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Bottle gourd [Lagenaria siceraria (Molina) Standl.] is an important multi-purpose cucurbit crop grown for its leaf, fruit, and seed. It is widely cultivated and used for human consumption in sub-Saharan Africa (SSA) providing vital human nutrition and serving as food security crop. There is wide genetic variation among bottle gourd genetic resources in Africa for diverse qualitative and quantitative attributes for effective variety design, product development, and marketing. However, the crop is under- researched and -utilized, and improved varieties are yet to be developed and commercialized in the region. Therefore, the objective of this review is to provide the progress on bottle gourd genetic improvement and genetic analysis targeting agronomic and horticultural attributes, nutritional composition, biotic, and abiotic stress tolerance to guide current and future cultivar development, germplasm access, and conservation in SSA. The first section of the paper presents progress on breeding of bottle gourd for horticultural traits, agronomic performance, nutritional and anti-nutritional composition, and biotic and abiotic stress tolerance. This is followed by important highlights on key genetic resources of cultivated and wild bottle gourd for demand driven breeding. Lastly, the review summaries advances in bottle gourd genomics, genetic engineering and genome editing. Information presented in this paper should aid bottle gourd breeders and agronomists to develop and deploy new generation and promising varieties with farmer- and market -preferred attributes.
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INTRODUCTION

Bottle gourd [Lagenaria siceraria (Molina) Standl.] is widely cultivated in sub-Saharan Africa (SSA) for multiple uses (Morimoto et al., 2005; Abdin et al., 2014; Gürcan et al., 2015; Mashilo et al., 2015). It is grown for its young and succulent leaves and young fruit which are consumed as cooked vegetable (Morimoto and Mvere, 2004; Hart, 2011; Mashilo et al., 2017a,b,c). The leaves contain various micro-and macro-elements, and phytochemical compounds beneficial to human health. Therefore, genotypes with high leaf and fruit yields are preferred for vegetable production. Sun-dried or fresh leaves are sold at local and regional markets scoping the development of value-added products and economic gains from bottle gourd enterprises. Further, fresh and dried vines are often used as livestock fodder supplement during dry spells where natural pastures are scarce. Therefore, vine development and branching capacity are key attributes for developing genotypes suited for fodder production.

Young and immature fruits of bottle gourd are highly preferred in semi-urban and urban areas as fruit vegetable. In many parts of South Africa including in KwaZulu-Natal, Gauteng and Limpopo provinces, young bottle gourd fruits with varied fruit shapes are sold at retail stores with prices ranging from 1 to 3 USD per kilogram. The dried fruit of bottle gourd has a hard shell which is ideal for making custom-made containers for decoration and other household uses. For instance, a dried fruit with neck length varying between 8 and 15 cm is valued for making containers to serve traditional beer or water. Also, designer decorative materials are prepared from dried fruits which are widely used in celebration of traditional ceremonies. Small to large oval fruits with thick rind (i.e., 2 cm) and fruit neck length of ~3 cm are used to prepare decorations and containers. Immature and ripening seeds are consumed with young fruit. The seeds are rich sources of protein, amino acids, and essential micro-and-macro elements with health-promoting benefits (Ojiako and Igwe, 2007; Said et al., 2014; Sithole et al., 2015). The number of seeds per fruit is highly variable amongst bottle gourd genotypes (Morimoto et al., 2005) providing opportunities for genotype selection with high seed yield potential. Dried seeds of bottle gourd are mainly used as roasted snack.

In SSA, bottle gourd is grown predominantly by smallholder farmers using genetically diverse landrace varieties (Mashilo et al., 2016c). There is wide genetic variation among bottle gourd genetic resources in Africa for selection and ideotype breeding. Commercial varieties are yet to be developed and deployed in the region due to a lack of dedicated genetic improvement programs of the crop. As such bottle gourd is categorized as an under-utilized crop in SSA where its production is mostly practiced by small-scale farmers under low input farming systems. Also, commercial uses of the crop (e.g., as a rootstock for watermelon production) is not known in the region limiting the development of bottle gourd as functional food and commercial crop. There are no improved cultivars released in the region for food, feed, value-adding, and for rootstock in watermelon production.

There is need for concerted and collaborative research efforts on bottle gourd among plant breeders, agronomists, geneticists in the region and internationally. This will enable knowledge and germplasm sharing and innovative research to design, develop, and release promising and well-adapted bottle gourd cultivars. The next generation of bottle gourd cultivars should encompass product profiles including quality and leave quantity, fruit, fodder, seed, nutritional compositions to serve varied value chains, and the food and feed industry. Therefore, the aim of this paper is to provide progress on bottle gourd genetic improvement and genetic analysis targeting agronomic and horticultural attributes, nutritional composition, biotic and abiotic stress tolerance to guide current and future cultivar development, germplasm access, and conservation in SSA and globally.



