metabolism (49), ether lipid metabolism, arachidonic acid metabolism, and sphingolipid metabolism (Supplementary Data 6). The crucial gene features, including gene length, number and size of the exons, and introns of enzymes involved at various stages of fatty acid biosynthesis, are given in Table 3. The sequence information of genes involved in priming of acetyl CoA and malonyl CoA into long-chain acyl A and subsequent generation of free FAs by thioesterases and long-chain acyl-CoA synthetases to final production of TAGs were deduced in this study. The largest gene with 14,548 bp, possessing 33 exons and 32 intron regions corresponds to ACCase biotin carboxylase (BC), which is one of the subunits of the multi-subunit acetyl-CoA carboxylase (ACCase) complex that limits the oil accumulation in the seeds, while long-chain acyl Co-A Synthetase represented the longest intron of 9754 bp (Table 5). The fatty acid metabolism genes have majorly shown homology with Glycine max, indicating the conserved nature of lipid biosynthesis along the legume family members. The enzymes involved in unsaturated fatty acid biosynthesis, including SAD, FAD2, FAD8 that participate in biosynthesis of oleic acid, linoleic acid, and linolenic acid, respectively, showed maximum homology with legume members other than Glycine max (Table 5). The phylogenetic analysis of important lipid biosynthetic enzymes revealed the common ancestors for their evolutionary divergence. PpFAD2, PpFAD3, and PpFAD6 formed a distinct monophyletic group with Glycine max and Medicago truncatula, which belong to the same family (Supplementary Figure 3). However, PpFAD3 showed some sequence dissimilarity, thus forming a separate clade in the Fabaceae monophyletic group (Supplementary Figure 3).


TABLE 5    Gene characteristics of key enzymes involved in lipid metabolism of pongamia.
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Circadian rhythms, flowering, and plant pathogen interaction

We successfully identified 35 genes encoding various proteins that are involved in circadian rhythms and vernalization pathways of pongamia (Supplementary Data 7). The important genes among these are phytochrome-interacting factors (PIFs), EARLY FLOWERING 3, GIGANTEA, cryptochromes, phytochromes, chalcone synthase, Pseudo-response regulator 1, 5, and 7, Flowering locus T, as well as key transcription factors, including HY5, MYB-related transcription factor LHY, and TCP21 (Table 6). In Arabidopsis and other model plants, the GIGANTEA-CONSTANS-FLOWERING LOCUS T-APT signaling cascade acts as a major flowering regulatory mechanism (Roux et al., 2006). The size of the largest gene was 6,247 bp, having 4 exons and 3 introns coding for phytochrome B. The same gene had also represented the longest exon of 2,086 bp, while the longest intron was found in ELF3 (Table 6). All the flowering-related genes have shown maximum homology with legume family members wherein the majority of genes have shown similarity with G. max (Table 6). The sequence analysis of key flowering genes, including flowering locus T, gigantean, and PRR1, had shown their phylogenetic relationship with other legumes and biofuel plants (Supplementary Figure 4). Similarly, there are 122 genes regulating plant–pathogen interaction in pongamia (Supplementary Data 7). Calcium-binding proteins, signaling components, transcription factors, molecular chaperons, and gated ion channels are among the identified genes related to plant-pathogen signaling in pongamia (Supplementary Data 7).


TABLE 6    Gene characteristics of key enzymes involved in circadian rhythms and flowering regulation in pongamia.
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Genes involved in photosynthesis and energy metabolism

In addition to its biofuel properties, pongamia is also considered as a potential bioenergy tree species, showing high C sequestration efficiency. Of late, the plant is widely used for avenue plantation for tackling rising atmospheric CO2. Sequence information of genes involved in photosynthesis and energy metabolism of pongamia is the key to understand the tree C sequestration efficiency, which is usually different from model crop plants. We identified 226 scaffolds corresponding to energy metabolism and photosynthesis (Supplementary Data 8). The scaffolds represented the genes involved in oxidative phosphorylation (79), photosystem (39), and light harvesting complex proteins (16). Furthermore, 47 scaffolds encoded for proteins involved in the Krebs cycle associated with carbon fixation. Another important class was represented by genes involved in nitrogen and sulfur metabolism, which constituted a significant portion detailing about the nitrogen fixation and sulfur utilization in pongamia (Supplementary Data 8). We have analyzed the sequences of the RUBISCO large subunit (rbcL), the small subunit (rbcS), and phosphoenolpyruvate carboxylase (PEP carboxylase), and deduced their evolutionary position with other related plants (Supplementary Figure 5).



Karanjin biosynthesis

The seeds of pongamia contain karanjin, pongapin, pongaglabrin, kanjone, pongaglabol, which are all flavonoids. Karanjin, a furanoflavonol, is known to have insecticidal, acaricidal, and other medicinal properties (Jahan et al., 2021; Singh et al., 2021). In the current study, 22 scaffolds encoding for proteins involved in flavonoid biosynthesis were identified (Supplementary Data 9). However, the detailed metabolic insights into karanjin biosynthesis are yet to be characterized in pongamia.



Transcription factors

Transcription factors play a key role by binding to the specific elements present on the DNA called DNA-binding domains, thus regulating the gene expression (Strader et al., 2022). In our study, the amino acid sequences from G. max were taken as reference for mining the transcription factors of P. pinnata wherein a total of 2,373 scaffolds were identified encoding for 52 different types of transcription factor families (Figure 7 and Supplementary Data 10). Among these, the MYB family of proteins constituted a major portion, representing 296 proteins possessing a characteristic MYB DNA-binding domain and are known to play a key role in the plant development, differentiation, defense and metabolism, and abiotic and biotic stresses (Ambawat et al., 2013). Also, MYB-related proteins along with certain other transcription factors like PLATZ, Bhlh, GRAS, G2-like, PHD, CCAAT, can actively participate in regulating the expression of genes involved in fatty acid biosynthesis, elongation, palmitoleate, oleate, and stearate biosynthesis and fatty acid degradation (Troncoso-Ponce et al., 2011; Venglat et al., 2011; Mudalkar et al., 2014), while other transcription factors, such as HY5, ZTL, TCP21, and MYB-related proteins, are involved in regulating circadian rhythms and flowering cycles. Remaining scaffolds fall into the category of other major transcription factors, including bHLH (235) ERF (143), c2h2 (140), WRKY (133), NAC (121), and bZIP (95). A least number of scaffolds were for the RAV family (2) and the S1Fa family (2), while WHIRLY represented by 3 scaffolds followed by NF-X1 (4), LSD (4) HB-PHD (5), GeBP (5), and BBR-BPC (5). Although the transcription factor genes have shown maximum homology with Glycine max, there were significant mismatches and non-conserved regions in pongamia, presumably indicating different DNA-binding patterns and gene regulation mechanisms that need a detailed investigation.
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FIGURE 7
A pie chart showing distribution of scaffolds into various transcription factor families in pongamia. Values in a parenthesis represent the number of scaffolds for each family.






Discussion

Pongamia pinnata L. belongs to the Fabaceae family of the Rosids clade and can grow in a variety of agro-climatic regions, making it a potential source of non-edible feedstock for biodiesel production (Scott et al., 2008). To meet the future demands of biofuel, it is critical to identify the elite varieties and establish large-scale plantations of pongamia by extensive selection and propagation (Sunil et al., 2009; Kesari et al., 2010b; Sahoo et al., 2010; Kazakoff et al., 2012). In this study, we report phenotypic characteristics and carbon sequestration potential of five elite pongamia accessions and highlight the bioenergy and biofuel properties of pongamia. Following that, sequencing of the pongamia genome enabled the draft genome assembly of this genetically underexplored tree species in order to better comprehend its complex genomic structure. To the best of our knowledge, this is the first report on the draft genome of a non-model legume tree species, which can act as a potential biofuel feedstock. The sequence information, genome properties, genes, and transcripts identified in this study will answer many questions about inconsistent yields, long gestation periods, flower drop, gall midge disease, stress tolerance, and varietal polymorphism in pongamia.


Photosynthesis and carbon sequestration

The leaf gas exchange parameters of five pongamia accessions revealed the carbon sequestration potential of pongamia. Lower Pn rates in TOIL424 and TOIL407 when compared to other accessions can be attributed to lower levels of gs, which might have restricted the supply of CO2 to the carboxylation site of Rubisco. It was evident from the data that Pn rates of both TOIL424 and TOIL407 were decreased with concomitant decrease in gs, suggesting the stomatal regulation of photosynthesis. There was no change in intercellular CO2 (Ci) levels in the accessions, suggesting absence of mesophyll limitation to internal CO2 diffusion and also indicating that the reduction of photosynthesis was not solely associated with restriction to CO2 in TOIL424 and TOIL407. The decrease in gs, with no change in the transpiration rate, indicated nonstomatal control of leaf transpiration in pongamia. Higher Pn rates led to higher leaf-level water use efficiency in TOIL055, TOIL224 compared to TOIL424 and TOIL407, implying that these accessions may tolerate moderate drought stress conditions and give better yields even in stressful environments. It is evident from our data that the Pn rates also correlated with pod yield of the accessions (Figure 2 and Table 1). Thus, the direct screening of genotypes for higher Pn, gs, and WUEi under natural climatic conditions should be advantageous in selecting the germplasm to attain higher productivity. Photosynthetic CO2 assimilation is crucial to obtain feedstock for biofuel production, which includes lignin (for ethanol), cellulose (for bioethanol), starch (for bioethanol), and oils (for biodiesel) (Ranadheer et al., 2019; Antar et al., 2021; Parida et al., 2022). Also, it is the ultimate process that produces ATP and NADPH, which are subsequently utilized in the Calvin cycle and other biochemical pathways to produce the sugars, starch, oils, and other bio-molecules that collectively form biomass. In 5 years of growth, pongamia accessions accumulated an average dry biomass of the 110 kg tree–1, which is much higher than other biofuel and bioenergy crops, including jatropha and mulberry (Sekhar et al., 2014, 2015; Kumar et al., 2017). This could be attributed to its higher carbon sequestration capacity wherein the photosynthetic rates were uniformly maintained during 5 years of the growth period, which is unusual for many other tree species. Legume crops and trees fix atmospheric nitrogen through symbiotic association with Rhizobium spp., and this could play an important role in maintaining a stoichiometric equilibrium between the N reserves and sequestered C (Sreeharsha et al., 2015). Being a legume tree, pongamia actively formed root nodules as evidenced in this study (Figure 1), and the symbiotic N fixation could presumably be responsible for more biomass accumulation and carbon sequestration. The amount of CO2 sequestered per tree by pongamia was relatively more when compared to Jatropha (24 kg carbon per tree) (Kumar et al., 2017), corroborating the fact that pongamia is a dependable tree species for long-term CO2 mitigation from the atmosphere in a substantial and accountable manner besides producing biofuel.

Pongamia accessions, including TOIL055, TOIL424, TOIL224, TOIL407, and TOIL620 whose yields ranged from 20.5 to 27.1 kg tree–1 year–1, are best suited for establishing large-scale plantations for providing ample feedstock, meeting industrial demands. Our further calculations on oil yields showed that TOIL055 has the potential of 67 tons/hectare/year of pod yield, which would approximately yield 5,884 gallons of oil. The pod and seed characteristics of 5 pongamia accessions documented in this study slightly vary with those of previously reported elite varieties (Kaushik et al., 2007; Sunil et al., 2009; Kesari et al., 2010a). The outcrossing reproductive strategy results in wide genetic diversity among pongamia accessions, which manifests in almost all physiological characteristics of the plant (Kesari et al., 2008). Correlating several phenotypic differences in plant height, canopy width, leaf and seed morphology, as well as differences in oil quantity with pod yield, should serve as physical markers to identify elite varieties. Pod yield positively correlated with plant height, canopy width, and the leaf area, and this could be considered as a positive descriptor for selection of elite varieties. The bottom line is that one should consider the plants with more height and canopy size as well as with more seed thickness to obtain higher seed and oil yields to meet the industrial demands. TOIL055, TOIL424, TOIL224, TOIL407, and TOIL620 are such accessions, fulfilling the above criteria, and the germplasm is preserved in our experimental farm for further experimentation via establishment of plantations. Seed oil content of the pongamia, which was reported to be in the range of 20 to 38%, is the key feature to categorize the accessions into elite varieties (Dwivedi and Sharma, 2014). The oil quantity of the accessions reported in this study ranged from 28 to 36%, and, interestingly, it had no correlation with pod yield or 100-seed weight. Nevertheless, the total extractable oil is more when the plant produced more pods in the case of the reported elite accessions. The saponification number, iodine value, and cetane number of pongamia FAMEs certainly meet the global biofuel industry standards (Mitra et al., 2021). Other important feature like the cloud point (8.3°C) and the pour point (2.1°C) of pongamia oil are highly satisfactory for its use in tropical and some temperate climates (Viswanathan et al., 2013). In this study, the fatty acid compositions, as revealed by the GC/MS analysis of pongamia seed oil, did not differ significantly among different accessions, as well as from the information in the available literature. Qualitatively, the oil was predominated by oleic acid (55%), followed by linoleic acid (14%), and palmitic acid (8%). However, there needs to be improvement in the seed and oil yields of pongamia by comprehensive understanding and alteration in the seed oil composition through molecular breeding as well as genomic approaches, which is critical to the implementation of biodiesel use in varied climatic conditions as already manifested in other biofuel plants, including camelina and jatropha.



Genomic elements that govern the growth, development, and productivity in pongamia

Whole genome sequencing can provide thousands of nuclear markers for phylogenetic and population level studies, enabling genome-wide investigations into fundamental aspects. Also, the next generation sequencing technologies and bioinformatics tools enable assembly and annotation of short reads into a meaningful genome, particularly for non-model organisms without a known reference. In the legume family, the genome of several crop plants, including Cajanus cajan, Glycine max, Medicago spp., and Lotus japonicus, were successfully sequenced, and the sequence information is available in the public databases (Sato et al., 2008; Schmutz et al., 2010; Young et al., 2011; Varshney et al., 2012). For sequencing the pongamia genome, we have chosen different libraries with varied read lengths to maximize the number of reads and quality of alignment. The overall high-throughput sequencing of three libraries resulted in generating ∼65.2 gb of data, representing approximately ∼60-fold coverage of the predicted P. pinnata genome (Choudhury et al., 2014). The assembly statistics, including N50 value, BUSCO groups, number of contigs, and total contig length, demonstrated that the library preparation in this study was optimum to obtain good number of contigs and scaffolds as reported in similar studies (Sato et al., 2008; Young et al., 2011). In general, high N50 value indicates that the assembly contains fewer and lengthy contigs, representing entire chromosome sequence. However, the lower N50 and BUSCOs in this study when compared to assemblies of other plant species can be attributed to the inclusion of more number of contigs with shorter lengths, with the aim of obtaining maximum possible gene fragments with the available short reads. A significant homology of gene sequences obtained in this study with that of transcriptome of pongamia corroborates the fact that the assembly and annotation were of good quality. Nevertheless, the N50 value and BUSCO groups can be further enhanced by filling the gaps with the help of sequencing reads of different lengths and chemistry, for example, minion Nanopore sequencing. Furthermore, there was no significant difference among different sequencing platforms in read utilization percentage and number of reads, thus indicating optimum utilization of sequencing data for valid assembly. In general, the length of contigs, which ranges from 20 to 200 Kb, depends on the read chemistry and quality of raw reads wherein the largest contig in jatropha was reported as 29.74 Kb and as 185.39 Kb in pigeonpea (Sato et al., 2008; Varshney et al., 2012). The size of the assembly of the pongamia draft genome is ∼685 Mb, with ∼0.02% of gaps, which represents 62% of the ∼1,100 Mb of the predicted genome through flow cytometry (Choudhury et al., 2014). There are 54 species belonging to Rosids clade with complete genome sequence available in the public databases, with a maximum size of 1,130 Mb and minimum of 130 Mb, representing Brassica napus and Capsella rubella, respectively (Slotte et al., 2013; Chalhoub et al., 2014), while, in the Fabaceae family, 9 plant species were sequenced wherein Glycine max showed the largest genome size of 1,115 Mb and Phaseolus vulgaris had shown a minimum sequenced genome of 520 Mb (Schmutz et al., 2010). We used the BUSCO gene set to validate the genome assembly and found that 65.4% of all BUSCO plant genes were represented in the assembly, providing quantitative measures of the completeness of annotated gene sets in terms of expected gene content (Supplementary Table 3). For genomics data quality control, BUSCO provides a biologically meaningful completeness metric that complements technical measures like N50 of contig or scaffold. It detects duplicated, fragmented, and missing genes, as well as allowing quantitative comparisons with data from model organisms or closely related species (Waterhouse et al., 2018). BUSCO data sets comprise genes evolving under “single-copy control” that is within each lineage they are near-universally present as single-copy orthologs. In pongamia, the presence of fewer missing BUSCOs in the genome assembly and annotated gene sets indicates the sequencing and assembly and annotation captured the complete expected gene content to the maximum. Furthermore, low sequence identity of duplicated BUSCOs in the overall assembly could indicate that the genome annotation successfully gathered sequenced haplotypes. The sequencing depth, quality of assembly, and annotation invariably depend on genome size and complexity, and the predicted genome sizes usually realized only after re-sequencing and reassembly. The draft genome of other important biofuel crop jatropha was reported to be 70–75% of its predicted genome, while it was 72% in the food legume crop, pigeonpea (Sato et al., 2008; Varshney et al., 2012).

Most of the eukaryotic genome consists of repetitive DNA sequences, such as SINE’s, LINE’s, and transposable elements, which are known to be interspersed throughout the chromosome or restricted to centromere or telomeres as junk DNA. Repetitive DNA sequences are also predominant in the plant genome, and they range from 3% of the U. gibba genome to 85% of the maize genome (Michael, 2014). They consist of a plethora of genetic information and considered as hotspots for evolution of eukaryotic taxa. Among various categories of repetitive DNA sequences, the transposable elements are capable of moving their locations within the genome so that they can generate genomic plasticity by inducing various chromosomal mutations and allelic diversity. In addition to polyploidization, transposon amplification is also considered as the main mechanism to increase the genome size of a particular species during its evolution (Fedoroff, 2000). Nevertheless, there are certain epigenetic modifications that regulate the uncontrolled proliferation of transposable elements due to which the size and the number of transposons vary from species to species (Lee and Kim, 2014). Well-assembled genome sequences are necessary to characterize different classes of repetitive elements to identify large-scale gene colinearity across related species and to reconstruct the organization and evolution of transposable elements (Bennetzen and Wang, 2014). De novo repeat analysis in pigeonpea identified 51.7% of repetitive DNA, whereas R. communis and G. max had 50 and 59%, respectively (Chan et al., 2010; Schmutz et al., 2010; Varshney et al., 2012). The total number of repeats identified in jatropha was 36.6% of which 29.9% were class I transposable elements, including Gypsy and copia-type LTR retroelements (Sato et al., 2008). Pongamia repetitive DNA observed in the current study is less when compared to other legume species and biofuel tree species, which, presumably, indicate presence of more protein-coding regions or other non-translated regions. Molecular markers, including Restriction Fragment Length Polymorphisms (RFLPs), Randomly Amplified Polymorphic DNA (RAPDs), Single nucleotide polymorphism (SNPs), and microsatellites/SSRs (Simple Sequence Repeats), play an important role in identification of cells, individuals, or species and, also, in the construction of linkage maps, plant breeding, and marker-assisted selections in plants. The genome of jatropha revealed the presence of 41,428 SSRs of which 46.3, 34.3, and 19.4% of di-, tri-, and tetra-nucleotide SSRs, respectively (Sato et al., 2008). In comparison, the Pongamia genome possesses higher number of mono- and tetra- nucleotide SSRs when compared to other repeats, and, also, the study resulted in identification of significantly high number of SSRs (406,385), which could play a major role in marker-assisted breeding in Pongamia for its improvement. Plant species are known to have unique mitochondrial genomes that vary in size and number of genes based on their evolutionary gain or loss. The soybean mitochondrial genome was annotated to 58 functionally known genes and 52 genes with unknown functions (Chang et al., 2013). Similarly, the pongamia mitochondrial genome contains 11 hypothetical proteins as reported in this study.

In this study, we have performed rigorous phylogenetic analysis that provides valuable information about evolutionary conservational status of pongamia. Certainly, it is interesting to know the phylogeny of pongamia, which is a versatile leguminous tree species with other Fabaceae members that are dominated by crop plants of a shorter life cycle. Based on the phylogeny of orthologous clusters, pongamia out-grouped from G. max and Cajanus cajan, revealing its unique abilities to synthesize oil and other commercially important products like karanjin (Figure 6). In the large Rosids clade, the Fabids group of Eurosids was subdivided into 8 orders where Fabales and Malpighiales form two distinct paraphyletic groups. Although jatropha and pongamia are potential biodiesel-producing plants belonging to Malpighiales and Fabales orders, respectively, it was clear from the data that the fatty acid-producing genes were evolved through independent gene duplication events after the divergence of fabids clade (Supplementary Figure 2A), while another important biofuel plant, such as Camelina sativa belonging to Brassicales, out-grouped completely as Malvids diverged from Fabids nearly a 1,000 years ago. The pongamia genome supposedly contains one gene for each enzyme isoform, indicating the absence of obvious gene duplication for lipid metabolism. The degree to which genes remains on corresponding chromosomes (synteny) and in corresponding orders over time varies between eukaryotic genomes (Ghiurcuta and Moret, 2014). Even within close relatives, angiosperm genomes vary dramatically in size and arrangement, with recurring whole-genome duplications accompanied by gene loss that has fragmented ancestral gene linkages across multiple chromosomes over the past 200 million years. Gene synteny and colinearity are explained on the basis of well-conserved sequence blocks (Syntenic blocks) present on one chromosome across the species or genomes. The conservation could be in terms of orientation, adjacency, and position of homologous sequences associated with the corresponding mapped chromosome. Syntenic blocks reduce the complexity of aligning the genomic structures, and they shall be long enough to make their conservation statistically significant. Thus, further elucidation of linkage groups and a genetic map will reveal the conserved syntenic blocks of pongamia to better understand the evolutionary divergence of this potential tree species with other related clades. Pongamia, being an oil seed plant, is important to study the lipid metabolism genes to improve the oil quality for its use as biofuel. Accumulation of unsaturated fatty acids is believed to be an ideal feature for biodiesel production with good cetane number. The FAMEs of pongamia oil belonging to different geographical locations have shown a sizeable portion of oleic acid and linoleic acid as the seed progresses to maturity by the end of the growing season (Pavithra et al., 2012; Singha et al., 2019). The oil biosynthesis is highly regulated temporally through lipid biosynthetic and degradation pathways wherein crucial rate-limiting enzymes are involved. The carboxylation of acetyl CoA to malonyl CoA is the first-rate limiting reaction and is followed by sequential reactions to ultimately generate fatty acyl CoA (Sreeharsha et al., 2016). Our data revealed the structural features along with untranslated regions of key genes, including FAD2, FAD3, and FAD6, as well as PDAT and DGAT, which play an important role in unsaturated fatty acid biosynthesis. Functional characterization of these genes may reveal the unique features of these enzymes, which could help in altering the fatty acid composition of pongamia by modulating the expression patterns. In most tree species, the seed yield and production cycles are dependent on flowering patterns, which, in turn, are regulated by circadian rhythms. Circadian rhythms and plant –pathogen interactions are two crucial mechanisms for pongamia as the inconsistent and lengthy flowering pattern is a hindrance to breeding and cultivation practices. The genes involved in circadian rhythms integrate the environmental signals with internal metabolism and help in the adaptation of plants to different environmental conditions. The sequence information of genes involved in floral transitions, and circadian rhythms will help to modulate the temporal gene expression to alter the flowering cycles in pongamia. Recent studies have postulated important circadian clock genes (ELF4, PRR7, TOC1, and LCL1) in pongamia, which are under diurnal regulation of the central oscillator (Winarto et al., 2015). Our data mined the complete gene sequence of PRR and ELF gene families wherein PRR5 showed more number of introns and possessed longer gene length of 5,743 bp. PRR1, PRR3, PRR5, PRR7, and PRR9 are members of the PRR gene family and have important roles in the central oscillator, whereas ELF3 and ELF4 are clock genes known to form an evening complex (EC) with LUX (Doyle et al., 2002; Khanna et al., 2003; Nozue et al., 2007; Nusinow et al., 2011). The complex synchronization between these clock genes generates circadian rhythms, thus regulating the output pathways, such as flowering. LHY and MYB75 are MYB-like transcription factors that play pivotal roles in the morning loop of the central oscillator. Since the MYB domain is known for DNA binding, these transcription factors could play an important role in the DNA-binding activity of pongamia LCL1 (Carré and Kim, 2002). The genes that show circadian rhythms will have a role in regulating the grain yield, grain weight, number of grains per panicle, and flowering time in many plants, including legumes. The plant’s physiological phenomenon, such as flower opening, nectar secretion, seed composition, and development, was controlled by genes that are under circadian control (Hudson, 2010; Preuss et al., 2012). The regulatory networks of these genes can be edited using the sequence information deduced in this study, which will have a significant impact on modulating the flowering cycles in pongamia.




Conclusion

Our data present crucial physiological and morphological parameters to establish agroforestry carbon projects using pongamia. We have identified physiological descriptors as well as genes that control seed yield potential in pongamia accessions that help in huge plantations. Furthermore, we sequenced the whole genome of Pongamia pinnata to unravel the sequence information of genes involved in important metabolic pathways. We report ∼680 Mb of a genome sequence, which is ∼62% of the predicted 1.1 Gb of the pongamia genome. The sequencing strategy of including multiple Illumina sequencing platforms enhanced the sequencing depth and quality of raw reads, thus facilitating low-cost genome sequencing. A complete set of annotated gene sets offers a starting point for a detailed characterization of gene functions, biochemical and regulatory pathways or quantitative trait loci, thus facilitating comparative genomics and evolutionary studies. The current pongamia assembly provides a useful reference for future efforts to establish a complete genome for this potential tree species. We deduced characteristics of genes involved in crucial metabolic pathways of pongamia, including fatty acid metabolism, energy metabolism, flowering regulation, and karanjin biosynthesis. The phylogenetic analysis showed the evolutionary conservation of pongamia genes and the position of pongamia with respect to other related species. Our data are the first step toward characterizing the full genome of this potential biofuel-yielding tree species. Further attempts of re-sequencing with different read chemistry will certainly improve the genetic resources at a chromosome level and accelerate the molecular breeding programs for pongamia.
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Understanding the genetic variability within a plant species is paramount in implementing a successful breeding program. Spider plant (Gynandropsis gynandra) is an orphan leafy vegetable and an extraordinary source of vitamins, secondary metabolites and minerals, representing an important resource for combatting malnutrition. However, an evaluation of the leaf elemental composition, using a worldwide germplasm collection to inform breeding programs and the species valorization in human nutrition is still lacking. The present study aimed to profile the leaf elemental composition of G. gynandra and depict any potential geographical signature using a collection of 70 advanced lines derived from accessions originating from Asia and Eastern, Southern and West Africa. The collection was grown in a greenhouse using a 9 × 8 alpha lattice design with two replications in 2020 and 2021. Inductively coupled plasma–optical emission spectrometry was used to profile nine minerals contents. A significant difference (p < 0.05) was observed among the lines for all nine minerals. Microelements such as iron, zinc, copper and manganese contents ranged from 12.59–430.72, 16.98–166.58, 19.04–955.71, 5.39–25.10 mg kg−1 dry weight, respectively, while the concentrations of macroelements such as potassium, calcium, phosphorus and magnesium varied in the ranges of 9992.27–49854.23, 8252.80–33681.21, 3633.55–14216.16, 2068.03–12475.60 mg kg−1 dry weight, respectively. Significant and positive correlations were observed between iron and zinc and calcium and magnesium. Zinc, calcium, phosphorus, copper, magnesium, and manganese represented landmark elements in the genotypes. Eastern and Southern African genotypes were clustered together in group 1 with higher phosphorus, copper and zinc contents than Asian and West African lines, which clustered in group 2 and were characterized by higher calcium, magnesium and manganese contents. An additional outstanding group 3 of six genotypes was identified with high iron, zinc, magnesium, manganese and calcium contents and potential candidates for cultivar release. The genotype × year interaction variance was greater than the genotypic variance, which might translate to phenotypic plasticity in the species. Broad-sense heritability ranged from low to high and was element-specific. The present results reveal the leaf minerals diversity in spider plant and represent a baseline for implementing a minerals-based breeding program for human nutrition.
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Introduction

Understanding the plant elemental composition is crucial for both plants and humans. The elemental composition relates to any share of the ionome; this latter refers to the composition of mineral nutrients and trace elements of an organism and constitutes the inorganic component of cellular and organismal systems, such as the leaf, seed or whole plant (Salt et al., 2008). The minerals include macroelements such as carbon (C), nitrogen (N), potassium (K), oxygen (O), calcium (Ca), magnesium (Mg), phosphorus (P), hydrogen (H), and sulfur (S); microelements such as copper (Cu), zinc (Zn), manganese (Mn), iron (Fe), molybdenum (Mo), boron (B), nickel (Ni), and chlorine (Cl), which are essential for plants; and beneficial elements such as cobalt (Co), aluminum (Al), sodium (Na), selenium (Se) and silicon (Si) (Pilon-Smits et al., 2009; Kirkby, 2012). In plants, macro- and micro-elements are key components of biochemical and physiological processes, including DNA synthesis, photosynthesis, chlorophyll biosynthesis, protein modifications, nitrogen fixation and sugar metabolism (Hänsch and Mendel, 2009; Maathuis, 2009; Singh et al., 2016). The plant elemental composition is an essential component of human nutrition, particularly in the current situation where mineral deficiencies or hidden hunger affect more than two billion people worldwide, with the majority living in low- and middle-income countries, mainly in Asia and sub-Saharan Africa (Tulchinsky, 2010; FAO, IFAD, UNICEF, WFP, and WHO, 2019). Elemental composition profiling is often conducted using high-throughput technologies, including inductively coupled plasma–atomic emission spectrometry (ICP–AES), inductively coupled plasma–mass spectrometry (ICP–MS), X-ray fluorescence (XRF) and neutron activation analysis (NAA) (Salt et al., 2008; Huang and Salt, 2016).

The plant elemental composition results from the complex interaction among minerals and is controlled by genetic and physiological processes, although it is also affected by the environment (Baxter, 2009). The main environmental factor driving the changes or variations in plant elemental composition is the soil because almost all the required mineral nutrients and trace elements are absorbed from the soil. For instance, Hogan et al. (2021) observed changes in the root and leaf tissue elemental composition of plant species across a fertility gradient. The plant mineral composition can inform environmental or ecological adaptation. For instance, leaf elemental composition profiling discriminated accessions from different European ecological regions in Arabidopsis halleri (L.) O’Kane and Al-Shehbaz (Stein et al., 2017), and the fruit elemental composition revealed geographical signatures in Indian accessions of Artocarpus heterophyllus Lam. (Debbarma et al., 2021). The elemental composition is species-specific (White et al., 2012; Watanabe et al., 2016; Neugebauer et al., 2020) but mainly driven by phylogeny (Zhang et al., 2021a) and life forms (Watanabe and Azuma, 2021). In addition, the elemental composition is tissue-specific (Watanabe et al., 2016; Neugebauer et al., 2020) and cultivar-specific (Watanabe et al., 2016; Coulibali et al., 2020) and depends on the growth stage (Huang and Salt, 2016). Thus, genotype × environment interaction is a driving force of elemental accumulation in particular plant species/crop. Understanding the natural variation of the elemental composition among landraces, varieties, or genotypes will provide insights into their adaptation to various local environments of occurrence and provide a solid basis for minerals-based breeding programs to tackle hidden hunger.

Vegetables, particularly orphan or underutilized vegetables, are an important source of micronutrients and represent an affordable source of minerals for local communities (Mwadzingeni et al., 2021; Sarker et al., 2022). The increasing interest in orphan leafy vegetables is particularly due to their distinct richness in minerals, vitamins, phytochemicals and antioxidants (Orech et al., 2007; Nyadanu and Lowor 2015; Moyo et al., 2018) and good adaptation to local conditions. They represent a good asset to adapt to environmental constraints such as drought (Sarker and Oba, 2018) and salinity (Sarker et al., 2018; Hossain et al., 2022). Some of the most nutritious orphan African leafy vegetables include amaranth (Amaranthus spp.), spider plant [Gynandropsis gynandra (L.) Briq.], African nightshade (Solanum spp.), celosia (Celosia argentea L.), gboma eggplant (Solanum macrocarpon L.), jew’s mallow (Corchorus olitorius L.) and Ethiopian kale (Brassica carinata A. Braun) (Grubben et al., 2014).

Spider plant (G. gynandra syn. Cleome gynandra L.), belonging to the Cleomaceae family, is an annual herb with increasing interest because of its high vitamin, mineral and secondary metabolite contents, representing an important resource for combatting malnutrition (Schӧnfeldt and Pretorius, 2011; Neugart et al., 2017; Omondi et al., 2017; Moyo et al., 2018; Gowele et al., 2019; Sogbohossou et al., 2019, 2020; Chataika et al., 2021; Thovhogi et al., 2021). The reported minerals in leaves, which are the most consumed parts of spider plant, include iron, zinc, calcium, copper, potassium, magnesium, manganese, phosphorus and sodium (Jiménez-Aguilar and Grusak, 2015; Omondi et al., 2017; Gowele et al., 2019; Thovhogi et al., 2021). Most previous studies assessing elemental composition in leaves of G. gynandra aimed at revealing its superiority in macro- and microelements over popular vegetables for human nutrition. Furthermore, these studies used various methods and technologies, and germplasm was limited to a country or region in Africa, with the most prominent being the study of Omondi et al. (2017). Although significant variation was observed, these authors did not attempt to identify landmark elements to differentiate accessions in the species, as has been shown in the species based on morphology (Wu et al., 2018; Sogbohossou et al., 2019) and secondary metabolites (Sogbohossou et al., 2020) using worldwide accessions. Therefore, knowledge of natural elemental composition variation among geographically diverse accessions of G. gynandra is limited.

