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Abstract 
Shea tree (Vitellaria paradoxa) is a vital indigenous African species with significant 

economic, social and environmental importance. Despite the economic importance of 

shea butter as a multipurpose product, research efforts toward the genetic 

improvement of the shea tree have remained limited. In addition, the species faces 

multiple threats from biotic and abiotic pressures, which compromise both its natural 

populations and the sustainable supply of shea butter. Addressing these challenges 

requires dedicated conservation and breeding efforts to unlock the full economic 

potential of the species. 

The general objective of this study was to provide scientific solutions for the 

sustainable management and efficient utilization of shea tree genetic resources in Côte 

d’Ivoire. Specifically, the study aimed to: (1) establish an ex situ core collection for 

conservation and breeding, (2) identify genetic markers associated with shea butter 

production, and (3) develop vegetative propagation techniques to support 

domestication. 

To achieve these objectives, research was conducted on superior shea trees (SSTs) 

from the Bagoué, Hambol, Poro, and Tchologo regions, selected through participatory 

surveys to form an in situ collection. The study revealed significant conservation 

challenges: 8% of the identified superior trees were dead three years after the 

identification and 84% were heavily infested with parasitic plants of the Loranthaceae 

family, threatening the long-term viability of the collection. These findings 

underscore the need for a dual conservation strategy, integrating both in situ and ex 

situ approaches, to safeguard shea genetic resources. The establishment of an ex situ 

collection that captures high genetic diversity is critical for long-term conservation 

and breeding programs. 

Prior to genetic analysis, a novel protocol was developed to extract high-quality, 

high-yield genomic DNA from both roots and leaves. DNA yield varied by tissue type, 

with higher concentrations obtained from leaves (5.17 µg) compared to roots (3.96 

µg) per 100 mg of tissue. The extracted DNA was successfully used for downstream 

applications, including SSR-PCR, ISSR-PCR, RAPD-PCR, restriction enzyme 

digestion, and Sanger sequencing. 

Genetic diversity was assessed using 12 morphological traits and 7,559 SNP 

markers on 220 and 333 SSTs, respectively. The study revealed substantial 

morphological variation (Shannon diversity index: 0.55–0.98) and moderate genetic 

diversity (HE = 0.26; PIC = 0.24). Both morphological and molecular analyses 

clustered the population into three distinct genetic groups. AMOVA based on SNP 

markers indicated that 100% of the variation occurred within individuals, with a low 

fixation index (Fst = 0.004), suggesting minimal genetic differentiation. This genetic 

diversity facilitated the selection of a core collection of 100 trees (30% of the original 

population) while maintaining full allelic and morphological variation, ensuring its 

utility for long-term conservation and breeding initiatives. 
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Furthermore, six multi-locus genome-wide association study (GWAS) methods 

identified 25 quantitative trait nucleotides (QTNs) associated with shea butter traits 

and 24 candidate genes involved in fatty acid biosynthesis. Oleic and stearic acids 

were the predominant fatty acids (85–90%), with regional variations influencing shea 

butter quality. 

In the context of vegetative propagation, in vitro culture successfully induced 

axillary shoot regeneration using MS/2 medium supplemented with 3/1.2/1 mg/L 

BAP/Kin/NAA, while 100% of the regenerated shoots developed roots on MS1B/2 

medium containing 3/0.1/40 mg/L IBA/mT/putrescine. Genetic fidelity of regenerated 

plants was confirmed using ISSR markers, ensuring clonal integrity. 

This study significantly enhances the understanding of shea tree genetic diversity 

and conservation in Côte d’Ivoire. It provides practical strategies for sustainable 

management and breeding, supporting local livelihoods while contributing to the 

global shea butter industry. 

 

Keywords: Shea tree, Genetic resources conservation, Morphological variability, 

DNA extraction, Single-Nucleotide Polymorphism, Genetic diversity, Population 

structure, Core collection, Shea butter, Fatty acid composition, GWAS, QTNs, 

Candidate gene, In vitro regeneration. 
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Résumé 
Le karité (Vitellaria paradoxa) est une espèce indigène africaine essentielle, 

présentant une importance économique, sociale et environnementale significative. 

Malgré la valeur économique du beurre de karité en tant que produit à multiples 

usages, les efforts de recherche consacrés à l’amélioration génétique du karité restent 

limités. De plus, l’espèce est confrontée à de multiples menaces dues aux pressions 

biotiques et abiotiques, compromettant à la fois ses populations naturelles et 

l’approvisionnement durable en beurre de karité. Faire face à ces défis nécessite des 

efforts ciblés de conservation et d’amélioration génétique afin d’exploiter pleinement 

le potentiel économique de l’espèce. 

L’objectif général de cette étude était de fournir des solutions scientifiques pour la 

gestion durable et l’utilisation rationnelle des ressources génétiques du karité en Côte 

d’Ivoire. Plus précisément, l’étude visait à : (1) établir une collection de référence ex 

situ pour la conservation et l’amélioration génétique, (2) identifier des marqueurs 

génétiques associés à la production de beurre de karité, et (3) développer des 

techniques de propagation végétative pour soutenir la domestication. 

Pour atteindre ces objectifs, des recherches ont été menées sur des arbres de karité 

supérieurs (Superior Shea Trees, SSTs) issus des régions de Bagoué, Hambol, Poro et 

Tchologo, sélectionnés à travers des enquêtes participatives pour constituer une 

collection in situ. L’étude a révélé des défis majeurs en matière de conservation : 8 % 

des arbres supérieurs identifiés étaient morts trois ans après l’identification et 84 % 

étaient fortement infestés par des plantes parasites de la famille des Loranthaceae, 

mettant en péril la viabilité à long terme de la collection. Ces résultats soulignent la 

nécessité d’une stratégie de double conservation, intégrant à la fois des approches in 

situ et ex situ, pour préserver les ressources génétiques du karité. L’établissement 

d’une collection ex situ capturant une diversité génétique élevée est crucial pour la 

conservation et les programmes d’amélioration à long terme. 

Avant l’analyse génétique, un protocole innovant a été développé pour l’extraction 

d’ADN génomique de haute qualité et à haut rendement à partir de racines et de 

feuilles. Le rendement en ADN variait selon le type de tissu, avec des concentrations 

plus élevées dans les feuilles (5,17 µg) que dans les racines (3,96 µg) pour 100 mg de 

tissu. L’ADN extrait a été utilisé avec succès pour des applications en aval, 

notamment le SSR-PCR, ISSR-PCR, RAPD-PCR, la digestion enzymatique et le 

séquençage Sanger. 

L’analyse de la diversité génétique, basée sur 12 caractères morphologiques et 7 559 

marqueurs SNP chez respectivement 220 et 333 SSTs, a révélé une variation 

morphologique importante (indice de diversité de Shannon : 0,55–0,98) ainsi qu’une 

diversité génétique modérée (HE = 0,26 ; PIC = 0,24). Les analyses morphologiques 

et moléculaires ont permis de regrouper la population en trois groupes génétiques 

distincts. L’AMOVA, basée sur les marqueurs SNP, a montré que 100 % de la 

variation était intra-individuelle, avec un indice de fixation faible (Fst = 0,004), 

indiquant une différenciation génétique minimale. Cette diversité génétique a facilité 

la sélection d’une collection de base de 100 arbres (30 % de la population initiale), 
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capturant l’ensemble de la variation allélique et morphologique, assurant ainsi son 

utilité pour la conservation et l’amélioration à long terme. 

Par ailleurs, six méthodes d’association pangénomique multi-locus (GWAS) ont 

permis d’identifier 25 QTNs (quantitative trait nucleotides) associés aux 

caractéristiques du beurre de karité et 24 gènes candidats impliqués dans la 

biosynthèse des acides gras. L’acide oléique et l’acide stéarique étaient les acides gras 

dominants (85–90 %), avec des variations régionales influençant la qualité du beurre 

de karité. 

Dans le cadre de la propagation végétative, la culture in vitro a permis l’induction 

de pousses axillaires sur un milieu MS/2 supplémenté avec 3/1,2/1 mg/L de 

BAP/Kin/NAA, tandis que 100 % des pousses régénérées ont développé des racines 

sur un milieu d’enracinement MS1B/2 contenant 3/0,1/40 mg/L 

d’IBA/mT/putrescine. La fidélité génétique des plants régénérés a été confirmée à 

l’aide de marqueurs ISSR, garantissant leur intégrité clonale. 

Cette étude apporte une contribution significative à la compréhension de la diversité 

génétique et de la conservation du karité en Côte d’Ivoire. Elle propose des stratégies 

pratiques pour une gestion durable et une amélioration génétique, soutenant ainsi les 

moyens de subsistance locaux tout en contribuant à l’industrie mondiale du beurre de 

karité. 

Mots clés : Karité, Conservation des ressources génétiques, Variabilité 

morphologique, Extraction d’ADN, Polymorphisme nucléotidique simple (SNP), 

Diversité génétique, Structure de la population, Collection de base, Beurre de karité, 

Composition en acides gras, GWAS, QTNs, Gène candidat, Culture in vitro   
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Chapter 1. General Introduction 

1. Context of the Study 
The shea tree (Vitellaria paradoxa) is a plant species of significant economic, social, 

and ecological value, particularly in Côte d’Ivoire, where it serves as a key resource 

for local livelihoods, agricultural development, and environmental sustainability by 

supporting biodiversity, preventing soil erosion, and contributing to carbon 

sequestration. 

 Shea butter, extracted from the seeds of the shea tree, is a highly desirable product 

in the food, cosmetic, and pharmaceutical industries, making the species a cornerstone 

of rural economies in West Africa.  

In Côte d’Ivoire, the University of Peleforo Gon Coulibaly (UPGC) has recognized 

the strategic importance of shea and other agricultural resources, such as mango, 

cashew, and poultry, in driving regional development. Through its “Center for the 

Valorization of Bioresources”, the university, is working to enhance the utilization of 

these resources to boost the local economy.  

In parallel, since 2017, the “African Center for Shea Research and Application” 

(CRAK) at UPGC has been actively involved in an extensive program dedicated to 

the conservation and genetic improvement of the shea tree. This program aims to 

ensure the sustainable production of shea butter while maintaining the genetic 

integrity of Vitellaria paradoxa in Côte d’Ivoire. 

As part of this initiative, 1250 Superior Shea Trees (SSTs) have been identified 

through a participatory survey on farmers' lands, based on the production capacities 

of trees recognized by farmers. This survey took place during 2017 in the Bagoué and 

Tchologo regions, and then during 2020 in the regions of Poro and Hambol. These 

SSTs constitute an in situ collection of genetically superior shea trees across the 

country and represent an invaluable genetic resource with potential for both 

conservation and future genetic improvement programs.  

Although significant progress has been made, further efforts and research are needed 

to improve shea tree conservation and genetic enhancement for high-quality butter 

production. This Ph.D. research contributes to these efforts and results obtained will 

play a pivotal role in shaping the future of shea tree conservation and genetic 

improvement in Côte d’Ivoire and beyond. 
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2. Background 
Plants provide humans with a range of essential resources, including oxygen, food, 

medicines, and materials for the production of shelter and clothing. Indeed, the 

conservation and genetic improvement of plant species are central to ensure global 

food security, biodiversity preservation, and sustainable development. The loss of 

genetic diversity due to habitat destruction, climate change, and overexploitation has 

increased the need for effective conservation strategies. The accelerated decline in 

plant biodiversity has emerged as a major global concern. According to the 

International Union for Conservation of Nature (IUCN), approximately 40% of the 

world's plant species are currently threatened with extinction. Globally, numerous 

programs aim to safeguard genetic resources through in situ and ex situ methods, such 

as seed banks, field gene banks, biotechnology tools, and participatory management 

practices (1). These approaches are essential for maintaining genetic variation, which 

is the basis for improving traits such as yield, stress tolerance, and quality in both wild 

and domesticated plant species (2). Traditional tree breeding methods rely on selective 

breeding, hybridization, and provenance trials, while modern approaches integrate 

molecular markers, genome-wide association studies (GWAS), and marker-assisted 

selection (MAS) to accelerate genetic gains (3,4). 