PROGRESS IN BREEDING OF BOTTLE GOURD


Fruit Qualitative Traits

Considerable genetic variability exists in bottle gourd genetic resources for fruit horticultural traits (Decker-Walters et al., 2001; Morimoto et al., 2005, 2006; Sivaraj and Pandravada, 2005; Mashilo et al., 2015, 2016b, 2017b) useful for strategic breeding and cultivar development. The crop show variation for fruit shape, size, length, color, and texture (Figure 1) (Morimoto et al., 2005; Sivaraj and Pandravada, 2005; Yetişir et al., 2008; Xu et al., 2014; Mashilo et al., 2015). Fruit shape is an important trait that determines usability of the crop either for food or decorative purposes. Bottle gourd fruits vary in shape such as club-shaped, globular, bottle shaped, flate, pear shaped cylindrical, elongated straight, pyriform, round (oblate), elongated curved, and oval (Sivaraj and Pandravada, 2005; Achigan-Dako et al., 2008; Yetişir et al., 2008; Mashilo et al., 2015; Kaylan et al., 2016). Fruit shape can therefore serve as a selection marker in improvement programs. There is high genetic variability for fruit shape which may provide opportunities for improving this character. Further, fruit shape is a key market-preferred trait. Therefore, knowledge on the underlying gene action conditioning fruit shape is important for developing unique and attractive fruits to increase market opportunities. Oval and pear fruit shapes in bottle gourd are controlled by a combination of one dominant and one recessive genes. Round fruit shape is controlled by two recessive genes, whereas dominant genes control the expression of long fruit shape (Kushwaha and Ram, 1996).
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FIGURE 1. Fruit morphotypes of bottle gourd accessions cultivated in the Limpopo Province of South Africa. The bottle gourd accesions are denoted as BG series. (A) BG-67, verrucose fruit texture and club-shaped fruit used for food, (B) BG-78, light-green fruit color and long neck used for making containers and to serving traditional sorghum-brewed beer, (C) BG-70, white-green fruit color grown for food, (D) BG-79, cultivated for its edible fruit, (E) BG-100, commercially grown and sold in various retail outlets in KwaZulu-Natal and Gauteng provinces of South Africa, (F) BG-80, light-green fruit color, small-neck, and corrugated skin texture, (G) BG-27, dark and light green fruit color and slightly curved fruit neck, and (H) BG-31, dark green fruit color and curved fruit neck. The accessions were originally collected from various farmers' fields in the Limpopo Province of South Africa where cultivated forms of bottle gourd are prevalent. The collections are maintained by the Limpopo Department of Agriculture and Rural Development (LDARD). The codes are allocated by LDARD. The collections were cross-checked and compared with Lagenaria specimens maintained by the Agricultural Research Council—Herbarium Unit (South Africa). All collections were confirmed to be bottle gourd. (Photos provided by J. Mashilo).


The fruit neck varies considerably in shape between different genotypes (Morimoto et al., 2005; Yetişir et al., 2008; Gürcan et al., 2015; Mashilo et al., 2015). In addition, fruit neck length is highly variable in bottle gourd serving as useful trait for developing bottle gourd genotypes for ornamental purposes. Fruit neck is controlled by two genes with complementary gene action in bottle gourd (Amangoua et al., 2019). Fruit color is an important trait for developing visually attractive fruits to increase the market value. Bottle gourd fruit are characterized by smooth or “corrugated” texture or a combination of these traits (Montes-Hernandez and Eguiarte, 2002; Mladenović et al., 2012). The immense variation in fruit horticultural traits offers breeding and market opportunities. To develop “new” genotypes of bottle gourd, crosses can be made between cultivars expressing the traits of interest (e.g., neck shape, neck length, fruit shape, and color). This could be followed by selection of progenies showing the trait of interest in the F2 generation to develop desirable individuals.



Agronomic Performance

Extensive phenotypic variation exists for agronomic traits in bottle gourd (Decker-Walters et al., 2001; Morimoto and Mvere, 2004; Morimoto et al., 2005; Sivaraj and Pandravada, 2005; Mladenović et al., 2012; Mashilo et al., 2015, 2017c). Trait variation may be attributed to long agricultural history, adaptation to diverse agro-ecological conditions, and selection by famers for desirable agronomic attributes and ethnobotanical utilization (Montes-Hernandez and Eguiarte, 2002). Traits including flowering time, plant height, number of main and lateral branches per plant, fruit weight, and number of fruit per plant show high levels of variation in bottle gourd (Mashilo et al., 2015, 2017c). These traits can be exploited in pre-breeding and breeding programs for cultivar development and deployment.

Variation in fruit shape and size in bottle gourd has a direct relationship with fruit yield. Several studies reported that direct selection for agronomic traits including number of female flowers per plant, number of branches per plant, number of fruits per plant, fruit width and plant height can increase fruit yield potential in bottle gourd (Narayan et al., 1996; Behera et al., 2015; Yao et al., 2015). For direct improvement of fruit yield, selection for high number of female flowers is desirable due to high correlations between these two traits (Dey et al., 2006; Mashilo et al., 2016b). To achieve this, bottle gourd with high female flowering capacity can be crossed followed by selections and advancement of progenies expressing high number of females flowers and fruit yield (Arora et al., 1982; Cramer and Wehner, 2000). To improve seed yield, fruit weight, number of seeds per fruit and hundred seed weight may serve as important attributes for hybrid development (Yao et al., 2015). Further, characters such as number of branches, plant length, number of fruit per plant, fruit weight, number of seed per fruit, hundred seed weight, sex ratio, number of male and female flowers and seed yield are highly variable and heritable (Koffi et al., 2009; Yao et al., 2015; Janaranjani et al., 2016). Hence selection for these trait enhances genetic advancement through hybrid breeding.