We hypothesized that: (i) there is a significant variation in leaf mineral variation in a worldwide assembled genotypes of G. gynandra from Asia and Eastern, Southern and West Africa; (ii) the leaf elemental composition of spider plant’s genotypes depends on the geographical origin of genotype; (iii) the leaf mineral elements content in G. gynandra are interrelated to guide direct selection; and (iv) leaf minerals content is moderately heritable in G. gynandra. The objectives of the present study were to: (i) profile the leaf elemental composition of G. gynandra using worldwide assembled genotypes from Asia and Eastern, Southern and West Africa; (ii) determine the potential geographical signature of the leaf elemental composition; (iii) assess the relationship among the mineral element concentrations; and (iv) estimate the quantitative genetic parameters of element composition in the leaves of G. gynandra.



Materials and methods


Plant material

Seventy advanced lines developed from 70 accessions (Table 1) originating from Asia (18), West Africa (18), Eastern Africa (14) and Southern Africa (20) were used in this study. The initial accessions were obtained from the germplasm collection of the Laboratory of Genetics, Biotechnology and Seed Science of the University of Abomey-Calavi (Republic of Benin); the World Vegetable Center (Taiwan); the Kenya Resource Center for Indigenous Knowledge (Kenya); the Lilongwe University of Agriculture and Natural Resources (Malawi); the Namibia Botanical Gardens (Namibia); the Wageningen University and Research (Netherlands) and the University of Ouagadougou (Burkina-Faso). The advanced lines were developed through four generations of self-pollination.



TABLE 1 List of advanced lines of Gynandropsis gynandra used in this study and their origin.
[image: Table1]



Experimental design and growth conditions

The germplasm was evaluated over two years, from September to December 2020, and from January to April 2021. Both experiments were laid out in a 9 × 8 alpha design with two replicates in a greenhouse at the Controlled Environment Facility (29°46′ S, 30°58′ E) of the University of KwaZulu-Natal, Pietermaritzburg Campus, South Africa. Seeds were pretreated by heating at 40°C for 3 days to improve germination before sowing in cell trays filled with growing media. Cell trays were established in the greenhouse. Seedlings were grown for four weeks in a nursery and transplanted in 14 l (27 cm height × 30 cm top diameter × 21 cm bottom diameter) tapered cylindrical pots with three plants per pot. Pots were filled with composted pine bark growing media. The growing media was characterized by 30.78% of carbon, 1.10% of nitrogen, 1.35% of calcium, 0.33% of magnesium, 0.25% of potassium, 0.34% of phosphorus, 469.99 mg kg−1 of sodium, 181.35 mg kg−1 of zinc, 42.41 mg kg−1 of copper, 1034.08 mg kg−1 of manganese, 13349.42 mg kg−1 of iron, and 6452.14 mg kg−1 of aluminum on dry matter basis. Basal fertilizer composed of N:P:K (2:3:2) at a dose of 150 kg ha−1 was applied before transplanting, and limestone ammonium nitrate (28% N) was applied as topdressing two weeks after transplanting at a dose of 100 kg ha−1. Automated drip irrigation was used to water the plants, while weeds were controlled manually. During 2020, the average temperature and relative humidity were 28°C day/20°C night and 78.5%, respectively. In 2021, the average temperature and relative humidity were 31° C day/22°C night and 77.4%, respectively.



Minerals analysis

Four weeks after transplanting, leaves were randomly collected in paper bags from all the plants in each replicate and bulked to obtain at least 20 g per genotype. The collected leaves were immediately transported to the laboratory, washed and oven-dried at 65°C for 72 h. After cooling, dried leaves were ground using a mortar and pestle into a powder and sieved using a 1 mm screen sieve. Two independent replicates of 0.5 g each of sieved powder were weighed in porcelain crucibles using an analytical balance (D & T, ES-E200A, max = 200 g, d = 0.1 mg, China). Samples were afterwards ashed in a muffle furnace at 550°C for 2 h. The obtained ashes were digested using 10 ml of double acid composed of nitric acid (HNO3, 65%, Merck, Germany) and hydrochloric acid (HCl, 32%, Merck, Germany) mixed at a ratio of 1:3 (Jones, 2001). The resultant mixtures were placed on a hot plate at 250°C for 30 min and later cooled for 1 h. Digestates were filtered using Whatman paper Grade 1 (Qualitative Filter Paper Standard Grade, circle, 125 mm, Merck, Germany) into a 100 ml volumetric flask and made up to the mark using deionized water. The resultant solutions were analyzed using an inductively coupled plasma-optical emission spectrometer (ICP–OES; Varian 720-ES, Varian Inc., Mulgrave, Victoria, Australia) for Ca, Cu, Fe, K, Mn, Mg, Na, P and Zn at the ICP Laboratory of the School of Chemistry and Physics of the University of KwaZulu-Natal, Pietermaritzburg Campus. The wavelengths used were 317.933 nm for Ca, 324.754 nm for Cu, 259.940 nm for Fe, 766.491 nm for K, 279.078 nm for Mg, 257.610 nm for Mn, 588.995 nm for Na, 213.618 nm for P, and 213.857 nm for Zn. An ICP multielement aqueous certified reference standard (1,000 μg mL−1 ULTRASPEC® 5% HNO3) was purchased from De Bruyn Spectroscopic Solutions Company, South Africa and used for calibration. All mineral contents were reported in mg kg−1 on a dry weight basis (mg kg−1 DW).



Data analysis

All statistical analyses were conducted in R software version 4.1.1 (R Core Team, 2021). Data quality was assessed for outlier detection according to Bernal-Vasquez et al. (2016) using the Bonferroni–Holm test based on studentized residuals at the level of significance of 5%. The normality of the data was assessed using the Shapiro Wilk test, and only magnesium data were normally distributed. Descriptive statistics, including mean, minimum, maximum, range, coefficient of variation, and standard error, were generated to characterize the germplasm using the function describe() from the R package “psych” (Revelle, 2019). When necessary, the difference among genotypes and regions of origin was tested through an analysis of variance or Kruskal–Wallis test using the function aov() or kruskal.test(), respectively. Variance components for each mineral were estimated in each year and across years. Each year, data were analyzed separately by implementing a linear mixed model following this statistical model:
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in which [image: image] was the phenotypic observation of the ith genotype in the kth replicate, [image: image] was the overall mean, [image: image] was the random effect of the kth replicate, [image: image] was the random effect of the ith genotype, and [image: image] was the random residual. Broad-sense heritability was calculated according to Hallauer et al. (2010) as follows:
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where [image: image] is the total genotypic variance, [image: image] is the residual variance, and [image: image] is the number of replications.

Variance components across years were estimated by fitting a linear mixed-effect model according to the following statistical model:
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in which [image: image] was the phenotypic observation of the ith genotype in the kth replicate at the jth year, [image: image] was the overall mean, [image: image] was the random effect of the jth year, [image: image] was the random effect of the kth replicate within the jth year, [image: image] was the random effect of the ith genotype, [image: image] was the random effect of the interaction between the ith genotype and the jth year, and [image: image] was the random residual. Residual variances were assumed to be heterogeneous among years. Broad-sense heritability across years was calculated according to Hallauer et al. (2010) as follows:
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where [image: image] is the total genotypic variance, [image: image] is the genotype × year interaction variance, [image: image] is the residual variance, r is the number of replications, and n is the number of years. As adjusted means across years, the best linear unbiased estimators (BLUEs) were estimates from the across years analysis, assuming fixed genotype effects. The BLUEs were therefore used in the further analyses. All linear mixed-effects models were fitted using the restricted maximum likelihood (REML) implemented in the “ASReml-R” package version 4.1.0.160 (Butler et al., 2017). Phenotypic and genotypic correlation coefficients among all leaf mineral elements and their significance level were calculated using META-R software version 6.04 (Alvarado et al., 2020). Path coefficient analysis was carried out using the path.analysis() function of the R “agricolae” package (de Mendiburu, 2021) to partition phenotypic correlation into direct and indirect effects of other minerals contents on iron content. To assess the relationship among the genotypes and the leaf mineral elements, a principal component analysis was performed using the PCA() function implemented in the R “FactoMineR” package (Lê et al., 2008). Furthermore, we performed a hierarchical clustering on principal components (HCPC) using the HCPC() function of the same R package to group the genotypes based on the minerals, and the results were visualized as a factor map using the fviz_cluster() function of the R package “factoextra” (Kassambara and Mundt, 2020). Significant differences among clusters were tested using the Kruskal–Wallis test followed by Dunn’s post-hoc test for mean separation using the function dunn.test() from the R package “dunn.test” (Dinno, 2017). The genetic advance (GA) for each mineral was computed as:
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where [image: image] is the phenotypic standard deviation, [image: image] is the broad-sense heritability, and i is the standardized selection differential at a selection intensity of 5% (i = 2.06) (Singh and Chaudhary, 1985). Genetic advance over mean (GAM) was further computed as:

[image: image]

where [image: image] and GA are the genetic advance and the overall mean of the element content, respectively. Genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV) and error coefficient of variation (ECV) were estimated as described by Burton and DeVane (1953) as follows:
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where [image: image] is the genotypic variance, [image: image] is the phenotypic variance, [image: image] is the residual variance, and [image: image] is the overall mean.




Results


Macroelements profile of leaves in Gynandropsis gynandra

The macroelements detected at significant levels in the leaves of G. gynandra included calcium, potassium, phosphorus and magnesium (Table 2). The most abundant macroelement was potassium, with content ranging from 9992.27 to 49854.23 with a mean of 26393.85 mg kg−1 dry weight (DW), followed by calcium (8252.8–33681.21 mg kg−1 DW), phosphorus (3633.55–14216.16 mg kg−1 DW) and magnesium (2068.03–12475.6 mg kg−1 DW), with average contents of 18539.7, 8558.29 and 6719.83 mg kg−1 DW, respectively. A highly significant difference (p < 0.001) was observed among lines overall and within the region of origin for all macroelements contents (Figure 1). In addition, regions of origin differed significantly (p < 0.001) for all macroelements contents except for potassium content (Supplementary Figures 1A–D). On average, lines originating from West Africa had the highest calcium and magnesium contents, followed by the Asian lines. In contrast, Eastern and Southern African genotypes had the highest phosphorus content, whereas West African genotypes had the lowest phosphorus content (Supplementary Figures 1A–D).



TABLE 2 Descriptive statistics of nine mineral contents in a population of 70 advanced lines of G. gynandra evaluated across years (2020 and 2021).
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FIGURE 1
 Variation in leaf macroelements content among 70 advanced lines of Gynandropsis gynandra evaluated across years (2020 and 2021). (A) Calcium content; (B) Potassium content; (C) Magnesium content and (D) Phosphorus content. Bar plots are means and error bars represent standard errors across years (n = 4).




Microelements profile of leaves in Gynandropsis gynandra

The order of importance of microelements contents in the leaves of G. gynandra was manganese > iron > zinc > copper. The manganese content varied from 19.04 to 955.71 mg kg−1 DW, with the highest variability (CV = 66.98%). The iron content ranged between 12.59 and 430.72 with an average of 133.04 mg kg−1 DW and constituted the second most variable microelement in the leaf. The zinc content had a CV of 38.67% and varied between 16.98 and 166.58, with an average of 55.85 mg kg−1 DW. With the lowest CV (31.35%), the copper content was 12.17 mg kg−1 DW on average with a range of 5.39–25.1 mg kg−1 DW. For iron, a significant difference (p < 0.05) was noticed among genotypes overall, while a high significant difference (p < 0.01) was observed among genotypes within each region (Figure 2A). Although no significant difference (p = 0.162) was observed among regions of origin across the 2 years for iron content, a significant difference (p < 0.05) was observed among regions of origin in each year with fluctuating performance of the regions of origin from one year to another (Supplementary Figure 1E). Regarding copper, a very significant difference (p < 0.01) was observed among genotypes overall and within Asian, West and Southern African regions, but a marginal level of significance (p = 0.055) was observed among Eastern African genotypes (Figure 2B). A highly significant difference (p < 0.001) was observed among regions of origin across the two years for copper content, with Southern African genotypes having the highest copper content and West African genotypes having the lowest copper content (Supplementary Figure 1F). Manganese and zinc showed a highly significant difference among genotypes overall and within the region of origin (p < 0.001; Figures 2C,D) but also among regions of origin (Supplementary Figures 1G,H). West African genotypes had the highest manganese content, followed by the Asian genotypes and the Eastern and Southern African genotypes (Supplementary Figure 1G). In contrast, the Southern African genotypes had the highest zinc content, while the lowest was observed for West African genotypes (Supplementary Figure 1H).
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FIGURE 2
 Variation in leaf microelements content among 70 advanced lines of G. gynandra evaluated across years (2020 and 2021). (A) Iron content; (B) Copper content; (C) Manganese content and (D) Zinc content. Bar plots are means and error bars represent standard errors across years (n = 4).




Sodium content in leaves of Gynandropsis gynandra

Sodium is another beneficial element investigated in the present study. The average sodium content was 1143.55 mg kg−1 DW with a coefficient of variation of 24.61%. A highly significant difference was noticed among genotypes overall (p < 0.001, Figure 3). While a highly significant difference was observed among genotypes within each region for sodium content (Figure 3), no significant difference (p = 0.17) was depicted among the regions of origin (Supplementary Figure 1I).
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FIGURE 3
 Variation in leaf sodium content among 70 advanced lines of G. gynandra evaluated in 2020 and 2021. Bar plots are the means, and error bars represent standard errors across years (n = 4).




Estimates of genetic parameters of leaf mineral elements

Estimates of genetic parameters, including variance components, heritability, genetic gain, phenotypic coefficient of variation (PCV), genotypic coefficient of variation (GCV) and error coefficient of variation (ECV), for each element per year and across years are presented in Supplementary Table 1 and Table 3, respectively. Genotypic variance for each leaf elemental composition of G. gynandra was higher than the residual variance in each year except for copper and iron in 2021 (Supplementary Table 1). Consequently, high broad-sense heritability was observed and ranged from 0.62 to 0.99 for all mineral contents in both 2020 and 2021 except for copper content (0.41) in 2021. The genotypic and phenotypic coefficients of variation were moderate to high for all mineral contents each year (Supplementary Table 1). Similarly, genetic gains were moderate to high for all element concentrations per year except potassium content (27.92%) in 2020 and copper content (19.20%) in 2021 (Supplementary Table 1). Across years, genotype × year interaction variance was higher than the genotypic variance for all mineral contents except for calcium and phosphorus contents. Broad-sense heritability across years varied from 0.00 to 0.78, with calcium content (0.78 ± 0.05) and phosphorus content (0.76 ± 0.06) having relatively high values. Moderate broad-sense heritability was observed for potassium (0.41 ± 0.14), magnesium (0.56 ± 0.11), manganese (0.31 ± 0.17), sodium (0.35 ± 0.16) and zinc (0.53 ± 0.11) contents. Genotypic variance across years for iron content was null with a heritability equal to zero. Variable genetic gains at 5% selection intensity were observed for the leaf mineral elements with no genetic gain for iron and the highest (35.27% over the mean of the current population) for calcium content (Table 3). The error coefficient of variation was low (<10%) for magnesium, manganese, sodium, phosphorus and zinc contents, moderate for calcium (11.88%) and potassium (14.19%) contents, and high for calcium (22.70%) and iron (31.26%) contents. A high (>20%) coefficient of genotypic variation was noticed for manganese and zinc contents and moderate for calcium, potassium, magnesium, sodium and phosphorus contents (Table 3). The phenotypic coefficient of variation was moderate to high for all leaf mineral elements (Table 3).



TABLE 3 Estimates of genetic parameters for the leaf mineral content in 70 advanced lines of G. gynandra evaluated across years (2020 and 2021).
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Phenotypic and genotypic correlation among leaf elemental components

Phenotypic correlation coefficients (rp) and genotypic correlation coefficients (rg) between the elemental composition of the leaves in Gynandropsis gynandra are summarized in Table 4 and ranged from −0.58 to 0.67 and − 0.99 to 0.82, respectively. The highest, positive, and significant correlation was observed between calcium and magnesium contents (rp = 0.67, rg = 0.82, p < 0.001), while the highest negative and significant correlation was observed between calcium and phosphorus contents (rp = −0.58, p < 0.001) for phenotypic one and between copper and magnesium (rg = −0.99, p < 0.001), and copper and sodium (rg = −0.99, p < 0.001) contents for genotypic one. Some traits displayed similar patterns for both types of correlations. A moderate, significant, and positive correlation was observed between the concentrations of phosphorus and zinc (rp = 0.31, rg = 0.37 p < 0.01), magnesium and manganese (rp = 0.39, rg = 0.48, p < 0.001), and potassium and sodium (rp = 0.30, rg = 0.45, p < 0.05), and zinc and manganese (rp = 0.49, rg = 0.57, p < 0.001). While a moderate, significant, and positive correlation was observed between the concentrations of copper and phosphorus (rp = 0.40, rg = 0.75, p < 0.001), calcium and magnesium (rp = 0.67, rg = 0.82, p < 0.001) at phenotypic level, a high, significant, and positive correlations were observed at genotypic level between the same elements. Phosphorus content had a moderate, negative, and significant phenotypic correlation, and a high, negative, and significant genotypic correlations with calcium and magnesium contents. There was a moderate and positive phenotypic correlation between iron and manganese (rp = 0.49, p < 0.001) and iron and zinc (rp = 0.42, p < 0.001). At genotypic level, no correlation was found between iron content and all minerals contents. The significant correlation observed between phosphorus and potassium contents (rp = 0.24, p < 0.05) was weak. Copper was not correlated with magnesium, manganese and sodium at phenotypic level but had a highly significant and negative correlation with the same elements at genotypic level (Table 4).



TABLE 4 Phenotypic correlation coefficients (below diagonal) and genotypic correlation coefficients (above diagonal) among nine leaf mineral concentrations in a population of 70 advanced lines of G. gynandra.
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Path analysis

Direct and indirect effects of calcium, copper, potassium, magnesium, manganese, sodium, and zinc contents on iron content were estimated using path coefficient analysis and results were presented in Table 5. Manganese and phosphorus had high and positive direct effects on iron content. The high direct effect of manganese was accompanied with a significant and positive correlation. In contrast, the high direct effect of phosphorus and its negative indirect effect via calcium made the total correlation insignificant. Zinc had a considerable and positive direct effect as well as positive indirect effects via manganese and phosphorus along with a significant correlation. Calcium had moderate and positive direct effect but its negative and moderate indirect effect via phosphorus made the total correlation coefficient insignificant. Potassium had a negative and moderate direct effect, but its indirect and positive effect via phosphorus led to an insignificant correlation. Residual effect of 0.61 was observed, which showed that only 39% of the variability was explained by the eight minerals traits investigated in this study. Plus, 61% variability might be controlled by other contributing traits to iron content that were not included in the present study.



TABLE 5 The direct (bold diagonal numbers) and indirect effects of eight mineral elements on iron content in a population of 70 advanced lines of G. gynandra.
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Clustering patterns among genotypes

The principal component analysis (PCA) showed that the first three components explained 64.73% of the total variation in the leaf elemental composition (Figure 4; Supplementary Table 2). The first principal component retained 27.52% of the total variation and was positively and significantly correlated with calcium and magnesium contents but negatively with phosphorus (Figure 4; Supplementary Table 2). Iron, zinc and manganese concentrations were positively and significantly associated with the second principal component, which explained 22.46% of the total variation (Figure 4; Supplementary Table 2). The third principal component accounted for 14.75% of the total variation and was significantly and positively correlated with potassium and sodium contents (Figure 4; Supplementary Table 2). Furthermore, the PCA differentiated West African genotypes from both Eastern and Southern African genotypes, while Asian genotypes were spread between the West African and the Eastern and Southern African genotypes (Figure 5). The PCA biplot based on the first two components showed that the West African genotypes were characterized by calcium and magnesium contents. In contrast, Eastern and Southern African genotypes had substantial phosphorus and copper contents, with some genotypes having high iron, zinc and manganese contents (Figure 5).
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FIGURE 4
 Correlation circle showing leaf mineral elements projection on (A) the first two principal components and (B) the first and third principal components. Cos2 refers to the quality of representation for variables on the principal component.
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FIGURE 5
 Biplots of the first principal component (PC1) versus the second principal component (PC2) for the leaf elemental composition in a population of 70 advanced lines of G. gynandra. Ninety percent bivariate ellipses were represented for lines from the same geographical origin. Asia (n = 18), Eastern Africa (n = 14), Southern Africa (n = 20); and West Africa (n = 18).


The hierarchical clustering on principal components classified the 70 G. gynandra genotypes into three clusters (Figure 6), whose characteristics are presented in Figure 7. Cluster 1 consisted of 41.43% (n = 29) of all genotypes and predominantly genotypes from Eastern (n = 10) and Southern (n = 16) Africa with three genotypes from Asia and therefore was named East/Southern African. Cluster 1 was characterized by low calcium, magnesium and manganese contents but had high phosphorus and copper contents with moderate iron and zinc contents. Genotypes in cluster 2 were mainly from West Africa (18) and Asia (12), with few from Southern (2) and Eastern (3) Africa (Figure 6). Cluster 2 encompassed 50.00% of all genotypes and was called Asian/West African. High calcium content together with moderate magnesium and manganese contents and low phosphorus, copper and zinc contents described cluster 2 (Figure 7). The last cluster, cluster 3, was composed of six genotypes, three, two, and one from Asia, Southern Africa and Eastern Africa, respectively. Cluster 3 was the best and was characterized by high iron, zinc, magnesium and manganese contents with moderate calcium content (Figure 7).

[image: Figure 6]

FIGURE 6
 Factor map displaying the grouping pattern of 70 advanced lines of G. gynandra based on the hierarchical clustering on principal components analysis (HCPC). Cluster 1 (n = 31), Cluster 2 (n = 33) and Cluster 3 (n = 6). AS: Asia; EA, Eastern Africa; SA, Southern Africa; WA, West Africa.
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FIGURE 7
 Clusters’ performance comparison based on nine elemental compositions of the leaf of G. gynandra. (A) Calcium content; (B) Copper content; (C) Iron content; (D) Potassium content; (E) Magnesium content; (F) Manganese content; (G) Sodium content; (H) Phosphorus content; and (I) Zinc content. Cluster 1 (n = 31), Cluster 2 (n = 33) and Cluster 3 (n = 6). Boxplots with the same alphabetic letter are not significantly different at p < 0.05 according to Dunn’s post-hoc test.





Discussion


Elemental status of Gynandropsis gynandra leaves

Leaves of G. gynandra are highly nutritious and rich in potassium, calcium, sodium, phosphorus, magnesium, iron, manganese, zinc and copper. This aligns with previous reports on the species leaf mineral content and potential in improving human nutrition (Jiménez-Aguilar and Grusak, 2015; Omondi et al., 2017; Moyo et al., 2018; Thovhogi et al., 2021). The concentrations in iron, zinc, calcium, magnesium, manganese, phosphorus, copper, potassium, and sodium were comparable with those reported by Moyo et al. (2018), Omondi et al. (2017) and Thovhogi et al. (2021), but with some differences. For instance, the highest iron content in the present study (430.72 mg kg−1) was comparable to that reported by Thovhogi et al. (2021) (431.3 mg kg−1) but significantly lower than that of Omondi et al. (2017) (5,892 mg kg−1) with the latter pointing out potential contamination of their samples by dust. The differences observed might also be associated with the genotype, environment and agricultural practices. Moyo et al. (2018) showed the superiority in mineral contents of G. gynandra over Beta vulgaris L. (Swiss chard) and Brassica oleracea var. capitata (cabbage), two world leading-consumed vegetables, with G. gynandra having 3.3- and 5.5-fold phosphorus, 1.4- and 1.8-fold potassium, 2.7- and 10.4-fold calcium, 4- and 2-fold iron and 1.2- and 2.1- fold zinc contents more than B. vulgaris and B. oleracea var. capitata, respectively. The calcium, magnesium, and potassium concentrations in the leaves of G. gynandra were higher than those reported in Amaranthus species (Shukla et al., 2006; Sarker and Oba, 2019).

Given the high mineral content, regular consumption of spider plant will be strategic in addressing micronutrient deficiencies and providing better human health because of the diverse essential biological, physiological, and metabolic functions of minerals in the human body. There are multiple roles of iron in the human body, which include: (i) serving as an oxygen carrier through red blood cell hemoglobin from the lungs to tissues, (ii) acting as an electron transporter within cells, and (iii) representing an essential component of enzyme machinery and DNA synthesis (Conrad and Umbreit, 2000; FAO and WHO, 2004). Iron represents one of the most deficient micronutrients in the diet of many populations, especially in Asia and Africa, and is responsible for diseases, including anemia, which mostly affects children, and pregnant and reproductive stage women in marginal regions of the world (Drakesmith et al., 2021). The recommended dietary allowance (RDA) for iron is between 7 and 18 mg/day, depending on age group (Institute of Medicine, 2006). With a serving size of 100 g fresh weight (FW), leaves of G. gynandra could provide 7.88 to 20.27% of the recommended dietary allowance (RDA) depending on the age group, with the lowest being for women between 19 and 50 years old (see Supplementary Table 3). This agreed with previous reports on the species (Van Jaarsveld et al., 2014; Jiménez-Aguilar and Grusak, 2015). Therefore, meeting the daily recommended intake of vegetables (300 g; Willett et al., 2019) using spider plant will contribute up to 50% of the RDA of iron. More importantly, a consumption of 300 g of leaves of genotypes in cluster 3 would provide 80% of RDA for adults, except premenopausal women. Spider plant would, therefore, contribute to alleviating iron deficiency.

Zinc is the second essential micromineral, and because of its ability to bind to several enzymes and transcription factors (Chasapis et al., 2020). Zinc deficiency remains an important health challenge in many low- and middle-income countries, including Sub-Saharan Africa (SSA), with a high prevalence in children, and pregnant and reproductive stage women, with consequences associated with increased child morbidity and mortality, adverse maternal health and pregnancy, and impaired childhood growth (Gupta et al., 2020). The consumption of 100 g fresh leaves of G. gynandra may provide between 5 and 7% of the RDA to adolescents and adults, respectively. This observation agreed with previous reports on the low contribution of the species and some other leafy vegetables to the diet for zinc (Gowele et al., 2019; Ejoh et al., 2021). However, spider plant could be a good source of zinc (19.84% of the RDA) for infants between 1 and 3 years old (see Supplementary Table 3).

Calcium confers rigidity to the skeleton (main cation of bone mineral), intervenes in most metabolic processes and is the second messenger of signals between the intracellular machinery and the plasma membrane (Bronner and Pansu, 1999; Power et al., 1999). Magnesium, mostly in muscles and soft tissues but low in extracellular fluid, acts as a cofactor of more than 300 enzymes involved in many physiological and biological processes (FAO and WHO, 2004; Glasdam et al., 2016). Depending on age group, the RDAs for calcium and magnesium were 500–1,300 mg/day and 80–430 mg/day, respectively (Institute of Medicine, 2006). While consuming 100 g of fresh leaves of spider plant provides 15% of RDA on average for adolescents, the same serving provides approximately 39 and 20% for infants (1–3 years old) and adults under 50 years old, respectively. In addition, G. gynandra leaves (100 g FW) could provide more than 50% of the RDA of magnesium for infants and children, with approximately 89% of the RDA to infants (1–3 years old; see Supplementary Table 3). Spider plant can be used to supplement calcium and magnesium for infants and children.

Manganese is a necessary nutrient for the human body, as it is crucial for the antioxidant system, development and metabolism (Avila et al., 2013). Manganese deficiency was associated with generalized growth impairment, birth defects, reduced fertility, impaired bone formation, altered metabolism of lipids, proteins and carbohydrates, and several diseases (e.g., Down’s syndrome, epilepsy, Perthest disease, osteoporosis Mseleni disease; Avila et al., 2013). Irrespective of the age group, a serving size of 100 g of fresh leaves of spider plant could significantly supply the daily requirements of manganese (>100%, see Supplementary Table 3). Spider plant is, therefore, a prime source of manganese.

Potassium constitutes the major intracellular cation in the human body and refers to an electrolyte due to its role as an electrical charge messenger that activates various nerve and cell functions (Sobotka et al., 2008). It is essential for the maintenance of normal levels of fluid inside cells. Potassium is also involved in building proteins and muscle, maintaining normal body growth, and controlling the electrical activity of the heart and the acid–base balance. Potassium also helps heart muscle contraction and supports normal blood pressure (Martínez-Ballesta et al., 2010). Sodium represents the major extracellular cation and is vital in regulating transmembrane gradients, fluid balance (maintaining normal fluid levels outside of cells), and blood pressure (Thomas and Bishop, 2013). Abnormal levels of potassium and sodium may lead to various pathological disorders, including hypernatremia, hyponatremia, hyperkalemia, hypokalemia (Ganong William, 2005; Pohl et al., 2013; Thomas and Bishop, 2013). Cardiac arrhythmia may result from a sudden loss of potassium (Pohl et al., 2013). The maintenance of the flux of these two electrolytes is assured by the Na+/K+-ATPase pump (Pivovarov et al., 2019). Ma et al. (2022) showed that higher sodium and lower potassium intakes were associated with a higher cardiovascular risk. Therefore, increasing potassium intake and reducing sodium intake is required, with a call for attention to the diet’s Na:K ratio (Baer et al., 2022). The RDAs of sodium and potassium were 1,000–1,500 mg/day and 2,000–3,400 mg/day, respectively (National Academies of Sciences Engineering and Medicine, 2019). A serving size of 100 g fresh leaves of G. gynandra may provide 0.81–1.22% of the RDA for sodium and 8.28–14.08% of the RDA for potassium according to the age group (see Supplementary Table 3). Interestingly, the positive correlation between sodium and potassium associated with the low sodium and high potassium content with a high K/Na ratio (K/Na = 23) of spider plant leaves is an important outcome and shows the potential of the species in addressing cardiovascular risk, blood pressure, maintaining electrolyte balance and muscular function. This agrees with previous reports on the richness of green leafy vegetables as a source of potassium (Ejoh et al., 2021).

Phosphorus is essential for many metabolic processes, particularly those involved in maintaining acid–base balance (Chongtham et al., 2021). Deficiency and excess of phosphorus are called hyperphosphatemia and hypophosphatemia, respectively. Phosphorus deficiency is unusual, but when it occurs, it is associated with painful bones, skin sensitivity, numbness, fatigue, anxiety, changes in body weight, irregular breathing and growth retardation (Renkema et al., 2008; Martínez-Ballesta et al., 2010). Given that the RDAs of adolescents and adults are 1,250 and 700 mg/day, respectively, consumption of 100 g of fresh leaves of spider plant could provide 7.30 and 13.05% of RDAs for adolescents and adults, respectively (see Supplementary Table 3).

Copper functions as a vital constituent of many metalloenzymes (monoamine oxidase, ferroxidases, diamine oxidase, dopamine b-monooxygenase), which act as oxidases in molecular oxygen reduction (Institute of Medicine, 2006). Copper deficiency is linked to diseases such as osteoporosis, hemosiderosis, abnormal bone formation with skeletal fragility, rheumatoid arthritis, hypochromic anemia, neutropenia, hair and skin hypopigmentation, lowered immunity, joint pain, vascular aberrations and kinky hair (Watts, 1989; Bhattacharya et al., 2016). The RDA of copper varies from 0.34 to 0.9 mg/day (Institute of Medicine, 2006). Therefore, the consumption of 100 g of fresh leaves of spider plant may provide between 14.42 and 38.19% of the daily requirement of copper. Specifically, a serving of recommended intake of vegetables (300 g) using spider plant may contribute up to more than 40% of the RDA for adolescents and adults (see Supplementary Table 3). Spider plant, would, therefore, contribute to alleviating copper deficiency.

Given the above role of each mineral in human health, the positive correlations observed between calcium and magnesium, magnesium and manganese, calcium and manganese, copper and phosphorus, iron and zinc, zinc and manganese, iron and manganese, sodium and potassium, potassium and phosphorus, phosphorus and zinc are of great importance in maintaining the proper functioning of the human body. The positive association between iron, zinc and manganese will reinforce the immune and antioxidant systems (Cannas et al., 2020). The association between calcium, magnesium and manganese is of importance in strengthening the bones, teeth, and nervous system (Quintaes and Diez-Garcia, 2015). More importantly, these positive associations show the potential contribution of spider plant leaves in maintaining blood pressure, preventing cardiovascular disease, improving enzyme machinery, energy metabolism, fluid-electrolyte balance, regulating cell volume, and cell signal transduction. In addition, the leaves could contribute to improving the anti-inflammatory system, muscle contraction and relaxation, reproductive system, nucleic acid and protein synthesis, gene expression regulation, cell cycle progression, apoptosis and homeostasis.

Therefore, introducing the spider plant into the human diet will provide key essential minerals to overcome hidden hunger, as the species is also a rich source of vitamins and important phytochemicals (Sogbohossou et al., 2019, 2020; Chataika et al., 2021; Moyo and Aremu, 2022). Based on the elemental status of G. gynandra leaves, the species can be used in biofortification programs, including medical supplementation and product fortification. Efforts are still needed to popularize and grow the species on large scale within and across countries/continents. To this end, genotypes in cluster 3 are potential candidates for species promotion. Several factors can affect leaf nutritional values, including soils, agronomic practices (fertilization, harvest time), developmental stages, cooking methods, and postharvest techniques. As nutritional value is genotype-specific, more investigations are needed to assess the effects of these factors on the nutritional values of the species (Moyo et al., 2018; Sogbohossou et al., 2019; Achigan-Dako et al., 2021). Other key components include the bioavailability of nutrients and the effects of the different cooking processes on bioavailability. Furthermore, the bioavailability of minerals depends on various factors, mainly concentration of anti-nutrients, such as phytic acid, oxalic acid, tannins and total polyphenols among others. Consequently, further studies should assess the variability in antinutrients (phytic acid, acid oxalic, etc.) among these advanced lines to establish the bioavailability profile of each genotype.