Tree species, particularly those in tropical and subtropical regions, face unique 

challenges in conservation and genetic improvement (5). Unlike annual crops, many 

tree species exhibit long juvenile phases, high levels of heterozygosity, and 

dependence on natural regeneration, making large-scale breeding programs more 

complex (3). Agroforestry systems have emerged as a key solution for conserving tree 

species in multifunctional landscapes, integrating economic production with 

ecological benefits such as soil fertility, carbon sequestration, and biodiversity 

preservation (6). 

One prominent example of a tree species with high economic and ecological value 

is the shea tree (Vitellaria paradoxa). Native to the Sudano-Sahelian zone, it extends 

across 21 countries from Senegal to Uganda (7–10) and is an important economic and 

ecological component of agroforestry systems. Vitellaria paradoxa belongs to the 

Sapotaceae family and has two subspecies: paradoxa in West Africa and nilotica in 

East Africa (11,12). It reproduces predominantly through insect-mediated cross-

pollination but can also self-pollinate (13). The fruit is primarily dispersed by gravity 

(barochory) with secondary dispersal by animals, including elephants, birds, rodents, 

and humans (14,15). 

Shea production is a major economic activity in West Africa, with an estimated 

annual nut yield of 1,760,600 metric tons. Nigeria and Mali account for 70% of total 

production, while Côte d’Ivoire ranks fifth with about 250,000 metric tons annually 

(16–18). The industry is predominantly run by women, with about 3 million in Africa 

and 152,000 in Côte d’Ivoire involved in collection and processing (18). Shea butter, 

extracted from shea kernels, is a major export commodity used extensively in food, 
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cosmetics, and pharmaceuticals (19). Its high concentration of stearic, oleic, palmitic, 

and linoleic acids makes it a valuable raw material in the food industry. In addition, 

its significant unsaponifiable content contributes to its use in luxury cosmetics and 

pharmaceuticals, making shea a multi-million dollar export product (20–22). 

In Côte d'Ivoire, shea trees are mainly found in the northern savannahs, often 

coexisting with other large tree species (23,24). Despite their economic and ecological 

importance, shea tree populations face severe threats, including deforestation, 

charcoal production, uncontrolled bushfires, and agricultural expansion (25). Human 

activities, such as shorter fallow periods and systematic fruit collection, further limit 

natural regeneration (11). The increasing conversion to more profitable crops, such as 

cashew exacerbates genetic erosion in shea populations. The species is classified as 

vulnerable by the International Union for Conservation of Nature (26), highlighting 

the urgent need for conservation and genetic improvement strategies. 

Unlike many commercial crops, V. paradoxa is not traditionally cultivated due to 

its long juvenile phase (10–25 years) (27). Instead, its presence in agroforestry 

systems results from natural propagation and systematic farmer management. 

Through selective protection of high-yielding trees, farmers have contributed to a 

form of partial domestication (12,28). To transition from wild harvesting to organized 

plantations, research has focused on shea domestication through vegetative 

propagation techniques, such as grafting (29–32), cuttings (33–37), air-layering (34), 

and in vitro culture (38–44). Other studies have investigated shea tree parasitism (45–

49), genetic diversity (14,24,50–54), fruiting patterns (55–58), biosynthesis pathways 

of shea butter (25,59), and superior genotype selection (60–62). Advances in 

genomics, including reference genome sequencing (25) and genome-wide association 

studies (GWAS) (63), have paved the way for molecular breeding. 

In situ conservation of shea trees has traditionally been driven by local knowledge, 

where farmers select and protect superior phenotypes based on traits such as fruit size, 

oil yield, and quality. These practices have preserved genetic resources while 

supporting sustainable agroforestry systems. The initiatives of researchers to identify 

and preserve superior phenotypes of shea resources have been done (60–62). 

However, the introduction of modern scientific tools, such as molecular markers (e.g. 

single nucleotide polymorphism), and genomic approaches, provides new 

opportunities for designing effective conservation strategies and accelerating genetic 

improvement (25). Recent advancements in genome-wide association studies 

(GWAS) and molecular breeding have enabled the identification of genetic loci 

associated with economically important traits, paving the way for marker-assisted 

selection (25,54,59,63). 

Thus, the conservation and genetic improvement of the shea tree represent a critical 

intersection of traditional knowledge and modern science. By integrating participatory 

approaches with advanced genomic tools, it is possible to enhance the sustainability 

of shea-based agroforestry systems, address the challenges of genetic erosion, and 

unlock the economic potential of this vital species. 
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3. Importance of Shea Tree 
3.1. Economic Potential of Shea Tree in Côte d'Ivoire 

Shea butter is a multi-million dollar commodity valued for its wide range of 

applications in the food, cosmetics, and pharmaceutical industries. It is the second 

most important oil crop in Africa after oil palm (19). In Côte d'Ivoire, shea contributes 

significantly to the economy through both local use and export. Global demand for 

shea butter continues to grow, with West Africa accounting for approximately 90% 

of the world's production. Côte d'Ivoire plays a crucial role in this market, contributing 

both raw kernels and processed butter to meet export demand (18,64,65). The country 

has an additional advantage due to its geographical and ecological conditions, 

supporting high-quality shea production. 

Shea collection and processing in Côte d'Ivoire, as in many other African countries, 

are predominantly managed by women (65). Women are the main actors in the value 

chain, from collecting the nuts to processing and trading the butter (65). This provides 

an important source of income and increases their economic autonomy (9,66,67). 

The shea industry also promotes social and economic empowerment by creating 

opportunities for women to form cooperatives. These groups enable women to pool 

resources, negotiate better prices, and access training or funding for processing 

technologies. However, gender disparities remain significant. Women often face 

challenges in accessing land, as traditional land tenure systems in Côte d'Ivoire 

frequently limit their ownership or control of shea parklands (65,68–72). As a result, 

women are highly dependent on communal lands for shea nut collection, which can 

lead to conflicts over access to resources. 

Woman's right to harvest shea nuts varies considerably across West Africa (72). In 

Ghana, a woman collects nuts from her husband's plots, while elsewhere women 

collect shea from trees in fallow fields (66). In Mali, rights to shea nuts in cultivated 

fields are granted to any woman, regardless of land claims (73).Throughout the region, 

access to shea trees in uncultivated fields is usually open to all women (66,74). Nut 

collectors who do not have access rights to trees on cultivated fields use open access 

uncultivated areas for collection, further accentuating the differences in nut and oil 

quality. In addition to tenure arrangements that regulate access to fruit, shea nut 

collection is mediated by socio-cultural conventions and local institutions (66,69). 

Land ownership plays a critical role in the sustainability and productivity of shea 

trees. In Côte d'Ivoire, customary land tenure systems dominate, and men often hold 

primary ownership rights. This limits women’s ability to make decisions about tree 

management and replanting, even though they are the primary beneficiaries of the 

shea economy. Furthermore, the lack of secure land tenure discourages long-term 

conservation efforts, as tree planting and maintaining trees require a significant 

investment of time (67). 

The expansion of agricultural land for cash crops, such as cashew and cotton, poses 

additional challenges for shea conservation. Farmers often prioritize short-term 

financial gains from cash crops over the long-term benefits of maintaining shea trees, 
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contributing to deforestation and declining shea tree populations in some regions 

(25,67,75). 

To fully realize the economic potential of shea trees in Côte d'Ivoire, there is a need 

for policies that address gender and land ownership challenges. Land reforms that 

promote women's ownership or secure access to shea parklands can significantly 

increase their economic contribution and provide incentives for sustainable 

management practices. In addition, investments in processing infrastructure, training, 

and access to markets are crucial for increasing the value-added potential of shea 

butter, especially for women-led cooperatives. Moreover, the processing of shea fruit 

pulp into sirop, confiture and alcohol has great local economic potential to alleviate 

poverty in shea-producing areas. 

Additionally, promoting agroforestry systems that integrate shea trees with other 

crops can balance economic productivity with environmental conservation. Public-

private partnerships and international cooperation can play a key role in advancing 

these initiatives, while ensuring that the benefits are shared equitably. 

The shea tree is not only an economic asset, but also a vehicle for promoting gender 

equality and sustainable development in Côte d’Ivoire. By addressing land ownership 

challenges and supporting women in the shea value chain, the country can unlock the 

full potential of this resource. Strengthening the shea industry has the potential to 

transform rural livelihoods and contribute significantly to both local and national 

economies. 

3.2. Importance of Shea tree in the Context of Agroforestry 

Shea is considered to be one of the most important tree species in agroforestry parks 

in sub-Saharan Africa, where the species occurs naturally (57). It has a high 

percentage of standing biomass and contributes to the reduction of soil degradation. 

It has a high carbon sequestration capacity and can be used in climate change 

mitigation strategies (76–79). 

The microclimate is positively affected by the presence of shea trees in agroforestry 

plantations. The shade provided by the trees has a significant effect on soil moisture 

content. This increases crop yields (80). Higher shea fruit yields have been observed 

in the field stand compare to the fallow stand (57,58). In Burkina Faso, for example, 

51% of farmland has been identified as suitable for growing shea tree  and is an 

important species for soil restoration (81). The cultivation of crops such as maize and 

soya has been used to generate income and improve food security in shea parks (82). 

According to the authors, different yield responses were observed for soya and maize. 

Because of competition for light and nutrients, combined crops of mature shea gave 

very poor maize and soybean yields compared with combined crops of young shea 

(82). Another study was conducted on the influence of shea and Parkia biglobosa on 

sorghum production in Burkina Faso (83). The authors found that sorghum yield was 

negatively affected by P. biglobosa by 50-70%. Some studies have shown that as shea 

trees age, the yield of adjacent crops decreases. Yield variability can be explained by 

shading and competition for water and nutrients. However, soybean can be 
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recommended for cultivation in shea parks, as the yield reduction was less significant 

than for cereals (75,82,84). 

4. Botanical description of Shea tree 
The taxonomic classification of the shea tree (Vitellaria paradoxa) has been subject 

to debate. Hepper in 1962, proposed that Butyrospermum be retained as the genus 

name instead of Vitellaria, but this proposal was repeatedly rejected by votes (85). 

The nomenclature was later clarified and the original binomial name “Vitellaria 

paradoxa”, first described by Carl Friedrich Gaertner in 1807, was retained (8). 

The shea tree is currently classified in the plant kingdom as follows: 

Domain: …………..Eukaryota 

Kingdom: …………….Plantae 

Phylum: ………………….Spermatophyta 

Subphylum: ………………….Angiospermae 

Class: …………………………….Dicotyledonae 

Order: ………………………………..Ebenales 

Family: ………………………………….Sapotaceae 

Genus: ……………………………………….Vitellaria 

Species: …………………………………………..Vitellaria paradoxa 

In 1943, Chevalier described eight varieties based on leaf and fruit characteristics, 

but these classifications are rarely used (86). The shea tree is known by numerous 

indigenous names that vary among different ethnographic groups (8). 

Vitellaria paradoxa is belong to the Sapotaceae family, which includes 53 genera 

of trees, shrubs and woody lianas (87). Most of them are from the tropical and 

subtropical regions of South America and Asia (8,11). Many species in this family 

have a sticky white latex found in the bark, branches, leaves and fruits. And like slow-

growing species, they are found in arid areas (Vitellaria paradoxa) and rainforest 

(Pouteria spp) (88,89). 

The genus Vitellaria has only one species, V. paradoxa. Two subspecies were 

identified: V. paradoxa subsp. paradoxa and V. paradoxa subsp. nilotica. Differences 

between the two subspecies are related to flower and fruit characteristics (90) and shea 

butter fatty acid composition (10,91). Subspecies paradoxa is found in 14 countries 

from Senegal to the Central African Republic, while subspecies nilotica is found in 7 

countries from Tchad to Ethiopia (10). The ranges of vitellaria and nilotica do not 

overlap, but are within 175 km radius of the boundary between Lake Chad and River 

Congo to the west, and the Nile River to the east and northeast (14). According to the 

International Union for Conservation of Nature, this species is classified as vulnerable 

on the Red List of Threatened Species. The species has been overexploited for timber, 

firewood and charcoal production. Its habitat is also suffering from agricultural 

encroachment and increasing population pressure (26). 
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Shea trees vary in height from 7 to 25 m, and in diameter from 0.3 to 1 m (Figure 

1a). Their bark has thick, longitudinal and deep striations (92–94). The leaves are in 

dense clusters and spirally arranged at the tips of the sturdy branches. Petiole length 

varies from 5 to 15 cm. Young leaves are rusty red and hairy, then become leathery, 

hairless, dark green, brilliant, 12 to 25 cm long and 4 to 7 cm wide (8). The tree bears 

multiple flowers in the axils of the terminal leaves or on the scars of leafless twigs. 