Identification of parental genotypes with suitable agronomic and horticultural attributes is useful to develop high-performing hybrids. Various studies have identified genetically unrelated and promising genotypes possessing useful traits for hybrid breeding (Xu et al., 2011; Mashilo et al., 2015, 2017b, 2018; Yildiz et al., 2015). Hybrid vigor has been reported for important characters such as flowering time of female flowers, fruit weight (Dubey and Ram, 2007), hundred seed weight (Dubey and Ram, 2007; Janaranjani et al., 2016), days to 1st male flowering (Dubey and Ram, 2007; Janaranjani et al., 2016), sex ratio (i.e., female: male flowers), and number seeds per fruit (Dubey and Maurya, 2007; Dubey and Ram, 2007; Janaranjani et al., 2016). Analysis of combining ability is widely used in breeding programmes to identify superior parents for cultivar development and to identify progenies with traits of interest for genetic advancement (Acquaah, 2007). General combining ability (GCA) measures the breeding value of parental genotypes and is associated with additive genetic action. Specific combining ability (SCA) measures the performance of a progeny and is associated with non-additive gene action (i.e., dominance and epistasis (Falconer and Mackay, 1996). Both additive and non-additive gene action are reported to control inheritance of agronomic/horticultural attributes in bottle gourd (Quamruzzaman et al., 2020). For example, analysis of gene action for agronomic traits revealed that the SCA effect was greater than the GCA effect with GCA/SCA ratio of <1. This suggested the predominance of non-additive gene action over additive gene action influencing traits such as vine length, days to first male flower anthesis, days to first female flower anthesis, sex ratio, fruit length and width, fruit flesh thickness, number of seed per fruit, hundred seed weight, and fruit yield per plant (Janaranjani et al., 2016). Therefore, improvement of agronomic traits governed by non-additive genes may be targeted through hybridization among desirable parents, which may induce high SCA effects in the progenies. Therefore, heterosis breeding is well-suited to exploit improvement of traits expressing non-additive gene action (Singh, 2005; Janaranjani et al., 2016). Heterosis for desirable traits such as earliness, number of fruits and fruit yield have been reported in bottle gourd (Singh, 2005). Exploitation heterosis in bottle gourd is achievable due to its high cross-pollinating nature allowing recombination of favorable genes that may contribute to yield improvement (Morimoto et al., 2004).

In India, several high-yielding varieties have been developed by exploiting heterosis followed by mass selection from segregating populations (Sarao et al., 2014; Behera et al., 2015). Similar, hybrid breeding has been explored in various cucurbit crops including bitter gourd (Momordica charantia L.), cucumber (Cucumis sativus L.), squash (Cucurbita maxima L.), melon (Cucumis melo L.), and watermelon (Citrullus lanatus L.) (Rhodes and Zhang, 2000; Robinson, 2000; Kohli and Vikram, 2005; Al-Mamun et al., 2016). On the contrary, a higher magnitude of GCA effect compared to SCA effect were recorded for fruit yield indicating the predominance of additive gene action controlling this trait in bottle gourd (Quamruzzaman et al., 2019, 2020). Therefore, recurrent selection would also be effective for yield improvement after crossing of parental genotypes. In SSA where bottle gourd is widely grown as food and fodder crop, exploitation of hybrid vigor is feasible in this crop, however, this has not been explored and the crop remains underutilized and unexploited in breeding programmes. As a result, there are no commercial varieties available or released for production to serve the diverse value chains of the crop in the region. Hybrid varieties of bottle gourd may play a vital role in satisfying the interest of producers and consumers. The identification and utilization of the most heterotic crosses is important for hybrid breeding. Therefore, a well-planned and dynamic bottle gourd breeding programme is needed in SSA using the available genetic resources to meet the required demand for production, value-adding, rootstock development and commercialization.



Nutritional and Anti-nutritional Compositions

In SSA and Asia, bottle gourd leaves are used as cooked leaf vegetable. The immature fruit and seed are boiled and consumed as tender vegetable (Morimoto and Mvere, 2004). The leaves contains high levels of phosphorus (P), calcium (Ca), magnesium (Mg), zinc (Zn), copper (Cu), iron (Fe) and manganese (Mn) (Modgil et al., 2004; Hassan et al., 2008; Sithole et al., 2015). Potassium and Ca are the abundant mineral elements in bottle gourd leaves (Sithole et al., 2015). The fruit is vital source of amino acids notably aspartic acid (19.84–143.59 μg/g), threonine (143.72–1593.36 μg/g), serine (3.67–149.62 μg/g), glutamic acid (25.14–431.55 μg/g), alanine (11.39–222.74 μg/g), valine (7.93–126.06 μg/g), leucine acid (9.00–148.30 μg/g), phenylalanine (14.19–177.84 μg/g), lysine (6.18–160.97 μg/g), and arginine (16.15–212.42 μg/g) (Wu et al., 2017a). Bottle gourd seed contains crude protein with a value of 35% and crude lipid of 39%, essential amino acids (i.e., isoleucine, leucine, lysine, methionine, cysteine, phenylalanine, tyrosine, threonine, valine, alanine, arginine, aspartic acid, glutamic acid, glycine, histidine, proline and serine), with glutamic acid (14.3 g/100 g), leucine acid (7.66 g/100 g) and aspartic acid (9.11 g/100 g) being the predominant amino acids (Hassan et al., 2008). Ogunbusola et al. (2010) reported glutamic acid content of 139–168 mg/g protein, aspartic acid (89.0–116 mg/g protein), leucine (65.8 mg/g protein), arginine (58.6 mg/g protein), and lysine (56.2 mg/g protein) in bottle gourd seed flour. The amino acids and protein content of bottle gourd seed is as a cheap protein source adequate to meet the recommended daily allowance required for children and adults and can be augmented in cereal-based diets (Ogunbusola et al., 2010). The seeds also contain crude fat content of 47.8 g/100 g, crude protein (35.0 g/100 g), and carbohydrates (7.3 g/100 g), potassium 204.97 mg/100 g), and magnesium (33.16 mg/100 g) (Ogunbusola, 2018). Macro- and micro-nutrients and amino acid profiles present in the edible plant parts can be targeted in genetic improvement programmes for developing bio-fortified bottle gourd genotypes. Therefore, it is important to understand relationships between macro- and micro-nutrients and amino acid compositions in bottle gourd to develop breeding strategies aimed to improve nutritional profiles of the crop.