Genetic variation of leaf elemental composition in Gynandropsis gynandra

Spider plant exhibits a significantly wide range of variations in the leaf elemental composition, representing an important resource for breeding programs. This confirms previous reports of significant variation in leaf mineral concentrations among genotypes of G. gynandra (Omondi et al., 2017; Thovhogi et al., 2021). The difference between these previous studies and the present study is the large collection used and the origin of the genotypes being from Asia and different regions of Africa, making our study more comprehensive, as most previous studies used genotypes from Eastern and Southern Africa (Jiménez-Aguilar and Grusak, 2015; Omondi et al., 2017; Thovhogi et al., 2021). Genotypes from this African region were found in the present study to cluster together and share the same genotypic background, as evidenced by Sogbohossou (2019). The observed variability was driven by the diverse provenance of the genotypes used as reported origin dependence in morphology (Wu et al., 2018; Sogbohossou et al., 2019), vitamin contents (Sogbohossou et al., 2019), secondary metabolite concentrations (Sogbohossou et al., 2020), seed mineral composition, seed morphology and germination (Blalogoe et al., 2020), antioxidant activity (Chataika et al., 2021), and photosynthesis traits (Reeves et al., 2018) in the species. The local adaptation in the species might further explain this.



Differentiation of genotypes and evidence of local adaptation

The present study demonstrated three groups in G. gynandra based on the leaf elemental composition, including two major groups, the first being the East/Southern African group and the second being the Asian/West African group. The East/Southern African group is characterized by high phosphorus, copper and zinc contents, while the Asian/West African group had higher calcium, magnesium and manganese contents. This grouping was similar to that obtained by Reeves et al. (2018) based on DNA sequencing and phylogenetic reconstruction and photosynthesis traits of nine accessions from Asia, Eastern, Southern and West Africa. Furthermore, this difference might be associated with the role of minerals (phosphorus, copper, zinc, calcium, magnesium and manganese) in photosynthesis and many other physiological, biochemical and metabolic processes in plants, but also adaptability to the stress tolerance (Hänsch and Mendel, 2009; Maathuis, 2009). Another reason could be the induced changes by the environmental factors of the genotype origin with results of specific ion accumulation over time as local adaptation strategies (Huang and Salt, 2016). This signal of geographical association, particularly local adaptation, with the elemental composition has also been reported for the leaves of accessions of Arabidopsis halleri from different European ecological regions (Stein et al., 2017) and for fruits in Indian accessions of Artocarpus heterophyllus (Debbarma et al., 2021). The observed variation offers an opportunity to investigate genes associated with element or ion accumulation in the species as strategies for environmental adaptation, as reported in Arabidopsis thaliana (Campos et al., 2021). In-depth studies are required to understand the species’ ability to absorb nutrients from soils and to what extent soil affects the leaf elemental composition in the species. The local adaptation might further be explained by the genotype × year interaction variance greater than the genotypic variance, which might translate the phenotypic plasticity in the species, as QTLs by environmental interactions were observed to control mineral composition divergence in rice (Tan et al., 2020), maize (Asaro et al., 2016), and switchgrass (Zhang et al., 2021b). However, evaluation under different environmental conditions is required. Because this study focused on leaves, future studies should include different plant parts, including stems, flowers, pods, and seeds.



Breeding and biofortification avenues for minerals-dense cultivars in Gynandropsis gynandra

Given the considerable variability observed, the present study offers several rooms for breeding nutrient-dense cultivars to tackle hidden hunger. The genotypes in cluster 3 are candidates for release and use in programs tackling micronutrient iron and zinc deficiencies. However, the biomass potential of the present germplasm used in this study should be assessed to identify morphological traits associated with mineral contents, as done by Sogbohossou et al. (2019), between morphology and vitamin concentrations in the species. Understanding the gene action controlling the leaf mineral content will play a key role in designing appropriate breeding strategies for improved cultivar development. In addition, genes controlling the leaf mineral content should be deciphered using a large natural collection and advanced populations, such as multiparent advanced generation intercross (MAGIC), recombinant inbred lines (RILs) and nested association mapping (NAM). These populations could be developed using the genotypes from clusters 1 and 2. Several methods could be used, including genome-wide association studies (GWAS) and QTL mapping, which will be easier with ongoing efforts to release the genome of G. gynandra (Hoang et al., 2022).

The positive correlation between iron and zinc offers the possibility for simultaneous selection, as low heritability was observed for iron but moderate for zinc. This correlation contrasted with that observed by Omondi et al. (2017) and Thovhogi et al. (2021), who found no association between iron and zinc. This might be associated with the germplasm used, and these authors used genotypes from the same geographical region, East/Southern Africa. Furthermore, the absence of correlation between iron content and all other minerals contents at the genotypic level revealed that the environment played a significant role in the concentration of iron in spider plant as well as its correlation with other traits. The positive correlation observed between calcium and magnesium, and copper and phosphorus was also reported by Thovhogi et al. (2021), offering the possibility for simultaneous selection. Therefore, calcium and copper contents could be increased with magnesium and phosphorus contents, respectively. Similarly, the positive correlation between the concentrations of magnesium and manganese as well between potassium and sodium at both phenotypic and genotypic levels showed that high magnesium and potassium content would be associated with high manganese and sodium content, respectively. Phosphorus had negative and significant correlations with calcium and magnesium contents at both phenotypic and genotypic levels, indicating that increased phosphorus content would decrease calcium and magnesium contents. Similarly, an increase in copper content would reduce magnesium, manganese, and sodium contents in spider plant as significant and negative correlations were observed between copper and these elements at genotypic level. As these correlations changed at the phenotype level with no correlation, therefore, environment influenced the association between copper content and magnesium, manganese, and sodium contents. At genotypic and phenotypic levels, the significant and positive correlation of zinc with manganese and phosphorus, revealed that zinc content directly increased with manganese and phosphorus contents. In contrast, zinc content would decrease magnesium and sodium contents at genotypic level, but this would be influenced by the environment as the absence of correlation at the phenotype level was observed between these traits. Consequently, manganese and phosphorus contents could be selected in improving zinc content in spider plant.

The high direct and positive effect along with a significant correlation of manganese content on iron content showed that manganese is the most contributing trait to iron content. Similarly, zinc had positive and considerable direct effect on iron content and a significant correlation. Consequently, direct selection based on manganese and zinc contents would significantly improve the iron content in spider plant. The high to moderate direct effect of calcium, potassium and phosphorus and their insignificant correlation with iron content indicated that direct selection based on these mineral elements would not be effective in improving iron content in spider plant. On the other hand, the high residual effect of the path coefficient analysis showed that not only leaf elemental composition contributed to iron content in spider plant. Therefore, there is a need to consider agro-morphological traits in future studies to decipher additional traits that could be used in improving iron content in the species.

The high genotype × year interaction variance observed in the present study shows the roles of both genotype and environment in the leaf elemental composition in G. gynandra. Further investigations should be conducted to estimate the extent of the influence of these components on the leaf mineral content in the species through multi-environmental trials. Moreover, the nutritional value of the leaves can be enhanced through biofortification as a complementary strategy and incorporated into the breeding strategy. Consequently, agronomic mineral biofortification (Buturi et al., 2021) could be achieved through the cultivation of G. gynandra in intensive agro-systems with the supply of nutrients through foliar fertilization, fertigation, soilless cultivation and organic fertilization. This will particularly contribute to increasing the levels of zinc and iron in spider plant leaves, as a positive association was observed between the two elements.




Conclusion

The present study broadened the current knowledge on the nutritional value of G. gynandra, particularly its richness in minerals such as potassium, calcium, phosphorus, magnesium, iron, manganese, sodium, zinc, and copper. The species’ genetic variability in the leaf elemental composition was revealed and provided a strong basis for developing more ion-dense cultivars for improved nutrition. This variability displayed some signals of local adaptation to the origin of the genotype, with genotypes from Asia clustered together with West African genotypes, on the one hand, and those from Eastern Africa clustered together with Southern African genotypes, on the other hand, representing two significant gene pools for breeding higher nutritious cultivars. The Asian/West African group is rich in calcium, magnesium, and manganese, while the East/Southern African group had higher zinc, copper, and phosphorus contents. The two groups shared similar contents of iron, potassium and sodium. Additionally, genotypes (EA1, SA3, AS4, AS12, AS2, SA4) combining the characteristics of these two groups were identified in a different cluster and are a prime resource for large-scale promotion in programs/projects tackling micronutrient deficiencies. Leaves of G. gynandra can be used as a supplement and in food fortification. Due to the high mineral content of its leaves, G. gynandra is an important resource, which should be promoted and grown on large scale across the world as its introduction into diets could enhance the intake of mineral elements to combat hidden hunger. The significant genetic variation, moderate to high broad-sense heritability and high genetic gain for most mineral elements (zinc, calcium, phosphorus, potassium, magnesium, manganese sodium) contents, showed that selection would improve their concentration in leaves of spider plant. In contrast, environment was found to significantly influence copper and iron content in the species and that selection for copper and iron contents should consider the target environment. The positive correlation observed between calcium and magnesium, magnesium and manganese, copper and phosphorus, zinc and manganese, and zinc and phosphorus, offering the possibility for simultaneous selection. The high direct and positive effect along with a significant correlation of manganese and zinc content on iron content showed that direct selection based on manganese and zinc contents would significantly improve the iron contents in spider plant. Further investigations are required to assess micronutrient bioavailability, shelf-life and postharvest conditions, and cooking technique effects on the nutritional values of the species. Understanding the response to different growing conditions on leaf quality is required. Deciphering genes controlling each mineral and the extent of genotype-by-environment interaction effects on the leaf mineral composition is needed to boost more nutritious cultivars. Additionally, the potential association between morphological and leaf mineral contents should be assessed.
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Rice bean is a less-known underutilized legume crop with a high nutritional value among members of the Vigna family. As an initiative to compose rice bean (Vigna umbellata) genomic resource, the size of 414 mega-base pairs with an estimated identification of 31,276 high confidence index genes via 15,521 scaffolds generated from Illumina and PacBio platform 30X coverage data has achieved 96.08% functional coverage data from Illumina and PacBio platform. Rice bean genome assembly was found to be exquisitely close to Vigna angularis (experimental control/outgroup), Vigna radiata, and Vigna unguiculata, however, Vigna angularis being the closest. The assembled genome was further aligned with 31 leguminous plants (13 complete genomes and 18 partial genomes), by collinearity block mapping. Further, we predicted similar discriminant results by complete coding sequence (CDS) alignment. In contrast, 17 medically influential genomes from the National Institute of General Medical Sciences-National Institutes of Health NIGMS-NIH, when compared to rice bean assembly for LCB clusters, led to the identification of more than 18,000 genes from the entire selected medicinal genomes. Empirical construction of all genome comparisons revealed symplesiomorphic character in turn uncovering the lineage of genetic and functional features of rice beans. Significantly, we found deserving late-flowering genes, palatably indexed uncommon genes that regulate various metabolite pathways, related to abiotic and biotic stress pathways and those that are specific to photoperiod and disease resistance and so on. Therefore, the findings from this report address the genomic value of rice bean to be escalated via breeding by allied and applied approaches.
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Vigna umbellata, de novo assembly, draft genome, Vigna radiata, late flowering, palatable
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GRAPHICAL ABSTRACT




Introduction

Vigna umbellata (Thumb.) is an orphan legume, multipurpose and lesser-known pulse with nutritionally rich crop. Vigna has been treated as an economically important genus that comprises of several domesticated species, including Vigna radiata (mung bean), Vigna angularis (adzuki bean), Vigna unguiculata (cowpea) (Dahipahle et al., 2019), and Vigna mungo (urad bean), etc. Intriguingly, Andersen et al. (2009) report that the rice bean VRB3 that is an underutilized crop has been nominated for multilocation testing among others and ranked no.1 with an average yield of 17.08 q/ha (Rana et al., 2014). However, the dis-adoption of rice bean by farmers is linked to the traits of landraces like late-flowering conditions [12-h light/dark photoperiod (Takahashi et al., 2015); 160 days post-anthesis (Joshi et al., 2007)] and palatable gestations to humans (Basu and Scholten, 2012). The underlying molecular biology of these conditions is unexplored and elusive. Consultative Group for International Agricultural Research (CGIAR), International Board for Plant Genetic Resources (IBPR), and International Centre for Underutilized Crops (ICUC) organizations form a network called Food Security through Rice bean Research in India and Nepal (FOSRIN), wherein rice bean has been labeled as one of the future crops foreseen for domestication by farmers in marginal lands (Basavaprabhu et al., 2013).

Despite the nutritional excellence of rice bean, the prevailing lack of awareness of its complete nutritional benefits means that rice bean can be categorized as an underutilized crop. Rice bean can become established and grow in various soil types. It is pest-resistant and presents tremendous potential as a nutritious fodder and high-quality grain. The major drawbacks of this pulse crop of the kharif season include late flowering, indeterminate nature, and tastelessness. Furthermore, there are meager possibilities for the improvement of rice bean due to its predominant landraces, nominal modern plant breeding, and limited seed supply. Consequently, the high diversity retained within its limited geographical distribution and the existence of few marketing channels mean that there is a great scope for the genetic improvement of rice bean. Despite the importance of rice bean as a multipurpose legume utilized for culinary purposes, the nutritious flour it produces, its use as a livestock feed, and its efficiency as an accumulator of nitrogen in soil, the exploitation of this species in terms of productivity is meager. There are several features of rice bean that require attention from geneticists before it can be widely adopted for standard consumption, including its high photoperiod sensitivity, late flowering period, high vegetative growth concerns, habit of twining (which makes harvest difficult), hard seededness, and seed shattering on maturity (Andersen, 2012). Furthermore, the vulnerability of rice bean to fungal pathogens results in heavy losses at harvest and reduced crop quality. The limited range of genomic tools for rice bean has impeded the increases in its yield over a given period of time until now. There is an urgent need for crop improvement and the domestication of rice bean to generate new varieties with high-yield traits as well as pleasant organoleptic properties and reduced levels of antinutrients (Gaur et al., 2018). Despite the fact that most of the available literature provides evidence of rice bean resistance to insect and aluminum toxicity (toxicity tolerance), no priority has thus far been given to understanding its flowering mechanism, palatability properties, and disease resistance profiles, which are the essential characteristics for achieving the maximum potential of this crop.

This study produced a detailed description of the nutritional attributes of this legume based on its genetic background. The results will increase an awareness of the nutritional excellence of rice bean and improve the genomic research on this crop. Our study involved the collection, screening, whole-genome sequencing, and genotype identification of rice bean starting from whole-genome sequencing with both the Illumina and PacBio platforms. A total of ∼69 Gb of data were generated from multiple sequencing platforms, including the Illumina (paired and mate pair) and PacBio platforms. Conventional genomic elements and novel genes for palatability domains, flowering potential, and disease resistance were identified through the whole-genome sequencing of Vigna umbellata (Thumb.) Himshakti in different accessions, landraces, and wild species to characterize genome-wide variations.



Materials and methods


Plant material

The known phenotype background of Vigna umbellate (Thumb.) VRB3 – indeterminate plant type with 8–10 seeds per pod, seeds are bold (7.56 g/100) and light green grain colored was provided by ICAR-NBPGR (National Bureau of Plant Genetic Resources), New Delhi for WGS and PRR-2010-2, PRR-2011-2, RBHP-307, RBHP-104, and EC-14075 for transcriptome study of selected genes for flowering, palatability, and stress response genes.



DNA library preparation

A paired-end sequencing library was prepared using an Illumina TruSeq Nano DNA HT Library Preparation Kit (Kumar et al., 2017). A 100-ng sample of g-DNA for the 350-bp insert size (2 libraries) and a 200 ng sample of g-DNA for the 550-bp insert size were fragmented with a Covaris instrument according to the manufacturer’s instructions. The covariance program for the 350-bp insert size and 550-bp insert size was calculated.

A mate-pair sequencing library was prepared using the Illumina Nextera Mate-Pair Sample Preparation Kit (Campbell et al., 2016). 1 μg of the gDNA was simultaneously fragmented and tagged with a biotinylated mate-pair junction adapter. An AMPure bead purification step was performed to clean up the PCR product and remove the smallest fragments (<300 bp) from the final library. Quantity and quality checks (QCs) of the library were performed in a Bioanalyzer 2100 instrument (Agilent Technologies) using a high-sensitivity (HS) DNA chip.



Comparative genome attributions

Genetic population structure analysis identified three distinct clusters in which the Vigna umbellata accession genome profiles and anchoring elements that correspond to functional features were mapped based on the sequences of Vigna angularis (PRJNA328963) from the Beijing University of Agriculture, Vigna radiata (PRJNA243847) from Seoul National University, and Vigna unguiculata (PRJNA381312) from the University of California, Riverside, which are genetically and functionally orthologous to Vigna umbellate. For all thirteen genomes selected for this study for the comparison of functional features, there are available complete genome profiles annotated via the eukaryotic genome annotation pipeline (EGAP). Vigna angularis was completely sequenced from 4 genome assemblies and 2 sequencing reads (Kang et al., 2015), and the total genome size was approximately 455 Mb, whereas the median total length of the Vigna radiata sequence (Kang et al., 2014) was 459 Mb, from 3 assemblies and 1 sequencing read, and that of Vigna unguiculata (Muñoz-Amatriaín et al., 2017) was 607 Mbp, from 2 genome assemblies.



Gene predictions

Putative protein-coding genes were identified using the MAKER v2.31.9 pipeline (Campbell et al., 2014), which identifies repeats, aligns transcripts and proteins to a genome, produces ab initio gene predictions, and automatically synthesizes these data into gene annotations with evidence-based quality values. There were three steps followed to train the gene set: (i) For evidence collection and ab initio gene prediction, in the first step, repeat regions were masked internally using RepeatMasker (Tarailo-Graovac and Chen, 2009), which screens DNA sequences for interspersed repeats and low-complexity DNA sequences. Then, the sequences were checked for their likely associations with genes by aligning the transcripts (using Exonerate) and proteins (using NCBI BLAST) to the genome. In this case, we used the Vigna radiata protein and transcriptome dataset downloaded from NCBI (42284 proteins; GCF_000741045.1_Vradiata_ver6). The evidence was collected in GFF and FASTA format files. All these steps were carried out in: (i) the first round of MAKER execution to train the gene prediction software. (ii) In the second step, imperfect gene models from the first round of MAKER execution were used to the train gene predictor programs. Here, we used 2 gene prediction programs, Semi-HMM-based Nucleic Acid Parser (SNAP) (Korf, 2004) and AUGUSTUS (Keller et al., 2011). SNAP was trained using the MAKER bundled program, and AUGUSTUS was trained using BUSCOv3.0 (Waterhouse et al., 2017). The outputs from both programs were used as training sets for the final MAKER run (second round of MAKER execution) to predict genes. (iii) For final gene prediction as a final step, polished genes are predicted using transcript and protein alignments and the HMM models generated in step (ii). MAKER takes all the evidence, generates “hints” about where splice sites and protein-coding regions are located, and then passes these “hints” to the gene prediction programs.



Genome library preparation

Genomic DNA was isolated from Vigna umbellata using an Xcelgen CP Plant DNA isolation kit, and libraries were prepared using an Illumina TruSeq Nano DNA HT library preparation kit for insert sizes of 350 and 550 bp. The mean sizes of the libraries were 664 and 438 bp for the 350-bp insert size and 876 bp for the 550-bp insert size. The library with an insert size of 350 bp was sequenced on the Illumina platform with 2 × 150 bp chemistry to generate ∼30 GB of data, whereas the library with an insert size of 550 bp was sequenced with 2 × 250 bp chemistry to generate ∼15 GB of data. The mate-pair library was prepared from a rice bean sample using an Illumina Nextera Mate-pair Sample Preparation Kit. The mean size of the library was 580 bp. The library was sequenced (2 × 150 bp chemistry) to generate ∼10 GB of mate-pair data. The Pac-Bio library was prepared and sequenced using the PacBio sequencing platform to generate 6.5 GB of data.



Alignment and tree building

Geneious Prime (v2019.1) is used for the complete pre- and post-assembly annotation process. Paired reads were trimmed further using BBDuk (Kim and Daadi, 2019) in Geneious to remove low-quality bases (Q < 20) and discard reads shorter than 10 bp. The assembled reads were then used for de novo assembly to generate maps using the Geneious de novo assembler. The consensus sequences of the scaffolds responsible for flowering, palatability, disease resistance, and stress response genes were extracted from all selected species and aligned using the MAFFT (De Vega et al., 2015; Nakamura et al., 2018) plugin. Third-party plugins such as Mauve aligner (Darling et al., 2010), tfscan, TadPole, RepeatMasker, and the customized local search library, extended reassembly aligner, and maximum likelihood Geneious plugins were used. Domain trees were estimated using the maximum likelihood (ML) plugin.

The tRNAscan-SE tool v1.3.1 (Varshney et al., 2011) was used for the identification of selenocysteine tRNA-derived genes, repetitive elements, and pseudogenes from the assembled genome. A standalone version of tRNAscan-SE was used for the detection of tRNAs. Sequences encoding tRNAs were identified by tRNAScan-SE, which resulted in 577 tRNAs. Sequences encoding rRNAs were identified by RNAmmer (Zhuang et al., 2019), which resulted in 11 rRNAs.

Using the MISA program, highly polymorphic and ubiquitous SSR markers were identified from the assembled genome. The assembled genome from both samples was searched for SSRs using the MISA tool (Singh et al., 2012). A total of 67,523 SSRs were identified. Among the 67,523 SSRs identified, 55,699 exhibited a 150-bp flanking region that could be validated through PCR.

The bi-directional best hit (BBH) option was used to assign KO terms. Pathway analysis was carried out for assembled sequence using KAAS server (KEGG Automatic Annotation Server) by screening BBH. The genes were enriched in different functional pathway categories, predominantly related to metabolism, genetic information processing, environmental information processing, and cellular processes (Mochida et al., 2017). A total of 676 genes contributed to the activity of the carbohydrate metabolism pathway, with the next-largest group of 657 genes, were being related to signal transduction pathway.

Gene Ontology annotations were obtained for the annotated genes using BLAST2GO Command Line v-1.4.1. BLAST2GO PRO (Jain et al., 2013) that was used to annotate the functional genomic set for the assembled dataset. Gene Ontology terms fall under three categories: biological processes, molecular function, and cellular components. Some of the genes were assigned by more than one category. A total of 11,204 terms fell under biological process, 13,097 under molecular function, and 9,053 under cellular component.

To plot syntenic locally collinear blocks from Mauve alignment, the recently developed advanced real-time visualization tool Circa was used. Both the unidimensionality and connectivity of the two genomic datasets were plotted with Circa (OMGenomics, 2019).



Mauve aligner

Multiple copies of the gene library were generated and aligned for comparison with all three reference genomes (Cheon et al., 2019). The consistency or variation among the reference genomes was determined to compute locally colinear blocks.

PlasMapper generates plasmid maps along with annotations. It provides multiple predictions, such as replication origin, promotor, terminator, selectable marker, regulatory sequence affinity tag, miscellaneous feature, report gene, and restriction site predictions (Shi et al., 2017). The Vigna umbellate draft assembly was subjected to identify these elements to report additional genome-editing scaled tools.



Primer designing and specificity check

To check the expression levels of different genes, primers were designed employing Primer 3 online software available in NCBI, which was followed by specificity check against Vigna angularis database using BLAST software. The gene names and primer sequences are tabulated in Supplementary Excel 1.



RNA isolation and synthesis of first-strand cDNA

Leaf samples from rice bean (VRB-3) plants (25 days post-germination) were used for total RNA extraction employing Tri-Reagent (Sigma), according to the manufacturer’s protocol. To avoid genomic DNA residue, Dnase treatment was executed by adding 1 μl of Dnase solution (8 μl of 10X Dnase buffer, 3U Dnase mixed in H2O) to 10 μl of each RNA sample followed by incubation at 37°C for 10 min. The RNA sample treated by Dnase was further used for the synthesis of first-strand cDNA utilizing Superscript III reverse transcriptase kit (Agilent Technologies) and oligo (dT) primer in a total volume of 20 μl, according to user manual instructions.



Validation of the predicated genes by quantitative real-time polymerase chain reaction

The diluted cDNA was used as a template for quantitative real-time polymerase chain reaction (qRT-PCR) and amplified by gene-specific primers (Table no) using SYBR Green PCR Master mix (Agilent) on Real-Time PCR (Agilent Technologies, United States) system. To set up the RT-PCR, the following conditions were employed; 95°C for 5 min, followed by 40 cycles each of 95°C for 10 s, 60°C for 15 s, and 72°C for 15 s. qRT-PCR was performed with three technical replicates along with NTC. Expression of 2-oxoisovalerate dehydrogenase gene in each sample was used to normalize gene expression values. The standard error and standard deviation were calculated from replicates, and significance was measured at the level of p ≤ 0.05.




Results


De novo assembly and genome statistics

With the raw data of 69.32 GB, 414 Mbps draft size were assembled using the Allpath LG (APLG) assembly pipeline (Kang et al., 2015). A total of 17,601 scaffolds were produced prior to gap closure and post-polishing with 3 GB of PacBio data. We obtained 15,521 final scaffolds and 36,461 contigs. A total of 41,447 and 39,387 contigs were reported during the process of gap closure using PGJelly for high confidence draft assembly (Peng et al., 2019). The length of the total assembled reads was 387,954,823 bp; post-improvisation, a total of 414,706,990 bp was obtained from Pbjelly, which aligns long sequencing reads. The average scaffold size was 26,719 from the final assembled reads (Supplementary Table 1). The N50, N75, and N90 metrics were applied to weigh the quality of the genome assembly (Figure 1A). The size of the N50 distribution is 207,323,106 bp. The scaffold size distribution and summation statistics are mentioned in Supplementary Table 2.
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FIGURE 1
(A) Assembly summation statistics: First layer (Blue) exhibit the distribution of scaffold number orderly over completeness of 15,221 scaffold reads. Second layer (Orange) are the arrangement of scaffolds with respect to base pair length. Internal three layers are representing N50, N75, and N90 statistic of our assembly with scaffold size, scaffold position, and size of summation statistics. (B) Sequence assembly length distribution coordinated from scaffold numbers to length of the sequence in each scaffold.




Length distribution


Assembly

A total of 779 scaffolds were between >8,000 and ≤10,000 (Supplementary Table 3). Significantly, more than 7,343 assembled scaffolds were greater than 10,000 bp in length, which increases the possibility of understanding gene conservation and diversity in comparison with closely and distantly related species (VanBuren et al., 2015; Figure 1B). Genes predicted: A total of 31,276 genes were predicted from 15,521 scaffolds. The maximum length of the genes involved in the prediction analysis was 15,628 bp. A total of 8,344 genes were distributed with the higher ranges of >8,000 and ≤10,000, >6,000 and ≤8,000, >4,000 and ≤6,000, and >2,000 and ≤4,000 (Supplementary Table 4). A total of fourteen genes were predicted to present a size >10,000.




Comparative genome statistics

About 80% of the functional annotation of genes from the assembled scaffolds were annotated from Vigna angularis (Tomooka, 2009), the species which is closely related to Vigna radiata and Vigna unguiculata genotypically (Figure 2A). For reported Vigna angularis genome, 443 Mbps were assembled from 290 GB of raw data, whereas for rice bean, 15,521 scaffolds were assembled from 414 Mbps (Kang et al., 2015) which is about 30X- coverage of raw read library sequence (Supplementary Table 5). The total numbers of scaffolds from mung bean and adzuki bean were 2,748 and 3,883, respectively, and for rice bean, 15,521 scaffolds predicted 31,276 genes.
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FIGURE 2
(A) Complete predicted genes Vigna umbellata mapped for Chromosomal-specific comparison for the proximity of gene scaffold mapping to its reference. (i) Rice bean mapped syntenic region average of 82% spanned for its gene specificity with adzuki bean. (ii) Rice bean with mung bean having relation of each chromosomes of about 72%. (iii) Rice with cowpea mapping found 62% of functional clusters with micro break from its evolution. (B) Orthologous synteny gene map comparison between adzuki bean, mung bean, and cowpea with genes mapped from assembly. Green color is adzuki bean mapping with 19,640 loci, orange colored mung bean mapping; 17,989 loci, and 16,892 loci for cowpea-pink colored.




Alignment read distribution for comparative genome annotations

The total length of the predicted genes was 49 Mbp from 414 Mbp of assembled reads. Rice bean predicted genes were mapped with 3 reference species; adzuki bean –105,415,055 bp, mung bean – 92,715,800 bp, and cowpea – 81,760,762 bp (Supplementary Table 6). A total of 41,525, 32,657, and 16,614 reads were aligned to adzuki bean, mung bean, and cowpea, which led to find 21,006, 21,657, and 20,664 genes, respectively (Supplementary Table 7).



Gene profile and protein-coding regions

Orthologous loci were found for 16,892 out of 31,276 genes (Figure 2B) by mapping to adzuki bean (Supplementary Table 8). We found 23,490 loci of coding sequence (CDS) regions in adzuki bean and 16 Mbp of non-coding RNA region by mapping to its reference genome (complete LOC IDs are provided in Supplementary Excel 2).



tRNA operons

Codon usage biases and the use of identical anti-codons for tRNA pseudogenes are caused by retrotransposon-driven repetitive elements (Gibbs et al., 2004). A total of 577 tRNA operons screened that were positioned in intronic spacers and bound regions. The lowest covariance model score (Inf Score) calculated was 20.3, and the highest was 92.3. Arg-Leu-Ser showed the maximum frequency among the predicted codons (Supplementary Table 9). The total tRNA genes are summarized in the Supplementary Excel 3 (Figure 3A).
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FIGURE 3
(A) Circular plot of tRNA composition from scaffolds assembled: Layers of tRNA distributed as codons, amino acids and no. of codons screened. Largest codon usage by Proline (TGG) which is of 93 nos. and the lowest codon usage is Aspartame, i.e., 1 of ATC codons. (B) rRNA plot by distributed size of ribosomal RNA subunits against the scaffold utilized for prediction using RNAmmer. X coordinates are subunit classification and y coordinate classifies scaffold count and length of each scaffolds. The pseudo-semi-circular projections depicts the score value of each prediction and strand profile of predicted rRNA profiles.


A total of 34 tRNA bound regions were found in intronic spacers, with internal scores between 92.4 and 84.2. RNA self-splicing is predetermined by these regions, which tends to translate the number of amino acids from the predicted genes (Smathers and Robart, 2019). A total of 577 tRNA loci (excluding 34 pseudo-tRNAs) from 543 scaffolds, spanning 430 bp with an average length of 20 bp, were predicted (Supplementary Table 10).

Interestingly, only tRNA genes encoding Tyr, Met, Lys, Asn, Ser, Ala, and Leu showed the presence of introns. The predicted tRNA genes indicated the maximum density of copies on the scale of the assembly contribution.



rRNA cluster fragment distribution

The alignment for rRNA prediction was placed farther downstream to increase the good number of model scores. A total of twelve full-length tandem arrays of rRNA genes were found in the assembled scaffolds (Figure 3B). In total, 4 scaffolds were involved in the rRNA prediction calculation, and we observed an average length of 672 bp. The highest match of rRNA is 4568 bp. Then, 8S, 18S, and 28S rRNA units were predicted to have lengths of 113, 1,806, and 4,586 bp, respectively. One positive strand was related to 8S rRNA genes of approximately 114 bp length (Supplementary Table 11). No positional overlap was found between the predicted tRNA and rRNA scaffold regions.



SSR marker analysis: Compound repeat annotations – Class I

Nucleotide diversity analysis of Vigna umbellata draft assembly provided a rich resource of polymorphic SSRs, which are useful to determine marker-trait relationships, especially for quantitative trait loci and molecular breeding. Repeated operons for hundreds of polymorphic non-monomeric SSRs and flanking bases from the assembled data were cataloged to translate them into genetic markers (Vining et al., 2017). The repeats were categorized based on the position and number of repeats of each allele. The compound repeats (Cr) were calculated for stable (c) and variable (c*) alleles (Figure 4 and Supplementary Excel 4). Cr presented a maximum scaffold length of 9,711 bp for the stable allele (SA), whereas the variable allele (VA) presented a length of 1,048 bp. The length of the repeat loci was 71 bp on average (median statistics) for SA and 92 bp for VA. The number of Cr poly-hits ranged from 2x–54x, whereas the 32-single ranged from 19 to 5284 combination repeats. A total of 2,111 (0.1%) six-nucleotide repeats in assembled reads, 2,045 (0.1%) P5 repeats, 29,524 (1.8%), 76,493 (6%) 3-bp repeats were found in the distribution of non-compound SSR marker screening.
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FIGURE 4
(A) Compound repeats from assembled reads were plotted from the distribution of offtimes of repeat occurrence and number of hit (mono and poly hits). X-Y coordinate prevails the distribution of compound repeats in multiple combinations whereas X–Y’ projects mono repeats with multiple form bp combinations. (B) P6 SSR operons mapped for distributed combinations for 5xX (A, T, G, C), 4xX, 3xX, 2xX, and random specificity of repeats. Operons are projected on positioning oft-time count, Y multiples of each marker types. (C) P5 SSR operons mapped for distributed combinations for 4xX (A, T, G, C), 3xX, 2xX and random specificity of repeats. (D) P4 SSR operons mapped for distributed combinations for 3xX (A, T, G, C), 2xX and random specificity of repeats. (E) P3 SSR operons mapped for distributed combinations for 2xX (A, T, G, C) and random specificity of repeats. (F) P2 SSR operons mapped for distributed combinations for random specificity of repeats.