The number of flowers per inflorescence is highly variable and may exceed 100 

(Figure 1b). The flower is hermaphrodite and actinomorphic, with a very small bract 

at the base of the stem (95,96). The flowers are borne on long pedicels (22-25 cm) and 

are creamy white, very fragrant and melliferous (90). 

Shea flowers are generally heterostyly polygamous: the male flowers, characterized 

by short styles containing in the flower bud, fall shortly after flowering; the 

hermaphrodites, with styles protruding from the bud, are few in number (2 to 4 per 

umbel) and leave a young, initially pubescent fruit after the corolla falls (86). Flowers 

in the same umbel flower successively, with the males flowering first. Although cross-

fertilization predominates, self-fertilization is still possible because anther opening 

occurs late in relation to ovary maturity, in accordance with the anatomy of the flower. 

Fertilization is generally cross-fertilization, but it is also possible for the male flowers 

of an umbel to fertilize the long-stemmed flowers of the same umbel at sexual maturity 

(86). Experiments showed a fruit set rate by self-fertilization of 9.6% compared with 

23% for the control flowers which were not bagged (86,97,98). 

Insects, mainly bees, are the main pollinators for shea. Although wind may play a 

role, it has been observed that few insects visit shea flowers during the day, probably 

because of the strong wind, particularly the north-easterly wind, which blows at 

flowering time (86). It is likely that most insects visit the shea flowers at night and 

early in the morning. In the Sudanese zone, each shea tree generally carries one or 

more beehives on its branches. 

The shea fruit can be described as a spherical to elliptical berry measuring 4-5 cm × 

2.5-5 cm and weighing 20-30g (99) (Figure 1c). The fruit is a yellow, green or 

yellowish berry with thick flesh containing an oval or round reddish-brown seed. The 

fruit is initially green as it develops, but takes on a yellowish-green to brown color as 

it ripens. The shell of the seed is relatively thin, shiny, with large scars; the seed 

consists of two thick, fleshy, tightly fused cotyledons, with no apparent radicle (90). 
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Figure 1. Presentation of shea tree. (a) a shea tree plant in cashew plantation; (b) shea 

inflorescence; (c) shea fruits 

5. Ecology of Shea tree 
Vitellaria paradoxa is native to the West African savannah, but is also found in the 

southern Sahel. It grows in a wide belt of approximately 5,000 kilometers from west 

to east and 500 kilometers from north to south, across 21 different countries (7–10) as 

shown in Figure 2. V. paradoxa occurs from Senegal in the west to the foothills of 

the Ethiopian highlands (13,100). The genus Vitellaria consists of a single species 

belonging to the Sapotaceae family, and has two described subspecies: subspecies 

nilotica, found mainly in East Africa, subspecies paradoxa, found in West Africa from 

Senegal to the Central African Republic (11,12). Shea is generally an inland tree, 

except in Ghana and Nigeria where it grows within 50 km of the coast (8). The ecology 

of shea is influenced by several environmental factors. Shea is commonly found on 

flat land. It is rarely found on slopes and is almost absent from valleys. Distribution, 

density and trunk circumference vary depending on where the shea trees grow. It 

grows at annual temperatures of 25-29°C, and at altitudes of 100 to 600 m (95). The 

presence of shea trees was noted in the mountainous region of western Cameroon at 

1300 m (101). Shea also grows in areas with annual rainfall of 600 to 1400 mm and a 

dry season of 5 to 8 months (95). Edaphically, shea grows on clay, sandy-clay, stony 

and lateritic soils. The tree is adapted to iron-rich sandy soils with a good humus 

content for optimal growth and development. It prefers soils with a neutral pH, but 

can also tolerate acidic soils (92). Shea trees require good drainage and do not tolerate 

high soil water content, although they adapt fairly well to site hydrology. The roots of 

V. paradoxa are extensive and can tolerate prolonged periods of drought (8,102). 

Phytosociologically, shea is abundant in wooded savannah and agroforestry parklands 

(12,103). Shea may be sensitive to interspecific competition. It is a species that prefers 

light, open and airy sites (104). However, it is frequently found in association with 

several other woody species (27,105). 
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Figure 2. Shea distribution map showing the occurrence of the two subspecies (100). 

6. Phenology of Shea 
The shea tree has a particularly long development cycle, with the reproductive phase 

typically beginning at 15–20 years of age under optimal conditions, while 

economically viable production is usually achieved around 40 years of age (106). 

Shea trees are deciduous, losing their leaves during the dry season between 

November and March. Defoliated trees flower from December to April, depending on 

the region (55), with new leaves appearing immediately after the flowering period. It 

should be noted that fertility is correlated with the rate of flowering. The seasonal 

periodicity of phenology varies considerably, with successive stages beginning in the 

northern and western regions and extending eastwards. The fruit begins to ripen 

between March and August and is harvested mainly between April and September. In 

Côte d'Ivoire, flowering begins in November and ends in May. The fruiting period 

begins in December and ends in July, and the harvest takes place from June to August, 

depending on the region (27). 
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7. Morphological and Genetic Diversity of Shea Tree 
Genetic diversity plays an important role in the domestication and conservation of 

plant species. Morphological, biochemical and molecular markers are used to study 

the genetic diversity of plants. Morphological analysis reveals diversity as perceived 

and selected by local farmers, who are the main actors in the management of varietal 

diversity (107). Molecular markers, especially microsatellite markers, are used to 

understand the spatial structuring of diversity and to construct hypotheses about the 

different events of plant spread. Genetic markers are used as tools to characterize the 

diversity of plant genetic resources and the functional variants of relevant genes. 

Genetic diversity is thus a selective resource for improving tree species and 

contributes to genetic gain for many traits (108–110). 

The current diversity and distribution of shea trees reflect a long history of evolution 

and responses to climate change and other environmental factors that determine the 

morphology of its organs such as the stem, leaf, flower, fruit and seed (14). 

In Côte d'Ivoire, as in many producing countries, shea tree genetic resources are 

conserved and maintained in the field by farmers. The role of genetic variation studies 

in supporting crop conservation approaches and variety improvement has long been 

recognized (111). High genetic diversity is essential for the potential to adapt to 

current and future biotic and abiotic constraints in the context of global change (112). 

7.1. Morphological markers 

The expression of morphological traits in shea trees (Vitellaria paradoxa) is 

influenced by environmental factors, yet it remains a crucial tool for plant evaluation 

(113). Indeed, discriminative morphological descriptors have been applied in the 

regeneration of plant collections (114). 

Over time, studies have identified various descriptors, including fruit, seed, leaf, 

stem, and root traits, to capture the species’ morphological diversity (94,104). 

Notably, the IPGRI/INIA developed a comprehensive list of descriptors in 2006, 

including fruit characteristics and specific leaf features such as shape, apex, margin, 

and veins, to differentiate individuals within shea populations (27). 

Local populations classified shea tree varieties based on morphological traits such 

as fruit, nut variants. For instance, 25 shea ethno-varieties were identified based on 11 

primary fruit and nut traits in Burkina Faso (115), while 28 shea ethno-varieties were 

identified in Uganda based on fruit/nut organoleptic and morphological attributes 

(116). In Chad, 6 shea morphotypes have been described based on morphological 

characteristics related to fruit shape, and these have been found to be the most 

discriminating (117). Morphological diversity has been mentioned with the agro-

ecological locations of shea tree. Indeed, a study carried out in Cameroon revealed 

that lower-altitude trees had larger trunks and smaller fruits compared to high-altitude 

trees, showing a correlation between morphological traits and agro-ecological regions 

(118). In Ghana, trees on farmland displayed greater height than those in forests, likely 
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due to protection from environmental pressures (53). Similarly, in Mali shea trees in 

farmland (shea parks) showed higher shea flower and fruit densities than in forest. 

In Côte d'Ivoire, studies indicated significant diversity in quantitative traits such as 

trunk circumference and fruit, nut and leaf traits. Qualitative trait analysis further 

identified variability in traits like crown shape, fruit shape, nut color, and branch 

orientation (27,94,99,104,119). 

Studies have consistently shown that morphological diversity in shea trees, often 

categorized into distinct morphotypes, is influenced by vegetative form and 

environmental context. 

7.2. Molecular diversity of V. paradoxa 

The molecular diversity of trees is studied using molecular markers located on the 

DNA. A molecular marker is a polymorphic locus that provides information about the 

genotype of the individual carrying it (120). Molecular markers facilitate direct 

analysis of the polymorphism of DNA sequences in order to construct a genetic map. 

Several molecular markers are used to identify the genotype in plants. The most 

commonly used are RAPD, AFLP, SSR, RFLP, SNP markers (121). Research on the 

molecular diversity of the shea tree has focused on four main types of molecular 

markers: isoenzyme, RAPD, SSRs and SNPs (122). 

Microsatellite DNA has been widely used in population genetics because of its 

ability to detect differences between closely related species and within the same 

species (100). In shea, these markers have been used to distinguish the two subspecies 

of the species. Ten microsatellite loci were used to investigate the effect of 

anthropogenic activity on the spatial and temporal genetic structure of the shea 

populations. As results, low genetic differentiation was observed, possibly due to the 

buffering effect of high gene flow between managed and unmanaged populations 

(123). Microsatellites have also been used to illustrate diversity within shea tree 

populations (24,124); to assess the effects of land use and agro-ecozone types (53); 

and to differentiate ethno-varieties (52). Random amplified polymorphic DNA 

(RAPD) and chloroplast marker analysis of several populations distributed in West 

Africa and Central and East Africa suggested a genetic distinction between West and 

Central African and East African shea populations (14,50,125). The recognition of the 

existence of distinct gene pools between the two subspecies present in different 

regions implies that they may adapt differently to future climate change. The diversity 

of the shea gene pool within and between countries, and even regional populations, 

calls for organized and concerted collection and evaluation of superior germplasm 

based on previously separate independent research across the region (67). 

Genome-wide analysis of the genetic diversity of V. paradoxa plays a crucial role 

in the species conservation and improving accelerated breeding methods, especially 

marker-assisted selection (MAS). Previous research efforts have led to the sequencing 

of the complete reference genome of V. paradoxa. This reference genome, consisting 

of 12 chromosomes with a total size of approximately 656.7 megabases (Mb), has 

been annotated to contain 38,505 coding genes (25). 
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Analysis of the evolutionary history using this reference genome revealed clear 

evidence of two ancient genome-wide duplication events in the shea tree evolutionary 

lineage (25). These events occurred at different times, one prior to the Astrid-Rosid 

divergence, estimated to be between 116 and 126 million years ago (Mya), and the 

other at the origin of the Ericales order, estimated to be between 65 and 90 Mya (25). 

The availability of the reference genome has led to new studies based on new 

markers such as SNPs. For example, studies on the genetic diversity and population 

structure of the shea tree using SNPs have been reported (54,122,126), and the 

genome-wide association study on fat content was studied in Uganda (63). Molecular 

marker based on SNP has been used to study the genetic diversity of the superior shea 

trees in Côte d'Ivoire in order to establish a core collection for ex-situ conservation of 

shea genetic resources (122). 

8. Shea Butter Characteristics 
8.1. Chemical composition of shea butter 

The oil or fat content of shea kernels is generally high with good post-harvest 

processing. This content averages between 45-55%, although oil contents of less than 

25% to more than 60% can be obtained (127) (Figure 3). 

There are different techniques for extracting shea butter: traditional method 

(churning), semi-mechanized method (press, motorized grinder, centrifugation 

system), solvent method, and other modern techniques (microwave assisted, 

enzymatic, supercritical CO2). Afterwards, a comparison between the different 

extraction methods showed that microwave-assisted extraction gives a higher 

extraction yield (88%), followed by screw press extraction (82.20%), solvent 

extraction yield (66.9%), enzymatic (43%), supercritical CO2 (39.5%), the mechanical 

method (37%), and finally the traditional process with 28% as yield (128). The 

different shea butters evaluated by Fourier Transform Infrared Spectroscopy (FTIR) 

did not show any significant differences according to the extraction methods (128). 
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Figure 3. Shea oil newly extracted with maceration method. Each tube represents a 

different genotypes with different fatty acid composition. 