The seed also has significant amount of oil reaching up to 35%. The oil is used in the food and pharmaceutical industries. Bottle gourd oil has medicinal property for treating skin infections (Said et al., 2014). The total fatty acid content of bottle gourd seed is about 39.22% with linoleic acid (63.32%) and palmatic acid (21.36%) being the most abundant (El-dengawy et al., 2001). The nutritional value of bottle gourd may be affected by the presence of unfavorable anti-nutrients. Bottle gourd seeds contain trace amounts of tannic acid content of 1.70 mg/100 g, phytin phosphorus (0.82 mg/100 g), phytic acid (2.88 mg/100 g), and oxalate (1.58 mg/g) (Ogunbusola, 2018). Linkages of essential nutrients and with anti-nutrients can reduce bioavailability and digestibility of essential mineral elements. However, the amount of anti-nutrients in bottle gourd seed is relatively low and could further be reduced through cross breeding and selection.

The leaves and fruits are rich sources of bio-active compounds such as cucurbitacins (Attar and Ghane, 2018, 2019; Chanda et al., 2019) which have various health benefits such as antioxidant, antidiabetic, anti-tumor, anti-proliferrative and anti-microbial properties (Marzouk et al., 2012; Ma et al., 2014; Ku et al., 2017; Attar and Ghane, 2019). The contents of cucubitacins type E and I have been quantified in leaves (Mashilo et al., 2018; Chanda et al., 2019). The concentration of cucurbitacin I was 0.04%w/w in mature fruit (Chanda et al., 2019). Cucurbitacin I contents of 1.00, 6.34, and 1.61 mg/g were reported in the fruit epicarp, fruit mesocarp, and seeds of wild bottle gourd, in that order (Attar and Ghane, 2018). In sweet domesticated bottle gourd, very low concentration of cucurbitacin E (0.05 mg/g) were reported, whereas cucurbitacin I ranging from 0.12 to 14 mg/g were reported (Mashilo et al., 2018). Very high concentration of cucurbitacins cause bitterness and poisoning (Puri et al., 2011; Ho et al., 2014). For example, cucurbitacin E content varying from 2 to 12.5 mg/kg is reportedly toxic to humans. Cucurbitacin C content of 1 and 2 mg/kg is reported to be toxic (Yuan et al., 2019). Hence there is a need for a strategic breeding approach to develop varieties with desirable cucurbitacin contents to reduce phyto-toxicity and to enhance the use of bottle gourd fruit for medicinal purposes. To develop bottle gourd genotypes with enhanced nutritional and phytochemical compositions, germplasm profiling for micro-and-macro nutrients, amino acids, oil and fatty acids contents, anti-nutrients, and phytochemical compounds is required. This will ascertain the levels of genotypic variation for nutritional and phyto-compounds. Association studies between nutritional, anti-nutrients, and phyto-compounds are required to develop an effective breeding programme to improve selection efficiency combing the desired traits. Planned crossing between desirable genotypes followed by assessment of gene action governing inheritance of nutritional and anti-nutritional traits in the parents and progenies is vital. Appropriate selection strategies will then be used for selection and genetic advancement of promising lines for further evaluation, release, and commercialization.



Biotic Stress Tolerance

Bottle gourd is moderately resistant to a number of viral and fungal caused diseases such as papaya ringspot, Fusarium wilt, powdery mildew, cercospora leaf spot and tobacco mosaic virus (Yetişir and Sari, 2003; Yetişir et al., 2007; Kousik et al., 2008), cucumber mosaic virus (CMV), papaya ringspot virus (PRSV-P), watermelon mosaic virus 2 (WMV-2), and yellow mosaic virus (ZYMV) (Provvidenti, 1981, 1995; Provvidenti and Gonsalves, 1984; Ling and Levi, 2007). Owing to its desirable biotic stress resistance, bottle gourd is one of the four commercial rootstocks widely used in watermelon production (Yetişir and Sari, 2003; Cohen et al., 2007; Kousik et al., 2008; Keinath and Hassell, 2014) to improve resistance to soil-borne pathogens, improve fruit yield and quality of grafted watermelon (Yetişir et al., 2008; Çandir et al., 2013). For example, sweet watermelon (cv Crimson Tide) grafted onto bottle gourd rootstocks namely FR Gold, Emphasis, 216 and Skopje bottle had increased fruit yield by 8.98, 9.64, 8.20, and 13.26 kg/m2 compared to non-grafted plants (6.43 kg/m2) (Yetişir et al., 2003). Sweet watermelon (cv Suprit) grafted onto bottle gourd rootstocks namely: Arka Bahar and Pusa Samriddhi recorded high fruit yield at 4.1 and 4.2 kg, respectively compared with un-grafted watermelon plants (3.63 kg) (Pal et al., 2020). Grafted sweet watermelon (cv Crimson Tide) onto bottle gourd rootstock designated as 01-16, 07-06, 09-01, 31-08, 31-09, 33-02, 33-45, 46-03, and Macis had increased the total sugar content being >9% compared to non-grafted plants (~8%) (Çandir et al., 2013). Further, increased contents of total soluble solids to titratable acidity ratio, juice pH, citric acid, organic acid, lycopene, and carotenoid were reported on sweet watermelon grafted onto bottle gourd rootstock compared to non-grafted control (Çandir et al., 2013). Flesh firmness of 9.41 kg cm−2 was reported for sweet watermelon (cv Zaojia 8424) grafted onto bottle gourd rootstock (cv Jingxinzhen 1) compared to non-grafted plants (6.64 kg cm−2) (Huang et al., 2016). Transcriptome analysis of grafted watermelon onto bottle gourd rootstock revealed activation of genes involved in the increase of fruit size and rind toughness affirming the beneficial impact of bottle gourd as rootstock for improving fruit quality of grafted watermelon (Garcia-Lonazo et al., 2020). Rootstock: scion graft combinations and compatibility of genetically diverse bottle gourd and sweet watermelon genetic resources are yet to be determined for improving fruit yield and quality of grafted watermelon for commercial production. Some bottle gourd rootstocks currently used for grafted watermelon in various countries such as the USA and China include Coloso, Emphasis, Macis, Skopje, Fr Gold, Jingxinzhen no.1, WMXP3938 and WMXP3945 (Yetişir et al., 2003; Thies et al., 2010; Keinath and Hassell, 2014; Zhong et al., 2018).