BLASTx analysis

All predicted genes were annotated by evaluating their homology through BLASTX searches against the NR database (non-redundant database) for complete integration with the physical/genetic maps (Zhao et al., 2019). The genes were aligned using the following optimized search parameters: gap opening penalty (G) = 4, gap extension penalty (E) = 1, mismatch score (q) = -1, match score (r) = 1, word size (W) = 11, and e-value < e-20 (Singh et al., 2004). The total number of genes predicted from the assembly was 31,276, including 31,237 genes with BLAST hits and 39 genes with no BLAST hits. The average gene length was 1.8 kb, and the average GC content was 42%. A total of 7,708 scaffolds were associated with enzymes: 279 were membrane-specific; 1,418 were related to the chloroplast response; 759 were related to the mitochondrion response; 442 were ribosome-specific; 1,082 were transcription related; 89 were related to leucine-rich-repeat regions, and 69 were translational-related. Scaffold percentage distributions: The top species hits ranked 1 for Vigna angularis, second with Vigna radiata and Vigna unguiculata as third closer genome, which were calculated from the assembled reads (Figure 5). The total% distribution ranged from 100 to 43. Major crops such as Glycine max, Glycine soja, Zea mays, Vigna aconitifolia, and the Oryza sativa japonica group presented throughout the alignment frequency. A total of 90% of the crops from the 100% index fell within the 99–97% index matches. The counts of scaffolds are proposed to be used to study the number of scaffolds (Figures 6A–C). A total of 6,235 scaffolds came from the 100% distributions, 2,139 scaffolds from 99 to 90%, 2,297 scaffolds from 89 to 80%, 971 scaffolds from 79 to 70%, 284 scaffolds from 69 to 60%, 47 scaffolds from 59 to 51%, and 10 scaffolds from 49 to 43%. Divergence plots are classified based on the crops and maximum hits. A total of 25,771 scaffolds came from Vigna angularis, 4,840 from Vigna radiata, 223 from Phaseolus vulgaris, 88 from Glycine max, 78 from Cajanus cajan, 22 from Glycine soja, 15 from Trifolium pratense, and 22 from other species.


[image: image]

FIGURE 5
(A) Distribution of Species from total scaffolds matched from blastX Analysis. Coordinates projected in terms of scaffold matches (total no. of hits and no. of hits counts). (B) Percentage distribution of scaffolds in correspondence of species fall. (C) Plot on total organism matches with its generic names. (D) Enzyme composition predicted from scaffolds and projected the plot based on enzyme classification and enzyme reactions types. Two coordinates corresponds the scaffold distribution and no. of enzyme reaction types. Totally five enzyme classifications were analysed and plotted against reaction types and scaffold distributions.
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FIGURE 6
Annotated Genes of Vigna umbellate shared between Vigna angularis and Vigna radiata.




Gene ontology analysis of rice bean draft genome sequence

Functional descriptions were assigned to predict rice bean genes. Genes associated with similar functions are assigned to a similar GO functional group (Xu et al., 2017). This study identified several potential genes involved in response to palatable indexed genes, flowering potential, stress response, and disease resistance genes to various metabolic processes, and the regulation of transcription and translation. The total number of GO-annotated genes was 16,974, among which the overlapping positional map included 11,204 biological processes, 13,097 molecular functions, and 9,053 cellular components predicted from the genes. These findings should help to identify and manipulate rice genomic diversity to contribute to the development of crops.


Enzyme functions

The GO-profiled enzymes were classified into seven categories: oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases, which varied depending on the responses that the enzymes catalyzed (Morgat et al., 2020). The most common types of enzymes were oxidoreductases, transferases, and hydrolases. Distinct enzyme classes were further systematically categorized based on the substrate reaction and mechanism of response. The composite enzyme contributions were categorized as E.C 1-2-3-4-5, whereas there were a total of 184 top-level classifications and 10,531 complete classifications (Figure 6D). The highest distributions were accompanied by approximately 1,464 major | 64 subclassified E.C 1.1 reaction types, e.g., electron transfer:A+3 + B+2- > A+2 + B+3. Following the electron transfer mechanism, 311 | 58 enzymes were classified as E.C 2.1; state of functions derived from the transfer of functional groups; the reaction type is A–X – > A + B-X. The total number of enzymes from the 3.1 nomenclature was 282 | 41 predicted; the reaction type was hydrolysis [A-B + H2 0 – > A- OH + B – H]. E.C 4.1 and 5.1 are 1 | 5 and 11 | 2 combinations of reaction types, respectively (Supplementary Table 12); i.e., elimination to form double bonds [(A-X)-(B-Y)- > A = BX-Y] and transfer of groups within molecules [(A-X)-(B-Y)- > (A-Y)-(B-X)]. The complete, curated enzyme classifications are provided in the Supplementary Excel 5. Other molecular functions are about 292 | 5,741 genes major and subclassified functions in the cellular mechanism category (Supplementary Table 12).



Biological process

A total of 166,622 independent annotations with 23,907 dependent genes were assigned GO terms, among which the genes predicted from the assembly exhibited 11,204 functions related to biological processes. The 6,957 prevalent functions corresponding to biological processes from rice bean were related to ion-dependent functions, with predominance of membrane-transporter activity and hemostasis. The second largest category among the genes associated with DNA dependence included approximately 1,560 functions involved in replication, transcription, translation, endonucleolysis, repair mechanisms, topological changes, duplex unwinding, and signal transduction. Approximately 918 identified membrane functions play critical roles in transport mechanisms, such as ion, electron, antigen, amino acid, and ATP transport, as well as signaling and response mechanisms.




Kyoto encyclopedia of genes and genomes ortholog assessment

A total of 515 functional orthologs were derived from 19,173 experimentally characterized Kyoto Encyclopedia of Genes and Genomes (KEGG) gene-associated pathways. The pathway annotations included the functional hierarchies and binary relationships of biological entities.


Gene distribution in Kyoto encyclopedia of genes and genomes annotation pairs

A total of 54 functional hierarchies were predominantly related to the correspondence of orthology with KO identifiers (Ho et al., 2018). A total of twelve metabolic hierarchies included 167 orthologs. A total of four genetic information processing hierarchies exhibited 22 orthologs. A total of three environmental information processing hierarchies exhibited 40 orthologs. A total of five cellular process hierarchies exhibited 33 orthologs. A total of ten organismal system hierarchies exhibited 87 orthologs. A total of 4 BRITE hierarchies exhibited 53 orthologs (Figure 7). The significance of the composite gene distributions for the hierarchies demonstrated functional consistency in the metabolic resources and disease-specific mechanisms. Triangulation of multiple vertices of pathway annotations empirically contributes to the expectancy of obtaining rice bean genome annotations.
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FIGURE 7
(A) Circular and distribution peaks are projected from number of scaffolds involved in each orthologs. First layer of circular projections shows the maximum peaks of scaffolds distributions from each pathways categorized in orthologs. Second layer depicts the number of pathways with respect to scaffolds involvement to predict its pathway functions. (B) Circular distributions of pathways from ortholog head. Composition of three layers are coordinated by number orthologs, number of pathways from each orthologs, and scaffolds distributions at each pathways. First layer projected for number of orthologs from KAAS server, second layer depicts the number of pathways from seven ortholog head, and third layer distributed based on scaffold involved in each pathways predicted. (C) Circular projections of functional specification of Pathways predicted from KASS automated server. Plot coordinates are differentiated in three layers. First layer specifies orthology menu of the pathways from prediction profile. Second layer specifies compositional head of pathway ID and third layer is to specific functions of each pathways that corresponds from orthologs.


Kyoto Encyclopedia of Genes and Genomes analysis showed that most of the expanded genes were involved in signal transduction, protein metabolism, ribosomes, DNA repair mechanisms, and mitochondrial biogenesis, clearly showing that the rice bean genomes represent a huge repository of resources for domesticating crops according to the functional classification of the rice bean genomes. The expanded orthogroups were involved in phenylpropanoid, terpenoid, carotenoid, tropane, piperidine, flavonoid, folate, zeatin, isoquinoline, cutin, sesquiterpenoid, stilbenoid, gingerol, prodigiosin, monoterpenoid, phenazine, novobiocin, isoflavanoid, indole, acridone, benzoxazinoid, clavulanic acid, puromycin, and staurosporine biosynthesis (Kanehisa and Sato, 2020). We observed that 515 genes from contracted gene families clustered in 54 KEGG pathways, including starch, sucrose, purine, pyruvate, inositol, glutathione, glyoxylate, and pyrimidine metabolism (Supplementary Table 4). The patterns of the genes encoding enzymes distributed in the metabolite pathways indicated the enrichment of hierarchies associated with flavonoid biosynthesis.




Transcription factors

Plants regulate intrinsic gene expression by transcription factors (TFs), transcriptional regulators (TRs), chromatin regulators (CRs), and the basal transcription machinery (Dai et al., 2013). Recruitment of TF-binding domains from transposases or integrases is a recurrent theme in evolution (Chen et al., 2016; Borrill et al., 2019). In total, 11,202 TFs and 15 gene clusters of transcription factors with extensive functions were studied in rice bean genome. (Supplementary Table 13), 38% of the total functional homolog count of these genes were identified in comparison with adzuki bean mapping, and 61.51% (293,575 locus) of Hexamer motif 5′-ACGTCA-3 (transcription factor HBP-1a) found in rice bean genes, which promotes histone gene binding (Cao et al., 2019). 36 of 14.54% (69,389 locus) of nitrilase family member 2 (NIT2) identified, which cleaves carbon-nitrogen bonds (Urbancsok et al., 2018). Less than 10% of other TFs, such as RNA1-encoded 60-kDa nucleotide-binding proteins, are usually involved in the hybrid systems of plant proteins (Carette et al., 2002), opaque endosperm 2 (opaque-2), which regulates the expression of many members of the zein multigene family of storage proteins (Krishna et al., 2017, SEF4) nuclear factor (Zhao et al., 2015), common plant regulatory factor-promoting genes (CPRF1), which are regulated by diverse stimuli, such as light induction or hormone control (Rügner et al., 2001). TEA/ATTS transcription factor [abaA] (Hwang et al., 1993), putative chromosomal passenger protein (CPC1) (Carmena et al., 2012), G-box-binding factor (GBF) (De Vetten and Ferl, 1995), facilitative glucose transporter (GT-1), facilitative glucose transporter GT2 (GT-2) (George Thompson et al., 2015), sequence-specific single-strand DNA-binding protein-2 (ssDBP-2) (Takase et al., 1991), TATA-box-binding protein-associated factor 1 (TAF-1) (Friedrich et al., 2005), and putative homeodomain-like transcription factor superfamily protein (HOX1a) (Comelli et al., 1999). Expansion and contraction of TF gene families might influence the regulation of biological functions and trait differences in rice bean (Joshi et al., 2016).



Genome editing tools Vigna umbellata assembly

Editing tools have the potential to precisely change the architecture of a genome with the desired precision. These tools can modify the genomic architecture precisely to achieve the required accuracy (Zhang et al., 2018). These tools have been efficiently used for trait discovery and for the generation of crops with high crop yields (Wang et al., 2019). This analysis enables the investigation of evolutionary elements and the molecular functional impact of domestication and breeding Vigna umbellata. A total of three important genetically close traits must be addressed during the domestication process maker rice bean a viable crop: palatability, latency, and an increased rate of flowering (Pattanayak et al., 2019). A total of nine major functional clusters were derived from 31,276 predicted genes with several loci and counts are listed in the Supplementary Table 14 (Dong et al., 2004); i.e., vectors that exhibit plasmid specificity, hybridization loci, localization sequences, ORI regions, promoter sequences, reporters, Tags, and terminator sequences.



Genome map distributions

Gene mapping was performed for 414 Mb of the assembly, and 31,276 genes that were conserved in diverged plant species were found in the database. [a] A total of 49 Mb of genes predicted from the alignment of adzuki bean (455 mb), mung bean (459 mb), and cowpea (607 mb); [b]105 Mb of genes mapped from adzuki bean genome; [c] 92 Mb from mung bean genome and [d] 81 Mb from mapping cowpea genome. Furthermore, to achieve the consistency of the genes deposited in the reference genomes, 49 Mb of predicted genes were aligned to the complete reference of Vigna angularis, and 105 Mb of genes were found, which was 2X times higher than in the predicted gene profiles. In total, 21,006 genes in rice bean were identified from adzuki bean genome.



Synteny clusters

Extensive synteny among mapped and assembled reads allowed the integration of their genetic and physical maps. These observations support the hypothesis that detectable synteny exists between the maps and assembly related to divergence, although the conservation is more extensive than in the rice bean genome. The detectable synteny between these 105 and 49 Mbp of sequences provides clues for the identification of orthologous blocks associated with functional gene features with increased consistency. At a higher stringency, 80–90% of gene queries with seed weights were found among 653 identified homologs with an assembly that supported the quantification of the complete genome profile Vigna umbellata (Figures 8A,B).
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FIGURE 8
(A) Mapping of predicted genes with reference genome of Vigna angularis; gene distribution of 49 Mbp of genes with ref genome. (B) Mapping of genes predicted from remapping with reference genome of Vigna angularis; gene distribution of 105 Mbp of genes with ref genome. (C) Mapped genes rice bean are aligned with Vigna angularis chromosomes. Three star rated chromosome shares 40 Mbp of genome size. Two star rated shares >30 Mbp of genome size and single star rated chromosomes are 19 Mbp of genome map. (D) Circular distributions rice bean genome mapping with Arachis hypogea, Cajanus cajan, Cicer arietinum, Glycine max, Lupinus angustifolius, Mucuna pruriens, Phaseolus coccineus, Phaseolus vulgaris, Pisum sativum, and Vicia faba. (D1) circular distribution and (D2) Connective distributions of rice bean genome assembly. (E) Complete CDS coverage map of Arachis hypogea, Cajanus cajan, Cicer arietinum, Glycine max, Lupinus angustifolius, Mucuna pruriens, Phaseolus coccineus, Phaseolus vulgaris, Pisum sativum, and Vicia faba with rice bean assembled sequence. (F) Connective distributions of rice bean genome assembly with Medicinal genome, such as Rauwolfia serpentine, Camptotheca acuminate, Digitalis purpurea, Ginkgo biloba, Rosmarinus officinalis, Panax quinquefolius, Cannabis sativa, Echinacea purpurea, Catharanthus roseus, Hypericum perforatum, Dioscorea villosa, Atropa belladonna, Valeriana officinalis, and Hoodia gordonii species.


Colinear blocks were calculated, and the flanking regions were plotted using Circa. The homology blocks between RmA (105 Mbp), RmM (92 Mbp), and RmC (81 Mbp) were closer, and high-degree comparisons identified the candidates for linkage and highly conserved profiles. The comparison of total genome positions revealed the coverage of >88% of the physical distance of the adzuki bean genome, with 42 conserved synteny blocks, 72% of the mung bean genome, and 62% of the cowpea genome, and many synteny microbreak points were found in all three selected reference species (Figure 2B). Synteny map between rice bean and adzuki bean genomes: The homolog richness of the Vigna umbellata genes mapped against entire 11 chromosomes of Vigna angularis was evaluated (Figure 2A). The alignment results revealed that Chr1, Chr3, and Chr9 were the chromosomes showing the high functional chromosomal alignment, for which the contributed genome size was greater than 40 Mbp. The conservation of synteny between Chr7, Chr2, Chr4, and Chr10 was closer to >30 Mbp, and Chr8, Chr5, and Chr11 constituted a group with low syntenic (micro) matches. The lowest conservation of homologs was found in chromosome 6, which corresponded to less than 19 Mbp of the total genome size (Figure 8C). The occurrence of prominent duplication events has been speculated because of the extent of collinearity blocks, which are more conserved and functional in relation Vigna umbellata.



Comparison of 32 leguminous plant genomes with rice bean genomes

More than 14,000 species are reported as leguminous crops, including both edible and non-edible species (Ng, 2013). Leguminous annuals, perennials, shrubs, vines, and trees have adapted to a range of growing conditions around the world (Latef and Ahmad, 2015). Graham and Vance (2003) reported that thirty-two species are edible and are categorized as critically important economic food crops. Derived biological statistics from the FAO were used to list crops according to their economic significance based on the production range, post-anthesis period, and photoperiods of individual species (FAOSTAT, 2019). We selected 32 species that are edible, economically important, underutilized crops or staple crops for the comparison of the sequenced rice bean genome. The selected grains are intentionally grown for the harvesting of mature seeds, and these species are small fractional leguminous crops with lower production (Clement et al., 2019). Among the 32 species selected, the complete genomes have been reported for 10 species (6 chromosomal annotations + 4 raw annotations) (Supplementary Table 15), and for the other 21 species, 44% of ribosomal genes and other genes with various functions have been reported. The complete genome (Figure 8D) aligned with selected legume crops to understand the genetic makeup and versatility of the genome structure based on the genes predicted from rice bean assembly (Supplementary Table 16).

These crops were selected based on their photoperiod and post-anthesis period to improve multiparent advance generation inter cross-populations (MAGIC) for studying the genetic structure of rice bean traits and improving the breeding of rice bean accessions (Bandillo et al., 2013). The production range of these crops is influenced and fundamentally dependent by their flowering potential and photoperiod sensitivity. Rice bean requires a photoperiod with 12 h of daylight to flowering between 120 and160 days in a year (Joshi et al., 2007). The photoperiod range comprises much overlap compared with other species, and the species selected for this study is predicted to require a longer photoperiod than other crops but to present an equal nutritional potential. In the production range of rice bean with a prevalent 12-h photoperiod, 30,000 tons of production can be achieved in a year (Dhiman et al., 2010). According to Singh et al. (2004) rice bean is a crop with a smaller production range than other species requiring a 12-h photoperiod, such as Vigna unguiculata, Mucuna pruriens, Vigna subterranea, Lens culinaris, Lupinus mutabilis, Vigna angularis, Phaseolus coccineus, Canavalia gladiata, Lupinus perennis, Phaseolus acutifolius, and Pisum sativum. The production of these species ranges from 430,000 to 28,00,000 tons. The post-anthesis profile ranges from 70 to 150 days of the flowering period (Supplementary Table 17).

Phylogenetic evidence based on the ribosomal genes reported from selected species considering the rice bean data as an outgroup was used for the comparison of the genetic distances. (a) The scale range was calculated as 0.7 based on 55 nodes and 28 edge nodes. A distance of 0.01 was calculated for rice bean in the outgroup range in which Vigna angularis shared the closest monophyletic distance (0.02). (b) Vigna angularis and Lupinus angustifolius shared the same nodes located close to rice bean. The total length of the ribosomal RNA genes varied from 50to 133 bp.

Complete CDS were organized for alignment with the assembled rice bean sequence. A total of thirteen species, including Vigna angularis, Vigna radiata and Vigna unguiculata, Mucuna pruriens, Phaseolus coccineus, Vicia faba, and Pisum sativum, lacked a CDS annotation report. In total, 9 complete CDS sequences were aligned based on the LCB count, and the top 5 alignments shared more than 99% CDS alignment. The Vigna angularis CDS length covered approximately 99.8% of the total length, followed by that of Vigna radiata at 99.7%, Vigna unguiculata at 99.2%, Phaseolus vulgaris at 99.27%, and Cajanus at 99.2%, which were all aligned over more than 99% of the profile. Cicer arietinum, Lupinus angustifolius, Glycine max, and Arachis hypogea showed between 70 and 95% CDS alignment (Figure 8E).

The genomic data for the selected leguminous plants that for which there were not available complete genome annotations were downloaded (until July 2019 from NCBI FTP) and aligned with genes predicted from the rice bean assembly. The total number of sequences deposited from each species was subjected to BLAST searches against genes predicted from rice bean, and the total number of sequences that aligned over more than 300 bp was selected. A total of 61.54% (39 seq. out of 24 total seq) of the total Pachyrhizus erosus sequences were aligned with rice bean genes, and the corresponding values were 43.71% (789 seq. out of 1,805 total seq) for Dolichos lablab, 43.71% (789 seq. out of 1,805 total seq) for Lablab purpureus, 37.06% (391 seq. out of 1,055 total seq) for Vigna mungo, 34.13% (242 seq. out of 709 total seq) for Lupinus luteus, 29.36% (315 seq. out of 1,073 total seq) for Vigna aconitifolia, 26.64% (7017 seq. out of 26,343 total seq) for Lens culinaris, 19.34% (1908 seq. out of 9,864 total seq) for Lupinus albus, 19.25% (3190 seq. out of 16,569 total seq) for Cyamopsis tetragonoloba, 19.23% (10 seq. out of 52 total seq) for Canavalia ensiformis, 14.67% (11 seq. out of 75 total seq) for Psophocarpus tetragonolobus, 9.68% (3 seq. out of 31 total seq) for Vigna subterranean, 8.32% (82 seq. out of 986 total seq) for Phaseolus lunatus, 7.89% (3 seq. out of 38 total seq) for Canavalia gladiate, 5.89% (67 seq. out of 1138 total seq) for Vicia sativa, 5.88% (4 seq. out of 68 total seq) for Lupinus mutabilis, and no sequence match with Lupinus perennis (Supplementary Table 18).

The complete genome sequences of selected species were subjected to the calculation of LCB with rice bean assembly. We found that Vigna angularis, Vigna radiata, and Vigna unguiculata presented the closest genetic profiles based on the annotation of the assembly with the corresponding genomes. The resultant alignment percentages were 88.29% (total LCB aligned 512 Mbp sequence of 521 Mbp) for Phaseolus vulgaris, 86.56% (523 Mbp of 592 Mbp) for Cajanus cajan, 80.55% (64 Mbp of 80 Mbp) for Vicia faba, 79.06% (74 Mbp of 979 Mbp) for Glycine max, 63% (530 Mbp of 366 Mbp) for Cicer arietinum, 53% (360 Mbp of 609 Mbp) for Lupinus angustifolius, 25.25% (93 Mbp of 371 Mbp) for Phaseolus coccineus, and 14.57% (57 Mbp of 397 Mbp) for Mucuna pruriens.



Genome alignment of 14 metabolically and pharmaceutically active medicinal plant genomes

A total of fourteen taxonomically diverse and pharmaceutically important medicinal plant genomes reported by the Medicinal Plant Genomics Resource [MPGR] (2019) Michigan State University, United States, were aligned with the rice bean genome to identify an unparalleled resource for human health. For Rauwolfia serpentine, the greatest linear block of the medicinal genome aligned with rice bean corresponded to approximately 43.35% (161 Mbp) (Figure 8F) of the total rice bean sequence alignment and 89.63% (179 Mbp out of 414 Mbp) of the total genome size of Rauwolfia serpentine. For the other medicinal plant genomes, the alignment percentages are listed in Supplementary Table 19. Major metabolically functional enzymes to produce medicinally significant metabolites identified from rice bean gene mapping with selected medicinal plants, such as putrescine-N-methyltransferase, hyoscyamine 6 beta-hydroxylase, strictosidine synthase, 1-deoxy-D-xylulose 5-phosphate reductoisomerase, olivetol synthase, (+)-alpha-pinene synthase, (-)-limonene synthase, cannabidiolic acid synthase, secologanin synthase, tabersonine 16-hydroxyla—, NADPH–cytochrome P450 reductase, desacetoxyvindoline 4-hydroxylase, loganic acid methyltransferase, 3-beta hydroxysteroid dehydrogenase, phenolic oxidative coupling protein, octaketide synthase, perakine reductase, Acetyl Ajmalan Acetyl Esterase, polyneuridine aldehyde esterase, raucaffricine-O-beta-D-glucosidase, vinorine synthase, and arbutin synthase. These enzymes are responsible to produce clinically important ligands, i.e., carnosic acid, rosmarinic acid, oleanolic acid, acevaltrate, hesperidin, ajmalicine, rescinnamine, serpentine, ginsenosides Rb1, hypericin, amentoflavone, hoodigogenin A, gordonoside F, ginkgolide, bilobalide, cichoric acid, echinacoside, prosapogenin A, gitoxigenin, vincristine, tabersonine, secologanin, cannabidiol (CBD), 9-methoxycamptothecin, secologanin, and atropine.



Gene pooling for rice bean domestication and crop improvement

Flowering potential, palatably indexed genes, stress response, and disease resistance genes were the four gene families that were taken into account for screening and expression analysis in the rice bean genome (Figure 9). Palatability-specific gene pooling: A total of 27 genes (ASB2, ASA2, PRTA, PAI2, COMT, CHS, CHS-17, CHI, BAN, UFGT, LDOX, 5MAT, HIDH, IFS2, FLS1, IFR, IFMT, IFH, IFGT, BCKDHA, ILMT, REM, ATB, ROMT, SPDSYN2, SDT, and SHT) corresponding to closer nodes for bitter metabolite functions (Dagan-Wiener et al., 2019) that are crucial to palatably indexed, which activates taste receptors in human gestations, were retrieved and analyzed in the selected five rice bean varieties (PRR-2010-2, PRR-2011-2, RBHP-307, RBHP-104, and VRB-3) along with Glycine max as reference transcriptome sample (SRA: SRX6788895). We found 3 loci (scaffold-specific) of 27 specific genes expressed in selected reference (Gmax). Flowering-specific gene pooling: In total, 11 flowering potential genes from selected legume crops were subjected to BLAST search against rice bean draft genome from the assembly and analyzed for transcript expressions; 3 genes were found that are responsible for late flowering, which are expressed high in Glycine max and 8 genes are not expressed in rice bean that encounters the commitment of late flowering of rice bean. Stress-responsive genes: A total of 23 stress-responsive gene families found the rice bean predicted genes. A total of 5 gene families out of 23 selected genes [stress enhanced protein 1 (SEP1-), universal stress protein PHOS32 precursor (PHOS32), stress enhanced protein 2 (SEP2-), and stress-responsive alpha-beta barrel domain-containing protein (GSU2970)] were found upregulated in rice bean, wherein it is downregulated in Glycine max. The list of stress sequence coverage, expressions, and the species distribution is provided in Figure 9.
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FIGURE 9
List of genes’ expression selected for late flowering, ligands produced by palatably indexed genes that activates human bitter taste receptors, stress response genes, and disease resistance genes. RNA expressions of five rice bean varieties (log10 of RPKM of total read counts) and de novo assembled RNA expressions of Glycine max was compared for regulations of each functional genes selected for expression profile analysis.




Validation of flowering and palatability related genes by quantitative real-time polymerase chain reaction

A set of nine flowering- and ten palatability-regulating genes (Supplementary Excel 1) were earmarked for validation by qRT-PCR analysis. A total of four flowering-related genes (DT1, EFL3, ERTF, and RFT1) showed significantly higher expressions than normalizer gene 2-oxoisovalerate dehydrogenase expression. Among the ten palatability modulating or related genes for instance, 2HID, ACRL, FH, and I7OGT showed significantly increased expressions (Figure 10).
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FIGURE 10
Relative expression of panels (A) flowering and (B) palatability related genes. Data represent the mean ± SE of 3 replications. Columns marked with an asterisk indicate statistically significant changes, as determined by Student’s t-test (*p < 0.05).





Discussion

Rice bean is less familiar among Asiatic Vigna varieties but presents higher potential value than adzuki bean, mung bean, and cowpea, which are in the same genetic linkage map in the genome profile. The domestication and subsequent breeding Vigna umbellata focusing on its palatability and flowering potential, stress responsive genes, and disease resistance gene families have had inconsistent effects on its genetic diversity. Most varieties of rice bean are highly photoperiod sensitive and are therefore late flowering show strong vegetative growth when grown in the subtropics. The induced mutation of genes based on this study could transform a climbing perennial that develops axillary inflorescences during a juvenile stage of many years into a compact plant with rapid terminal flower and fruit development. Expressions of important flowering-related gene families are found significant in five selected varieties of rice bean by positioning read mapping values with Glycine max expression profiles. The early flowering-3 (Elf3) gene found upregulated in rice bean varieties that would increase functional factors of transcriptional coregulation activity (corepressor complex), because of long-term interaction with phytochrome B and nematode feeding. Dt1 and Dt2 genes have been implicated in regulating stem growth habit and hence affect plant’s indeterminate growth (Bernard, 1972; Thompson et al., 1997; Liu et al., 2010). Early flowering 3 (EFL3) regulates circadian clock and photoperiodic flowering (Hicks et al., 2001); whereas RFT1 (FLOWERING LOCUS T1) induces the initiation of the reproductive phase and promotes the expression of major genes that regulate inflorescence development. Data reveal that aforesaid genes Dt1, EFL3, RFT1, and ERTF display significant modulation in expression, thereby exhibiting a strong correlation to its architecture and physiology (Figure 10A). Rice beans are rich source of phenolic acids and flavonoids. In line with our data support the significant enhancement in expression of isoflavone (health boosting compound) pathway genes, such as 2HID (2-hydroxyisoflavanone dehydratase-like), ACRL (anthocyanidin reductase-like), FH (flavanone 3-hydroxylase), and I7OGT (isoflavone 7-O-glucosyltransferase 1-like) (Figure 10B). PIE (photoperiod-independent early flowering) gene families are mediating to regulate FLC-related transcription factors by chromatic remodeling, are downregulated in control group, and are upregulated in rice bean. TFL gene families reported from rice bean control inflorescence identify and maintain indeterminate inflorescences could be a better target for breeding purpose. These genes prevent the expression of APETALA1 and LEAFY, which play major roles in regulating the time of flowering. Regulations of FCA – flowering time control, photoperiod-independent early flowering isoforms to reactivate FLC in early embryos and chromatin modeling based on the transcriptional regulation are the significant source for late flowering targets. Palatability- and digestibility-specific gene pooling increase the understanding of trait qualities that are preferred, including hard seededness, for all genotypes used by farmers in India. Taste modalities are aversive to each species and respondents. A total of 37 genes are screened for palatability indexed ligands that are produced from 8 enzymatic responses. Bitterness is elicited by diverge metabolite products from an enzymatic reaction (Garg et al., 2018). Expression of these genes that are indexed for bitterness is mapped with Glycine max as control reference. We found down-regulation of the 15 genes in G. max as compared to rice bean which provide the scientific evident that these are the candidate genes that can be targeted to enhance the palatability index of the rice bean domestic cultivars. Ligands from selected/screened enzymatic sources are reported as bitter predictors to limit the threshold of receptor promiscuity. Nissim et al. (2017) reported 270 molecules as bitterness predictors, in which rice bean has 15 bitterness producible ligands that activate taste receptors – T2R in humans. These ligands activating 8 enzymatic reaction that is projected as chemosensory studied proteins for taste receptivity. Expressions of these 15 genes are the indicative markers in Glycine max for bitterness. Anthranilate, chalcone, cyanidin, flavone, morin, palmitoyl, resveratrol, and spermidine are the major functional molecules to determine palatability index of rice bean. These ligands are aversive to act as stimulus and opposed to olfactory. It produced from deamination of coregulated aromatic acids derived by subsequent hydrolytic and reduction by non-enzymatic compositions and storage conditions. Anthranilate N-methyltransferase-like, -synthase alpha subunit, -beta subunit, and -phosphoribosyltransferase are found to have 2-fold expression in Glycine max that acts as the taste modifiers (specific to hypersensitivity-induced reaction). Anthranilate basically involves in the synthesis of acridine alkaloids that activates most of T2R (17988223). All other 28 genes, reported for palatability index, are downregulated in Gmax and upregulated in rice bean. Pharmacophore of these 14 ligands is mapped to the closer proximity of flavonoid group. These promises, the evolution of these ligands from mapped genes, are self-evident that C-ring of flavonoids is the precursive and crucial for taste receptor activation.

Rice bean genes prevail resistance to biotic and abiotic stresses, which is an issue that is generally addressed in most plant species in the process of domestication and crop improvement. Vigna umbellata, we identified 97% of the coding domains of selected gene families, such as those encoding the Rho-type GTPase-activating proteins, serine–threonine protein kinases (TAO1), presynaptic morphology proteins, and enhanced disease resistance 1 isoforms, which limit the initiation of cell death and establish a hypersensitive response.

A total of fourteen medicinally important genomes were compared with the genes of the rice bean assembly. Genes that are abundant provide in-depth transcript profiles of individual genes. This alignment facilitated the identification of candidate genes pertinent to the pathways of interest, as well as non-pathway targets whose expression is consistent with the synthesis of medicinally valuable compounds in rice bean. Rauwolfia serpentine contains an ajmalan alkaloid-rich metabolite showing a high gene alignment frequency with rice bean. This metabolite is an anti-arrhythmic in the human system, and a mixture of rapidly interconverting epimers was found.



Conclusion

The draft of the Vigna umbellata genome provides insightful genetic information from our draft genome assembly to domesticate. The explored data from whole genome-sequence and its expression profile document that rice bean is suitable for cultivation in large areas and potentially holds high commercial value. This identified palatable, flowering stress-responsive and medically active gene library offers an avenue for scientists to improve the traits via gene editing and farmers to cultivate this legume crop variety harboring immense nutritional potential for extensive consumption, to meet the centuries-long challenge of its cultivation and consumption. This study will bring the nutritionally crucial legume crop into mainstream commercial platform to serve several purposes, including trait improvement for consumption, thereby alleviating the issue of micronutrient malnutrition, prevalent worldwide.