The four main fatty acids in shea are oleic acid (34-62%), stearic acid (25-56%), 

palmitic acid (2-10%) and linoleic acid (1-10%) (129–131). As for arachidic acid, it 

represents a small percentage (1-2%) and traces of other fatty acids such as gadoleic, 

behenic and lignoceric acids are present in shea butter. The composition of stearic and 

oleic acids represents 85-90% of the total fatty acids (132). The ratio of oleic acid to 

stearic acid in shea butter extracted from the kernels of subspecies paradoxa is 

generally between 1 and 0.8-1.1 and between 1.5-1.9 for subspecies nilotica. Higher 

percentages of oleic acid have been recorded at the extremes of the range of paradoxa 

subspecies (Gambia and eastern Nigeria) and at the extreme south-eastern end of the 

range of nilotica, suggesting recent colonization and a role for the fatty acid profile in 

the viability of recalcitrant seeds (127). 

Shea butter is composed of three groups of triglycerides. These are polyunsaturated, 

di-saturated, and monounsaturated. The major polyunsaturated triglyceride in shea 

butter is oleic-oleic-oleic (O-O-O), while the major di- and monounsaturated 

triglycerides are stearic-oleic-oleic (St-O-O), stearic-oleic-stearic (St-O-St), 

respectively. 

The high content of symmetrical di-saturated TAGs in West African shea butter has 

a significant impact on the melting profile of shea butter from both subspecies (9). 

While it is possible to modify the composition and melt profile through fractionation 

or hydrogenation techniques, this natural variation has many implications for the 

range of applications and processing economics most appropriate for shea butter from 

different geographical areas. Another unique feature of shea butter is its higher 

unsaponifiable content than most other vegetable oils (128). Its average 

unsaponifiable content is 5-7%, although extreme values of over 19% from individual 

tree seeds have been recorded (127). Analysis of these unsaponifiables has revealed a 

wide range of interesting and useful bioactive compounds with antioxidant, anti-
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inflammatory, anti-tumor, UV-protective and protease-inhibiting properties, 

including phytosterols, triterpenes, polyisoprenic hydrocarbons (karitene), 

tocopherols and catechins, with dried almonds containing up to 0.4% of the latter 

(12,132,133). 

Shea butter is the most important product of the species. Selecting genotypes with 

high-fat and fatty acid profile is crucial for enhancing shea butter quantity and 

production. Several methods for genome-wide association study (GWAS) based on 

oil content have been used to identify candidate genes involved in oil production. 

These methods can be used to identify shea genes associated with shea butter 

production within a population. 

8.2. Physicochemical Quality and Classification of Unrefined Shea Butter 

Shea butter, derived from the kernels of Vitellaria paradoxa, is a valuable vegetable 

fat widely utilized in food, cosmetics, and pharmaceutical industries. Unlike many 

other plant-based oils, shea butter remains solid at room temperature, primarily due to 

its high stearic acid content, which contributes to its unique texture and thermal 

stability (134). The physicochemical properties of unrefined shea butter are critical 

determinants of its quality, influencing both its nutritional value and industrial 

applications (135,136). 

The classification of unrefined shea butter into different quality grades is based on 

key chemical parameters that reflect its freshness, purity, and suitability for 

consumption or processing (135). These parameters include moisture content, free 

fatty acid (FFA) levels, peroxide value, and the concentration of insoluble impurities. 

Collectively, they provide insights into the butter's stability, susceptibility to rancidity, 

and the efficacy of post-harvest processing methods (137,138). 

Based on these criteria, unrefined shea butter is categorized into two primary grades 

as presented in Table 1. 

Table 1. Quality criteria of unrefined shea butter according to Codex Alimentarius 

Characteristics Unrefined shea butter 

Grade 1a Grade 1b 

Water content (%) ≤ 0.05 0.06 – 0.2 

Free fatty acids (%) ≤ 1 1.1 – 3 

Peroxide value (mEqO2/kg) ≤ 10 11 – 15 

Insoluble impurities (% m/m) ≤ 0.09 0.1 – 0.2 

These quality indicators are primarily influenced by factors such as extraction 

techniques, packaging materials, and storage conditions rather than the genetic 

variability of the shea tree. Poor handling practices during kernel processing, exposure 

to moisture, and prolonged storage under suboptimal conditions can significantly 

increase FFA and peroxide values, leading to reduced shelf life and rancidity 

(127,128,130,135,139). 
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Beyond chemical composition, the physicochemical properties of shea butter such 

as color, texture, and odor, play a pivotal role in consumer preference and industrial 

applications. These attributes are influenced by both genetic and environmental 

factors, as well as post-harvest processing techniques. 

• Color: Unrefined shea butter exhibits a range of colors, including black, 

yellow, and beige. The color variation is closely linked to the treatment of the 

nuts prior to extraction and, to a lesser extent, genetic differences among shea 

tree populations. For example, the roasting intensity of kernels during 

traditional processing can lead to darker butter, while minimal heat 

application results in lighter shades (140). 

• Texture: The texture of shea butter can range from fondant (smooth and 

creamy) to compact (firm and crumbly). This variation is often correlated with 

its color and fatty acid composition, particularly the ratio of stearic to oleic 

acids. Higher stearic acid content tends to produce a firmer butter, while 

increased oleic acid levels contribute to a softer, more pliable texture 

(132,135,139). 

• Odor: The intensity of the characteristic shea butter odor, ranging from strong 

to mild, is influenced by storage conditions and processing methods. 

Improper drying of kernels, inadequate storage, and prolonged exposure to 

high humidity can result in strong, sometimes rancid odors due to lipid 

oxidation. Conversely, well-processed and properly stored butter retains a 

mild, pleasant nutty aroma (139). 

The quality of unrefined shea butter is determined by a combination of chemical 

and physicochemical parameters that reflect both intrinsic properties and external 

handling conditions. While genetic factors influence certain attributes like color and 

texture, the primary quality indicators such as moisture content, FFA, peroxide value, 

and impurities are largely shaped by post-harvest practices. Enhancing the quality of 

shea butter requires not only the selection of superior shea tree genotypes but also 

improvements in processing techniques, storage infrastructure, and quality control 

protocols. 

9. Threats, Preservation and Restoration of Shea Parklands 
Shea trees dominate woody vegetation in agroforestry parks across several countries 

where they grow (56,105). The presence of other woody species could protect old V. 

paradoxa trees from bushfires (56). In these ecosystems, other woody species, such 

as Acacia senegal (L.) Wild, Annona senegalensis Pers., and Parkia biglobosa (Jacq.), 

often share ecological niches with V. paradoxa, providing protection against bushfires 

for older trees (141). 
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However, the sustainability of V. paradoxa agroforestry systems faces numerous 

challenges, including poor regeneration due to the inappropriate agricultural practices, 

and excessive harvesting for energy needs (142). In Côte d'Ivoire, natural shea 

populations are severely affected by bushfires, overexploitation, climate change, the 

introduction of new cash crops and parasitic infestations (113). 

Shea trees are highly susceptible to hemiparasitic plants infestations, especially 

from the Loranthaceae family. Major hemiparasites in West Africa include 

Tapinanthus pentagonia, T. dodoneifolius, T. globiferus and T. ophiodes (143), with 

infestation rates reaching 95% in Burkina Faso (144), 87% in Benin (48), and 81% in 

Nigeria (145). In addition, two hemiparasitic species such as Tapinanthus bangwensis 

and Agelanthus dodoneifolius have been reported in Côte d'Ivoire, affecting 59.7% to 

65.5% of shea populations (45,49). These parasitic plant species are strongly 

associated with high tree mortality and pose a serious threat to the sustainability of 

shea parklands (143). 

In addition to parasitic plants, fungal diseases and insect pests also affect shea trees 

(90). The main fungal pathogens, Fusicladium butyrospermi and Pestalozzia 

heterospora, cause dark gray leaf spots (7,67). Among insect pests, Salebria spp. 

(Lepidoptera: Pyralidae) are particularly damaging, with infestation rates of 49%-80% 

on trees and 4%-15% on fruits in Burkina Faso (46). Without effective control 

strategies, these bioaggressors could further threaten shea tree populations and 

production. 

Several studies showed that the species is vulnerable to severe threats related to 

human activities and climate change (67,146–148) and that natural stands are aging 

(105,149) (Figure 4a and 3b). 

The degradation of natural shea stands has been well-documented, with agricultural 

systems significantly influencing regeneration dynamics (17,99,142). Aging shea 

populations dominate cultivated fields, whereas fallow lands show higher 

regeneration potential (105). However, this regeneration is short-lived, often failing 

due to mesological factors such as inappropriate farming practices and the shortened 

fallow periods, which are typically less than 15 years (149). 

The degradation of shea parks is further accelerated by intensified agriculture, which 

requires environmentally polluting inputs such as herbicides. These pressures have 

led to a significant decline in shea tree number per hectare over time. For example, in 

1946, the number of shea tree in the Sudanese savannah zone was 230 trees/ha, but 

by 2008, it had dropped to just 11–5 trees/ha (150),(151). From 2005 to 2017, shea 

tree number per hectare in parklands declined by 75% in Benin (148). In addition, a 

recent study in Côte d’Ivoire showed an average number of 14 shea trees per hectare, 

with 6 shea trees per hectare in cashew orchards (152). Major factors contributing to 

this decline include the cutting of adult trees for charcoal production, slow tree 

growth, and inadequate maintenance of young seedlings. 
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Efforts to restore shea populations have focused on various regeneration techniques, 

including planting, transplanting, direct seeding (29,142), assisted natural 

regeneration (ANR) (142,153), and suckering or adventive shoot induction (142). 

Among these, ANR has emerged as the most effective method for restoring degraded 

shea parklands. This technique involves protecting and managing natural seedlings 

until they mature and integrate into the agricultural landscape (154) as shown in 

Figure 4c. 

The survival rate of ANR exceeds 70% after two years, significantly outperforming 

planting and direct seeding, which show survival rates of 13.33% and 6.67%, 

respectively, in the sub-Sahelian sector, and similarly low rates in the northern Sudan 

and southern Sudan regions (142). In Côte d'Ivoire, ANR has been successfully 

applied to restore 56.6 ha of shea parklands for 20 producers in the Bagoué and 

Tchologo regions (153). 

 Despite its effectiveness, ANR and other restoration techniques face challenges 

such as the slow juvenile growth of shea trees and a lack of knowledge on their 

silviculture (155). Young shea trees require at least a year in nurseries before 

transplantation and only begin production after 20 years, provided they are adequately 

protected from grazing and other threats (143). 

The restoration of shea populations is essential for sustaining agroforestry systems, 

particularly in areas with low tree density. In Côte d'Ivoire, ANR offers a promising 

agricultural innovation for rehabilitating degraded parklands and improving their 

productivity while awaiting the establishment of plantations using improved planting 

materials. 

 
Figure 4. Threats and restoration of shea tree populations. (a) shea tree fired in a new farm 

installation; (b) shea tree uprooted by wind; (c) ANR: grafted and protected shea plantlet. 
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10. Traditional Management and Conservation of Shea Trees 
Shea tree is largely non-domesticated, traditional knowledge and practices play a 

critical role in its management and conservation. The main traditional management 

practices include weeding, on-farm sparing, natural coppicing, pruning and seasonal 

burning. 

Local communities have developed various strategies to conserve and manage shea 

trees in agroforestry systems (75,156). Farmers often integrate shea trees into 

parklands, which are characterized by scattered tree cover combined with crops such 

as millet, sorghum, and maize (67) as shown in Figure 5. These systems provide 

multiple benefits, including soil fertility improvement, microclimate regulation, and 

diversified sources of income (157). 

 
Figure 5. Shea parkland in combination with a crop of maize 

Traditional pruning practices are often used to optimize tree health and fruit yield. 

Farmers selectively prune branches to improve light penetration and reduce 

competition between branches, which promotes flowering and fruiting (75). 