Several bottle gourd genotypes resistant to powdery mildew race 1 (Kousik et al., 2008) such as PI271353, PI 271357, and PI 271359 possess moderate to high resistance to Zucchini yellow mosaic virus (Provvidenti and Gonsalves, 1984; Ling and Levi, 2007). PI 271353 was selected for its resistance against a number of viruses such as cucumber mosaic virus, squash mosaic virus, and watermelon mosaic virus (Rai et al., 2008). Some varieties such as Pusa Naveen, Pusa Santushti, Pusa Samridhi, and Pusa Sandesh reportedly had high level of resistance to cercospora leaf spot (Maheshwari et al., 2015). From these reports there is higher possibility of developing highly resistant gourd rootstocks/hybrids for watermelon production. Potential bottle gourd genotypes have been identified which may serve as useful for rootstocks commercial production of grated watermelon (Yetişir et al., 2007; Kousik et al., 2008; Keinath and Hassell, 2014). These include accessions 33-15, 31-08, 31-09, 48-07, 07-04, 07-06, 07-42, 09-01, 35-01, and 07-06 identified in Turkey (Yetişir et al., 2007; Yetişir and Karaca, 2018) and plant introductions PI271353, PI271357, PI381840, PI273663, PI271353, PI271357, PI381840, PI273663, USVL1-8, USVL5-5, USVL351-PMR, and USVL482-PMR identified in the USA (Kousik et al., 2008, 2018; Ling and Levi, 2013). Development of bottle gourd genotypes with multiple disease resistance could result in highly-adapted and highly performing bottle gourd genotypes for production or use as rootstocks. For example, bottle gourd genotype PI 280633 originally collected from South Africa show complete resistance to ZYMV (Ling and Levi, 2007). Furthermore, genotypes such as Emphasis, Macis, PI 27353, USVL1-8, and USVL5-5 with resistance to powdery mildew, water melon mosaic virus, and zucchini yellow mosaic virus are useful germplasm for developing rootstocks with multiple disease tolerance. Bottle gourd hybrids such as FR-Ganggeon and FR-Sinsegye developed from crosses between FRD 22 × 963381 and FRD 2010 × 963385-2 show high levels of resistance to Fusarium wilt (Huh et al., 2012). Further, some hybrids developed in India display high levels of resistance against Fusarium wilt (Dhillon et al., 2016). To develop superior bottle gourd rootstock for watermelon production, the rooting characteristics of the cultivated accessions requires rigorous evaluations. Accessions with high deep rooting system and vining ability expressing high fruit potential can be selected for further evaluations. This is followed by grafting on widely grown watermelon cultivars followed by evaluations for yield potential and fruit quality assessment from rootstock: scion combinations. Potential accessions can then be recommended as rootstocks for commercialization and production of watermelon in SSA.



Abiotic Stress Tolerance

Bottle gourd exhibit some level of drought tolerance compared to other cucurbits (Samadia, 2002; Quamruzzaman et al., 2009; Mashilo et al., 2017a). Furthermore, the crop exhibits high salinity tolerance (Nisini et al., 2002; Yetişir and Sari, 2003; Colla et al., 2005; Yang et al., 2015; Yetişir et al., 2016) and hence widely used as rootstock for watermelon. Several drought tolerant landrace varieties have been identified (Mashilo et al., 2016a, 2017a, 2018). Also, genotypes including L28-16-3, LS28-17-2, Macis, Argentario, and Chaofeng Kangshengwang were reported to be salt tolerant (Yang et al., 2012, 2013, 2015; Yetişir and Karaca, 2018). Strategic crosses among drought tolerant landrace accessions of bottle gourd may enhance the level of drought tolerance and development of well-adapted hybrids.

Understanding of the physiological basis of drought tolerance in bottle gourd can aid effective screening and identification of novel genetic resources for breeding. Secondary metabolites such as cucurbitacins are produced in response to drought and heat stress and may also be important indicators of stress tolerance (Balkema-Boomstra et al., 2003; Mashilo et al., 2018). However, information is scanty supporting their role in conferring drought tolerance in cucurbit crops. Mashilo et al. (2018) reported increased levels of cucurbitacin E and I in response to water stress. The authors suggested that the accumulation of cucurbitacins may be a potential physiological marker for identification and selection of bottle gourd genotypes for drought tolerance breeding. Therefore, understanding the role of cucurbitacins for abiotic stress tolerance may aid as a novel selection/breeding criterion for abiotic stress tolerance breeding in bottle gourd or related cucurbit crops. Profiling of diverse cucurbitacins should be carried out involving a broader bottle gourd genetic pool to identify novel genetic resources that can be used as mapping populations to unravel molecular mechanisms and identification of genes regulating cucurbitacin biosynthesis in bottle gourd.