Accession list of selected species under leguminous crops genome comparison

Arachis hypogea: PIVG00000000.1; PRJNA476953, Cajanus cajan: AGCT00000000.1; PRJNA376605, Cicer arietinum: ANPC00000000.1; PRJNA190909, Glycine max: ACUP00000000.3; PRJNA19861,Lupinus angustifolius: CM007380.1; PRJNA356456, Mucuna pruriens: QJKJ00000000.1; PRJNA414658, Phaseolus coccineus: QBDZ00000000.1; PRJNA448610, Phaseolus vulgaris: ANNZ00000000.1; PRJNA240798, Pisum sativum: PUCA000000000.1; PRJNA432052, Vicia faba: CSVX00000000.1; PRJEB8906, Vigna angularis: JZJH00000000.1; PRJNA328963, Vigna radiata: JJMO00000000.1; PRJNA301363, and Vigna unguiculata: NBOW00000000.1; PRJNA521068.
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Acc. Elco27 Elco33 Elco37 Elco39 Elcod0 Elcod2 Elcod8 UPEG24 UPEG27 UPEG66 Mean

215908 0.68 0.18 0.54 071 0.54 0.54 0.00 071 0.00 0.63 0.50
215929 08 0.1 06 08 06 06 0.00 071 057 053 059
215930 0.75 022 0.55 0.67 0.55 0.55 0.00 075 0.57 0.64 0.58
216932 0.76 0.25 057 0.67 0.67 057 0.00 0.76 0.67 0.76 0.62
215943 0.8 0.4 0.6 0.73 0.6 06 0.00 0.75 0.67 0.80 0.50
237443 0.75 0.28 057 057 0.57 057 0.00 1.00 1.00 0.80 0.68
243639 0.72 0.35 0.56 0.69 0.65 0.56 0.00 0.80 0.60 0.73 0.62
243840 0.71 0.41 0.55 072 0.55 0.55 0.00 0.80 0.60 0.67 0.62
216041 0.54 0.32 054 0.69 0.64 0.54 0.00 0.80 0.67 0.67 0.59
216042 0.76 0.01 0.42 071 0.67 057 0.00 1.00 0.00 0.68 0.62
216046 08 0.01 06 08 0.6 06 0.00 0.80 0.60 0.83 0.63
216054 0.72 0.37 0.53 0.64 0.63 0.56 0.00 0.80 0.60 061 0.44
237969 0.72 03 0.54 073 0.54 0.54 0.00 1.00 0.00 071 0.56
237971 0.71 0.14 053 071 0.63 053 0.00 1.00 0.00 071 0.64
245088 0.71 0.28 0 0.69 0.63 0.53 0.00 1.00 0.00 071 0.49
245002 0.71 0.13 0.53 07 053 0.53 0.00 071 053 0.67 0.56
238316 0.76 0.01 057 07 0.67 057 0.00 1.00 0.67 0.80 0.63
238317 0.75 02 0.55 0.67 0.55 0.55 0.00 0.66 1.00 0.73 0.63
238321 0.72 0.43 0.54 0.57 0.54 0.53 0.00 0.66 0.50 0.72 0.58
242612 0.68 0.01 0.55 053 0.55 0.55 0.00 0.80 0.50 0.75 0.55
242614 0.65 0.28 053 0.62 0.46 053 0.00 0.73 0.53 0.71 0.66
242621 0.73 0.35 055 0.67 053 0.55 0.00 0.70 06 0.63 0.59
242622 0.75 0.01 0.42 06 057 057 025 1.00 1.00 072 0.63
242623 0.72 0.15 0.51 071 0.63 0.53 0.15 0.83 0.67 0.67 0.59
Adis-01 0.71 0.38 0.55 0.67 053 0.55 0.00 0.80 053 071 0.60
Axum 0.68 0.26 053 06 0.63 053 0.00 0.73 0.56 0.69 0.67
Bako-09 0.71 0.36 0.56 0.68 055 0.55 0.00 0.75 0.55 0.68 0.60
Bareda 07 0.01 053 06 053 053 0.00 075 057 0.7 055
Boneya 0.76 0.22 0.56 06 0.65 0.56 0.00 0.75 0.53 0.75 0.8
Amhara 0.75 0.27 057 0.70 0.57 057 0.00 078 0.59 0.70 0.59
Oromia 0.71 0.20 0.46 071 0.65 0.56 0.00 0.89 0.30 0.70 0.64
Tigray 0.72 0.18 0.53 0.63 0.54 0.55 0.05 0.80 0.68 0.72 0.59
Cultivars 071 025 054 063 054 054 0.00 076 055 071 058
Na 7 5 3 9 4 3 4 7 8 5 5.62
Ho 0.80 0.44 0.66 077 0.68 0.68 0.30 081 0.60 0.75 0.65
Hs 0.13 0.07 0.04 0.12 0.03 0.02 0.004 0.11 0.12 0.16 0.08
Hr 0.16 0.08 0.05 0.15 0.04 0.02 0.004 0.03 0.14 0.19 0.09
Gsr 0.23 0.10 0.27 020 0.21 0.02 0.00 0.20 0.19 0.18 0.12

PIC 053 0.23 031 0.65 021 017 0.045 0.68 0.67 071 0.51
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sv DF ss ve PV FI P-value

(A) Without grouping the accessions

Among accsssions 59 145.84 Va=037 18.77 Fer=0.18 Vaand Fr < 0.001
Within accessions 406 408.23 Vb = 1.60 81.23

Total 465 554.08 197

(B) By grouping the accessions according to their region of origin

Among regions 4 42,08 Va=0.13 687 For =0.07 Vaand For < 0.001
AAWR 55 103.81 Vb =026 13.18 Fso=0.14 Vb and Fsc < 0.001
Within accessions 406 408.23 Ve =160 7994 Fsr =020 Ve and Fer < 0.001
Total 465 554.08 200

SV, source of variation; DF, degrees of freedom; SS, sum of squares; VIC, variance component; PV, percentage of variation; F, fixation index; AAWR, among accessions within regions.
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27
28
29

0.19
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0.19
0.19
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0.15
0.00
0.06
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0.35
0.04
0.14
o1
0.08
0.26
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0.18
0.38
0.19
0.32
0.13
0.08
0.29
0.36
021
0.18
0.45
0.41

0.25
0.07
0.39
0.42
0.34
021
0.18
017
0.1
0.37
0.01
0.19
0.15
0.14
0.26
0.30
0.30
0.45
0.21
0.29
0.13
0.02
0.38
0.44
0.27
0.29
0.52
0.48

0.14
0.13
0.14
0.14
0.15
0.03
0.04
0.07
022
0.05
0.12
0.05
0.02
0.16
0.16
0.14
028
0.1
0.26
0.04
0.03
0.28
031
o1
0.13
0.34
029

0.19
0.02
0.03
0.11
0.26
0.24
0.18
0.46
0.15
0.05
0.02
0.00
0.12
0.05
0.11
033
0.156
0.41
0.18
0.19
0.26
0.29
0.17
0.10
0.38
037

0.19
0.08
0.14
0.20
023
0.23
0.50
0.16
0.1
0.16
0.1
0.26
0.07
0.01
027
0.14
0.37
0.19
0.16
0.18
022
0.15
0.00
0.30
034

0.15
0.00
0.16
017
0.11
0.46
0.13
0.01
011
0.02
017
0.02
0.00
029
0.13
0.33
0.18
0.13
0.18
021
0.13
001
031
037

0.15
0.15
0.14
0.03
0.30
0.13
0.04
0.1
0.04
0.08
0.04
0.11
0.28
0.12
0.22
0.15
0.07
0.21
0.23
0.13
0.10
0.28
0.35

0.22
0.02
017
0.38
0.06
023
023
0.15
0.31
025
0.18
0.41
025
0.32
0.20
0.06
0.29
0.34
0.17
0.17
0.46
0.46

0.19
0.14
0.18
0.05
023
0.19
0.15
0256
0.20
0.16
0.39
021
027
0.15
0.06
023
025
0.09
0.15
0.42
0.42

1

0.13
0.24
0.07
0.05
0.08
0.00
0.03
0.00
0.14
024
0.09
0.14
0.02
0.05
0.27
027
0.10
0.14
0.26
0.32

12

0.32
0.17
0.38
0.23
0.28
0.23
0.28
0.33
0.49
0.28
031
0.12
0.16
0.34
035
0.156
0.28
0.63
0.52

13

0.13
0.09
0.06
0.05
0.18
0.15
0.1
027
0.08
0.20
0.03
0.04
021
0.25
0.1
0.10
0.32
0.28

0.14
0.04
0.02
0.07
001
0.10
0.18
0.00
0.25
0.15
0.10
027
0.30
0.20
011
0.22
020

0.16
0.02
0.02
0.08
0.19
032
0.10
0.34
0.09
0.10
0.29
031
0.17
0.17
0.37
0.32

0.13
0.04
0.02
0.13
0.30
0.13
0.31
0.04
0.03
0.29
0.28
0.13
0.12
0.34
0.35

17

0.18
001
022
027
0.08
0.28
0.14
0.13
0.32
031
0.16
0.20
029
029

18

0.11
0.00
0.17
0.03
0.19
0.08
0.06
0.15
0.1
0.04
0.01
0.13
0.26

19

0.13
0.16
0.08
0.20
0.10
0.06
0.03
0.02
0.01
0.10
0.13
0.25

20

0.26
0.01
0.16
0.22
0.19
0.31
033
021
017
0.07
0.02

21

0.12
0.10
0.1
0.06
0.19
022
0.12
0.08
0.06
0.02

22

0.24
0.17
0.07
0.26
0.26
0.16
0.20
0.16
0.23

23

0.13
0.06
0.21
0.20
0.06
0.10
0.24
0.28

24

0.10
0.19
0.18
0.02
0.06
021
0.26

0.23
0.02
0.09
0.02
0.27
0.36

26

0.24
0.01
0.00
0.26
0.41

27

0.13
0.00
0.18
0.29

28 29

0.12
0.13 0.28
025 0.09 0.30

Bold diagonal values, mean Nei's standard genetic distance of each accession against allother accessions. Accessions with codes 1-8, 916, and 17-24 were collected from Amhara, Oromia, and Tigray, respectively, whereas the last
five accessions (with codes 25-29) are the improved cultivars.
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Present value and net present value* (Min-max range)

Country ~ GM crop Base year

Producers Consumers Total
Ghana Pod borer resistant cowpea 2014 86(3.2-54) 12 4.5-73) 19 (5.6-125)
Nigeria Pod borer resistant cowpea 2016 258 (14-781) 91 (4.7-316) 336 (10.4-1,081)
Tanzania  Brown streak disease resistant cassava 2015 65 (7.5-159) 85 (8.6-221) 150 (14-377)
Uganda Brown streak disease resistant cassava 2015 90(-16-254) 481 (366-614) 570 (409-750)
Uganda Bacterial wil disease resistant banana 2015 326 (22-632) 459 (291-679) 775 (499-1,101)

Source: Dzanku et al. (2018), Philp et al. (2019), Kikulwe et al. (2020), and Ruhinduka et al. (2020). *Figures Gorrespond to most likely values, while those in parentheses and iafics
to minimum and maximum values. Estimations were done on local currency units and converted to US dollars using the official annual exchange rate for the base year listed.
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Country Trait Orphan crop  Non-orphan crop

Ethiopia  Water effcient and stemborer Meaize
resistant

Ghana  Nitrogen and water efficient, salt Rice
tolerant
Pod borer resistant Cowpea

Nigeria  Pod borer resistant Cowpea

Tanzania Brown streak disease resistant  Cassava
Water efficient and stemborer Maize
resistant

Uganda  Brown streak disease resistant  Cassava
Bacterial wil disease resistant Banana

Source: Dzanku et al. (2018), Phillp et al. (2019), Kikuhwe et al. (2020), Rut
(2020), and Yirga et al. (2020)
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Country

Eswatini
Ethiopia
Kenya
Malawi
Nigeria

South Africa

Sudan

GM crop/trait

Insect-resistant cotton
Insect-resistant cotton
Insect-resistant cotton
Insect-resistant cotton
Insect-resistant cotton
Insect-resistant cowpea
Insect-resistant,
herbicide-tolerant maize
Herbicide-tolerant soybean
Insect-resistant cotton
Insect-resistant cotton

Area planted
(hectares)

403
311
na
6,000
700
na
2,134,000

785,745
16,176
236,200

Source: ISAAA (2021); figures for South Africa: USDA-FAS (2020).
n.a., data not yet available.

Year

2019
2019
2020
2019
2019
2021
2020

2020
2020
2019
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Sample collection
DNA /RNA extraction
Sequencing
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Nutrient BGN Cowpea African yam Winged Mung

components bean bean bean
Moisture (%) 4.30 10.79 8.84 5.5 8.08
Protein (%) 23.59 26.76 21.26 28.52 26.50
Carbohydrate (%) 64.4 50.53 61.92 34.11 56.52
Fat (%) 6.50 0.92 1.76 16.72 1.33
Fiber (%) 5.49 11.03 5.19 551 3.67
Ash (%) 4.30 3.12 3.40 4.56 3.91

Source: BGN (Yusuf et al., 2008; Halimi et al., 2019); Cowpea (Gondwe et al.,
2019); African yam bean (Adegboyega et al., 2020); Winged bean (Adegboyega
etal., 2019); and Mung bean (Li et al., 2010).
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TO LOCAL FARMERS:
*means of livelihood
*source of food

*source of livestock feed
*source of protein and

e THE ECONOMY:
*increase in income

*stabilizes economy
through income generation
*alternative to major cash crops

Bambara

groundnut

*act as nitrogen fixers

*important in crop rotation

and nutrient cycling

*decreases use of fertilizers through
nitrogen fixation

NUTRIENT COMPOSITION:
*source of protein
*source of fibre

*source of carbohydrate
*good energy source
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Details

Number of scaffolds
Total size of scaffolds (bp)
Assembled genome (%)

Longest scaffold (bp)

Shortest scaffold (bp)

Median scaffold size (op)

N50 scaffold length (bp)

150 scaffold count

GG content (%)

Scaffold (% N)

Percentage of assembly in scaffolded
contigs

Number of genes predicted

Total length of genes (op)

Average gene length (bp)

Number of mRNA

Number of exons

Average exon length (op)

Average exon number per gene

Statistics

5854
279,119,361
8353
754,305
1,005
21,357
111,472
739
31.40
189
72.60

24,521
33,902,758
1,383
25942
147,389
230
6
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Class Super family

LR Copia
Gypsy
Unknown
LINE LINE
Sub-total (class )
DNA DTA
TG
DTH
DTM
oTT
Helitron
Unknown
MITE DTA
TG
DTH
DTM
oTT
Sub-total (class )
Total interspersed repeats
Others Low
complexity
Satelite
Simple repeat
TANA
Total

Count

1,041

91,560
148,798

78
3
a3
311
149,233

Coverage
(bp)

14,648,777
15,255,927
6,539,966
705,197
37,149,867
1,349,900
7,704,524
172,226
8,660,753
155,776
2,008,476
10,654,223
140,381
21,000
22,381
156,337
7,790
31,053,767
68,203,634

44,478
159
5515
314,595
68,568,381

Masked (%)

535

0.02

0.00
0.1
25.04
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SNPID

$.30879
S_89876
S_122389
S_24737
564394
S_68796
S_43090
S_182047
575187
$_30879
S_30884

Alleles

Position

43,090
182,947
75,187
30,879
30,884

4.45E-22
151E-15
8.49E-15
1.426-09
1.26E-08
1.40E-06
1.526-06
5.226-06
5.43E-05
2.28E-05
2.28E-05

Minimum allele
frequency
(MAF)

False

discovery rate

(FDR) adjusted
P

1.76E-18
2.98E-12
112611

1.40E-06
9.91E-06
8.56E-04
8.56E-04
2.57€-03
2.38E-02
4.35E-02
4.35E-02

Effect
estimates

Candidate gene

MLO (Hordeum vuigare)

MLO (Hordeum vuigare)

RPWB.2 (Arabidopsis thaliana)
MLO (Hordeum vuigare)

Model

MLMM
FarmCPU
FarmCPU
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Minerals

Ca

Mg
Mn
Na

Zn

Residual effect =0.61.

“Correlation value significant at p<0.05.

026
-0.03
0.03
018
0.05
0.02
-015
~003

Cu

0.01
~0.06
0.00
0.01
0.01
0.00
-003
~001

##*Correlation values significant at p <0001

~0.03
~001
—021

0.00
~001
~006
-005
-004

Mg
006
-0.02
0.00
0.09
0.03
0.01
=003
000

Mn

0.07

~006
001
015
039
0.05

~0.06
019

0.00
0.00
0.02
001
001
0.06
0.00
0.00

024
017
0.10

~0.16

~007

-003
0.42
013

Zn

-0.02
0.03
0.03
0.01
0.09

~001
0.05
017

Fe
011
001

-0.02

0.28*
0.49%%+
003
014
04205





OPS/images/fpls-13-841226/fpls-13-841226-t004.jpg
Minerals Ca Cu Fe

Ca -020 0.00

Cu —011 0.00

Fe o1 001

K 013 0.07 ~002
Mg 0.6745% -021 0287
Mn 017 -0.16 0.49%%%
Na 0.06 0.03 0.03

P —0.58% 040755 014
Zn -0.12 017 0.425%%

“Values in bold are significant at p<0.05.
“*Values in bold are significant at p<0.01
#*+Values in bold are significant at p <0.001.

0.00
—032%%
0.00

001
003
030%
024%
017

Mg

0.82%%*
o

0.00
=023

03955

011
—0.38

005

Mn
036
—0.79%%

0.00
~0.10
04855

012
-0.16
04955+

Na

-0.02

0,994+
0.00
04555

~0.11
0.04

~0.06
~0.08

P

0794+
07545
0.00
023
—0.79%%%
—0.387%%
-0.19

03155

Zn

-0.19
012
0.00
0.06

—0.36"%
0.575%%

04555
0375
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g::::ms Ca Cu Fe K Mg Mn P Zn
dé 12840936.25 + 2842625.89 0.73+1.22 0.00£NA 7035034.9 +3377570.85 987563.75 + 329479.35 3639.83+2458.75 16228.06 +9466.68 2551218.53£587213.33 157.17£55.79
d% 1842253.44 + 2749025.01 0.52+1.07 15.81£75.11 127443.83 +658427.20 1484647.33+2131238.43 1977.21+£3129.67 0.00£NA 0.21+NA 41.57£64.43
déxy 4664094.80 + 1238432.51 5.19+1.69 1703.78 £330.12 13459157.61 +3571965.16 1534003.85 + 266444.04 16369.1 + 2807.40 57942.85 +10265.64 1547882.61 +272119.80 269.59+47.53
dg 484799137 £813500.07 7.72£1.42 1743.47 £293.14 14043558.52 + 2400108.74 60650.78 10361.10 234.13£40.28 5487.84+930.75 119358.44 +20637.24 18.93+£3.22
2 ississisamisen | szstosy Lassssissss mmspsemizsgis Denmsssmisiss Alipsieaman isiascns | Sssmsussase Bemesns
2 0.78£0.05 0.14£021 0.00£0.00 0.4120.14 056£0.11 031£0.17 0.35£0.16 0.7640.06 0.53£0.11
Mean 18530.05 1223 13357 26413.46 6716.95 216.63 1143.50 8568.63 55.89
GCV (%) 19.34 697 0.03 10.04 1479 27.85 1114 18.64 2243
PCV (%) 21.84 18.73 26.87 15.74 19.81 5032 18.87 21.38 30.82
ECV (%) 11.88 2270 31.26 14.19 3.67 7.06 648 4.03 778

GA 6534.93 0.65 0 3486.73 1529.25 68.78 154.91 2869.25 18.80
GAM (%) 35.27 5.34 0 132 2277 3175 1355 3349 33,63

G L genotypic ariance; 07 ,year variance: 0%,y . genotype x year interaction variance; o7 ,resdual varince; 3 . phenotypic variance; 172 , broad-sense heritabil

ECV, residual coefficient of variation; GA, genetic advance GAM, genetic advance over mean.

3 GCV, genotypic coeffcient of variation; PCY, phenotypic coefficient of variatio
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Minerals

Ca
Cu
Fe
K
Mg
Mn

Al minerals concentration (mgkg™ dry weight)

Mean

185397
1217
13304
26393.85
6719.83
217.68
114355
8558.29
55.85

Minimum

82528
539
12559
9992.27
2068.03
19.04
535.92
3633.55
1698

Maximum

33681.21
251

43072

49854.23
124756
955.71
21659

1421616
166,58

Range

25428.41
19.71
41814
39861.96
1040756
936.67
1629.98
1058261
14959

Standard error

287.92
023
353

355.74

109.61

875

Coefficient of
variation (%)
2594
3135
43.98
251
215
6698
2461
2389
38.67
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Countryof ~ Generation

Genotype ~Genebank of the original accession origin of selfing Region
EAL National Museums of Kenya Kenya s4 Eastern Africa
EA2 National Museums of Kenya Kenya s4 Eastern Africa
EA3 National Museums of Kenya Kenya s4 Eastern Africa
EA4 National Museums of Kenya Kenya s4 Eastern Africa
WAL University of Ouagadougou Burkina-Faso s4 West Africa
WA2 University of Ouagadougou Burkina-Faso s4 West Africa
EAS National Museums of Kenya Kenya 54 Eastern Africa
EAG6 National Museums of Kenya Kenya 54 Eastern Africa
WA3 University of Ouagadougou Burkina-Faso 54 West Africa
WA4 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi ~ Benin 54 West Africa
WAS Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi ~ Benin 54 West Africa
WA6 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi ~ Benin 54 West Africa
WA7 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Benin 54 West Africa
WAS Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi ~ Benin 54 West Africa
WA9 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Benin 54 West Africa
WA10 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Benin 54 West Africa
WAL Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi ~ Togo sS4 West Africa
WA12 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Togo s West Africa
WAL3 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Togo s4 West Africa
WA14 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Togo s4 West Africa
WA1S Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Togo s4 West Africa
WA16 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Togo 4 West Africa
WA17 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Togo s4 West Africa
WA18 Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Togo s4 West Africa
ASI World Vegetable Center Thailand s4 Asia
AS2 ‘World Vegetable Center Lao Peoples s4 Asia

Democratic

Republic
AS3 World Vegetable Center Lao Peoples s4 Asia

Democratic

Republic
ASH World Vegetable Center Lao People’s 54

Democratic

Republic
ASS World Vegetable Center Thailand s4 As
AS6 World Vegetable Center Thailand s4 Asia
EA7 World Vegetable Center Kenya 54 Eastern Africa
SAL World Vegetable Center Zambia sS4 Southern Africa
AS7 World Vegetable Center Lao Peoples sS4

Democratic

Republic
ASS World Vegetable Center Malaysi sS4
AS9 World Vegetable Center Malaysia s4
ASIO ‘World Vegetable Center Malaysia s4
ASTL ‘World Vegetable Center Malaysia s4 Asia
ASI2 ‘World Vegetable Center Lao People’s s4 Asia

Democratic

Republic
EAS ‘World Vegetable Center Uganda 4 Eastern Africa
EA9 ‘World Vegetable Center Uganda s4 Eastern Africa
EAL0 World Vegetable Center Uganda s4 Eastern Africa
EALL ‘World Vegetable Center Uganda s4 Eastern Africa
SA2 World Vegetable Center Malawi s4 Southern Africa
SA3 ‘World Vegetable Center Malawi 4 Southern Africa
EAL2 World Vegetable Center Kenya sS4 Eastern Africa
EAL3 World Vegetable Center Kenya 54 Eastern Africa
SA4 World Vegetable Center South Africa 54 Southern Africa
SAS World Vegetable Center Zambia sS4 Southern Africa
ASI3 World Vegetable Center Taiwan sS4 Asia
SAG* Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Mozambique sS4 Southern Africa
EAL4 National Museums of Kenya Kenya 54 Eastern Africa
ASI4 World Vegetable Center Malaysia 54
ASIS World Vegetable Center Thailand 54
ASI6 World Vegetable Center Lao People’s 54

Democratic

Republic
AS17 World Vegetable Center Lao People’s s4 Asia

Democratic

Republic
SA7 Okakarara Namibia 54 Southern Africa
SA8 Otjiwarongo Namibia 54 Southern Africa
SA9 Lilongwe University of Agriculture and Natural Resources Malawi 54 Southern Africa
SAL0 Lilongwe University of Agriculture and Natural Resources Malawi s4 Southern Africa
SALL Mahenene Research Station Namibia s4 Southern Africa
SAL2 Chitedze Research Station Malawi s4 Southern Africa
SAL3 Namibia Botanical Gardens Namibia s4 Southern Africa
SAL4 Namibia Botanical Gardens Namibia s4 Southern Africa
SAIG* Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Zimbabwe s4 Southern Africa
ASIS ‘Wageningen University and Research Malaysia s4 Asia
SAL7 Okakarara Namibia sS4 Southern Africa
SALS Lilongwe University of Agriculture and Natural Resources Malawi sS4 Southern Africa
SAL9 Lilongwe University of Agriculture and Natural Resources Malawi s4 Southern Africa
5420 Chitedze Research Station Malawi s4 Southern Africa
SA21% Laboratory of Genetics, Biotechnology and Seed Science (GBioS), University of Abomey-Calavi  Zimbabwe s4 Southern Africa

“Provided to the Laboratory of Genetics, Biotechnology and Seed Science (GBioS) of University of Abomey-Calavi by Tomas Massingue (Mozambique) and Admire Shayanowako
(Zimbabwe).
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Annotation statistics

No. protein coding genes 38,505
Mean gene length (bp) 4,831
Mean CDS length (bp) 987
Mean no. exons per gene 4.39
Mean exon length (bp) 225
Mean intron length (bp) 1,134

Completeness assessment?

Complete BUSCOs 1,417 (87.8%)
Single-copy 1,296 (80.3%)
Duplicated 121 (7.5%)
Fragmented 133 (8.2%)
Missing 64 (4.0%)

aBUSCO v4.0.2; 1,614 Embryophyta genes.
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Gene copy number

Enzyme A. thaliana T. cacao V. paradoxa
BCCP Homomeric Acetyl-CoA 2 3 3
Carboxylase BCCP subunit
CAC2 Homomeric Acetyl-CoA 1 1 1
Carboxylase BC subunit
CAC3 Homomeric Acetyl-CoA 1 2 2
Carboxylase alpha-CT subunit
KAS | Ketoacyl-ACP synthase | 1 2 4
KAS I Ketoacyl-ACP synthase Il 1 3 3
KAS I Ketoacyl-ACP synthase Il 1 1 2
FATA Acyl-ACP Thioesterase Fat A 2 1 2
FATB Acyl-ACP Thioesterase Fat B 1 1 2
FAD2 ER Oleate Desaturase 1 2 4
FAD3 ER Linoleate Desaturase 1 3 5
FAX1 Fatty acid exporter 1 1 1 1
FAX2 Fatty acid exporter 2 1 1 2
FAX4 Fatty acid exporter 4 1 1 0
LACS Long Chain Acyl-CoA Synthetase 9 7 8
ACBP Acyl-CoA-binding protein 6 6 6
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Variables FALCON-Unzip Purge Haplotigs? Hi-C scaffolding
Primary Haplotigs Primary Haplotigs
Number of contigs 1,215 2,682 594 2,517 12
Total length (Mbp) 784.26 507.73 667.29 282.00° 658.73
Longest (Mbp) 7.62 1.96 7.62 1.96 82.82
Shortest (bp) 21,126 277 277 277 37.28
>100 kbp (%) 831 (68.4) 1,350 (50.3) 468 (78.1) 1,406 (565.9) 14 (100)
>1 Mbp (%) 236 (19.4) 29 (1.1) 224 (37.4) 29 (1.1) 14 (100)
Mean length (Mbp) 0.64 0.18 1.11 0.20 55.89
N50 length (Mbp) 2.03 0.37 2.44 0.38 57.51
GC content (%) 32.96 33.03 32.94 33.01 32.95

aAfter application of the Purge Haplotigs pipeline and manual contig curation (i.e., chimera breaking and haplotig re-assignment).
bTotal length of primary contig space to which the haplotigs align.
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Chr Length No.of Contig No. of No. of Mean

(Mbp) contigs length genes SNPs distance

N50 between

(Mbp) SNPs (bp)
Chr 01 80,731,948 42 2.89 4,208 413,405 195
Chr 02 74,439,616 57 2.39 4,682 392,583 189
Chr 03 57,704,473 44 3.07 3,137 314,591 183
Chr 04 59,651,551 42 2.86 3,283 308,006 193
Chr 05 59,680,608 51 2185 3,312 321,960 185
Chr 06 49,210,429 36 2.35 3,131 285,150 172
Chr 07 55,380,075 48 2.03 3,200 266,400 207
Chr 08 52,298,408 46 2.09 3,270 273,406 191
Chr 09 47,443,901 42 2.05 2,604 254,725 186
Chr 10 46,597,000 30 2.42 2,696 245,885 189
Chr 11 38,413,107 27 3.13 2,478 212,268 180
Chr12 37,276,254 30 2.55 2,239 190,581 195
Unscaffolded 8,558,030 99 0.22 465 9,997 -
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0.1
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splice_acceptor_variant
splice_donor_variant
start_lost
stop_gained
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missense_variant

initiator_codon_variant
splice_region_variant
synonymous_variant

Count

3,010
387
340
280

1682
421
80,281
69,385
27
7,486
61,872
5,453,021
5,605,697

Percent (%)

0.05

1.43
1.24

97.28
100.00

ampact classes according to the SnpEff pipeline: (1) HIGH: Disruptive impact
on protein function via protein truncation, loss of function, or triggering
nonsense mediated decay; (2) MODERATE: Non-disruptive but may affect protein
efficacy; (3) LOW: Unlikely to change protein behavior; (4) MODIFIER: Usually
variants in non-coding regions, where predictions are difficult or there is no

evidence of impact.
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Number of Farmers per region

Variable Class Arusha Babati Karatu Kondoa Same Total Percentage
Constraints of lablab production Pests and diseases 11 3 3 4 5 26 83.9
Poor marketability 3 3 2 0 4 12 38.7
Inadequate rainfall 2 1 0 1 5 8 29
Lack of quality seed 3 2 2 1 1 9 29
Low vyields 1 2 0 1 2 6 194
Expensive agrochemicals 1 2 0 0 3 6 19.4
Poor storage 0 0 1 0 1 2 6.5
Problematic insects in field Caterpillar 1 0 2 2 0 15 46.9
Aphids 1 2 3 2 5 13 40.6
Mites 0 2 0 1 0 3 9.4
Sucking bugs 0 0 0 1 0 1 3.1
Serious insects during storage Bruchids 12 4 4 4 3 27 87.1
Bean weevils 0 0 1 1 2 4 12.9
Lablab diseases Bacterial wilt 8 2 0 5 0 12 38.7
Late blight 5 0 3 0 0 8 258
Yellowing 0 0 1 0 5 6 19.4
Powdery mildew 2 1 2 0 0 5 16.1
Pest control Pesticides 12 4 4 3 3 26 83.9
No application 0 0 1 1 2 4 12.9
Botanicals 0 0 0 1 0 1 3.2
Seed Treatment Yes 9 3 3 1 5 21 70
No 2 1 2 4 0 9 30
Satisfaction with farmer saved seeds Yes 9 3 2 5 5 24 77.4

No 3 1 3 0 0 7 22.6
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Variable Interval Percentage (%)
Cropping system Intercropping 58.1
Monocropping 41.9
Intercrop Maize 94.4
Maize, pigeon peas 5.6
Lablab type Determinate 83.9
Indeterminate 16.1
Season Long Rain 93.5
Short rain 6.5
Maturity indices Pod color 93.5
Seed color 6.5
Harvesting method Harvesting dry pods 90.3
Uprooting entire plant 9.7
Threshing method Manual threshing 80.6
Mechanical threshing 19.4
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Number of Farmers per region

Variable Class Arusha Babati Karatu Kondoa Same Total Percentage
Gender M 6 4 4 5 3 22 71
F 6 0 1 0 2 9 29
Age (years) <35 2 1 1 1 0 5 16.1
36-50 4 2 2 3 1 12 38.7
>51 6 1 2 1 4 14 45.2
Education level Primary 7 2 5] 5 4 23 74.2
Secondary 4 1 0 0 1 6 19.4
Tertiary 0 1 0 0 0 1 3.2
Others 1 0 0 0 0 1 3.2
Occupation Farmer 11 2 5 5 5 28 90.3
Private 0 2 0 0 0 2 6.5
Others 1 0 0 0 0 1 3.2
Marital status Single 2 0 1 0 1 4 12.8
Married 9 3 4 5 4 25 80.6
Widowed 1 1 0 0 0 2 6.5
Experience (years) 0-5 8 1 5 0 1 15 48.4
6-10 1 2 0 1 3 7 22.6
11-15 0 0 0 2 1 3 9.7
16-20 0 1 0 0 0 1 3.2
21-25 0 0 0 2 0 2 6.5
26-30 2 0 0 0 0 2 6.5
>31 1 0 0 0 0 1 3:2
Total land (acres) 0-2 6 1 2 2 1 12 38.7
3-5 6 3 2 1 3 15 48.4
6-10 0 0 1 1 1 3 9.7
>10 0 0 0 1 0 1 3.2
Land under lablab (acres) 0-2 10 2 4 4 2 22 71
3-5 2 2 0 1 3 8 25.8
6-10 0 0 1 0 0 1 3.2
Experience growing lablab (years) 0-5 8 4 4 0 2 18 60
6-10 1 0 0 3 3 7 23.3
11-15 1 0 0 2 0 3 10
21-25 1 0 0 0 0 1 3.3
>25 0 0 1 0 0 1 3.3
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Vm =V (F)
Vd =V (BCP,) + V (BCP,)
Vh=V 1) +16V (F2) + (1/4) V (B) + (1/4) V (Fy)
+ 4V (BCP) + 4V (BCPy)
Vi = 4V (BCP,) + 4V (BCP,) + 16V (F2)
Vj =V (BCP)) + (1/4) V (Br) + V (BCP,) + (1/4) V (By)
VIi=V (P)+ V (Py) + 4V (Fy) + 16V (F)+ 16V (BCP)
+ 16V (BCP,)
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ics Prediction

Bivariate stat
Characteristic

Absence of Presenceof  Overall [148]  Value of p* OR* 95% CI* Value of p
infection [98]' infection [50]
Assistance/support by extension services ns! 0.05
No 629 [43] 38% [26] 100% [69] 100 Reference
Yes 70% [55) 30% [24] 100% [79] 032 0.08,1.03 0.041
Knowledge of cassava pests and diseases ns! 0.002
No 3% (3] 57% (4] 100% (7] 100 Reference
Yes 67% [95) 33% [46] 100% [141] 291 323,355 0.004
Knowledge of management practices 0.064 0.008
Yes 77% [34] 23%[10] 100% [44] 100 Reference
No 620% [64] 39% [40] 100% [104] 014 002,062 0.016
Which distance to acquire cuttings? 05 0.001
Very close (<1 km) 71% [49] 29% [20] 100% [69] 100 Reference
Close (1-5 km) 60% 12] 40% (8] 100% [20] 096 023,422 ns!
Far (5-10 km) 59% [16] 1% (1] 100% [27] 0. 06,2 st
Very far (>10 km) 66% [21] 34% (1] 100% [32] 0.08 002,033 0.001
Proximity to town (Uvira) 05 0,036
Very Close (<1 km) 75% [6] 25% (2] 100% [8) 100 Reference
Close (1-5 k) 78% (18] 22% 5] 100% [23] 059 003,751 st
Far (5-10 km) 66% (23] 34% [12] 100% [35] 012 001,126 ns!
Very Far (>10 km) 62%[51] 38% [31] 100% [82] 0.09 0.00,0.85 0.061
Proximity to borders ns! 0.05
Very Close (<1 km) 68% [39] 32%[18] 100% [57] 100 Reference
Close (1-5 km) 67% (28] 33% [14] 100% [42] 116 0.56,2.41 ns!
Far (5-10 km) 65%[20] 36% (1] 100% [31] 207 082,531 ns.
Very Far (>10 km) 61%[11] 39%[7) 100% (18] 445 130,174 0023
Methods used to manage CBSD 0027 0.001
Use cuttings from 76% [34] 25% (1] 100% [45] 043 Reference
symptomless plants
Use local varieties 8% [29] 15%5) 100% [34] 100 097,586 ns!
Use certified varieties 53% 23] 45%20) 100% [43] 225 089,589 0.001
Cutting pathways ns! 0.001
Farmers (F) 57% [20) 43% 15 100% [35] 100 Reference
F+ Cooperatives (C) 64% [41] 36% (23] 100% [64] 206 055,781 ns!t
F+C+Market 67% (4] 33%[2) 100% (6] 107 056,272 ns!
F+C+Multiplier 75% [30) 25%[10] 100% [40] 7.9 155,531 0.019
F + Neighbor Country 100% (4] 0% (0] 100% (4] 6.051 0.00,NA st
(Intercept) 7 0.49,700 012

{n]: numbers in brackets represents the number of fields
‘Pearson's Chi-squared test; Fisher’s exact est.
‘OR=0dds Ratio, C1 = Confidence Interval,

.5.=the value of pis >0.05.
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Characteristic Local varieties [1]"
Cutting pathways

Farmers (F) -

F+ Cooperatives (C) 100%
F+C+Market -
F+C+Multiplier -

F + Neighbor countries -

‘n]: Numbers in brackets represents the number of fields.

earsons Chi-squared et
“The modality related to this cutting pathway was absent.