Controlled burning is another widely used practice in shea parklands to manage 

undergrowth, reduce pest infestations, and create favorable conditions for 

regeneration (67,75). 

Farmers play an active role in the conservation of shea tree populations by selecting 

and protecting superior phenotypes based on traits such as fruit size, pulp taste, and 
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oil yield (12,75,158). These selected trees are often left untouched during land 

clearing for agriculture, ensuring their survival and genetic diversity within the 

landscape. 

Participatory selection has been shown to contribute to the preservation of locally 

adapted genetic material and the maintenance of trait diversity (69). This method not 

only supports conservation but also provides a basis for future domestication and 

breeding efforts. 

Traditional management practices, such as agroforestry systems, pruning, and 

participatory selection, play an important role in the conservation of shea trees. 

However, these efforts need to be supported by modern scientific methods and 

supportive policies to address ongoing threats. A collaborative approach that values 

both local knowledge and scientific innovation is key to ensure the long-term 

sustainability of shea tree resources. 

11. Vegetative propagation of shea tree 
Vegetative propagation methods that have been used for shea tree regeneration are 

cuttings, grafting, layering, and in vitro propagation (90). These are valuable 

techniques for reducing time to maturity, increasing yields, and producing planting 

materials at all time. Stem cuttings, when rooted in substrates such as rice hulls and 

treated with indole-3-butyric acid (IBA), show high rooting rates depending on 

maturity of the cutting source and hormone concentration (33–37). Grafting methods, 

such as slit grafting, achieve high success rates, especially with young seedlings, and 

shorten the juvenile period, making them cost-effective for maintaining superior shea 

traits (29–32). However, the layering method has lower success rates, limiting its 

scalability (34,67). 

On the other hand, in vitro propagation allows regeneration of shea shoots from 

axillary nodes and apical buds on Murashige and Skoog (MS) media containing 

phytohormones, although success rates vary (41,43,44). Techniques such as callus 

formation using immature plant tissue show promise for genetic improvement via 

somatic embryogenesis, although the production of whole plants from callus remains 

a challenge (38,40,42). Overall, vegetative propagation supports genetic fidelity, rapid 

growth, and the possibility of genetic modification, potentially increasing the 

agricultural value of the shea tree. 

12. Use of shea 
All shea tree organs are used (90). Roots, leaves, bark and flowers are used in 

traditional medicine to treat headaches, stomachaches, diarrhea, malaria and 

rheumatism (159). Certain organs are also used to treat gynaecological problems 

(latex), eye problems (leaves and bark) and to facilitate childbirth and breastfeeding 

(bark) (160). The trunk and branches are used to make charcoal or directly as 

firewood. The sweet pulp that surrounds the seed is consumed by local populations 

during the lean season, or used to make local drinks (161). It is also used to feed 

livestock such as pigs, cattle and sheep (Figure 6). Butter extracted from almonds is 
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used in local cooking as cooking oil (8). The residues left after extracting the butter 

are also used as pesticides (162). 

 
Figure 6. Pigs eating shea pulp 

Shea butter composition varies with climate, species, and processing and is valuable 

in the food, cosmetic, and pharmaceutical industries due to its unique fatty acid and 

bioactive profiles (128). In the food industry, the high content of saturated - 

unsaturated - saturated triacylglycerols (SUS TAG) and fatty acids, mainly oleic acid 

and stearic acid, makes shea butter a viable alternative to cocoa butter for the 

production of chocolate (128,163,164). Its higher melting point and crystallization 

properties also position shea butter as a potential palm oil substitute (128). 

In cosmetics, shea butter is noted for its unusually high unsaponifiable content (5-

7%), which exceeds other oils and contributes to skin-nourishing properties (127). In 

comparison, palm oil, soybean oil and cocoa butter have significantly lower levels of 

unsaponifiable, while avocado oil approaches shea butter levels (128). 

In pharmaceuticals, shea butter is valued for its anti-inflammatory, antioxidant, anti-

tumor and UV-protective effects (165). These are due to its bioactive unsaponifiable 

components, including triterpenes, catechins, tocopherols and phytosterols such as α-

spinasterol and β-sitosterol. Triterpenes such as α- and β-amyrin make up the majority 

of the unsaponifiable portion, while tocopherols provide antioxidant benefits (166). 
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Chapter 2: Objectives 

In the Sudanian savannas of Côte d'Ivoire, shea tree parks play a central role in the 

agricultural landscape. Despite its economic and social importance, the shea sector 

lacks a structured breeding and improvement program to meet the needs of 

stakeholders. Fruit production varies significantly from year to year, with over half of 

the trees producing little to no fruit, and only 10% being consistently good producers 

(166). In addition, genetic erosion is occurring within existing shea tree populations, 

further threatening productivity and biodiversity. 

Given these challenges, conservation and genetic enhancement initiatives have been 

launched to identify and preserve high-yielding shea trees. In 2017, through extensive 

field surveys, researchers compiled a list of superior shea trees based on farmers’ 

knowledge, leading to the establishment of an in situ collection of elite trees. 

Although significant progress has been made, further research and development are 

required to enhance conservation strategies and genetic improvement to ensure high-

quality shea butter production. 

This Ph.D. research aligns with these ongoing efforts, aiming to provide scientific 

solutions for the sustainable management and efficient utilization of shea tree genetic 

resources in Côte d’Ivoire. The ultimate goal is to strengthen its economic and social 

impact by improving both production quality and market value. 

This study specifically aims to: 

1. Establish an ex situ core collection to serve as a reference for shea tree 

conservation and improvement. To achieve this, several key questions must 

be addressed: 

o Is in situ conservation a reliable method for preserving genetic 

material, and to what extent is this system vulnerable? (Chapter 3) 

o What is the level of morphological diversity (leaves, canopy, fruits, 

etc.) within the shea tree collection selected based on productivity 

criteria? (Chapter 3) 

o What is the molecular genetic diversity of this collection, and can a 

structure be identified within it? Which genotypes, when grouped 

into an ex situ core collection, will allow the maximum conservation 

of genetic diversity for the country? (Chapter 4) 
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2. Identify key genes for future breeding programs, specifically those involved 

in high-quality shea butter production, including traits related to butter 

content and fatty acid composition. (Chapter 5) 

3. Develop a rapid propagation method for promising genotypes to ensure their 

conservation, facilitate research applications, and enable their large-scale 

distribution to support the production of high-quality shea butter in Côte 

d’Ivoire. (Chapter 6) 

This research is expected to provide critical insights into the conservation, genetic 

improvement, and sustainable development of the shea sector, contributing to its long-

term economic and environmental viability in Côte d'Ivoire and beyond. 
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Chapter 3. Morphological Traits diversity and 

Sustainability of the in situ collection of superior shea 

trees (Vitellaria paradoxa C.F. Gaertn.) in Côte 

d’Ivoire 
As part of the shea tree improvement program in Côte d'Ivoire, an in situ collection 

of high-yielding trees was identified and georeferenced. The quantitative 

morphological diversity of these genotypes, which have been conserved on farmers' 

fields, was previously characterized, and the results were published before this thesis: 

"Morphological Diversity Patterns Among Selected Elite Shea Trees (Vitellaria 

paradoxa C.F. Gaertn.) from Tchologo and Bagoué Districts in Northern Côte 

d’Ivoire" Int J Genet Mol Biol. 2020;12:1–10. 

By Yao Saraka Didier Martial, DIARRASSOUBA Nafan, ATTIKORA Affi Jean 

Paul, FOFANA Inza Jesus, DAGO Dougba Noel and SILUE Souleymane 

 

This study revealed a high level of morphological diversity in the quantitative traits 

analyzed, particularly in fruit productivity (number and weight of fruits).  

However, to obtain a comprehensive dataset, it was also essential to characterize the 

diversity of qualitative traits. This chapter, therefore, aims to evaluate the variability 

of these qualitative traits to provide critical insights into the phenotypic diversity of 

these valuable genetic resources. Thus, a detailed morphological characterization was 

conducted on 220 SSTs from the Bagoué and Tchologo regions. These regions were 

chosen as pilot sites for SST selection due to their historical significance in shea-

growing and the practical constraints posed by financial and technical limitations. 

Additionally, since this evaluation was conducted three years after the 

georeferencing of the trees, it was possible to assess the mortality rate of these trees, 

providing an overview of the reliability of this conservation method. The results 

presented help address key research objectives: 

1. The selected trees exhibit significant qualitative morphological diversity, 

which is essential for the future establishment of a core collection beneficial 

to all improvement programs. 

2. In situ conservation is not sufficiently reliable for long-term genetic 

preservation, as trees are exposed to various human-induced constraints and 

the impact of parasitic plants. We recommend establishing an ex situ 

collection of shea trees, managed by a research organization, to ensure the 

preservation of this vital genetic heritage. 
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3.1. Abstract 
Description of the project: Shea tree (Vitellaria paradoxa, C.F Gaertn) is an 

essential component of natural/semi-natural savannas and agroforestry systems of 

Africa. It contributes to local household incomes and represents an important cash 

crop for export. It is important to improve our knowledge about the viability and 

genetic diversity of “Superior Shea Tree” (SST: shea trees whose genetic superiority 

has not yet been proven by an appropriate progeny test) genotypes to conserve the 

genetic diversity of the species and the potential for producing improved species. 

Objectives: We characterized the diversity of an in situ SST collection in Côte 

d’Ivoire and evaluated its long-term sustainability. Methods: Twelve qualitative 

morphological traits were studied on 220 SSTs randomly sampled among 405 SSTs 

also randomly selected from in situ collections in the Bagoué and Tchologo regions 

of northern Côte d’Ivoire to assess in situ conservation sustainability. Results: Most 

qualitative morphological traits were highly diverse based on the Shannon diversity 

index (0.55-0.98 range), with significant differences between regions. Hierarchical 

ascending classification gathered the SSTs into three groups. The lack of 

sustainability of the in situ collection for long-term conservation of the species was 

confirmed because it is endangered by a high mortality rate (8.15% after three years) 

and high levels of infestation by Loranthaceae (83.68%). Conclusion: We 

recommend establishing an ex situ collection of shea trees, managed by a research 

organization, to ensure the preservation of this vital genetic heritage. To maximize the 

genetic diversity of the future ex situ collection, we suggest establishing a core 

collection based on molecular diversity characterized from molecular markers, such 

as single nucleotide polymorphism (SNP). 

Keywords: Morphology, conservation of genetic resources, plant collections, 

Superior trees, Vitellaria paradoxa, parasitic plants, resource management 
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3.2. Introduction 

Shea butter tree or shea tree (Vitellaria paradoxa C. F. Gaertn.) is an indigenous 

African tree species belonging to the Sapotaceae family. It grows naturally within a 

wide belt of more than 3.4 million km2 across 21 countries between western Senegal 

and eastern Uganda, and it supports an estimated 16.2 million of shea nut collectors 

(7,8,10,167). The species is taxonomically subdivided into two subspecies, namely 

(1) V. paradoxa subsp. paradoxa found in West and Central Africa, and (2) V. 

paradoxa subsp. nilotica, located in East Africa. The tree grows up to 20 m height and 

1 m diameter at breast height, and has a lifespan of more than 200 years. In Côte 

d'Ivoire, shea tree populations grow in the semi-arid zone of the savanna region 

(extreme north of the country), similar to other sub-Saharan African countries; 

however, some populations also occupy the pre-forest transition zone thanks to their 

acquired high level of adaptation (113). In theory, these adaptation processes should 

generate higher genetic richness in Côte d'Ivoire compared to other countries where 

this plant is restricted to the semi-arid zone of the savanna regions. 

The locations from which shea tree germplasm was introduced to other countries in 

Africa are not well known because of changes in vegetation. The species probably 

spread out from refugia. Furthermore, human management indicates ongoing semi-

domestication (14). The current diversity and distribution of shea trees reflects a long 

history of evolution and responses to climate change and other environmental factors 

that determine the morphology of its organs (stem, leaf, flower, fruit, and seed) (14). 

The large distribution of shea was doubled by practicing allogamy as a mode of 

reproduction, but this practice might have led to high intra-specific diversity (113). 