GENETIC RESOURCES OF CULTIVATED AND WILD BOTTLE GOURD

The genus Lagenaria comprises of the cultivated bottle gourd and five wild species including: L. breviflora (Benth.) Roberty, L. abyssinica (Hook f.) Jeffrey, L. rufa (Gilg.) Jeffrey, L. sphaerica (Sonder) Naudin, and L. guineensis (G. Don) Jeffrey (Whitaker, 1971; Jeffrey, 1976). Germplasm collection of the cultivated bottle gourd are available in several genebanks such in the USA, Africa (i.e., South Africa, Zimbabwe, and Kenya), Asia (i.e., China and Japan), and Turkey (Morimoto et al., 2005; Kousik et al., 2008; Yetişir et al., 2008; Xu et al., 2014). For wild species, a large set of collections of L. sphaerica and few collections of L. abyssinica and L. breviflora were reported in Kenya (Morimoto et al., 2005). There is generally limited data available regarding germplasm status of wild Lagenaria species in genebanks. Morphologically, the cultivated bottle gourd show extensive variation compared to its wild relatives for quantitative fruit traits (Morimoto et al., 2005). Reportedly, intra-specific variations exists between L. siceraria and L. sphaerica, L. abyssinica and L. breviflora (Decker-Walters et al., 2001; Morimoto et al., 2006). Within the genotypes of L. sphaerica, there also exists extensive genotypic variation (Morimoto et al., 2006). However, there is inconclusive evidence on phylogenic relationships among genotypes of L. abyssinica and L. breviflora (Morimoto et al., 2006) and this is yet to be resolved using diagnostic molecular markers. Further, there is limited data on the extent of introgression between the cultivated and wild species of bottle gourd. Wild species are a useful genetic resource for introgressing useful genes for biotic and abiotic stress tolerance. For example, hybrids derived between cowpea [Vigna unguiculata (L.) Walp.] and its wild relatives V. umbellata and V. exilis showed enhanced drought tolerance (Takahashi et al., 2015). Inter-specific hybrids of the cultivated eggplant (Solanum melongena) with wild species S.insanum displayed higher levels of drought tolerance (Kouassi et al., 2021). For effective use of wild Lagenaria species for breeding, there is need for comparison based on qualitative and quantitative traits using relatively large germplasm set to determine the levels of variation for these traits. Also, heat and drought tolerance, and diseases resistance studies on wild species of Lagenaria are required for genotype identification and selection. This information is critical to develop breeding strategies incorporating wild relatives in breeding programmes. The domesticated bottle gourd genotypes are non-bitter, whereas wild forms are very bitter (Sivaraj and Pandravada, 2005; Morimoto et al., 2006). Fruit bitterness is associated with two RAPD markers suggesting that bitter genotypes of wild species are genetically distinctive from non-bitter cultivated types (Morimoto et al., 2006). Bitterness in the wild species is caused by accumulation of cucurbitacin I (Attar and Ghane, 2018). The low levels of cucurbitacins in domesticated bottle gourd suggest that growers could have selected for non-bitterness through domestication and unconscious selection (Qi et al., 2013). As a result, wild species of bottle gourd may be useful sources of phytochemical compounds especially cucurbitacins for pharmaceutical applications. We propose comparative analysis of cucurbitacins profiling between cultivated and wild bottle gourd species to determine the worth of wild species as sources of phytochemical compounds. Also, there is scant information on nutritional compositions of wild bottle gourd species and its worthwhile for breeding for nutritionally-enhanced genotypes in the cultivated bottle gourd. Comparative analysis of macro-and micro nutrients, amino acids, oil, and fatty acids contents between the cultivated and wild species is required to guide breeding approaches.



ADVANCES IN BOTTLE GOURD GENOMICS

Marker-assisted breeding is a complementary tool to phenotyping allowing accelerated cultivar development and deployment. Molecular markers such as randomly amplified polymorphic DNA (RAPD), simple sequence repeat (SSR), sequence-related amplified polymorphism (SRAP), inter-simple sequence repeat (ISSR), and single nucleotide polymorphism (SNP) markers have been used to assess genetic variability in bottle gourd and identified genetically distant genotypes for cultivar development (Provvidenti and Gonsalves, 1984; Singh et al., 2010; Xu et al., 2011; Abdin et al., 2014; Srivastava et al., 2014; Bhawna et al., 2015; Gürcan et al., 2015; Mashilo et al., 2016c). Among molecular markers deployed for genetic analysis of bottle gourd genetic resources, SSR markers show high degree of polymorphism and are highly discriminative of bottle gourd germplasm (Xu et al., 2011; Sarao et al., 2014; Bhawna et al., 2015; Mashilo et al., 2017c). Limited SSR markers have been developed for genetic differentiation of bottle gourd genetic resources. Development of SSR markers will more genomic coverage are useful to facilitate rapid screening of large bottle gourd populations including wild species for identification and selection of genetically unrelated and complementary genotypes for hybrid breeding. The marker data will complement genotype selection based on agronomic, horticultural and nutritional attributes, and biotic and abiotic stress tolerance for effective breeding.

Sequence databases that allows for high quality genome assemblies are available for bottle gourd (Xu et al., 2011; Wang et al., 2018). This include the GourdBase, RNA-Seq, UniProt, SNAP, AUGUSTUS, PASA2 pipe-line, Pfam, MARCOIL, and cucurbit genomic databases (Xu et al., 2011; Wu et al., 2017b; Wang et al., 2018). GourdBase consist of more than 27,500 genes, over 6,000 molecular markers, fruit shape phenotypes for over 100 genetically diverse bottle gourd accessions and 56 quantitative trait loci (QLTs) controlling various traits such as umami taste, fruit shape and bitterness (Wang et al., 2018). Transcriptome sequencing data determined regulation of fruit size in bottle gourd revealing a total of 1,250 differentially expressed genes (DEG) of which 422 genes were upregulated and 828 genes were downregulated. The genes were associated with various physiological functions including cell wall metabolism, phytohormones, cell cycle, and cell division (Zhang H. et al., 2020). These genomic resources present opportunities for bottle gourd genetic analysis and improvement to accelerate breeding of novel genotypes for diverse markets and consumers. Further, the available genomic resource will aid dissection of QTLs linked to agronomic and horticultural traits and nutritional attributes, and resistance to biotic and abiotic resistance to facilitate breeding and cultivar deployment.