23% 1

Uy
15%
17% )
L7%

Both [119]

23% 1
41% 1
8% oy
26% )
2o

"No data on the pathways used to obtain cuttings of improved varieties grown in 6 fields could be obtained.

Overall [246]" Value of p*
04
23% s
43% oy
12% )
21% 15y
2%
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VA = 4V (BCP,) + V (P)) + V (F) =0

VB = 4V (BCP,) +V (P2) + V (1) =0

VC = 16V (F2) + 4V (F)) + V (P1) + V(P2) =0
VD = 4V (F) + V (BCP) + V (BCPy) =0
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Characteristic Clusters Overall (N=246') Value of p*
Cluster 1 [N=80]' Cluster 2 [N=85]  Cluster 3 [N=81]

Foliar symptoms types® <0.001
LL 51% 14% 7% 24%
NO 31% 66% a% 34%
SL 15% 20% 26% 20%
SW 3% na! 63% 2%
Severity score’ <0.001
! 37% 26% % 20%
2 5% 39% 25% 35%
9% 26% 0% 26%
! 4% 0% 2% 01%
% 9% 1% 01%

‘n): Numbers in brackets or parentheses represents the number of fields.

“Types of foliar CBSD symptoms based on distribution of leaf chlorosis and stem lesions on the plant; systemic and on the whole plant (SW), systemic on leaf or stem parts but localized
(SL), only on lower leaves (LL).

‘Pearson's Chi-squared test

‘Not applicable. It means that the modality related to this infection type was not abserved.

“Foliar symptom severity score based on 1-5 scale (Alicai et al., 2016): 1=No visible symptoms (not shown in Table 4), 2 =mild vein yellowing or chlorotic blotches on some leaves,
ronouncedextensive vein yellowing or chlorotic blotches on leaves but no lesions or streaks on stems, 4= pronounced/extensive vein yellowing or chlorotic blotches on leaves and
mild lesions or streaks on stems, 5= pronounced/extensive vein yellowing or chlorotic blotches on leaves and severe lesions or streaks on stems, defoliation and dieback.
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Characteristic Cluster 1, (80" Cluster 2, [85] Cluster 3, [81] Overall, [246] Value of p*

Infection status (molecular incidence) 0021
CBSV 15% 7% 1% 1%

CBSV+UCBSY 6% 8% 6% 7%

UCBSV 5% 14% 2% 13%

Negative 74% 7% 62% 8%

Mean symptom s incidence (%) 25 42b 710 a7

sD 15 2 2 20

Min 3 7 17 9

Max 67 8 100 8

‘n): Numbers in brackets represents the number of fields
‘Pearson's Chi-squared test.





OPS/images/fpls-12-693680/fpls-12-693680-e000.jpg
ScaleA = 2BCP; — P —F; =0
ScaleB = 2BCP, — P, —F; =0
ScaleC = 4F, —2F, =P, - P, =0
BCP, — BCP.

ScaleD = 2F, 0
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In cluster’ Overall* Valueofp v test'

Mean sd* Mean Sd*
Cluster 1 (80 fields)
Plant age [months] 12 96 3 27 56
Mean symptoms incidence (in %) 2 48 14 2 2le-15 79
Cluster 2 (85 fields)
Mean symptoms incidence (in %) a2 48 2 2 0012 25
Cluster 3 (81 fields)
Mean symptoms incidence (in %) 7 48 2 23 13e:24 102
Plant age [months] 86 97 3 27 65606 45

‘Statistics of continuous variables in the cluster.
‘Statistcs of continuous variables in the whole subpopulation.
‘Standard deviation.

“Test Value: transformation of the value of p into a quantile of the normal law. When the V-test s negative, it means that the modality is significantly k
cluster compared to the presence of this modality in the whole dataset (these modalities were not included in the table). However, if the v-
significantly more present (over-expressed) in that cluster (Husson etal, 2011).

present (under-expressed) in that
. the corresponding modality is
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S. No Ssl Grain yield (kg/ha)

Below average Above average >3000
(<2557) (>2557 < 3000)

1. NP-SSI  ASTAB 2 4 4
2. MASV 2 5 3
3. MASI 1 4 5
4. P-SSI ASTAB 5 4 1
5. MASV 5 2 3
6. MASI 5 3 2
7. C-SSl ASTAB 0 6 4
8. MASV 0 7 3
9. MASI 0 5 5
10. BLUP HMGV 0 3 7
11. RPGV 0 3 7
12. HMRPGV 0 3 ¢

SSI,  Simultaneous Selection Index; NP-SSI, Non-parametric Simultaneous
Selection Index; P-SSI, Parametric Simultaneous Selection Index; C-SSI, SSI with
culling strategy; ASTAB, AMMI-based stability parameter; MASV, modified AMMI
stability value; MASI, Modified AMMI Stability Index; HMGV, harmonic mean of
genotypic values; RPGV, relative performance of genotypic values; HMRPGY,
harmonic mean of relative performance of genotypic values.
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Cluster 1 (n=80; 33%) Cla.Mod" Mod.Cla? Global* Value of p* v.test®

Cutting pathways = Local fields, Communautary groups 9 39 14 0 7.66
Types of foliar symptoms=No symptoms 69 51 2 0 673
Farming system = Monocropping + polycropping 100 15 5 0 494
Number of whiteflies = “No whiteflies™ 53 38 2 0 358
Presence of weeds=No 38 70 60 0,02 227
Cluster 2 (1 =85; 35%)

Number of whiteflies=“1-10" 62 86 48 0 889
Land tenure =rented 65 6 37 0 7.61
Types of foliar symptoms = Systemic and localized 67 66 34 0 7.5
Cutting pathways = Neighbor countries 100 2 10 0 7.35
Cluster 3 (n =81, 33%)

Types of foliar symptoms = Systemic and on the whole plant % 6 2 0 1,16
Land tenure =Owner 50 9% 63 0 826
Cutting pathways =Local fields a2 86 67 0 467
Number of whiteflies=“11-20" 56 3 20 0 369
Presence of weeds=yes 43 53 40 0 284
Infection status = UCBSY 52 21 13 0,02 235
Farming system =Monocropping 37 81 72 0,02 226

‘Percentage of individuals showing the characteristc (variable =modality) who belongs to the cluster.

‘Percentage of individuals of from that cluster showing the characteristic (variable = modality).

‘Percentage of individuals showing the characteristic (variable = modality) in the whole population (1 =246).

‘Pearson's Chi squared test; Fisher’s exact test. It assesses the strength of the link between a modality and a cluster. The value of p of a modality s less than 5% when that modality is
significantly linked to the cluster that s being interpreted. Only modalities with values of p less than 5% are shown.

“Test value: transformation of the value of p into a quantile of the normal law. When the V-test is negative, it means that the modality s significantly less present (under-expressed) in that
cluster compared to the presence of this modality in the whole dataset (these modalities were not included in the table). However, if the v- . the corresponding modality is
significantly more present (over-expressed) in that cluster (Husson etal, 2011).
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Grain yield

Genotype code

kg/ha
1 3374
2 2466
3 1268
4 2606
5 2236
6 2708
7 2457
8 2168
9 2740
10 2309
11 2160
12 2511
13 2788
14 1987
15 3016
16 2303
17 2358
18 1870
19 2918
20 2308
21 2988
22 2524
23 2791
24 2722
25 2822
26 2613
27 2508
28 2554
29 2875
30 1909
31 2396
32 2850
33 2851
34 3419
35 2429
36 2469
37 2960
38 2646
39 3242
40 1623
4 2803
42 2566
43 2403
44 2925
45 2341
46 2643
47 2948
48 3230
49 1845
50 2145
51 2599
52 2899
53 1772
54 2868
55 2326
56 2401
57 2544
58 2065
59 3119
60 3251

Rank

2
37
60
28
49
24
38
50
22
46
51
34
21
54

7
48
43
56
12
47

8
33
20
23
18
27
35
31
14
55
42
17
16

1
39
36

9
25

4
59
19
30
40
11
44
26
10

5
57
52
29
13
58
15
45
41
32
53

6

3

Score

33.43
23.57
11.84
25.32
21.87
26.73
2417
21.72
27.3
21.89
21.58
24.2
2713
18.95
29.95
22.66
23.16
18.53
26.9
22.94
29.34
251
27.86
26.72
27.51
25.97
23.65
25
28.24
17.34
23.77
27.71
28.01
33.87
2417
24.2
28.45
25.66
32.05
16.09
27.47
25.41
23.58
29
23.32
25.82
28.8
32.07
17.41
21.24
25.93
28.32
17.02
27.48
23.11
23.96
25.32
20.23
30.55
32.25

HMGV

Rank

2
42
60
30
49
23
37
50
20
48
&1
34
21
54

1
47
44
55
22
46

8
32
15
24
17
25
40
33
13
57
39
16
14

1
36
35
11
28

5
59
19
29
41

9
43
27
10

4
56
52
26
12
58
18
45
38
31
53

6

3

RPGV

Score

1.32
0.96
0.5
1.08
0.87
1.06
0.96
0.85
1.07
0.9
0.85
0.98
1.09
0.78
1.18
0.9
0.92
0.74
1.14
0.91
117
0.99
1.09
1.07
1.1
1.02
0.97
1
T2
0.74
0.94
1.1
1.1
1.33
0.95
0.96
1.15
1.04
1.27
0.64
11
1.01
0.94
1.156
0.92
1.08
1415
1.26
0.72
0.84
1.02
1.18
0.7
1.18
0.91
0.94
0.99
0.81
1.21
1.27

Rank

2
36
60
26
49
24
38
51
23
47
50
34
20
54

7
48
43
55
12
45

8
32
21
22
18
28
35
31
15
56
40
16
17

1
39
37

9
25

3
59
19
30
41
10
44
27
11

5
57
52
29
13
58
14
46
42
33
53

6

4

HMRPGV

Score

1.31
0.93
0.47
0.98
0.86
1.06
0.95
0.85
1.07
0.87
0.84
0.95
1.06
0.75
1.17
0.89
0.91
0.73
1.06
0.89
1.156
0.99
1.09
1.04
1.08
1.02
0.94
0.98
1.1
0.69
0.93
1.09
1.1
1.33
0.95
0.95
1.12
1
1.25
0.63
1.08
0.99
0.93
1.13
0.91
1.02
1.13
1.25
0.69
0.83
1.02
1.1
0.67
1.07
0.91
0.94
0.99
0.8
1.2
1.26

Rank

40
60
33
49
23
37
50
20
48
51
34
21
54

46
43
55
22
47

29
15
24
17
25
38
32
12
56
41
16
14

35
36
11
28

59
18
30
42

44
26
10

57
52
27
13
58
19
45
39
31
53

HMGV, harmonic mean of genotypic values; RPGV, relative performance of genotypic values; HMRPGV, harmonic mean of relative performance of genotypic values.
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Genotype code Non-parametric Simultaneous selection Rank after

cumulative rank index-based rank cuIIingJr

ASTAB MASV MASI ASTAB MASV MASI ASTAB MASV MASI
1 2 17 2 15 17 10 2 = 2
2 56 50 57 56 45 56 = = -
3 50 38 51 54 44 58 37 34 32
4 52 52 49 55 55 49 - - -
5 49 58 42 4 58 35 29 - 26
6 27 26 11 35 34 12 11 - 9
7 26 33 22 17 35 18 19 21 16
8 29 30 28 9 23 13 30 27 27
9 4 4 4 7 7 4 10 11 8
10 53 52 53 50 51 51 - - -
11 35 55 32 14 52 16 31 - 28
12 53 38 54 53 38 53 - 19 -
13 40 40 44 44 39 46 - - -
14 58 60 55 58 60 55 - - -
15 12 19 9 33 27 20 - - 5
16 4 56 47 29 53 43 28 - 25
17 33 26 34 23 18 30 24 24 21
18 45 37 52 24 32 54 34 30 30
19 4 4 43 51 48 48 - - -
20 51 30 44 45 21 37 2z 26 24
21 20 19 24 37 28 36 - -
22 9 9 12 2 2 7 17 18 14
23 3 2 4 5 3 6 9 10
24 38 25 39 43 31 4 - 12 -
25 20 22 18 32 29 25 8 9
26 10 17 9 8 14 9 13 14 10
27 53 46 48 52 4 45 - - -
28 45 52 30 47 54 32 - - 12
29 12 13 26 26 25 34 6 8 -
30 60 59 58 60 59 57 - - -
31 38 57 28 36 57 21 23 - 20
32 43 42 36 46 49 40 - - -
33 18 33 24 31 36 31 7 - -
34 1 5 1 10 9 8 1 1 1
35 15 15 26 11 8 27 20 22 17
36 24 23 23 18 15 23 18 20 15
37 34 11 30 40 22 39 - 4 -
38 47 45 50 48 50 50 - - -
39 15 28 13 30 33 19 - - -
40 32 30 32 4 4 5 36 33 31
4 36 43 19 42 47 29 - - -
42 20 12 40 22 10 42 15 16 -
43 30 43 37 21 40 33 21 - 18
44 15 5 17 34 12 28 - 6 -
45 28 49 19 13 46 11 25 - 22
46 24 23 34 27 30 38 12 13 =
47 11 5 15 25 16 26 5 5 =
48 5 2 6 19 6 17 4 3 4
49 59 50 60 59 56 60 - 31 -
50 48 48 55 39 42 52 32 28 -
51 7 14 7 3 11 3 14 15 11
52 30 10 38 38 19 44 - 7 -
53 56 46 59 57 43 59 35 32 -
54 43 33 44 49 37 47 - - -
55 18 33 16 6 20 2 26 25 23
56 20 21 21 12 13 14 22 23 19
57 7 5 7 1 1 1 16 17 13
58 36 29 40 16 24 24 33 29 29
59 12 16 13 28 26 22 - - -
60 6 1 3 20 5 15 3 2 3

ASTAB, AMMI-based stability parameter; MASV, modified AMMI stability value; MASI, Modified AMMI Stability Index.

fin C-SSI, genotypes were culled for stability using ASTAB, MASV, and MASI values where genotypes with scores lesser than the corresponding mean
values were selected.

The mean values for ASTAB, MASI, and MASV are 2.14, 0.42, and 3.55, respectively.
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Denomination

Site 1

Site 2.

Location

North

South

Center

East

West

Main villages

Kamanyola, Luvungi, Bwegera, Kiringye,

Katogota, Ndolera, Lubarika

Rutemba, Muhungy, Kavimvira, Kalungwe,
Sango

Kitemesho, Luberi

, Mutarule, Nyakabere,
Sange, Ru

ngu

Rwenena, Ndunda, Rusabagi, Sasira, Kigurwe,

Rurimbi, Ruzia, Mwaba

Rubanga, Langala, Lemera, Mushegereza,

Mulenge, Lusheke, Mugaja, Kanga

Characteristics

Share border with both Rwandan and Burundian Republics
Distant from the administrative seat of the territory (Uvira, 70 km)
‘The topography is mixed (plain and mountains)

Close to the Uvira city (the administrative main town of the territory)
‘The topography is dominated by mountains

Most of villages are close to the main national road NR1

Located entirely in the low altitude zone (uniform topography)
Villages are easily accessible

Located on the border close to Republic of Burundi

Distant from the national road 1 crossing the territory.

Located entirely in the low altitude zone (uniform topography)

Located completely in mid or high altitude and dominated by mounta
“The area is poorly accessible
Population density is lower compared to other sites

Most agro-ecological characteristics differs from other stes
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Genotype Grain yield ASI ASV ASTAB AVAMGE DA DZ EV FA MASI MASV SIPC Za
code (kg/ha)

1 3374 0.13 0.47 1.19 10.90 5.59 0.23 0.01 31.25 0.21 4.32 1.84 0.06
2 2466 0.97 3.42 4.81 28.49 14.81 0.33 0.03 219.22 0.97 4.36 3.37 0.19
3 1268 0.33 1.18 1.32 10.90 6.64 0.22 0.01 44.06 0.34 1.86 2.08 0.08
4 2606 0.67 2.38 6.60 33.31 16.40 0.43 0.05 237.21 0.71 7.00 4.09 0.18
5 2236 0.25 0.88 1.83 18.21 7.40 0.27 0.02 54.78 0.32 5.41 248 0.09
6 2708 0.14 0.48 1.84 12.97 6.05 0.33 0.03 36.59 0.19 3.58 233 0.06
7 2457 0.20 0.72 0.93 9.14 5.37 0.19 0.01 28.79 0.23 2.95 1.80 0.07
8 2168 0.15 0.53 0.40 7.76 3.75 0.11 0.00 14.06 0.17 1.96 1.01 0.04
9 2740 0.09 0.33 0.40 5.77 3.03 0.15 0.01 9.18 0.12 1.85 1.16 0.04
10 2309 0.51 1.81 2.69 18.48 10.14 0.27 0.02 102.73 0.53 3.98 2.85 0.14
1 2160 0.13 0.45 0.72 8.94 4.77 0.15 0.01 22.77 0.19 3.60 1.39 0.05
12 2511 0.90 3.19 3.85 26.91 13.41 0.29 0.02 179.91 0.90 3.42 246 0.14
13 2788 0.71 2.51 3.56 25.98 12.14 0.30 0.02 147.48 0.73 5.19 3.32 0.17
14 1987 0.43 1.54 2.67 19.55 9.27 0.32 0.03 85.86 0.48 5.74 2.82 0.11
15 3016 0.36 1.26 2.39 19.36 8.62 0.30 0.02 74.23 0.38 4.16 294 0.11
16 2303 0.35 1.24 1.33 14.97 7.04 0.20 0.01 49.61 0.38 4.19 2,07 0.10
17 2358 0.31 1.10 1.19 14.27 6.01 0.23 0.01 36.17 0.32 2.05 210 0.08
18 1870 0.41 1.45 0.97 13.64 6.48 0.15 0.01 42.04 0.41 1.94 1.68 0.09
19 2918 1.10 3.89 9.49 43.80 19.30 0.52 0.07 372.65 1.5 9.46 5.56 0.26
20 2308 0.35 1.23 2.10 15.89 7.97 0.29 0.02 63.60 0.35 2.04 220 0.08
21 2988 0.64 225 2.89 20.16 10.49 0.31 0.02 110.11 0.65 4.08 297 0.13
22 2524 0.13 0.46 0.14 4.12 223 0.07 0.00 4.97 0.13 0.58 0.68 0.03
23 2791 0.14 0.48 0.26 5.90 2.99 0.09 0.00 8.92 0.14 0.90 0.81 0.03
24 2722 0.55 1.96 3.20 18.27 10.07 0.37 0.03 101.46 0.56 3.23 3.41 0.14
25 2822 0.39 1.39 1.98 156.01 8.27 0.26 0.02 68.41 0.41 3.51 2.69 0.11
26 2613 0.13 0.45 0.42 7.22 3.42 0.13 0.00 11.68 0.15 2.21 1.24 0.04
27 2508 0.48 1.69 3.80 20.87 11.09 0.37 0.03 123.03 0.50 4.29 3.45 0.13
28 2554 0.32 1.12 2.84 17.25 8.82 0.36 0.03 77.79 0.38 5.96 3.13 0.11
29 2875 0.54 1.90 1.92 13.78 8.65 0.25 0.02 74.83 0.55 3.09 231 0.10
30 1909 0.54 1.90 3.78 23.74 11.70 0.33 0.03 136.82 0.56 5.02 3.38 0.15
31 2396 0.12 0.42 1.63 11.08 7.09 0.23 0.01 50.29 0.26 6.18 1.66 0.07
32 2850 0.56 2.00 4.20 24.51 12.30 0.35 0.03 151.19 0.64 8.26 3.37 0.15
33 2851 0.47 1.65 2.00 18.03 8.79 0.23 0.01 77.21 0.49 4.67 257 0.12
34 3419 0.16 0.55 0.56 7.59 4.29 0.13 0.00 18.42 0.20 3.27 147 0.05
35 2429 0.30 1.08 0.50 8.43 4.73 0.11 0.00 22.40 0.31 1.67 1.05 0.06
36 2469 0.28 0.98 0.94 12.47 5.87 0.16 0.01 34.49 0.28 2.05 1.61 0.07
37 2960 0.73 2.57 4.04 28.21 12.83 0.32 0.03 164.61 0.73 3.19 3.12 0.16
38 2646 0.73 2.59 3.72 21.51 12.39 0.31 0.02 163.45 0.76 5.92 3.06 0.15
39 3242 0.40 1.40 2.94 17.86 10.03 0.30 0.02 100.51 0.47 6.84 3.04 0.13
40 1623 0.09 0.33 0.22 4.38 2.34 0.11 0.00 5.48 0.10 0.87 0.85 0.03
41 2803 0.35 1.25 3.44 21.19 10.67 0.33 0.03 113.92 0.44 7.30 3.01 0.12
42 2566 0.48 1.7 1.30 16.58 7.61 0.17 0.01 57.85 0.48 1.96 1.75 0.10
43 2403 0.32 1.14 1.16 11.39 6.58 0.18 0.01 43.34 0.35 3.66 1.86 0.09
44 2925 0.47 1.67 2.20 15.88 9.06 0.25 0.02 82.02 0.47 2.52 2.56 0.12
45 2341 0.03 0.11 0.62 7.16 4.31 0.14 0.01 18.58 0.15 3.85 0.95 0.03
46 2643 0.47 1.66 1.62 16.29 8.13 0.20 0.01 66.11 0.48 3.03 229 0.11
47 2948 0.46 1.63 1.97 15.66 8.65 0.24 0.01 74.88 0.47 2.86 2.54 0.12
48 3230 0.33 117 1.56 11.62 7.32 0.22 0.01 53.54 0.34 219 1.98 0.08
49 1845 0.74 2.60 3.22 23.27 1.7 0.29 0.02 187.10 0.74 297 3.02 0.15
50 2145 0.48 1.68 1.57 1417 8.00 0.21 0.01 64.01 0.48 3.1 231 0.11
51 2599 0.07 0.26 0.22 4.84 2.61 0.09 0.00 6.80 0.10 2.04 0.82 0.03
52 2899 0.75 2.67 3.04 23.66 11.45 0.29 0.02 181.156 0.76 2.94 267 0.13
53 1772 0.64 2.28 2.09 20.06 9.71 0.23 0.01 94.22 0.64 2.41 214 0.11
54 2868 0.97 3.43 6.10 27.23 16.13 0.38 0.04 260.15 0.98 4.78 4.09 0.22
55 2326 0.02 0.08 0.37 6.30 2.81 0.14 0.01 7.87 0.08 2.06 0.94 0.02
56 2401 0.18 0.62 0.50 7.50 4.22 0.12 0.00 17.81 0.19 1.91 1.04 0.04
57 2544 0.06 0.20 0.06 2.53 1.32 0.05 0.00 1.73 0.06 0.36 0.36 0.01
58 2065 0.23 0.82 0.72 10.11 5.04 0.15 0.01 25.44 0.24 1.87 1.47 0.06
59 3119 0.43 1.51 2.48 16.68 912 0.29 0.02 83.17 0.45 4.07 3.06 0.12
60 3251 0.32 112 1.81 15.44 6.60 0.32 0.03 43.51 0.32 1.99 2.39 0.08
Mean 2557 0.40 1.41 214 15.70 8.04 0.24 0.02 78.86 0.43 3.55 227 0.10

AMGE, sum across environments of GEl modeled by AMMI; ASI, AMMI Stability Index; ASV, AMMI stability value; ASTAB, AMMI-based stability parameter; AVAMGE, sum
across environments of absolute value of GEI modeled by AMMI; DA, Annicchiarico’s D parameter; DZ, Zhang’s D parameter; EV, averages of the squared eigenvector
values; FA, stability measure based on fitted AMMI model; MASI, Modified AMMI Stability Index; MASV, modified AMMI stability value; SIPC, sums of the absolute value
of the IPC scores, Za, absolute value of the relative contribution of IPCs to the interaction. Bold values indicated mean values.
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Source of df MSS % contribution toward total
variation variation
Environments B 365.8"* 7
Replication (within 6 5.9% .1
environment)

Genotype 59 225.5"* 51.8
GEl 295 32.9"* 37.8
PC1 63 7240 46.8 of GEl
pPC2 61 45.0"* 28.3 of GEl
PC3 59 30.7+* 18.6 of GEl
PC4 57 6.4** 3.8 of GEI
PC5 55 4.4ns 2.5 of GEI
Residuals 354 3.7 3.2

**Significant at 0.1% (o < 0.001); ns, non-significant at 5%.
df, degrees of freedom; MSS, mean sum of squares; GEI, genotype x environ-

ment interaction.

PC1, PC2, PC3, PC4, and PC5 represented the first five principal components.
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Genotype Genotype Genotype Genotype Genotype Genotype
code code code
1 A 404 21 GPU 28 41 MR 1
2 Bairabhi 22 GPU 45* 42 MR 6
3 Birsa 23 GPU 48 43 Nilochal
Marua 1
4 Birsa 24 GPU 66 44 Paiyur 1
Marua 2
5 Chilika 25 GPU 67* 45 Paiyur 2
6 CO 10 26 Hamsa 46 PES 110
7 CO 11 27 Hima 47 Poorna
8 CO 12 28 HR 374 48 PR 202
9 TNAU 294 29 HR 911 49 PRM 1
10 TNAU 946 30 Indaf 15 50 PRM 2
11 CcOo7 31 Indaf 5 51 RAU 3
12 CO9 32 Indaf 7 52 RAU 8
13 Dapoli 1 33 Indaf 8 53 Shakti
14 Dibyasinha 34 Indaf 9 54 TRY 1
15 GN 1 35 K7 55 VL 146
16 GN 2 36 Kalyani 56 VL 149
17 GN 3 37 KMR 204 57 VL 324
18 GN 4 38 KMR 301 58 Champavathi
19 GN 5 39 L& 59 Bharathi
20 GPU 26 40 ML 365 60 Sri Chaitanya

*Checks included.
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Chromosome Initial number Average map Filtered

of SNPs length per number of

SNP (kb) SNPs
Entire genome 19,457 13.2 1,040
Chr1 1,811 111 106
Chr2 1,194 15.2 69
Chr3 2,402 10.7 98
Chr4 1,307 15.6 85
Chrs 1,234 13.3 39
Chr6 2,207 1.7 153
Chr7 1,179 13.9 28
Chr8 1,893 13.5 165
Chr9 1,667 13.6 110
Chr10 1,322 14.6 69
Chr 11 920 15.1 13
Chr12 1,156 13.9 54
Chr13 922 17.6 38

Scaffolds 243 - 13
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Allele? Number of alleles Proportion of allele
occurrence (%)

A:G 160 15.38
CT 168 16.20
T.C 162 14.62
G:A 122 11.78
AT 73 7.02
TA 73 7.02
T.G 57 5.48
C:A 53 5.10
G:T 53 5.10
G:.C 51 4.90
A:C 50 4.80
C:G 38 3.65

aThe first and second letters are reference and alternate alleles.
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Linkage Number of  Total distance Average Maximum gap

group markers (cM) distance (cM) (cM)
LG 79 48.7 0.62 8.98
LG2 48 69.4 1.45 10.48
LG3 97 109.9 1.13 16.46
LG4 80 82.8 1.04 10.34
LG5 27 31.0 y oy (5 5.14
LG6 71 26.9 0.38 321
LG7 19 481 2.53 16.54
LG8 125 91.5 0.73 9.32
LG9 99 56.1 0.57 13.24
LG10 55 42.9 0.78 8.34
LG11 3 14.2 4.73 11.9
LG12 49 46.2 0.94 5.63
LG13 31 29.6 0.95 5.69

Total 783 697.3 0.89 16.54
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1 1000 2000 3000 4000 5000 7335
1 + 1 CDSft 1 - 883 86.18 5 | 882 882
1 + 2 DS 1057 - 1133 18 .51 1059 1133 75
1 + 3 CDh81 1827 - 1872 10.21 1827 A8Z1 45
1 + 4 CDSi 2031 - 2202 20.51 2033 2200 168
1 + 5 CDSi 4887 - 4991 8.37 4888 4989 102
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Cross Observed Expected X2 P F, ratio

Shattered Non-shattered Shattered Non-shattered
capsule genotype capsule genotype capsule genotype capsule genotype

Mutant line x Muganli-567 1,097 399 1,122 374 2.22 0.136 3:1
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Tomfa
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Dagarti

Afisiafi

Tuaka

Bosomnsia

Agronomic traits

Model cultivar

Early maturing
(6-8 months), mealiness
High starch content,
mealiness

High dry matter (30%),
high yield (30-35 t/ha),
GMD tolerant

Early maturing

(6-8 months)

High dry matter (32%),
high yield (2832 t/ha),
GMD tolerant

Dry matter (29%), starch
content (58%), mealiness
High dry matter (34%),
high starch content
(68%), mealiness

High dry matter (37%),
high starch content
(65%), CMD tolerant
High dry matter (32%),
high yield (28-35 tha),
CMD tolerant

Early maturing

(6-8 months), dry matter
(23%)

Early maturing

(6-8 months), mealiness

Status

Released
variety
Landrace

Released
variety
Released
variety

Landrace

Released
variety
Released
variety
Released
variety

Released
variety

Released
variety

Landrace

Landrace

OES frequency
(%) = SE*

Picloram®

74 £342°

52.£4.99%

5654532

35+330°

374299

17 £2.16%

42£529%

31£1.68%

36+2.94°

37 556"

1222220

14£435

24-D°

86+354°

90 +0.00%

56+ 3.54*

810.00°

92.4£495%

78+7.78

84£495°

84:7.78

751414

79+ 2,83

o

“OES production frequency calculated as ratio of OES clusters/total number of explants
expressed as a percentage.
*OES frequency on picloram shows means of four independent experiments + SE.