Shea tree is a socio-economically important species for many traditional 

communities in Africa. It provides substantial income to rural households in Western 

and Central Africa. Because women predominantly collect shea fruit for 

transformation, it is considered as a “female crop” in all production areas. Several tree 

parts are used in rituals, pharmaceutics, cosmetics, construction, and food products 

(99). The fruit and associated main derived product – shea butter (“beurre de karité” 

in French) – are used for local consumption and for trade on local and international 

markets. The concept of exporting shea kernels to Europe on a large scale was first 

introduced by French colonial administrations in the early 20th century. However, at 

the end of the 1950s, low shea production led shea collectors and processors to use 

the kernels and butter for their own domestic consumption and/or for sale on local 

periodic and cross-border markets (168). It was only after independence in 1960 that 

the new international demand for edible cocoa butter equivalents (CBEs) led to the 

introduction of several efforts to regulate and control the shea trade through 

stabilization funds and parastatal marketing boards (169). 

These products provide enormous benefits and contribute to national economies. 

The export of raw shea kernel and shea butter to international markets in Europe, Asia, 

and the USA has risen in recent years (by 25% between 1994 and 2004), and is 

expected to keep rising (22,69,170–172). Shea kernels are processed to manufacture 

a wide range of food products (including chocolate) and cosmetics (173). However, 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/shea-butter
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shea trees face various threats, including climate change, emerging bioagressors, 

natural regeneration issues, demographic pressure, bushfires, overexploitation, 

changing land uses, and cutting for firewood and charcoal (72). Consequently, shea 

tree was listed as a “vulnerable species” by the International Union for Conservation 

of Nature (IUCN) in 1998, and is expected to be upgraded to “endangered species” in 

the future. The function of genetic variation studies in assisting plant conservation 

approaches and improving cultivars has long been recognized (111). High genetic 

diversity is key to the adaptation potential to current and future biotic and abiotic 

constraints in the context of global change (112). 

Despite the socio-economic importance of shea butter as a multi-purpose product 

and the risk of shea tree becoming an endangered species, key knowledge gaps remain 

regarding its diversity, optimal conservation approaches, and ways of improving its 

resilience. In Côte d'Ivoire, as in many producing countries, the genetic resources of 

shea trees are conserved and maintained in the field by farmers. This diversity is an 

important underexploited heritage, but it is increasingly under threat. Therefore, it is 

essential to protect and conserve shea trees in a sustainable way. Genetic and 

morphological trait studies are required to manage the genetic resources of shea trees 

effectively. In particular, the development of national and regional plans to conserve 

their genetic resources should be promoted (67). Following this author’s 

recommendations and based on a participatory survey, the shea breeding program of 

Côte d'Ivoire identified 639 “superior shea trees” (SSTs) (shea trees whose genetic 

superiority has not yet been proven by an appropriate progeny test) in the Bagoué and 

Tchologo regions (60). These SSTs constitute part of the in situ collection of shea 

trees in Côte d’Ivoire, in place since 2017. 

We characterized the diversity of this collection based on the variation of qualitative 

morphological traits and evaluated its durability. Our results are expected to provide 

a basis for relevantly involving the identified SSTs in subsequent hybridization 

programs, generating high-performance plant material and restoring the shea tree 

sector in Côte d'Ivoire. In particular, our results are expected to help reinforce and 

adapt the conservation process of this endangered species. 

3.3. Materials and Methods 
3.3.1. Study area 

Côte d'Ivoire is divided into 31 regions with varying cropping patterns, climates, 

livelihoods, soil types, and natural resources. The country covers 322,462 km² of 

terrestrial area, and is located in West Africa (4° 30' to 10° 30' N latitude and 2° 30' 

to 8° 30' W longitude). It belongs to the tropical zone. Based on climatic factors and 

variation in vegetation, the savannas of the northern part of Côte d’Ivoire – where 

shea trees grow – are subdivided in two main zones called the Sudanian and sub-

Sudanian savannas. The Sudanian savanna corresponds to the main shea tree 

production zone, whereas the sub-Sudanian savanna corresponds to a transition 

production zone. Our study was carried out in the Sudanian savannas of the Tchologo 

and Bagoué regions in the northern region of Côte d’Ivoire (Figure 7), where shea 

trees are a significant component of the farming system. Tchologo region covers 
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17,382 km², with 467,958 inhabitants (density 26.92 inhabitants/km²). This region 

includes three departments: Ferkessédougou, Kong, and Ouangolodougou (Figure 7). 

In contrast, Bagoué region covers 10,678 km², with 375,687 inhabitants (35.2 

inhabitants/km²). Bagoué region includes three departments: Boundiali, Kouto, and 

Tengréla (Figure 7). 

The climate in these two regions is Sudanese, with two main seasons (dry and rainy). 

The dry season extends from November to April, and overlaps with the Harmatan (dry 

and dusty) season extending between December and February, with temperatures 

peaking in March and April. The rainy season extends from May to October, and 

peaks in August and September. Annual rainfall is around 1,200 mm (174). The 

annual average temperature is 27 °C. The vegetation is Sudano-Guinean, dominated 

by wooded and grassy savannas (175). 

 
Figure 7. Localization of the two study areas in Côte d’Ivoire. Enlarged image: Bagoué 

region (left) including Tengrela (pink), Kouto (yellow) and Boundiali (red) departments; 

Tchologo region (right) including Ouangolodougou (green) Ferkéssédougou (purple) and 

Kong (orange) departments. 

3.3.2. Plant material 

The shea trees considered in this study were mature trees regenerated/protected by 

farmers, probably for centuries (168), and belonged to the subspecies paradoxa. They 

had been previously designated as “superior shea trees” (SSTs), i.e., identified by the 

Shea breeding program of the University of Peleforo Gon Coulibaly (Côte d’Ivoire) 

in collaboration with the Agence Nationale d'Appui au Développement Rural 

(ANADER, Côte d’Ivoire), following an extensive survey between February and June 

2017. This program consisted of a participatory survey with farmers allowed to select 

SSTs based on specific criteria, including high fruit yield, sweet taste of the fruit pulp, 
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large fruit size, early flowering every year, and periodicity of fruit production. Six 

hundred and thirty-nine shea trees – considered as “superior” trees – were selected, 

geo-referenced for future identification and conserved in situ on the land plots of 400 

farmers in the Bagoué and Tchologo regions. Four hundred and five SSTs were 

randomly sampled in the two regions to evaluate their capacity for in situ survival. 

Then, 200 SSTs were randomly sampled among these 405 SSTs, and 20 more SSTs 

from Tengréla Department were selected for diversity analyses of qualitative traits 

(Table 2). 

Table 2. Number of shea trees observed per region and department 

Region Department Qualitative 

trait 

diversity 

study 

   In situ 

survival 

study 

 

 

Bagoué 

Boundiali 23 146 98 210 

Kouto 50 57 

Tengréla 73 53 

 

Tchologo 

Ouangolodougou 12 74 38 197 

Ferkéssédougou 21 82 

Kong 41 77 

Total 
 

220 405 

3.3.3. Analysis of qualitative trait diversity 

Twelve qualitative morphological variables were selected based on the minimum 

descriptors of shea trees as defined by the International Plant Genetic Resources 

Institute (176). These traits were evaluated on 220 randomly selected SSTs (Table 2). 

The descriptors were observed on trees, branches, healthy adult and young fresh 

leaves, and seeds, as listed in Table 3. Five descriptors were observed from 10 leaves 

randomly selected from the crown. The two seed-related descriptors were observed 

from 10 seeds of each individual tree. Inflorescence density was determined by 

looking at the presence and density of flowers on the terminal branches. The 

remaining 4 descriptors were based on the crown shape, the branching pattern, the tree 

growth habit and the branch density. 
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Table 3. Shea tree descriptors, qualitative traits, and modalities (IPGRI, 2006) 

Descriptors Qualitative variables  Modalities 

 

 

 

 

Growth descriptors 

Crown shape (CRS) Pyramidal, broadly 

pyramidal, spherical, oblong, 

semicircular, elliptical 

Tree growth habit 

(TGH) 

Erect, semi-erect, spreading 

Branching density 

(BRD) 

Sparse, medium, dense 

Branching pattern 

(BRP) 

Erect, opposite, verticillate, 

horizontal, irregular, 

plagiotropic 

 

 

 

 

Leaf Descriptors 

Leaf blade shape 

(LBLS) 

Obovate, elliptic, broadly 

elliptic, narrowly elliptic, 

oblong, obovate-oblong, ovate-

oblong 

Leaf base shape (LBS) Oblique, rounded, cuneate, 

shortly attenuate  

 Leaf apex shape 

(LAS) 

 Acute, acuminate, retuse, 

obtuse 

 Young leaf color 

(YLC) 

 Red, pink, light green, green 

Adult leaf color 

(ALC) 

Light green, green, dark 

green, pinkish green 

Inflorescence descriptor Inflorescence density 

(IND) 

Sparse, intermediate, dense 

 

Seed descriptors 

 Seed coat color 

(SCC) 

Creamish, dull brown, brown, 

pale brown, dark brown 

Seed shape (SES) Spheroid, ellipsoid, oval, 

ovoid  

The data were analyzed using Rstudio version 4.2.2. The normalized Shannon-

Weaver diversity index (H') (range: 0 to 1) was used to assess the diversity of each 

qualitative trait (114). It was calculated as follows: 

 

where Ni is the number of individuals observed for a given modality and a given 

descriptor, N is the total number of individuals, and n is the number of modalities for 

a given characteristic. When H' is close to 1, the diversity of a given qualitative trait 

is high in all populations (114). The equal probability of the frequencies (pi = 𝐍𝐢/𝐍) 

of appearance of the modalities of a given qualitative trait was tested using the χ2 test 
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at the 5% threshold. It was also used to test the homogeneity of the proportion of 

descriptor modalities between the Bagoué and Tchologo regions. A significant result 

indicated that at least two of the observed frequencies were different. Multiple 

correspondence analysis (MCA) and hierarchical ascending classification (HAC) 

structured the SSTs based on the qualitative descriptors. MCA is a multivariate 

descriptive method that groups variables according to the variability that they explain 

in a given population. This method allowed us to generate a table of the contribution 

to the inertia showing the degree of linkage between variables and components. The 

choice of axes was made on the basis of the elbow method. HAC was carried out using 

the unweighted paired groups method of analysis (UPGMA) to cluster shea trees 

based on their morphological diversity. 

3.3.4. Evaluation of the sustainability of the in situ SST collection 

The sustainability of the in situ collection was evaluated based on two parameters 

of the randomly selected 405 SSTs (Table 2). The mortality rate was monitored over 

the 3 years following initial SST identification and selection by the Shea breeding 

program of the University of Peleforo Gon Coulibaly (Côte d’Ivoire) in collaboration 

with the Agence Nationale d'Appui au Développement Rural (ANADER, Côte 

d’Ivoire) in 2017. The parasitic plant Loranthaceae was the main biotic threat to the 

survival of the in situ collection. Its occurrence was quantified for each SST. 

3.4. Results 
3.4.1. Diversity of qualitative traits 

3.4.1.1. Diversity of growth descriptors 

Crown shape (CRS) 

The six crown shape phenotypes were distributed unevenly. The broadly pyramidal 

phenotype was most common (26.36%; Figure 8). The other phenotypes (elliptical, 

oblong, spherical, semicircular, and pyramidal) represented 18.18%, 17.27%, 15.45%, 

13.18%, and 9.55% of total phenotypes, respectively. The χ2 test was highly 

significant (χ2 = 21.26; P = 0.001). The Shannon-Weaver index was high (H'= 0.97; 

Table 4). The proportions of CRS modalities differed significantly in the Bagoué and 

Tchologo regions (χ ² = 12.05; p = 0.034). 

 
Figure 8. Crown shape diversity of superior shea trees from the Bagoué and 

Tchologo regions in northern Côte d’Ivoire. Left to right: broadly pyramidal 

(26.36%), elliptical (18.18%), oblong (17.27%), spherical (15.45%), semicircular 

(13.18%) and pyramidal (9.55%) phenotypes. 
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Tree growth habit (TGH) 

The χ2 test was significant (χ2 = 11.16; p = 0.004) for the three phenotypes 

describing tree bearing. Extended and erect phenotypes were most common (38.18% 

and 39.09% of the population, respectively). In comparison, the semi-erect phenotype 

represented 22.73% (Table 4) of the total trees. The Shannon-Weaver index was H'= 

0.98. The proportions of TGH modalities differed significantly in the Bagoué and 

Tchologo regions (χ² = 18.7; p < 0.001). 