To date, there is little information regarding QTLs controlling qualitative and quantitative traits, biotic and abiotic stress resistance in bottle gourd. Two QTLs namely QTL QBt.1 and QTL QBt.2 were reported to regulate bitter taste in bottle gourd (Wu et al., 2019). Thirty-seven genes conditioning plant growth and development have been identified in bottle gourd. The genes encode plant-specific transcription factors. Most of these genes were located in the nucleus, chloroplast, and mitochondria (Sidhu et al., 2020). In other cucurbit crops such as bitter gourd and Cucurbita pepo, QTLs have been mapped for different traits such as sex ratio (i.e., QTLs qSR14a-F3, qSR14b-F3 and qSR14b-F3), sex expression (i.e., QTL gy/fffn/ffn), node at first pistillate flower appearance (i.e., QTL qNPF9-F3 and qNPF14-F2), fruit epidermal structure (i.e., QTL fwa and Wr), immature fruit color (i.e., w/L/H°), and days to first pistillate flower appearance (i.e., QTL qDPF14-F3) (Montero-Pau et al., 2017; Cui et al., 2018; Rao et al., 2018). In addition, QTLs associated with fruit yield per plant (QTL ypp5.1), number of fruits per plant (QTLs fpp5.1 and ypp5.1), fruit weight (QTLs fw4.1, fw5.1, fw6.1, and fw12.1), first female flower node (QTL ffn9.1), female flower ratio (QTL ffr5.1 and ffr4.1) and fruit length (fl1.1) were mapped in bitter gourd (Wang and Xiang, 2013). QTLs with positive correlation with fruit shape (QTL IFSh_3, IFSh_12, MFSh_4, and MFSh_5), fruit length (QTLs MFLe_3 MFLe_12, MFLe_6, MFLe_9, IPeLe_10, IPeLe_16, and MPeLe_14), fruit color (QTLs ILRCo_4, ILRCo_10, ILRCo_1, ibRCo_4, ibRCo_3, ibRCo_12, laRCo_10, laRCo_3, MLRCo_4, MLRCo_1, and MLRCo_2) were reported in Cucurbita pepo and other cucurbits (Montero-Pau et al., 2017). Two QTLs associated with flowering time and four QTLs linked to pollen fertility (qPF1.1, qPF1.2, qPF3, and qPF7) were mapped in hybrids developed between Luffa acutangula (L.) Roxb. and L.cylindrica (L.) Roem. (Wu et al., 2016). To develop QTLs in bottle gourd, genetic linkage maps using an F2 population derived from desirable parental genotypes can be generated. This is followed by QTL mapping to dissect genomic regions associated with desired traits. This approach is widely undertaken in other cucurbit crops for QTL mapping and marker-assisted breeding (Wu et al., 2016; Cui et al., 2018) and provides opportunities for gene mapping in bottle gourd.

Heat and drought stress are major production constraints to bottle gourd production in arid and semi-arid environments. Seven heat-tolerant quantitative trait loci (qHT1.1, qHT2.1, qHT2.2, qHT5.1, qHT6.1, qHT7.1, and qHT8.1) were reported in bottle gourd. QTL qHT2.1 was identified with major genetic effect linked to drought tolerance (Song et al., 2020). SNP markers namely SNP 2, SNP 16, and SNP 31 were associated with heat tolerance (Song et al., 2020) which are useful genomic resources for marker-assisted selection for heat tolerance in bottle gourd. Plant diseases are a major constraint in bottle gourd production (Mashilo et al., 2017b). High quality bottle gourd genome sequence facilitated mapping of a dominant monogenic locus (Prs) that conferred resistance to papaya-ringspot virus (Wu et al., 2017c). Several multiple genes such as LsWD, LsGAPDH, LsH3, LsP4H, and LsCYP associated with resistance to cucumber green mottle mosaic virus affecting bottle gourd were mapped (Zhang et al., 2018). Recently, a gene designated HG_GLEAN_10011803 was identified and thought to be the major gene conferring resistance to Fusarium wilt in bottle gourd (Yanwei et al., 2021). High-density genetic maps have been developed employing various molecular markers including ISSR, SSR and SNPs (Xu et al., 2011, 2014; Bhawna et al., 2015). This allowed marker–trait associations using genome wide association (GWAS) such as conditioning free glutamate content (Wu et al., 2017a). In melon and cucumber, GWAS was successfully employed to identify genomic regions associated with Fusarium wilt resistance (Joobeur et al., 2004; Zhang et al., 2014). Bottle gourd genotypes possessing resistance to economically important diseases such as zucchini yellow mosaic virus, water melon mosaic virus, squash mosaic virus, tomato ringspot virus, tobacco mosaic virus, cucumber green mottle mosaic virus and powdery mildew have been identified (Provvidenti, 1981, 1995; Kousik et al., 2008; Ling and Levi, 2013). These are useful sources to identify candidate genes linked to disease resistance. However, QTL controlling disease resistance remains under-studied thus limiting marker-assisted breeding for biotic stress resistance of bottle gourd. Further, molecular markers linked to economically important diseases of bottle gourd remains limited for marker-assisted breeding. We propose GWAS to identify SNPs and genomic regions associated with resistance to economically important diseases in bottle gourd. This will aid to design of closely associated molecular markers linked to disease resistance for effective germplasm characterization and breeding. For development of molecular markers, next-generation sequencing (NGS) technologies have been widely used in cucurbit crops such as watermelon, bitter gourd and bottle gourd to generate large amounts of sequence information for marker development (Ren et al., 2012; Zhu et al., 2016; Wu et al., 2019). NGS technology can also be applied in bottle gourd for marker development associated with disease resistance. Generally, NGS may assist in development of genomic tools for bottle gourd breeding to facilitative cultivar development with desirable traits for consumers and various industries. Cytogenetic analysis of under-researched crops such as bottle gourd is useful to achieve successful crossing, and for conventional and genomic selection programs to improve economic traits. Achigan-Dako et al. (2008) reported genome size differences reaching up to 9.5% within the cultivated genotypes of L. siceraria with diploid nuclear DNA value (2C) varying from 0.702 to 0.759 picograms. Generally, there is dearth of information on genome size and chromosomal variation in cultivated and wild species of bottle gourd.