“OES frequency on 2,4-D shows means of two independent experiments + SE. (Tukey's
multiple comparison test, p < 0.05).
“represent significant differences in OES frequencies on picloram and 2,4-D befween
cultivars (at 95 or 99% confidence interval difference).
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Name

Pseudo-response regulator 1
Pseudo-response regulator 7
Pseudo-response regulator 5
Cryptochrome 1

Cryptochrome 2

EARLY FLOWERING 3
Phytochrome A

Phytochrome B
Phytochrome-interacting factor 3
Clock-associated PAS protein ZTL
Phytochrome-interacting factor 3
Chalcone synthase
FLOWERING LOCUS T

Symbol

PRR1
PRR7
PRR5
CRY1
CRY2
ELF3
PHYA
PHYB
PIF3
ZTL
PIF3
CHS
FT

Homology (%)

Glycine max (82)
Glycine max (86)
Glycine max (79)
Phaseolus vulgaris (88)
Cajanus cajan (92)
Cajanus cajan (72)
Cajanus cajan (90)
Glycine max (92)
Glycine soja (79)
Vigna radiata (97)
Phaseolus vulgaris (56)
Glycine soja (96)
Phaseolus angularis (82)

Gene
length
(bp)

4534
2407
5743
4346
4671
5244
6127
6247
5089
2648
2566
1915
1520

No. of
exons

[ BT B N N |

—_
—_

L S e

No. of
introns

R =l S " ®, L O R B S B )Y

Total
exon size

1873
1683
2987
2354
2487
3037
4120
4155
3038
2468
2008
1426
571

Total  Longest

intron
size

2649
720
2742
1720
2174
2000
1336
2086
1816
178
548

947

exon

(bp)

1123
804
893
903
706

1425

2078

2266

1254

2394
954

1155
322

Longest
intron

(bp)

928
632
1216
611
622
1658
615
797
666
178
121

947
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Name

Acetyl CoA biosynthesis
PDHC-E1 Component a subunit
ATP-Citrate lyase

Acetyl-CoA synthetase
Acetyl-CoA acetyl transferase
Fatty acid biosynthesis
ACCase carboxyl transferase o
ACCase carboxyl transferase

ACCase biotin carboxylase

ACCase homomeric protein
Fatty acyl-ACP thioesterase B
Fatty acyl-ACP thioesterase A
Long-chain acyl-CoA synthetase

Fatty acid elongation
Ketoacyl-CoA synthase

Very-long-chain enoyl-CoA reductase

VLC hydroxyacyl-CoA dehydratase

Very-long-chain 3-oxoacyl-CoA reductase

Symbol

PDHC
CL
ACSS
ACT

accA
accB

ACACA

ACAC
FATB
FATA
ACSL

KCS
ECR

PHS1
HSDB

Biosynthesis of unsaturated fatty acids

Acyl-ACP desaturase

® 6 fatty acid desaturase (A 12 desaturase)
3 fatty acid desaturase (A 15 desaturase)
TAG biosynthesis
Glycerol-3-phosphate acyltransferase
Diacylglycerol O-acyltransferase 1
Diacylglycerol O-acyltransferase 2
Diacylglycerol O-acyltransferase 3

LPA O-acyltransferase
Lysophosphatidylcholine acyltransferase
Phospholipid: diacylglycerol acyltransferase
Fatty acid degradation

Alcohol dehydrogenase

Acyl-CoA oxidase

S-glutathione dehydrogenase

Aldehyde dehydrogenase
3-hydroxyacyl-CoA dehydrogenase
Acyl-CoA dehydrogenase

Phospholipase A1

TAG lipase/phospholipase A2
Phospholipase C

FAB2

FAD2
FAD3

GPAT
DGAT1
DGAT2
DGAT3

LPAT
LPCAT

PDAT

ADH
AOX
GDH
ALDH
MFP2
ACADM

DAD1

TGL4
PLC

Homology (%)

Glycine max (90.7)
Glycine soja (97.3)
Cajanus cajan (88.6)
Glycine soja (85.3)

Glycine soja (78.7)
Glycine max (90)

Cicer arietinum
(74.8)

Glycine soja (84.3)
Cajanus cajan (94.6)
Glycine soja (82.4)

Morus notabilis
(74.1)

Glycine soja (94)

Medicago truncatula
(79)

Glycine max (89)
Glycine soja (86)

Trifolium pratense
(89.6)

Vigna radiata (90.6)
Cajanus cajan (77.6)

Glycine max (78.9)

Glycine soja (73.9)
Glycine soja (89)

Cajanus cajan (86.8)
Cajanus cajan (83.2)

Quercus suber (82.4)
Glycine max (94.2)
Cicer arietinum (87)
Cajanus cajan (97.1)
Vigna radiata (88.3)

Medicago truncatula
(83)

Cicer arietinum
(7.09)

Cajanus cajan (87)
Cajanus cajan (90)

Gene
length
(bp)

2495
2794
6812
5992

6749
3527
14548

5078
4554
5724
11671

4824
3707

3875
2491

3370

3071
2989

2702
5571
5342
1805
3515
9351
5100

1505
7432
4232
5512
6785
1221

1673

4643
3486

No. of
exons

10
16
11

12

33

11

15

14
10
10
18

No. of
introns

Total
exon size

1956
1545
1785
1466

2801
1376
7163

1466
1731
1965
1889

1883
1404

1093
807

1810

1436
2086

2014
2467
1791
1480
1897
2105
3273

778
2490
1344
1970
2282

742

1673

2879
2446

Total
intron
size

535
1231
4997
2547

2963
2139
7321

2547
2245
3745
9754

2937
2287

2766
1682

1558

590
889

686
3082
3541

323
1602
7220
1813

721
4916
2870
3524
4469

475

1760
1034

Longest
exon

(bp)

1034
473
320
358

1053
375
2153

358
518
739
251

763
492

377
457

1130

698
1038

1265
999
1105
1008
408
719
1367

420
448
325
434
302
474

1673

1529
1633

Longest
intron

(bp)

452
225
957
896

1514
1231
1491

896

805

1208
2447

1564
808

1081
1682

1558

590
300

686
664
1571
323
485
1401
742

429
1022
702
1203
1059
388

NA

1484
486
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De novo repeat prediction

Transposable element

LINEs

LINE1

LTR elements

DNA elements
Unclassified

Total interspersed repeats
Simple repeats

Low complexity
Reference based repeat prediction
Retroelements

SINEs1

Penelope

LINEs

R2/R4/NeSL

RTE/Bov-B

L1/CIN4

LTR elements

Tyl/Copia

Gypsy/DIRS1

DNA transposons
hobo-Activator
Tc1-1S630-Pogo
Tourist/Harbinger
Unclassified

Total interspersed repeats
Small RNA

Satellites

Simple repeats

Low complexity

Number of elements

9510

8680
71293

9664

769940

23661

1829

145171
466
1
12621
3
2514
10071
132084
51644
74772
47091
14111
838
4735
6062
698769
208
227
356234

104701

Length occupied (bp)

3289383
3190382
47587384
4379873
232655702
287912342
10943688

105929

73924657
52333
45
4844989
135
635344
4206842
69027335
33385530
34094727
9698372
3386899
85955
1120082
1778247
85401276
34628
21195
16659552

5949655

Sequence (%)

0.48
0.47
6.94
0.64
33.92
41.98
1.6

0.02

10.78

0.01

0.71
0.00
0.09
0.61
10.06

4.87

1.41
0.49
0.01
0.16
0.26

12.45

0.0
2.43

0.87
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Parameter

Number of Sequences

Total Sequences Length
Maximum Sequence Length
Minimum Sequence Length
Average Sequence Length

Number of non-ATGC
Characters

% of non-ATGC Characters
Sequences > 100 bp
Sequences > 200 bp
Sequences > 500 bp
Sequences > 1 Kbp
Sequences > 10 Kbp

N50 Value

Contigs

204148
685500274
45815
960
3357.86
260696

0.038
204148
204148
204148
204142

9013

4599

Scaffolds

199825
685887678
48003
960
3432.44
151517

0.0221
199825
199825
199825
199821
9473
4752
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Fatty acid methyl ester (%) TOIL055 TOIL424

Palmitic acid (16:0) 9.7 8.4
Stearic acid (18:0) 7.9 8.1
Oleic acid (18:1) 55.2 52.9
Linoleic acid (18:2) 14.1 16.8
Linolenic acid (18:3) 3.6 2.7
Behenic acid (22:0) 34 32
Others 6.1 7.9

Individual FAMEs were indicated as the peak area percentage of the total area obtained.

TOIL224

9.2
5.7
53.5
15.6
42
2.8
9.0

TOIL407

9.9
8.4
50.8
14.8
39
4.7
75

TOIL620

7.9
6.9
58.1
13.7
4.8
3.7
49
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Plant height (m)
Canopy width (cm)
Plant girth (cm)
Leaflength (cm)
Leaf width (cm)
Pod length (mm)
Pod breadth (mm)
100-pod weight (kg)
Seed length (mm)
Seed breadth (mm)
Seed thickness (mm)
100-seed weight (g)
Pod yield (KG)

Oil content (%)

TOLO055

5.40 4 0.20
7.00 & 1.02
72.00 £+ 2.10
9.62 4 0.81
6.36 4 0.12
42.00 £ 1.21
20.00 £ 0.89
2.5140.58
22.32+1.01
12.48 +0.76
7.59 £ 0.66
168.16 + 12.3
27.08 £ 1.54
3525+ 091

TOL424

5.87 +0.21
6.95 4 0.98
78.00 £ 2.34
8.9140.22
6.14 4+ 0.21
45.00 £+ 0.98
21.00 £ 0.12
2.72 4+ 0.66
24.63 +0.87
13.67 &+ 1.01
8.124+0.85
139.76 & 22.2
2274+ 191
33.98 £+ 0.45

TOL224

6.50 & 0.16
7.55 4 0.92
80.00 £+ 1.98
7:77. =012
517 +£0.23
40.00 £ 1.21
20.00 £ 0.98
2.5540.85
24.61 +0.98
14.23 +0.99
8.724+0.92
138.19 4+ 10.9
21.93 +1.78
28.63 £ 1.34

TOL407

5.38 4+ 0.39
6.85+ 1.10
71.00 £ 1.11
7.63 + 0.55
5.65+0.11
42.00 £ 1.01
22.00 £+ 0.43
2.8240.92
22.24+1.01
14.28 +0.32
6.93 4+ 0.76
128.92 + 134
20.92 £+ 1.53
31.49 £ 1.02

TOL620

4.50 4+ 0.22
6.10 & 1.04
72.00 £ 3.45
8.15+0.81
4.924+0.23
52.00 £+ 0.98
26.00 £+ 0.76
3.234+0.76
20.82 +0.89
15.95 4 0.98
6.05+ 0.5
140.82 & 14.5
20.53 £ 1.89
31.38+2.78

Variance (F; p-value)

86.91*
2.62*
3118
22,15%%%
112.50%*
189.1**
122.6°*
ns
29.89*
21,56
18.9***
9.43%*
22.88%*
28.400¢

Values were represented as mean + SD. The difference in means was indicated by F statistic at 0.1 (*), 0.05 (**), and 0.01 (***) level of significance.
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Crop Scientific name Ploidy level Chromosome number Estimated genome size
Finger millet Eleusine coracana Allotetraploid 36 1.6 Gbp
Proso millet Panicum miliaceum Tetraploid 36 923 Mbp
Barnyard millet Echinochloa sp. Hexaploid 54 1.27 Gbp
Buckwheat Fagopyrum esculentum Diploid 16 540 Mbp
Fonio Digitaria exilis Tetraploid 36 893 Mbp
Little millet Panicum sumatrense Tetraploid 36 NA
African yam bean Sphenostylis stenocarpa Diploid 18, 20, 22, and 24 NA
African winged bean (Psophocarpus tetragonolobus) NA NA NA
Moth bean Vigna aconitifolia Diploid 22 NA
Bambara nut Vigna subterranea Diploid 20, 22 NA
Jatropha Jatropha curcas Diploid 22 339 Mbp
Jojoba Simmondsia chinensis Diploid 26 887 Mbp
Camelina Camelina sativa Hexaploid 40 785 Mb
Teff Eragrostis tef Allotetraploid 40 672 Mbp
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Crop Long term Medium-term Short term Seed Cryopreserved Field DNA Others/Not Source of
seed seed seed collection seeds (%) collections collection (%) specified (%) information

collection (%) collection (%) collection (%) (%) (%)

Finger millet 36.47 37.68 0.07 7.29 0.03 18.46 GENESYS

(Eleusine coracana)

Proso millet 24.34 8.15 3.53 60.75 0.005 0.33 2.90

(Panicum

miliaceum)

Barnyard millet 29.62 31.73 19.75 0.16 0.08 18.66

(Echinochloa spp.)

Buckwheat millet 31.96 7.61 42.41 0.18 17.84

(Fagopyrum spp.)

Fonio (Digitaria sp.) 32.86 21.43 1.43 37.14 7.14

Little millet 40.32 40.58 0.09 18.84 0.17

(Panicum

sumatrense)

African yam bean 10 49.15 0.1 37.87 2.87

(Sphenostylis

stenocarpa)

African winged 4.14 5.56 0.13 24.97 0.13 65.07

bean

(Psophocarpus

tetragonolobus)

Amaranthus 31.14 9.10 1.88 36.94 0.05 0.02 20.87

(Amaranth spp.)

Moth bean (Vigna 23.05 3.17 2.02 38.04 0.29 33.43

aconitifolia)

Bambara nut (Vigna 30.01 31.59 35.13 3.27

subterranea)

Jatropha (Jatropha 5.86 18.05 0.16 0.81 74.31 0.81

curcas)

Jojoba 1.82 124 1.24 63.97 11.13 20.66

(Simmondsia

chinensis)

Camelina (Camelina 57.22 18.63 15.56 0.68 7.91

sativa)

Castor bean 18.36 23.89 52.78 0.02 0.85 410

(Ricinus communis)

Teff (Eragrostis tef) 3.01 0.42 31.50 65.07
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Vitamins

Millet Thiamin (mg) Niacin (mg) Riboflavin Vit A (carotene) Vit B6 Folic Acid Vit B5 Vit E (mg/100 g)
(mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g)

Finger millet 0.42 141 02 42 - 18.3 - 22
Foxtail millet 0.59 32 0.1 32 - 15 0.8 31
Proso millet 0.41 45 0.3 0 - - 1.2 -
Barnyard millet 0.33 4.2 0.1 0 - - - -
Little millet 0.3 3.2 0.1 - g - -
Sorghum 0.38 4.3 0.2 47 0.21 20 1.3 12
Pearl millet 0.38 2.8 022 132 - 455 1.1 19
Wheat (whole) 0.41 5.1 0.1 64 0.57 36.6 - -
Rice (raw, milled) 0.41 4.3 0 0 - 8 — =
Teff 0.39 3.36 0.27 0 0.46 - 0.94 0.08

Micronutrients

Finger millet Mg (mg/100g) Na(mg/100g) K (mg/10 0g) Cu (mg/100 g) Mn (mg/100g) Mb (mg/100g) Zn (mg/100g) Cr(mg/100g) Su(mg/100g) CI(mg/100 g)
Foxtail millet 137 il 408 0.47 5.49 0.102 23 0 160 44
Proso millet 81 4.6 250 1.4 0.6 0.07 2.4 0 171 37
Barnyard millet 168 82 T2 1.8 0.6 - 1.4 0 187 19
Little millet 82 - - 0.6 0.96 - 3 oA - -
Sorghum 133 8.1 129 1 0.68 0.016 3.7 0.2 149 13
Pearl millet 171 7.3 131 0.46 0.78 0.039 1.6 0 54 44
Wheat (whole) 137 10.9 307 1.06 1.15 0.069 3.1 0 147 39
Rice (raw, milled) 138 171 284 0.68 2.29 0.051 2T 0 128 47
Rice 90 - - 0.14 0.59 0.058 1.4 0 - -
Teff 184 12 427 0.81 9.24 — 3.63 — = =

(Source: Nutritive value of Indian foods, NIN, 2007; MILLET in your Meals, http://www.sahajasamrudha.org/ and https://data.nal.usda.gov/dataset/composition-foods- raw- processed- prepared- usda-national- nutrient-
database-standard-reference-release-27).
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Nutrient composition

Crop Carbohydrates Protein (g) Fat (g) Energy (KCal) Crude fiber (g)  Mineral Ca (mg) P (mg) Fe (mg)
(@) matter (g)

Finger millet 2 7.3 1.3 328 3.6 2.7 344 283 3.9
Foxtail millet 60.9 12:3 4.3 331 8 3.3 31 290 2.8
Proso millet 704 12.5 il 341 2.2 1.9 14 206 0.8
Barnyard millet 65.5 6.2 22 307 a8 4.4 20 280 5
Little millet 67 77 4.7 341 7.6 1.5 17 220 9.3
Pearl millet 67.5 11.6 £5] 361 1.2 23 42 296 8
Wheat (whole) 712 11.8 1.8 346 1.2 1.5 41 306 53
Rice (raw, milled) 78.2 6.8 0.5 345 0.2 0.6 10 160 0.7
Teff 73.13 18.8 0.4 367 8 - 180 429 7.63

Essential amino acids

Crops Arginine Histidine Lysine Tryptophan Phenyl Tyrosine Methionine Cystine Threonine Leucine Isoleucine Valine
(mg/gofN) (mg/gofN) (mg/gofN) (mg/gofN) Alanine (mg/g (mg/gofN) (mg/gofN) (mg/g ofN) (mg/g of N) (mg/g of N) (mg/g of N)  (mg/g of N)
of N)
Finger millet 300 130 220 100 310 220 210 140 240 690 400 480
Foxtail millet 220 130 140 60 420 - 180 100 190 1040 480 430
Proso millet 290 110 190 50 310 - 160 - 150 760 410 410
Barnyard millet 270 120 150 50 430 = 180 110 200 650 360 410
Little millet 250 120 110 60 330 = 180 90 190 760 370 350
Pearl millet 300 140 190 110 290 200 150 110 140 750 260 330
Wheat (whole) 290 130 170 70 280 180 90 140 180 410 220 280
Rice (raw, milled) 480 130 230 80 280 290 150 90 230 500 300 380

(Source: Nutritive value of Indian foods, NIN, 2007 ; MILLET in your Meals, http://www.sahajasamrudha.org/ and https://data.nal.usda.gov/dataset/composition-foods- raw- processed- prepared- usda- national- nutrient-
database-standard-reference-release-27).
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S. no. Crop Scientific Country/region of Reaction to stressest Importance Source of information

name origin
Drought Salinity Heat
1) Finger millet Eleusine East Africa T MT - Rich in methionine, High National Research Council,
coracana content of fiber and minerals 1996; Chandrashekar,
2010; Bhatt et al., 2011;
FAO, 1995
2) Proso millet Panicum Egypt and Arabia T T T Rich in protein, fiber, B FAO, 1995; Kalinova and
miliaceum vitamins, and minerals Moudry, 2006
(S]] Barnyard Echinochloa Central Asia T T = Source of high protein, fiber, Saleh et al., 2013
millet spp. high iron, and gluten-free
4) Buckwheat Fagopyrum China T S S Low-gluten, high protein Wu et al., 2019; Pirzadah
tataricum content, rich in vitamin B, and and Rehman, 2021
has nutraceutical properties
(5) Fonio Digitaria sp. West Africa T MT MT Gluten-free, rich in the amino Temple and Bassa, 1991;
acids, cysteine, and National Research Council,
methionine. Matures within 1996
60-70 days.
(6) Little millet Panicum India T MT T Low in calories but rich in ltagi et al., 2013; Ajithkumar
sumatrense dietary fiber, magnesium, and Panneerselvam, 2014
bioactive compounds, and
other essential minerals and
vitamins.
(7) Africanyam  Sphenostylis West Africa T - - Abundant in protein, dietary Baiyeri et al., 2018; Anya
bean stenocarpa fiber, carbohydrate, and and Ozung, 2019; George
minerals etal., 2020
(8) African Psophocarpus New Guinea and - - T Rich in dietary protein and low ~ Wan Mohtar et al., 2014;
winged tetragonolobus Indonesia in anti-nutritional factors Mohanty et al., 2015;
bean Vatanparast et al., 2016
9) Moth bean Vigna India T MT T Rich in protein and minerals Gupta et al., 2016; Tiwari
aconitifolia such as Ca, Mg, K, Zn, and Cu et al., 2018; van Zonneveld
et al., 2020
(10) Bambara Vigna West Africa T MT T Rich in quality protein and National Research Council,
nut subterranea dietary fiber. Also, a good 1996; Feldman et al., 2019;
source of calcium, phosphorus, Soumare et al., 2021;
iron, and vitamin C. Olanrewaju et al., 2022
11 Jatropha Jatropha African tropics T T MT Rich source of protein and oil King et al., 2009; Maes
curcas et al., 2009; Devappa et al.,
2010
(12 Jojoba Simmondsia Northern Mexico and T T T Oil makes 50% of seed by Dunstone and Begg, 1979;
chinensis Southwestern weight, contains 97% Benzioni and Dunstone,
United States monoesters of long-chain fatty  1986; Makpoul et al., 2017
acids giving it very long shelf life
(13) Camelina  Camelina sativa Eastern Himalayas, T MT - High level (about 45%) of Acamovic et al., 1999;
China, Japan, and omega-3 fatty acids Bakhshi et al., 2021
Malaysia
(14) Teff Eragrostis tef Ethiopia T MT T Gluten free and highly rich in National Research Council,

iron and other key nutrients 1996; Aptekar, 2013; Zhu,
2018; Gelaw and Qureshi,
2020

17, tolerant; MT, moderately tolerant; S, sensitive.
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Sr No Crosses Correlation between Fe and Zn

Within generation Across all generations

F» BCP;4 BCP, F,, BCP; and BCP,
Eq Eo Eq Eo Eq Eo E1q Eo

1 Cross-| 0.069 0.637** 0.098 0.061 0.001 0.258* 0.246** 0537
2 Cross-II 0.692** 0.674** 0.077 0.513** 0.633** 0.605** 0.532** 0.644**
3 Cross-lll 0.469"* 0.570%* —0.089 0.146 0.212* 0.198** 0.348" 0.454**
4 Cross-IV 0.256** 0.493** 0.083 0.070 0.018 0.158 0.168** 0.371*

*and **, significant at 0.05 and 0.07 probability level; E1, 2017 rainy; Eo, 2018 summer.
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Source Degrees of
freedom

Environments 3
Environments replications 8
Environments.replications.blocks 36
Genotypes 15
Environment’genotype 41
Residual 75
Total 178

Total tuber
yield

403.756"*
18.152**
15.081"
37.273*
14.607**
4.18
18938

Marketable
tuber yield

207 661
14.281***
16.234"
38.546"*
12.823"
3.62
16.467

“Significantly different at 0.001 probabilty level; * trait measured in one environment.

Unmarketable
tuber yield

8.5850"*
0.2919**
0.2120™
0.9984***
0.4967***
0.1518
0.4634

Marketable
tuber number

16488
290.4**
458.8"
7144
3788
1576
597.6

Unmarketable
tuber number

10199.5
586.2**
3735
1794.9"
633.3"*
235
669.9

Total tuber
number

50199
1601.6"*
1045.8"*
3124.6"*
1351.9"*
513.4
19205

tDry matter
content (%)

6.516
31.759™
74.250"

3972
31.833
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Source

Total
Treatments
Genotypes
Environments
Block
Interactions
IPCA

IPCA
Residuals
Error

Degrees of freedom

191
63
15
3
8
41
17
15
9
1

Sums of squares

3479
2,850
927
1,246
146
677
371
234
72
483

Mean squares

18.22
45.24
61.81
415.31
18.26
1651
21.82
15.58
8.02
435

10.39
14.2
22.75
419
3.79
5.01
3.58
1.84
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Parameter

Variance of genotypes

Variance of genotype x environment

Variance error

Heritability (%) across environments

Mean of best four varieties

Advantage of the best four over the best check (Mai Chenje) (%)
Advantage of best variety (Cecelia) over the best check (%)

Total tuber
yield

19
35
42
06
83
185.1
184.1

Marketable
tuber
yield

214
3.07
3.62
0.67
7.62
156.61
218.93

Unmarketable
tuber yield

0.04
0.1
0.15
0.50
0.70
2264
1.76

Marketable
tuber
number

279
78.7
157.6
05
40.4
120.1
134.9

Unmarketable
tuber number

96.8
132.8
235.0

06
220
-538
—35.1
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Iron (Fe)

Crosses

Cross |
Cross |l
Cross Il
Cross IV

MP

E4

1212

—8.90"
—30.20"
—14.05*

E;

5.18
—3.45
—19.36"

3.52

RHM

E4

—8.10"
—7.66™
—156.14
—13.72*

E;

4.91
—0.43
—4.01*
—9.70™

Zinc (Zn)
MP RHM
E4 =3 Eq E;
1.95 2.22 8.17* 3.19
—3.05 —2.00 0.93 2.59*
—12.28** —13.53** —9.91** —7.86™
—8.22* 2.78 —6.98* —-5.79*

*and **, significant at 0.05 and 0.07 probability level; E1, 2017 rainy; Eo, 2018 summer; MP, mid parent heterosis; RHM, relative heterosis over mid-parent.
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Crosses GCV% PCV% h2 % h2,% GAM% H/D ID
Eq Eo Eq Eo Eq Eo Eq Eo Eq Eo Eq Eo Eq Eo

Iron (Fe)

Cross | 33.28 25.48 33.71 26.08 94.04 91.21 74.83 90.50 43.75 33.34 0.72 0.13 —4.60 —5.24
Cross i 36.69 31.50 37.28 32.47 92.67 88.01 72.14 80.18 48.42 40.34 0.75 0.44 —-1.17 —6.36
Cross Il 33.02 30.97 33.78 31.69 91.12 90.29 86.64 77.32 46.29 39.40 0.32 0.58 —21.69 —17.07
Cross IV 256.17 20.80 26.21 21.91 84.71 78.87 79.12 61.78 34.50 25.46 0.38 0.74 —0.06 11.41
Zinc (Zn)

Cross | 33.44 22.18 34.95 24.27 80.75 68.89 57.18 59.04 37.00 24.49 0.91 0.58 —5.88 —0.93
Cross I 37.30 34.84 38.97 36.38 80.52 79.97 55.06 48.76 41.77 37.50 0.96 118 —4.18 —4.72
Cross Il 41.98 37.43 42.84 38.60 89.97 83.31 58.58 35.15 51.76 40.10 1.04 1.66 —2.68 —6.62
Cross IV 33.28 26.47 34.16 28.37 86.57 68.45 48.55 30.60 37.99 26.38 1.25 1.57 —-1.32 8.34
E4, 2017 rainy; Ep, 2018 summer; GCV, genetic coefficient of variation; PCV, phenotypic coefficient of variation; hZ., heritability broad sense; h2,, heritability narrow sense;

GAM, genetic advance percent over mean; H/D, degree of dominance; ID, inbreeding depression.
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Iron (Fe)

Crosses Eq Ey
m d h i j | E m d h i j |
Cross-I 55** —15.88** —7.64 -0.38 3.38" 5.56 - 73" -10.45"  —-10.13*  —13.70" 4.09"* 6.17
Cross-ll 51 —9.05* 4.21 8.95* —3.62* —-10.77 - 63" —9.27* —-4.19 —2.74 4.37* —-5.29
Cross-IIl 71 17.63*  —22.80"* 2.73 —3.31 —5.52 - 83" 13.14* 25.82**  —11.65 —4.66* 8.43
Cross-IV 63* —9.88** —9.70* 0.7 6.65™ 19.24* D 72" —7.14* —3.64 —6.51 16.66"* 44.54**
Zinc (Zn)

Cross-| 36* —-10.12** —-1.17 -1.93 0.58 —5.69 - 4% —6.83** —4.69 —5.66* 2.21* 7.81
Cross-Il 36.46 —2.92** —4.15 -3.05 1.77 2.46 - 39.86" —3.85* —5.47 —4.67 0.47 3.75
Cross-ll 38* 5.97** -3.07 2.1 —3.4* 2.14 - 47.05"* 5.28"  —10.76** -3.72 -0.88 9.82
Cross-IV 36* —0.61 —-8.47* 53 8.28" 15.06" D 39" —2.64* —1.00 2.2 2.43* 16.15**

*and **, significant gene effect at 0.05 and 0.07 probability level.; m, mean; d, additive; h, dominance; i, additive x additive; j, additive x dominant, |, dominant x dominant;
E, epistasis; D, duplicatory; C, complementary; E1, 2017 rainy; Eo, 2018 summer; NI, no interaction.
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Crosses Scaling tests
Eq E>
A B Cc D A B C D
Fe
Cross | 0.79NS —5.97* —4.8NS 0.19NS 7.86** —0.33NS 21.23* 6.85™
Cross I —2.61NS 4.43* —7.12NS —4.47* 8.38 —0.35NS 10.7¢ 1.37NS
Cross Il —1.94 NS 4.73NS 0.06NS —1.37NS —3.05NS 6.27* 14.88* 5.83*
Cross IV —3.32NS —16.6** —20.7** —0.35NS —2.36NS 857+ —31.5" 3.25NS
Zn
Cross | 4.39" 3.23NS 9.55" 0.97NS 1.13NS —3.28NS 3.51NS 2.83*
Cross Il 2.07NS —1.48NS 3.65NS 1.53NS 0.93NS —0.02NS 5.59NS 2.34NS
Cross Il —5.52* 1.28NS —6.33NS —1.05NS —3.93NS —2.17NS —2.37NS 1.86NS
Cross IV —1.65NS —8.1** —4.45NS 2.65NS —4.55* —9.4* —11.8* 1.10NS

*and **, significant gene effect at 0.05 and 0.01 probability level; E4, 2017 rainy; Ep, 2018 summer; NS, non significant.





OPS/images/fpls-13-841226/fpls-13-841226-M2.jpg
Yik





OPS/images/fpls-12-693680/fpls-12-693680-t003.jpg
Crosses

Iron (Fe)
Cross |
Cross I
Cross Il
Cross IV
Zinc (Zn)
Cross |
Cross I
Cross Il
Cross IV

“ and *,

Generations Replications Error
df=5 df =2 df =10
E4 =3 E4 =3 E4 Ep
548.72** 290.14** 0.13 31.89 1.83 9.68
74.23* 2199.48* 0.89 4.79 1.93 2.74
877.64** 552.20"* 1.33 62.06 9.83 4.71
439.91* 769.97** 38.55** 3.02 3.91 3.91
173.20% 117.56* 0.06 9.66* 1.53 2.21
29.01* 31.49* 9.46* 2.19 1.84 2.25
131.37* 75.83"* 6.33* 4.69 0.86 1.68
2877 42.86™ 2.38 0.1 2.86 1.58

significant at 0.05 and
E», 2018 summer.