Branching density (BRD) 

Three types of branch density (sparse, medium, dense) were identified, and occurred 

at unequal frequencies (χ2 = 111.45; p ˂ 0.001). The medium-density phenotype was 

prevalent (69.97%; Table 4). The Shannon-Weaver index was H’= 0.78. The 

proportions of all BRP modalities were statistically similar in the Bagoué and 

Tchologo regions (χ² = 2.38; p = 0.3). 

Branching pattern (BRP) 

The irregular phenotype was most common (29.55%) among the branching pattern 

phenotypes. The verticillate, plagiotropic, erect, opposite and horizontal phenotypes 

represented 19.55%, 16.82%, 15.54%, 10.91% and 7.73% of the total, respectively. 

The Shannon-Weaver index was H'= 0.95. The proportions of the BRP modalities 

differed significantly in the Bagoué and Tchologo regions (χ² = 14.62; p = 0.01). 

Plagiotropism of the BRP was higher in Tchologo region (29.7%) than in Bagoué 

region (10.3%). The others modalities were statistically similar. 

3.4.1.2. Diversity of leaf descriptors 

Leaf blade shape (LBLS) 

Five leaf blade shapes were observed (obovate, elliptic, broadly elliptic, narrowly 

elliptic, and oblong), while the obovate-oblong shape was not observed. Oblong and 

narrowly elliptic leaves were most frequent (51.36% and 34.55%, respectively; Table 

4). The Shannon-Weaver index was H'= 0.59.  The LBLS modalities were statistically 

similar in the Bagoué and Tchologo regions (χ² = 6.45; p = 0.26). 

Leaf base shape (LBS) 

Three out of four types of leaf base shape were observed (oblique, rounded, and 

cuneate) in varying proportions (χ2 = 26.21; P ˂ 0.001). The short attenuated type was 

not observed. The wedge-shaped phenotype was most common (45.91%). The other 

two phenotypes (rounded and oblique) represented 25% and 29.09% of total 

phenotypes, respectively (Table 4). The Shannon-Weaver index was H' = 0.77. The 

proportions of all LBS modalities were statistically similar in the Bagoué and 

Tchologo regions (χ² = 0.09; p = 0.96). 
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Leaf apex shape (LAS) 

The four phenotypes of apex shape (obtuse, acute, rounded, acuminate) were present 

at varying frequencies (χ2 = 48.25; p ˂ 0.001), with a Shannon-Weaver index H' = 

0.89. The acute, rounded, and obtuse shapes were most common (31.36%, 29.09%, 

and 34.55% of the total, respectively). The acuminate phenotype was least common 

(5%). The proportions of all LAS modalities were statistically similar in the Bagoué 

and Tchologo regions (χ² = 5.33; p = 0.17). 

Young leaf color (YLC) 

Four colors (green, light green, pink, red) of young leaves were observed at varying 

proportions (χ2 = 213.74; p ˂ 0.001), with a Shannon-Weaver index H' = 0.70. The 

predominantly light green phenotype was most prevalent (67.27%), followed by the 

green phenotype (16.36%), and the red (9.09%) and pink (7.27%) phenotypes (Table 

4). The proportions of all YLC modalities were statistically similar in the Bagoué and 

Tchologo regions (χ² = 4.6; p = 0.2). 

Table 4. Qualitative traits diversity of 220 superior shea trees from the Bagoué and Tchologo 

regions in northern Côte d’Ivoire. 

Traits Modalities Frequency 

(%) 

Bagoué 

(%) 

Tchol

ogo 

(%) 

χ 2 p H’ 

CRS Pyramidal 9.55 12.3  4.1  21.3 0.001** 0.97 

Broadly 

pyramidal 

26.36 25.3 28.4   

Spherical 15.45 18.5 9.5 

Oblong 17.27 13.0 25.7 

Semicircular 13.18 14.4 10.8 

Elliptical 18.18 16.4 21.6 

TGH Erect 38.18 39.7  35.1  11.2 0.004** 0.98 

Semi-erect 22.73 14.4 39.2 

Spreading 39.09 45.9 25.7 

BRD Sparse 14.55 13.0  17.6  111.4 P˂ 0.001*** 0.78 

Medium 66.36 69.9 59.5 

Dense 19.09 17.1 23.0 

BRP Erect 15.45 15.8  14.9   38.1 P˂ 0.001*** 0.95 

Opposite 10.91 12.3 8.1 

Verticillate 19.55 20.5   17.6   

Horizontal 7.73 9.6 4.1 

Irregular 29.55 31.5 25.7 

Plagiotropic 16.82 10.3 29.7 

LBLS Obovate 1.36 0.7 2.7   295.9 p˂ 0.001*** 0.59 

Elliptic 7.73 9.6   4.1   

Broadly 

elliptic 

1.36 1.4 1.4 
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Narrowly 

elliptic 

34.55 34.2 35.1 

Oblong 51.36 52.1   50.0   

Obovate-

oblong 

3.64 2.1 6.8 

Ovate-oblong 0 0 0 

LBS Oblique 29.09 29.5  28.4  26.2 p˂ 0.001*** 0.77 

Rounded 25 25.3 24.3 

Cuneate 45.91 45.2 47.3 

Shortly 

attenuate 

0 0 0 

LAS Acute 31.36 31.5   31.1   48.2 p˂ 0.001*** 0.89 

Acuminate 5 4.1 6.8 

Retuse 29.09 25.3 36.5 

Obtuse 34.55 39.0 25.7 

YLC Red 9.09 11.6   4.1   213.7 P˂ 0.001*** 0.70 

Pink 7.27 6.8 8.1 

Light green 67.27 63.7 74.3 

Green 16.36 17.8 13.5 

ALC Light green 14.55 20.5  2.7  143.2 P˂ 0.001*** 0.58 

Green 71.36 74.7   64.9 

Dark green 14.09 4.8 32.4 

Pinkish green 0 0 0 

IND Sparse 33.68 41.1 25.6 20.5 p˂ 0.001*** 0.97 

Intermadiate 23.68 25.0 22.1 

Dense 42.64 33.9 52.3 

SCC Creamish 0 0 0 88.5 P˂ 0.001*** 0.55 

Dull brown 0 0 0 

Brown 60.91 60.3   62.2 

Pale brown 9.55 8.9 10.8 

Dark brown 29.55 30.8 27.0 

SES Spheroid 5 5.5  4.1  79.7 p˂ 0.001*** 0.85 

Ellipsoid 18.18 15.1 24.3 

Oval 31.36 28.1 37.8 

Ovoid 45.45 51.4 33.8 
CRS, crown shape; TGH, tree growth habit; BRD, branching density; BRP, branching pattern; LBLS, 

leaf blade shape; LBS, Leaf base shape; LAS, leaf apex shape; YLC, young leaf color; ALC, adult leaf 

color; IND, inflorescence density; SCC, seed coat color; SES, seed shape; H', normalized Shannon-

Weaver diversity index; ** highly significant difference; *** very highly significant difference. 

Adult leaf color (ALC) 

Three colors (light green, green, dark green) were observed at varying proportions 

on adult leaves (χ2 = 143.19; p ˂ 0.001), with a Shannon-Weaver index H' = 0.58. 

Pinkish green leaves were not observed. The green, light green and dark green 

phenotypes represented 71.36%, 14.55%, and 14.09% of total phenotypes, 
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respectively (Table 4). The light green and dark green modalities differed 

significantly in Bagoué region vs. Tchologo region. Light green was higher in Bagoué 

(20.5%) than in Tchologo (2.7%), whereas dark green was higher in Tchologo 

(32.4%) than in Bagoué (4.8%). 

3.4.1.3. Diversity of inflorescence descriptors 

Inflorescence density (IND) 

Dense, intermediate, and sparse inflorescence densities represented 42.64%, 

23.68%, and 33.68% of the phenotypes, respectively (χ² = 13.71; p = 0.0001) and the 

Shannon-Weaver index was H'= 0.97 (Table 4). The proportion of IND modalities 

differed significantly in the Bagoué and Tchologo regions (χ² = 19.59; p < 0.001). 

Dense and sparse flowering types dominated in Tchologo (55.55%) and Tengréla 

(56.25%) departments, respectively (Figure 9). 

 
Figure 9. Diversity of the flowering characteristics in superior shea trees. Ouangolo, 

Ouangolodougou; Ferké, Ferkéssédougou; T, Tchologo; B, Bagoué. 

3.4.1.4. Diversity of seed descriptors 

Seed coat color (SCC) 

Three of the five possible phenotypes (brown, pale brown, dark brown) were present 

in both regions (χ2 = 88.48; p ˂ 0.001). Creamish and dull brown seed coat colors 

were not observed. The brown phenotype was most common (60.91%), followed by 

dark brown (29.54%) and pale brown (9.55%) (Figure 10; Table 4). The Shannon-

Weaver index was H' = 0.55. The proportions of all SCC modalities were statistically 

similar in the Bagoué and Tchologo regions (χ² = 0.46; p = 0.8). 

 
Figure 10. Seed color. Left, brown; middle, dark brown; right, pale brown. 

Seed shape (SES) 

Three out of four seed shape phenotypes were observed at varying proportions (χ2 

= 79.67; p ˂ 0.001). The ovoid and oval forms were most common (49.54% and 

31.82%, respectively), followed by the ellipsoid phenotype (18.64%). The spheroid 
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shape was not observed. The Shannon-Weaver index was H' = 0.85. The proportions 

of all SES modalities were statistically similar in the Bagoué and Tchologo regions 

(χ² = 7.34; p = 0.06). 

3.4.2. Structuring and clustering based on SST qualitative traits 

The multiple correspondence analysis (MCA) of the qualitative descriptors showed 

that the total inertia was 3.1, with 44 active modalities. The elbow method was applied 

to the 34 eigenvalues obtained in the MCA to select the first three factorial axes for 

the analysis. A significant jump was detected just after the third eigenvalue; therefore, 

the three factorial planes formed by the first three factorial axes of the MCA were 

used. These three axes represented 18.4% of total inertia in the plot, while axes 1, 2 

and 3 represented 6.5%, 6.4%, and 5.5% of the total, respectively. The representation 

of variables in the factorial planes showed that axis 1 crossed with axis 2 and axis 3, 

and axis 2 crossed with axis 3, representing 12.35%, 11.7%, and 11.33% of reality, 

respectively. For each axis, the average theoretical percentage of inertia explained by 

each modality was 2.27% (100%/44). However, the relative contribution of each 

modality to each axis varied considerably (axis 1: 0-17%; axis 2: 0-11.25%; axis 3: 0-

13.25%). Axis 1 was mostly explained by CRS and certain leaf variables (LBLS, LAS, 

YLC, and ALC), axis 2 by LAS, LBLS, and certain growth descriptors (CRS, TGH, 

BRD, and BRP), and axis 3 by certain growth (BRP, TGH, and CRS) and leaf (ALC 

and YLC) descriptors. The variables contributing to the formation of the different axes 

are showed in Figure 11. Following this analysis, we used the nine descriptors listed 

in Table 5 to perform a hierarchical ascending classification (HAC). 

 
Figure 11. Contribution of the qualitative traits to axes 1, 2 and 3 of the multiple 

correspondence analysis (MCA). CRS, crown shape; TGH, tree growth habit; BRD, 

branching density; BRP, branching pattern; LBLS, leaf blade shape; LBS, leaf base shape; 

LAS, leaf apex shape; YLC, young leaf color; ALC, adult leaf color; SCC, seed coat color; 

SES, seed shape. 
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HAC of 220 SSTs separated them into different classes according to their degree of 

similarity based on morphological qualitative traits. The dendrogram obtained from 

Gower’s distance and the unweighted paired groups method of analysis (UPGMA) 

delineated three clusters (Figure 12). These three phenotypic groups represented the 

morphological characteristics of the SST population.  