GENETIC ENGINEERING AND GENOME EDITING

Genetic engineering is the technique of inserting new genetic information into existing cells in order to improve the expression of traits of interest. Agrobacterium tumefaciens-mediated transformation provided opportunities for incorporating useful traits in bottle gourd (Han et al., 2004, 2005; Cho et al., 2017). An Arabidopsis CBF3/DREB1A gene which confers cold acclimation was successfully transferred into bottle gourd using Agrobacterium-mediated transformation (Cho et al., 2017). These resulted in cold resistant transgenic plants compared to non-transgenic plants. The CBF3/DREB1A gene in useful for developing bottle gourd genotypes for rootstock purposes for grafting watermelon to enhance tolerance to cold temperatures. Bottle gourd expressing high levels of drought tolerance was developed incorporating the Arabidopsis AVP1 gene that encodes a vacuolar H+-pyrophosphatase. After 10 days of re-watering, wild-type plants showed minimal growth while the AVP1-expressing plants resumed rapid growth. Bottle gourd genotype expressing the AVP1-gene showed better recovery after 12 days of drought stress and rewatering displaying longer primary roots and more robust root systems compared to wild bottle gourd genotype (Park et al., 2014). Also, transgenic bottle gourd expressing the Arabidopsis H+-pyrophosphatase AVP1 gene showed improved salt tolerance and maintained higher relative water content under salt stress condition (Park et al., 2014). To improve the performance of bottle gourd as a rootstock, genetic engineering using Arabidopsis Ca2+/H+ exchanger sCAX2B resulted in enhanced Ca2+ substrate specificity and decreased Mn2+ transport capability. This resulted in watermelon/transgenic bottle gourd (scion/rootstock) combinations with higher osmotic pressure and more soluble solids suggesting that the sCAX2B gene improve watermelon fruit quality by effective translocation of nutrients (Han et al., 2009). Watermelon plants grafted onto transgenic bottle gourd rootstock expressing the Arabidopsis H+-pyrophosphatase AVP1 gene demonstrated high levels of salt tolerance than those grafted onto wild-type bottle gourd rootstock (Han et al., 2015). These studies, demonstrated that genetic engineering by incorporating CBF3/DREB1A and AVP1 genes can result in bottle gourd genotypes with improved abiotic stress tolerance and agronomic performance. Success of genetic transformation depends on a reliable tissue culture regeneration system, gene construct(s), suitable vector(s) for transformation and efficient procedures to introduce desired genes into target plants. Bottle gourd cotyledons are the widely used plant tissue for genetic transformation (Han et al., 2004, 2005; Han et al., 2015).

For improving biotic stress tolerance, genetic engineering has potential for developing disease and inspect pest resistant genotypes. Transgenic watermelon lines expressing artificial microRNAs that target Cucumber Mosaic Virus (CMV) 2a/2b genes developed via Agrobacterium mediated-transformation displayed resistance to CMV infection (Liu et al., 2016). A watermelon rootstock named “Gongdae” resistant to Cucumber Green Mottle Mosaic Virus (CGMMV) was developed using Agrobacterium mediated cDNA encoding the CGMMV coat protein gene (CGMMV-CP) (Park et al., 2005). Resistance to fungal disease (i.e., powdery mildew), virus diseases (i.e., cucumber green mottle mosaic, watermelon virus diseases) and insect pests (i.e., aphids and thrips) is yet to be achieved in bottle gourd through genetic engineering.

Genome editing offers great potential to develop agronomically and nutritionally superior genotypes with biotic and abiotic stress tolerance. CRISPR/Cas9 is the widely used genome editing platform allowing for substantial improvement of economic traits. In watermelon, CRISPR/Cas9 system was used to perform genome editing of ClPDS, a phytoene desaturase gene in watermelon which confers the albino phenotype. Transgenic watermelon plants harbored the ClPDS mutations and showed the albino phenotype, indicating that CRISPR/Cas9 offers effective genome editing efficiency to develop transgenic watermelon lines with desired traits (Tian et al., 2017). CRISPR/Cas9 system was successfully employed to knockout the Clpsk1 gene, encoding the PSK precursor, to confer enhanced Fusarium oxysporum f.sp. niveum (FON) resistance in watermelon (Zhang M. et al., 2020). Development of Zucchini yellow mosaic virus and Papaya ring spot mosaic virus-W resistant cucumber lines was developed using Cas9/subgenomic RNA (sgRNA) technology to disrupt the function of the recessive eIF4E (eukaryotic translation initiation factor 4E) gene (Chandrasekaran et al., 2016). Genetic modification is an effective approach for creating genetic variation for desired traits for bottle gourd improvement, however this approach has not been widely adopted. Lack of efficient protocols for transformation, effective gene delivery, selection of transformed cells, propagation, and regeneration methods are among the technical challenges limiting genetic modification in bottle gourd (Song et al., 2019).



CONCLUSIONS

There is extensive genetic variation of bottle gourd in Africa for diverse qualitative and quantitative horticultural attributes for variety design, product development, and marketing. However, bottle gourd is under- researched and –utilized crop in sub-Saharan Africa. Improved varieties are yet to be developed and commercialized in the region to serve the diverse human needs and for the market place. The present review summarized progress on bottle gourd breeding, genetic resources, and advances in bottle gourd genomics, genetic engineering and genome editing to guide cultivar development. There is need for collaborative research on bottle gourd involving plant breeders, agronomists, geneticists, and food scientists in the region and internationally for knowledge and germplasm sharing and innovative product development. The next generation of bottle gourd cultivars should encompass product profiles including quality and quantity leaves, fruit, fodder, seed, and nutritional compositions to serve varied value chains and the food and feed industry.
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