0.071 probability level; Ey, 2017 rainy;
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Crosses Generation Iron (Fe) Zinc (Zn)
Eq Ez Eq Ez
Mean Range Mean Range Mean Range Mean Range
Cross-I P4 41 - 52 - 23 - 32 -
Pa 79 - 80 - 44 - 50 -
Fq 53 = 69 = 34 = 42 -
Fo B85 28-92 73 48-123 36 17-74 42 28-69
BCP4 47 31-72 64 42-79 31 17-58 38 26-49
BCP, 63 41-87 74 50-95 M 21-62 44 29-59
Cross-lI P4 49 - 48 - 31 - 35 -
P2 60 - 75 - M - 43 -
Fy 50 e 59 = 35 = 38 -
Fo 51 28-102 63 35-119 36 21-83 40 23-85
BCP4 48 30-69 58 33-79 34 20-77 37 22-59
BCP, 58 38-99 67 40-115 37 25-63 41 2562
Cross-lll P4 105 - 106 - 52 - 57 -
P2 64 — 70 — 36 — 45 =
Fy 59 — 71 — 37 — 44 -
Fo 72 27-128 83 32-142 38 20-82 47 25-79
BCP4 81 46-128 87 56-122 42 23-82 49 30-75
BCP, 64 40-89 74 45-97 36 21-54 43 25-67
Cross-IV P4 57 = 55 = 35 ~ 36 =
P2 90 = 103 - 43 = 46 =
Fq 63 - 82 - 36 - 42 -
Fo 63 40-92 72 42-114 36 20-68 39 24-69
BCP4 58 30-80 67 45-88 35 22-61 37 22-54
BCP, 68 54-100 74 50-95 35 22-52 40 26-55

E4, 2017 rainy; Ep, 2018 summer; P1, Female; Po, Male; BCP1, F1 x P1; BCP2, F1 x Pa; Fo, selfed Fy.
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Crosses P4 Male pedigree Crossed Py Female pedigree
(male) (female)
Cross-| ICMB  EEDBC S1-425-2-1-2-4-B-2-3-B-B X ICMB [[ICMR 312 S1-1-5-2-B x HHVBC)-10-2-1-2-3 x EEBC
100489 100478  407)-7-2-1x{EEBC S1-407-1-B-B-B-B-B-1-B-1-B-5-1x
3981-3989 G1}-2-1-1]-11-3
Cross-II ICMB  ((SRCIIC3 X ICMB (ICMB 98222xMRC
100242  $1-19-3-2 x HHVBC)-27-1-3-3-3-3-2 x {[(843B x ICTP 100245  HS-130-2-2-1-B-B-3-B-B-B-1-3-1)-11-2
8202-161-5)-20-3-B-B-3 x B-bulk]-2-B-1-2-2-B-B-B-11-
1 x B-bulk (3981-4011/S06
G1)}-3-2-4-4)-35-2-5
Cross-lll ICMR  [MRC HS-130-2-2-1-B-B-3-B-B-B-1-3-1 x {[((IP X ICMR {(MC 94 51-34-1-B x HHVBC)-16-2-1) x (IP
100775 12322-1-2) x B-Lines)-B-14) x (MRC 100015  19626-4-2-3)]-B-28-3-1-2-2} x {MRC HS
S1-156-2-1-B)]-B-1-3-3-B} x {GB 225-3-5-2-B-B-B-B}-B-4-2-1
8735-81-15-3-1-1-3-4-2-2-2-1}-B-11-5-1-1-1]-20-1-B
Cross-IV ICMB  [(MC 94 $1-34-1-B x HHVBC)-10-4-3-2 X ICMB (ICMB 04888 x ICMB 02333)-3-1-2-3
100474 -2-B-B-2 x (ICMR 312 $1-1-5-3-B x HHVBC)-7-1-1-1-B- 100410

B-BJ-21-B-1-4-1-2-1
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Genotype Sample size Mean rank Median score

Jane 64 573.06°+ 3
Kabode 64 404.88° 1
Irene. 64 442.84% 1
Erica 64 584.18° 3
Gloria 64 475,520 2
Gordina 64 430.95%° 1
Mukadzi Wanhasi 64 508.98%¢ 2
Summai 38 532.49%¢ 3
Lourdes 64 490.8%¢ 2
Gecila 64 462,55 2
Vitae 64 407.49% 1
Mai Chenje 64 482,98 2
Ininda 64 462280 15
Enmilia 64 534.73%¢ 3
Tio Joe 64 472.45%° 2
Melinda 38 566.78%¢ 3
Total 972

Kruskal Wallis H (Chi-square) value  39.678

Degrees of Freedom 15

p 0.001

*Figures followed by the same letter are not significantly different after subjected to Mann-
Whitney U-test: P< 0.0004 (with Bonferroni correction-applied) pairwise comparisons.
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Plant species  Molecular markers Utilization References

African yam bean  Amplified fragment length  Evaluation of genetic diversity in 40-80 accessions of AYB revealed high levels of  Adewale et al,, 2014;

polymorphisms (AFLP) genetic diversity among the accessions with primer Ojuederie et al., 2014
Simple sequence repeats  Transferabilty of 36 SSR-derived markers from cowpea revealed considerable Shitta et al., 2016
(SSR) genetic diversity among 67 AYB accessions which could be exploited for genetic
improvement.
Inter-Simple Sequence Genetic variabilty of AYB accessions from Ebonyi State revealed a high degree of - Nnaman et al,, 2019
Repeat (ISSR) variation which could be utiized for improvement of the species
Diversity array technology Genome-wide association mapping of nutritional traits of AYB using DAT Seq Oluwole et al., 2021b
(DAT) sequencing identiied quanttative traitloci (QTL) for genes which couid be useful for the
improvement of the protein, oi, and starch contents of AYB
Bambara Ampliied fragment length  Profiing of the genetic diversity of 100 Bambara landraces from diverse regions of  Ntundu et al., 2004
groundnut polymorphism (AFLP) Tanzania using AFLP markers. Landraces were clustered into two groups which
correlated with their geographic origin and phenotypic traits.
Random ampified Genetic diversity of Bambara groundnut accessions from Burkina Faso. Konate et al., 2019
polymorphic DNA (RAPD)  Genetic diversity in landraces of Bambara groundnut found in Namibia Mukakalisa et al., 2017
Considerable genetic diversity relationship was found among 25 African accessions ~ Amadou et al., 2001
of Bambara groundnut
Random ampiffied Assessment of the genetic diversity of 363 Bambara accessions from 5 geographical Rungnoi et al., 2012

polymorphic DNA (RAPD)  regions using 65 loci obtained from ISSR and RAPD markers. Accessions were
and Inter-Simple sequence  grouped into West and East Africa populations with West Africa identified as the

repeats (ISSR) center of diversity of the bean, mostly cultivated in Nigeria and Cameroon
Microsatelites Assessment of genetic diversity and structure of South African Bambara groundnut ~ Kambou et al., 2021
landraces
Identification of cultivars with a wider genetic base Minnaar-Ontong et al., 2021
Diversity array technology ~ Assessment of genetic diversity and population structure of Bambara groundnut Uba et al., 2021
(DAT) sequencing landraces from different geographical regions in Africa (West, Central, Southern, and
Single nudleotide East Africa) and an unknown origin in the UK
polymorphism (SNP)
Kersting's Diversity array technology  Assessment of genetic iversity and population structure of 217 Kersting's Kafoutchoni et l., 2021
groundnut (DAT) sequencing groundnut accessions from five west African countries using 886 DArTseq generated
SNP markers. Despite the low polymorphism information content (0.059) the SNPs.
gave greater density which enhances their effectiveness in quantifcation of the
genetic diversity and discrimination of the accessions.
Assessment of the potential effects of climate variations on suitable environments for  Coulibaly et al., 2022
Kersting’s groundnut cultivation, and subsequent distribution around four West-
African countries using genetic information from DArTseq and ecological niche
modelling. Large areas with suitable conditions for the cultivation of Kersting's
groundnut and genetic populations of the landraces were determined,
Single nuceotide GWAS analysis revealed 10 significant marker-trait associations, of which six SNPs  Akohoue et al, 2020; Paliwal
polymorphism (SNP) were consistent across environments. The genomic selection through cross- etal, 2021
validation showed moderate to high prediction accuracies for leaflet length, seed
dimension traits, 100 seed weight, days to 50% flowering, and days to maturity.
Lima bean (LB;  Random Amplified Assessment of genetic variabilty of 46 accessions of the Lima bean including 16 wid Fofana et al., 1997
Phaseolus Polymorphic DNA (RAPD)  forms and 30 landraces. Higher genetic diversity was observed among landraces
unatus) than among wild forms.

Ghioroplast DNA (cpDNA)  Two chioroplast DNA probes revealed genetic diversity among 152 accessions of LB Fofana et al,, 2001

including wild forms and landraces with a wide distribution range of two separate

groups Mesoamerican and Andean.
Simple sequence repeats Genetic diversity, structure, and gene flow of 11 wild populations of Phaseolus Martinez-Castillo et al., 2006
(SSR) lunatus L. in four regions of raditional agriculture in the Yucatan Peninsula, Mexico,

part of the putative domestication area of ts Mesoamerican gene pool were

determined. Increased diversity

The study estimated the natural outcrossing rates and genetic diversity levels of Lima Penha et al.,, 2017; Gomes

bean from Brazil useful for conservation and breeding. etal, 2019
Inter-simple sequence The ISSR analysis revealed a wide genetic diversity among 23 LB accessions from  Bria and Bani, 2021
repeats (ISSR) Timor Island and grouped them into two main groups of “plain” seed group and

“pattern” seed group.

Jack bean (JB)  Sequence-related amplfied  Genetic diversity and relationship among 29 accessions of JB from 16 countries  Liu et al., 2014

polymorphism (SRAP) revealed a low variation of five cluster groups composed of different accessions with

different phenotypic traits.
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Nutrient contents AvB BG KG LB JB
Protein (g) 22.46° 18.8° 19.49 2146 2050
Carbohydrate (o) 53.68" 6130 66.60° 63.38° 6160
Moisture (g) 958" 2100 170" N 830
Ash () 428" 2400 320" N 300
Fat (o) 359" 6.20° 1,109 069 410
Total Dietary Fiber 7.30° 5.50° 550 19.00° 7.00
Water () 61.50° 10.30° N N 10.80
Energy (koal/100g) 33367 367.00° 348.00° 338.00° 356.00
Folates (B9; mg/100g) 0.10° 025 N 0400 N
Thiamine (B1; mg/100g) 019° 061’ 076 0519 029
Niacin (B3; mg/100g) 007 1.80' 230 1.549 1.40
Riboflavin (B2; mg/100g) 0.20° 031" 019 020° 002
Vitamin B6 (mg/100g) 0.10° 0.44' Nr 0.51° Nr
Vitamin A (mg/100g) Nr N N N N
Vitamin G (mg/100g) 12.97¢ 027 o 000° 1.00
Vitamin D (mg/100) 000" 342 Nr o N
Vitamin E (mg/100g) 0.19° Nr Nr 0720 Nr
Vitamin K (mg/100g) Nr 0.001" Nr 0.006° Nr
Pantothenic acid (B5; mg/100g) Nr 1.80' N 1.367 N
Sodium 1.00° 360 567 18.00° 18.00
Calcium (mg/100g) 15.00° 1,60 103.00° 81.00° 15000
Copper (mg/100g) 029" 009 020" 00007 073
ron (mg/100g) 1.50° 552 15.000 7519 620
Magnesium (mg/100g) 69.00° 7.58' 62.40" 224000 11.98°
Manganese (mg/100g) 335" 026 130" 1,670 N
Phosphorus (mg/100g) 99.00° 32.50° 392000 385.00° 272.00
Potassium (mg/100g) 419.00° 183.00' 332.00° 1724.00° 301.80
Zinc (mg/100g) 0.78° 027 650" 283 280
Selenium (mg/100g) 150.00° N N 0007 N
Beta-carotin (ug) 7.00° 047" N N N

AYB, Africa yam bean; BG, Bambara groundnut; KG, Kersting's groundnut; LB, Lima bean; JB, Jack bean and N, not reported.

“Baiyeri et al, 2018,
“Charrondiére et al,, 2020.

“Nnamani et al., 2018,

“Ojuederie and Balogun, 2017.

“Damfami and Namo, 2020,

Adeleke et al., 2018,

USDA Food Data Central.

"Aremu et al, 2006.

Ayenan and Ezin, 2016.

Indonesian Food Composition Table (IFCT), 2019.
beto et al., 2019.
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Orphan legume
species

African yam bean
(AYB; Sphenostylis
stenocarpa)

Bambara groundnut
(BG; Vigna
subterranean)

Kersting’s groundnut
(KG; Macrotyioma

geocarpurm) Formerly,
Kestingiella geocarpa

Lima bean (LB;
Phaseolus lunatus)

Jack bean (Canavalla
ensiformis)

Specific util

. It promiscuously and profusely
nodulates.

. Notable symbionts are Ahizobium
spp. and Bradyrhizobium spp.

3. Avery good companion crop to yam.

4. Thrives and survives in most marginal

agro-ecologies.

Low cholesterol content, making it a

suitable source of food for diabetic,

obese, and hypertensive patients

S

Bl

. The crop can fix up 10100 kg/ha of
nitrogen.

. The rhizosphere of BG hosts nitrogen

and phosphorus connections.

It features different cropping systems.

. Itis a significant companion crop in

many crop rotation systems in SSA.

Significantly, it is an excellent

companion of sorghum, maize, yam,

pear milletin the field.

~

o

o

. Improvement of soil fertity through
nitrogen fixation (16.5-57.8kgha™") of
atmospheric Nitrogen.

Highly preferred meal due o its
palatable taste, compared to other
legumes.

Arich meal with medicinal value

~

®

LBis highly nutriious and has been
linked to several potential health benefits.
Itis a fat-free proteinous crop.

Eating these protein-packed legumes
may even lead to healthy weight loss,
enhanced blood sugar control, and
improved heart health.

- Big-sized bean thatis very important
in animal and human nutrtion. The
protein content is between 23% and
34%. Itis adequate in most essential
amino acids. Carbohydrate is as high
as 55%. Itis arich source of Ca, Zn,
P, Mg, and Cu.

Specific challenges

Autogamous nature, intra-specific
incompativity often reduces
hybridization successes.

- Low yields

- Indeterminate growth pattern and
long gestation period.
Photoperiodic sensitvity
Hard-to-cook (HTC)

Presence of antinutrient factors
(ANFs)

Mostly an obiigate twiner, significant
higher grain productivity is
dependent on the use of stakes.

- Physiology/taxonomic of tuber or
none tuber production of the
species sl need clarity

Poor awareness of its nutrtional
potential

Small-sized flowers
- ANFs

- Hard-to-cook trait

Hard-to-mill

Photoperiodic sensitivity

Pest and Diseases

Lack of modern processing
technology and storage

Poor awareness of its nutrtional
potential

Displaced by Arachis hypogea,
amost extinct in Africa
Awareness stil deciining

- Unavailabilty of improved varieties
- Lowyield

- ANFs

Cuttivation confinement to only the
West African regions

- Poor and declining awareness due
to urbanization and agricultural and
land-use practices

Unavailabilty of improved varieies
‘The long gestation period

An obligate climber, rarely grown as
a companion crop

Low yield

ANFs

Itis not very popular. lts usefulness is
better known in the science domain, it
mostly exists in the wid as an
uncultivated legume. Its consumption
by a human is rare in West Africa.
Anti-nutritional factors are identified in
the crop.

Possible solutions

- Biotechnology using marker-
assisted crop improvement
strategies, embryo rescue,
genetic modification for novel trait
integration, gene editing tools to
overcome the HTC and ANFs.
High throughput genomic
technology could clear the air on
the species physiology and
taxonomy. Mutation breeding

- Extension research and activities
will improve its awareness and
utilization

Crop improvement efforts, such
as hybridization, mutation
breeding, Targeting Induced Local
Lesions in Genomes (TILLING)

- Resistance breeding for pest and
disease control. Dehuling, boiling,
fermentation, soaking, infrared
heating, autoclaving are ways to
overcome ANF and HTG
problems.

- Extension research and activities
willimprove its awareness and
utilization

- Saving the extant germplasm in
the few farmers' hands seems the
most urgent task.

- Its notable Rhizobium strain is

Bradyrhizobium CB 756. Its

exploitation can enhance land-use

‘sustainability.

The promotion of value chains to

reduce the declining trend in its

cultivation

Germplasm rescue and conservation
are key 1o reducing the dwindling
genetic resources of the crop.
Diversity and crop improvement
research shouid focus on the listed
constraints to enhance utiization and
awareness. Extension programs
should bring up the nutitional values
ofthe crop for increased
consumption.

Germplasm rescue, conservation,
and increased awareness through
extension programs come first in
proffering solutions to the numerous
constraints of the crop. Focused
research is needed on the genetic:
diversity of landraces and wild types
toidentity promising fines for high
protein and nutritional quality to meet
Iivestock, human and industrial
needs.
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Details

References

When legumes serve as cover crops, they prevent excessive moisture loss from the s, protect the soil fom
excessive heat, and conserve soil biodiversity.

Legumes leaves and fodder decomposes when returned to the soil and add organic matter and nutrients to
enrich the soil and consequently boost crop growth and yields.

Orphan legumes thrive in very harsh weather, acidic, infertle, and unsuitable soils, they are drought tolerant
and enrich soil nitrogen by fixing atmospheric nitrogen.

Intercropping with legumes improves soll fertity in poor farmiands through gradual natural amelioration,
enhances land productiviy, reduces pests and diseases population, and reduces yield oss to pests and
diseases.

Soil fertity improvement through nitrogen fixation is by symbiotic actities of legumes. Legumes contribute
over 45 millon tons of fixed nitrogen to crop agriculture annually.

Legumes improve cation exchange capacity (CEC) in fields compared to lands where nonlegumes were
previously cropped. CEC improvement in soils s usually due to the dropping and decomposition of legume
leaf litters. This equally led to a decrease in soil nutrient losses.

Legumes improve soll structure, increase organic matter, improve water eficiency, save water for subsequent
cropping systems, provide soi coverage, minimize soil evaporation, controls erosion and weed, etc.

The involvement of orphan leguminous crops provides opportunities for improvement of nutrient cycling and
increase in the presence and population of pollinators, thereby protecting biodiversity and the ecosystems.

Gepts et al., 2005; Adeleke and Haruna,
2012

Gepts et al., 2005

Babalola et al., 2017

Belel et al., 2014; Dahmardeh et al., 2010

Belel et al

014

Alito et al., 2015

Vidigal et ., 2019

Chapin et al., 2000; FAO, 2010
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Zone

Dawro

Guraghe

Wolayita

Site/ elevation (m.a.s.l.)

Tercha (1400)
Maraka (2100-2200)
Marimansa (1800-2000)

Gimbo (1600-1900)
Decha (1700-2100)
Shishenda (1700-2200)

Ezha (> 2400)
Meskan (2200)
Abeshge (1600-1700)
Silte (2000)

Boloso soro (1700-1800)
Damot gale (2000)
Sodo zuria (2000)

Number of samples

2

24

2
Total = 72

24

24

24
Total = 72

2

22

16

30
Total = 93

40

40

Pratylenchus goodeyi mean density per 10 g root

141
187
120

93
190
174

140
70

124

141
10
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Common name

Species

Chromosome number

Basic information

References

Afican yam bean

Bambara groundnut

Kersting’s groundnut

Lima bean

Jack bean

Sphenostyis stenocarpa

Vigna subterranea

Macrotyloma geocarpum

Phaseolus lunatus

Canavalia ensiformis

2n=22,24

2X=22

Rich in lysine and methionine, unlike other mainine
ro0t crops. Tubers have an appreciable amount of
protein (15%) with fewer antinutrients. It can

be propagated asexually by tuber and root tissue or
sexually by its seed. Both the seed and tuber are
edible, whie the leaves are used for medicinal and
forage purposes.

Itis a self-pollinating and fertilizing plant. Drought
tolerant, resistant to high temperature, and a good
source of green manure. It has a more extensive
range and higher maximum concentration of crude
protein than Chickpea, cowpea, and mungbean.

Itis a source of cheap protein. Seeds are ground to
make a local cake called “tubani.” Kersting's seed
flour, combined with maize flour at a ratio of 70-30,
can be used for weaning infants. The decoction from
Kersting’s leaf is used to cure venereal diseases,
dysentery, and fever. Women have an essential role to
play in the cultivation and marketing of this crop.

Itis a regular diet in Africa and is usually intercropped
with cotton, coffee, maize, sweet potato, sorghum,
and yam. It has both photoperiod-insensitive types
and flowers in day-lengths up to 18h, and short-
length 11-13h to initiate flower. The dry seeds are
eaten boled, fried, ground into powder and baked,
and used in soups and stews. Itis an excellent
N-fixing legume.

Itis a source of food, minerals, and phytochemicals
for both humans and livestock. While it is well-
distributed in Afrca, its nutrtional, nutraceutical, and
pharmaceutical benefits are largely untapped. It is
also used as an ormamental plant and as a *snake
repellant.”

Adesoye and Nnadi, 2011;
Popoola et al., 2011;
Ojuederie and Balogun, 2019

Halimi et al., 2019; Massawe
etal, 2002

Akohous et al., 2019; Tsamo
etal, 2019

Asante et al., 2008; Baudoin,
2006

Dada et al., 2013
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Major producing countries [Production in million

Crop name Botanical name Endemic areas o M7
1st 2nd 3rd
Afican yam bean  Sphenostyis stenocarpa  West/East Afica  NA NA NA
Bambara groundnut  Vigna subterrancan West Afrca Burkina Faso (0.06) Niger (0.056)  Cameroun (0.04)
Kersting's groundnut  Macrotyloma geocarpum ~ West Afica NA NA NA
Lima bean Phaseolus lunatus Tiopical Affica  NA NA NA
Jack bean Canavalia ensiformis West/East Africa  NA NA NA
Soybean* Glycin max South Africa (1.45)  Nigeria (1.10) Namibia (0.28)
Groundnut® Arachis hypogaea Tanzania (6.9) Cameroun (5.0)  Nigeria (4.5)

Overview of global and SSA production statistics of pulses and other grain legumes, 2020.

Legumes Area harvested (Ha) Production (tons)

Africa. Global Africa Global Africa
Pulses 2,122,050 5,918,039 1,359,666 4,440,414 6,407
Soybean 2,550,972 126,951,517 3,438,611 353,463,735 13,480
Groundnut 17,430,165 31,568,626 16,860,272 53,638,932 9673

NA, not available; *, major legumes: SSA, Sub-Saharan Africa. FAOSTAT, 2020.

Total production
in SSA

Global
production
M)

NA
0.23

NA
NA
NA
353

NA

0.23 (100% of global

production)

NA

NA

NA

1.7 (0.5% of global

production)

16.9 (33.9% of global 54

production)

Yield (Kg/Ha)
Giobal
7,508

27,842
16,991
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NP CATGTCAAGAGCCATTTACAGGTAGCTATGTATATGCATAGACAGC
CTAGACT

KP CATGTCAAGAGCCATTTA-~===T--CTTTG- === -~ -~
TAGACAGCCTAGACT

NF, shattered capsule genotype; KP. non-shattered capsule genotype.
Single nucleotide polymorphism is indicated by the italic emphasis. Dash lines
indicate deletion.
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NP 1-MPLEGIFLEPSSKPVPDLSLHISLPNCDSSSSSRSSNTKNDAVSSFDLPVNISSKPKGCT-60

KP 1-MPLEGIFLEPSSKPVPDLSLHISLPNCDSSSSSRSSNTKNDAVSSFDLPVNISSKPKGCT-60

NP 61-SFTDLSLAHPANDEKVELSNSFGRTHQEQEQPQNPYHHHHHRIYQPNHQLNHHQINHGDS-120

KP 61-SFTDLSLAHPANDEKVELSNSFGRTHQEQEQPQNPYHHHHHRIYQPNHQLNHHQINHGDS-120

NP 121-PFDSSDGLRPIKGIPVYPNPPFPFLALDHSTREKDPKMRFYQMSYPSWSSPSSSSSSSSS-180

KP 121-PFDSSDGLRPIKGIPVYPNPPFPFLALDHSTREKDPKMRFYQMSYPSWSSPSSSSSSSSS-180

NP 181-PFFGGGLDHHMPLLNLGPNGSSTAAAYHCGGGGGGGGGGRFSGLSSYQLHHHHNHHHQYG-240
KP 181-PFFGGGLDHHMPLLNLGPNGSSTAAAYHCGGGGGGRFSGLSSYQLHHHHNHHHQYGMGVS-240
NP 241-MGVSHHEGSHHGIMRSRFLPKMPAKRSMRAPRMRWTSTLHARFVHAVELLGGHERATPKS-300
KP 241-MGVSHHEGSHHGIMRSRFLPKMPAKRSMRAPRMRWTSTLHARFVHAVELLGGHERATPKS-300
NP 301-VLELMDVKDLTLAHVKSHLQMYRTVKTTDKPAASSGHSDGSGEDDLSTIGSGSADRTGLR-360

KP 301-VLELMDVKDLTLAHMYRTVKTTDKPAASSGHSDGSGEDDLSTIGSGSADRTGLRQFMEQR-360

NP 361-QFMEQRGPSDVSPRQESDVNNYPAATLWSNSSSSREGSWLQTNAGETSHSLIGSTPFPSQ-420
KP 361-GPSDVSPRQESDVNNYPAATLWSNSSSSREGSWLQTNAGETSHSLIGSTPFPSQSTSGHL-420

NP 421-STSGHLMRKAASKELCNVQF

KP 421-MRKAASKELCNVQF

NF, shattered capsule parent; KR, non-shattered capsule parent.
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Marker Marker name Forward primer Reverse primer PCR product (bp) Digested products
type (bp)
Indel S8_5062843 AATTTCGATATTTAATTAGGGGCTA CTGTGCCGGAGAAATAAACG Shattered type: 241 Non-shattered NA
type: 227
CAPS S8_4476867 CTGCCTGCTCCCTCAGAGAT TGCCAATTATTGTACCAAAAAGC Both types: 377 Shattered type:

102,275 Non-shattered
type: 377 (no digestion)
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PC axes

Prin1 Prin2 Prin3
Eigen values 2.36 1.70 1.21
Explained proportion of variance (%) 34 24 17
Cumulative proportion of variance (%) 34 58 75
Character Eigen vectors
Days to first flower (day) —-0.16 0.63 -0.21
Plant height (cm) —0.17 0.61 0.20
Stem girth (mm) 0.34 0.20 0.39
Pod length (cm) 0.11 —-0.18 0.77
Pod girth (mm) 0.33 0.39 0.22
Number of pods/plants 0.58 0.04 —0.30
Pod weight (g) 0.62 0.02 —-0.19

Only eigenvectors with values > 0.30 which largely controlled each PC
axes are boldfaced.
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Genotype DFF SG PODGTH Rank
Top 5

NHAB15 47.75 2557 9.11 19
NHAB18 46.39 29.89 8.26 21
NHAB20 50.56 35.52 9.85 21
NHAB13 47.72 24.08 8.79 23
NHAB17 49.78 27.85 9.09 23
Mean of top 5 48.44 28.58 9.02

Grand mean 49.26 26.12 8.43

Standard error () 0.93 3.84 0.46

Selection differential (%) —-1.67 9.42 6.99

Bottom 5

NHAB9 5414 22.31 8.68 44
NHAB14 52.94 24.33 8.20 45
NHAB3 52.72 19.82 8.45 50
NHAB2 52.72 19.62 8.02 57
NHABH 51.53 19.23 7.75 58
Mean of bottom 5 52.81 21.06 8.22

DFF, no of days first flower (days); SG, stem girth (mm);

PODGTH, pod girth (mm).
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Plant height (cm) Stem girth (mm)

Days to first flower (day) 0.54*
Plant height (cm)

Stem girth (mm)

Pod length (cm)

Pod girth (mm)

Pod/plant

—0.04
0.12

Pod length (cm)

—0.30
—0.03
017

Pod girth (mm)

0.18
0.17
0.28
0.13

Pod/plant

—0.08
—0.18
0.23
—0.04
0.31

Pod weight (g)

—0.16

—0.21
0.39
0.03
0.35
0.92***

*, **Significant at 0.05 and 0.001 probability levels, respectively.
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Accession DFF HT SG PODLT PODGTH PODPLT PODWT

NHABH 51.53 18.30 19.62 15.69 015 13.00 61.36
NHAB2 52.72 16.26 21.67 20.95 8.02 10.83 49.74
NHAB3 52.72 50.60 20.19 19.76 8.45 7.86 33.96
NHAB4 47.33 17.33 34.76 17.70 8.02 8.81 41.57
NHABS 47.92 23.49 37.56 15.96 8.51 13.56 75.19
NHAB6 49.11 20.09 29.89 18.08 8.42 10.33 51.13
NHAB7 44.94 16.29 27.85 16.88 8.68 17.22 77.76
NHAB8 46.50 16.79 22.31 20.41 8.98 11.78 69.77
NHAB9 54.14 28.85 26.04 14.96 8.68 18.17 84.71
NHAB10 51.56 17.47 19.28 16.23 10.09 12.08 60.94
NHAB11 46.64 14.47 19.87 14.93 6.99 10.25 52.53
NHAB12 48.31 15.49 23.65 21.19 8.20 13.03 54.89
NHAB13 47.72 17.52 22.16 19.00 8.79 12.89 67.11
NHAB14 52.94 23.68 24.33 15.45 8.20 11.28 58.50
NHAB15 47.75 16.90 19.82 20.49 9.11 13.50 63.43
NHAB16 50.33 21.76 24.08 15.91 7.83 11.36 58.57
NHAB17 49.78 24.50 54.03 22.51 9.09 14.25 82.08
NHAB18 46.39 17.34 23.83 20.01 8.26 17.97 86.02
NHAB19 49.22 16.48 25.57 19.17 7.68 16.11 77.31
NHAB20 50.56 24.79 35.52 20.33 9.85 15.86 79.43
NHAB21 50.33 19.12 22.82 17.14 8.36 11.19 52.01
NHAB22 45.28 16.19 19.83 23.86 7.54 10.47 57.47
Minimum 44.94 14.47 19.238 14.93 6.99 7.86 33.96
Maximum 54.14 50.60 54.03 23.86 10.09 18.17 86.02
Mean 49.26 20.58 26.12 18.48 8.43 12.76 63.43
LSD (0.05) 2.61 18.77 10.74 5.99 1.28 8.40 43.48
SE + 0.93 6.71 3.84 2.14 0.46 3.00 15.54

DFF, no of days to first flower (days); HT, plant height (cm); SG, stem girth (g); PODPLT, pod per plant; PODGTH, pod girth (mm); PODWT, pod weight (g).
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Source *DF

Environment (env)

Replication x env 6

Genotype 21

Genotype x env 42
Error 126
CV (%)

DFF

986.53"**
10.79
61.85""
44,35
7.82
5.68

HT

8228.16™*
491.17
532.43
506.91
404.92
97.79

SG

24818.91

42.34
605.76"**
362.58"*

132.65

44.09

PODPLT

38934.45*

22.33
59.79
60.65*
41.35
34.79

PODGTH

4643.72"*
0.77
4.69"
4.06™*
1.88
16.24

PODPLT

8508.27
2562.97
70.2
89.93
81.13
70.57

PODWT

226658.39"*
10180.37**
1824.68
2162.39
2172.38
73.48

*, %, *Significant at 0.05, 0.01, and 0.001 probability levels, respectively.

DF, degree of freedom; DFF, no of days to first flower (days); HT, plant height (cm); SG, stem girth (g); PODPLT, pod per plant; PODGTH, pod girth (mm);

PODWT, pod weight (g).
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Genotype

NHABH
NHAB10
NHAB11
NHAB12
NHAB13
NHAB14
NHAB15
NHAB16
NHAB17
NHAB18
NHAB19
NHAB2
NHAB20
NHAB21
NHAB22
NHAB3
NHAB4
NHABS
NHABG
NHAB7
NHAB8
NHAB9

Stem color

Green
Green
Green
Green with red patches
Green with red patches
Green with red patches
Green with red patches
Green
Green with red patches
Green
Green with red patches
Green
Green with red patches
Green with red patches
Green
Green
Green
Green
Green with red patches
Green
Green with red patches
Green with red patches

Petal color

Cream
Cream
Yellow
Yellow
Yellow
Yellow
Cream
Cream
Yellow
Cream
Yellow
Cream
Yellow
Yellow
Cream
Yellow
Cream
Cream
Yellow
Cream
Yellow
Yellow

Fruit color

Green

Green

Yellowish green

Green with red patches
Green

Yellowish green

Green

Green

Green

Green

Green

Green

Green with red patches
Green with red patches
Green

Green

Yellowish green

Green

Yellowish green

Green

Yellowish green

Green

Leaf color

Green
Green
Green with red veins
Green with red veins
Green with red veins
Green with red veins
Green with red veins
Green
Green with red veins
Green
Green with red veins
Green
Green with red veins
Green with red veins
Green
Green
Green
Green
Green with red veins
Green
Green with red veins
Green with red veins

Fruit pubescence

Smooth
Smooth
Smooth
Slightly rough
Prickly
Slightly rough
Slightly rough
Smooth
Prickly
Smooth
Smooth
Slightly rough
Downy
Slightly rough
Smooth
Smooth
Slightly rough
Smooth
Smooth
Smooth
Smooth
Smooth
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N =120

High yield

High viscosity

Resistance to pest and disease
Earliness

Spineless

High market acceptability
Drought tolerance

Large pods

Very important

120(100)
70(58.3)
108(90)
99(82.5)
74(61.7)
102(85)
89(74.2)
65(54.2)

Important

41(31.2)
11(9.2)
15(12.5)
36(30)
15(12.5)
18(15)
29(24.2)

Not important
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Production constraints Sobi Barracks

Lack of improved varieties 1
Drought 2
Diseases il
Insect pests 2
Cost of land rent/lease 4
Gender with respect to land ownership 5
Poor soil fertility 4

Ogundele

[ TS, NN G N

Aigoro

a o w NN =

Balla

A DD ON 2 o

Yeregi

W o= NN N

Mean

1.2
1.8
1.6
1.6
4
4.8
3.8

*Great extent

80(66.7)
85(70.8)
90(75)
89(74.2)
58(48.3)
3(2.9)
63(52.5)

Some extent

39(32.5)
7(14.2)
1(17.5)

19(15.8)
7(14.2)
4(11.7)

25(20.8)

Little extent

1(0.8)
18(15)
9(7.5)
12(10)

45(37.5)

103(85.8)

32(26.7)

*Percentage in parentheses, FGD, focus group discussion.
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Community Coordinates *Elevation (masl) LGA No of farmers
N E Interviews FGD

Sobi Barracks 8.55 4.56 261 llorin South 12 12
Ogundele 8.49 4.45 304 llorin West 22 12
Aigoro 8.67 4.88 289 llorin East 26 12
Balla 8.40 4.42 359 Asa 30 12
Yeregi 8.75 4.48 311 Moro 30 12
Total 120 60

*masl, meter above sea level; LGA, Local Government Area; FGD, focus group discussion.
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Growth stage

Vegetative

Reproductive

Sample collection days after sowing (DAS)

Day 0
Day3
Day3
Day 12
Day 12
Day 69
Day 69
Day 69
Day 69
Day 158
Day 158
Day159
Day 164

Sample description

Dry Seed

Green cotyledon

Above ground shoot parts (whole shoot)

Above ground shoot parts (whole shoot)

Very first/youngest leat at the shoot apex

First and second leaves at the shoot apex

Third and fourth leaves at the shoot apex

Fith, sixth, and seventh leaves at the shoot apex
Internode between the 5th and 6th leaves

The top half of the raceme inflorescence (pre-anthesis)
The bottom half of the raceme inflorescence (with pre-anthesis flowers)
Flowers from Day-1 of flowering (anthesis stage)
Flowers from Day-5 of flowering (anthesis stage)

Sample name

Seed
D3-Cotyledon

D3-Shoot

D12-Shoot

D12-P1

D69-P1-P2

D69-P3-P4
D69-P5-P6-P7
D69-Internode
D158-RacemeTopHalf
D158-RacemeBottomHalf
D159-Flowers
D164-Flowers
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Tissue type Total DET  Tissue- Upregulated Downregulated
specific (loge FC>2) (logz FC <2)

Seed 28641 13,450 6284 18,429
D3-Cotyledon 7877 1781 2,632 1,748
D3-Shoot 3415 495 970 1,161
D12-Shoot 2,136 270 52 1,521
Di2-P1 8795 2038 770 3976
D69-P1-P2 3511 633 283 2,185
D69-P3-P4 3,019 556 479 1,701
D69-P5-P6-P7 14,140 3504 1,884 6,637
D62-Intermode 9260 2,152 1,320 5,163
D158- 5,591 1,183 770 2,865
RacemeTopHalf

D158- 3614 804 852 1,860
RacemeBottomHalf

D159-Flowers. 6047 1,136 1274 2,883

D164-Flowers 6,134 879 969 3,353
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Fatty acid desaturases

FAD2

Transcripts

Sh_Salba_v2_49454
Sh_Salba_v2_49451
Sh_Salba_v2_66763

Sh_Salba_v2_74023
Sh_Salba_v2_93044
Sh_Salba_v2_93043
Sh_Salba_v2_74026
Sh_Salba_v2_93046
Sh_Salba_v2_74024
Sh_Salba_v2_74022
Sh_Salba_v2_93047
Sh_Salba_v2_93045

Sh_Salba_v2_05727
Sh_Salba_v2_05731
Sh_Salba_v2_05730
Sh_Salba_v2_05725
Sh_Salba_v2_06728
Sh_Salba_v2_05721
Sh_Salba_v2_05724

FAD7

Sh_Salba_v2_69172

FAD8

Sh_Salba_v2_69173
Sh_Salba_v2_90850
Sh_Salba_v2_52578
Sh_Salba_v2_69162
Sh_Salba_v2_52570
Sh_Salba_v2_52576
Sh_Salba_v2_52576
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