Group 1 was characterized by ‘Light Green Adult Leaf’, ‘Red Young Leaf’, 

‘Oblique Leaf Blade’, ‘Irregular Branching Patterns’, ‘Spherical Crown’ and 

‘Spreading Tree Growth Habit’; 

Group 2 was characterized by ‘Green Adult Leaf’, ‘Acute Leaf Apex’, ‘Cuneate 

Leaf Blade’ and ‘Narrow Leaf Blade Shape’; 

Group 3 included ‘Retuse or Obtuse Leaf Apex’, ‘Oblong Leaf Blade’, ‘Medium 

Branch Density’ and ‘Erect Tree Growth Habit’. 

 
Figure 12. Clustering of the superior shea tree (SST) sample based on morphological traits 

using the UPGMA method. 

The Wilks test was significant (alpha = 0.01, p < 0.0001), rejecting the null 

hypothesis of equality of the three vector groups, whose characteristics are presented 

in Table 5. 
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Table 5. Clusters and their characteristics. 

Clusters Characteristics Number of 

Superior shea 

trees (SSTs) 

G1 Light green ALC, red YLC, oblique LBS, irregular 

BRP, spherical CRS and spreading TGH 

19 

G2 Green ALC, acute LAS, cuneate LBS and narrow 

LBLS 

52 

G3 Retuse or obtuse LAS, oblong LBLS, medium BRD 

and erect TGH 

149 

CRS, crown shape; TGH, tree growth habit; BRD, branching density; BRP, 

branching pattern; LBLS, leaf blade shape; LBS, leaf base shape; LAS, leaf apex 

shape; YLC, young leaf color; ALC, adult leaf color. 

 
Figure 13. Distribution of individuals from the three groups of SSTs from the Bagoué and 

Tchologo regions. 

Figure 13 shows the dispersion of individuals in the three groups in factorial plans 

1 and 2. Distinct groups were not obtained when the Bagoué and Tchologo regions 

were used as grouping variables, based on the dispersion of individuals in the first two 

factorial planes (Figure 14). 
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Figure 14. Distribution of individuals of SSTs using Bagoué and Tchologo regions as 

groups. 

3.4.3. Evaluation of the sustainability of the in situ SST collection 

3.4.3.1. Trees surviving three years after the setting up of in situ conservation 

Three years after SSTs were identified and in situ conservation was established, 33 

out of 405 trees had died (8.15% of the collection). A higher mortality rate was 

recorded in Bagoué region (11.54%) compared to Tchologo region (4.57%). Kouto 

department (12.07%; Bagoué) had the highest mortality rate, and Kong department 

(2.60%; Tchologo) had the lowest (Figure 15). 

 
Figure 15. Mortality rate of superior shea trees after three years of an in situ conservation 

(Ouangolo, Ouangolodougo; Ferké, Ferkéssédougo; T, Tchologo; B, Bagoué). 
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3.4.3.2. Presence of the parasitic plant Loranthaceae 

Overall, 83.64% of the SSTs had at least one clump of mistletoe. The SSTs of 

Tengréla Department were most impacted, with at least one clump per tree. Kong was 

the least affected department (62.67% infestation rate), followed by Boundiali 

(73.91%). Overall, the trees of Bagoué region were more infested than those of 

Tchologo region, but no significant difference was evidenced (85.34% versus 81.91% 

infestation rates, respectively; Figure 16). 

 
Figure 16. Rates of Superior-shea tree infestation by Loranthaceae (Ouangolo, 

Ouangolodougo; Ferké, Ferkéssédougo; T, Tchologo; B, Bagoué). 

3.5. Discussion 
This study demonstrates that the morphological diversity of the qualitative traits of 

the in situ SST collection of Côte d'Ivoire is high. Most shea tree descriptors (176) 

displayed high diversity (Shannon diversity index – a reliable indicator of trait 

diversity – range: 0.55-0.98). However, in view of the descriptors studied in the 

present work, the Shannon index is a mixture of the number of modalities, the 

frequencies in each of them and especially the easiness to distinguish the different 

modalities of each descriptor. For example, distinguishing the 'dark green', 'green' and 

'light green' ALCs was difficult because of borderline situations with a qualitative 

modality as opposed to a quantitative one. Conversely, scoring the 4 YLC modalities 

(green, light green, pink, and red) was much easier, especially when differentiating 

between red or pink from (light) green. 

The whole range of diversity of the growth descriptors and inflorescence density 

was assessed, even though frequencies were variable and unequal. The SST collection 

was primarily characterized by medium branch density (67%) and intermediate to 

dense inflorescence density (66%). However, inflorescence density was higher in 

Tchologo region than in Bagoué region (52.1% versus 33.9% dense flowering, 

respectively). Lower percentages in Bagoué region might be explained by the low rate 

of dense flowering in Kouto and Tengréla departments (23% each). The high 

percentage of medium branch density might be explained by farmers preferentially 

keeping trees with medium shade to limit potential negative effects like reduced 
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speculative yields in these agro-forestry systems. Shading by shea trees negatively 

impacted maize grain and straw yields (46.64% and 32.8% reductions, respectively) 

compared to exposed areas (177). Four types of crown shape have been identified in 

shea parkland located at Tengréla (99,119). In contrast, we identified six types of 

crown shape, likely due to our survey area being larger. Crown shape can be modified 

by agricultural practices, but competition with other trees may also have an effect; 

however, this explanation is less likely because our study was conducted on isolated 

trees. 

Certain leaf characteristics were not observed in our study, e.g., ovate-oblong LBLS, 

short-attenuate LBS, and pinkish-green ALC. Furthermore, even though young leaves 

exhibited a variety of colors, green dominated (83%) over red/pink (17%). Mature 

leaves were entirely green, without any pinkish-green hue. LBLS was primarily 

characterized by narrow elliptic and oblong shapes (86%), while the remaining five 

types represented only 14%. This study highlights higher trait diversity compared to 

another study (27), possibly due to differences in scale, as our study evaluated SST 

distributions across two major regions as opposed to one park. Only three of the five 

potential seed colors delineated in the IPGRI were found, with brown seeds 

dominating (61%). In contrast, all the four seed shape categories were found, with 

ovoid and oval-shaped seeds dominating (45.45% and 31.36%, respectively). Anyomi 

et al. (2023) reported variations in shea nut shape and recorded two ellipsoid seed 

shapes in 86.32% of the samples (178). This might be explained by farmers 

preferentially selecting certain characteristics, hence a negative selection pressure on 

the others. For instance, local communities can define shea varieties according to 

certain criteria such as fruit size, pulp taste, fruiting period, and seed color (27). 

Seven of the twelve qualitative descriptors were statistically similar the Bagoué and 

Tchologo regions. This could mean that these descriptors are common to the Bagoué 

and Tchologo regions and could be excluded from a potential future similar study 

comparing shea trees in these regions. Others descriptors (CRS, TGH, BRP, ALC and 

IND) were significantly different in the Bagoué and Tchologo regions. These 

differences were mainly linked to tree growth descriptors and could reveal that shea 

trees from the two regions differed in their vegetative growth. This type of 

differentiation is often linked to the farmers' choice to keep the trees on their land, in 

a crop-dependent manner. These differences could also be explained by the difference 

in the number of individuals studied in each region (74 individuals in Tchologo; 146 

in Bagoué): the small number of modalities increased the differences in their 

proportions (Table 4). 

Hierarchical ascending classification based on descriptive morphological 

characteristics was used to structure the trees and generated three clusters. The low 

proportion of variance explained by the first three axes is a characteristic of the MCA, 

which generally gives pessimistic measures of extracted information. The results of 

this analysis should be treated with caution; however, it identified a profile of shea 

trees according to their characteristics that could be used to identify and classify SSTs 

using qualitative descriptors. Diarrassouba (2008) also concluded that the qualitative 

morphological traits of shea trees could be used to discern classes (27). Our results 
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also showed no genetic difference in the qualitative traits of Bagoué region trees 

versus Tchologo region trees.  

Our study also confirmed that the in situ collection is endangered because of a high 

mortality rate and high Loranthaceae infestation (83.64% overall; 85.34% and 

81.91% in the Bagoué and Tchologo regions, respectively). Our results corroborate 

those of (48)), who recorded 87.25% of shea tree infestation by Loranthaceae under 

field conditions. The SSTs of the Kong and Boundiali departments had the lowest 

infestation rates (63% and 74%, respectively); however, infestation rates above 90% 

were measured in other departments. Different levels of shea tree infestation by 

Loranthaceae have been found among departments (49). Furthermore, the shea 

parklands in northern Côte d’Ivoire are infested by two genera of Loranthaceae, 

namely, Tapinanthus bangwensis (Engl. And Krause) Danser and Agelanthus 

dodoneifolius (DC. Polh And Wiens) (45,49). Loranthaceae seeds are mainly spread 

by birds that consume their fruit and excrete them in their feces (49). Because shea 

trees are the major tree species of the West African savanna, they serve as resting 

refuges for many birds; this might explain their high rate of infestation by 

Loranthaceae. Therefore, Loranthaceae represent a major threat to SSTs; yet, the 

spread of this plant species cannot be  controlled, although it is causing significant 

damage to cultivated and wild trees and shrubs (47,179). To reduce damage, annual 

control actions must be implemented, during which Loranthaceae are manually 

removed from the in situ SST collection. However, the long distances separating 

individual trees in the collection would require significant human and financial 

resources to control this biotic stressor. Another solution would be to group individual 

trees of interest in an ex situ collection that could be managed and controlled near a 

research center in Côte d'Ivoire. This approach would also ensure the sustainability of 

the collection by protecting it from other constraints that negatively affect survival. 

Thirty-three SSTs were lost in Bagoué and Tchologo over a 3-year period. 

Consequently, keeping plant genetic resources in situ on farming land poses clear 

management issues. In five shea parklands in Benin, the number of trees per hectare 

decreased by 0, 9, 12, 16 and 37 trees in Bohicon, Savé, Parakou, Bembéréké and 

Kandi, respectively, from 2005 to 2017 (Gnanglè, C. P (2017) cited in Lovett and 

Phillips, 2018) (148). This represents mortality rates of 0%, 34,62%, 44.44%, 39.02% 

and 75.51%, respectively. 

Mortality differed between the Bagoué and Tchologo regions (12% and 5%, 

respectively) over the 3-year period. Farmers stated different reasons for tree mortality 

in the two regions. In Tchologo region, mortality was attributed to the uprooting of 

trees by strong winds. In Bagoué region, multiple reasons were given, including 

uprooting by wind, uprooting by machines during the installation of the new 

electrification network in the region, and cutting down of trees by some farmers who 

considered them to hinder crop growth. Therefore, human actions clearly have a 

strong impact on the loss of shea tree diversity in Côte d’Ivoire. Cubero (1997) 

previously highlighted that in situ conservation sensu stricto is vulnerable. Because 

farmers have the right to grow what they want, this preference will always be driven 

by profitable agriculture (180). Consequently, the collection in its in situ form is 
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threatened. Therefore, alternative, complementary forms of safeguarding must be 

implemented that will preserve diversity over the long term. An ideal solution would 

be to create a core collection in a protected and monitored environment. To 

accomplish this, an analysis of the genetic diversity of the in situ collection is required 

using single nucleotide polymorphism (SNP) markers to optimize its genetic diversity 

(181). This genetic diversity analysis will be important for long-term improvement of 

shea trees and future studies using genomic selection like marker-assisted selection 

(MAS) and genome-wide association study (GWAS) (25). 

3.6. Conclusions 
This study demonstrates that the qualitative morphological traits of SSTs display 

high genetic diversity across two regions in Côte d'Ivoire. This important diversity 

constitutes a heritage that must be preserved for future generations. However, current 

in situ conservation efforts are not sufficient to ensure sustainable conservation 

because farmers are under pressure to produce crops. Biotic constraints (i.e., 

Loranthaceae infestation on most trees) and abiotic constraints (i.e., wind and human 

actions) endanger the SST population both in the short and medium term. Monitoring 

is required to ensure long-term conservation. Based on these results, we recommend 

the creation of an ex situ collection that could be managed by a research center to 

guarantee sustainability. Furthermore, we recommend selecting a core collection 

based on the molecular diversity of SSTs to maximize the genetic diversity of this 

collection.  
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Chapter 4. Molecular diversity analyses and core 

collection constitution 
Chapter 3 highlighted the limitations of in situ conservation for shea trees. To ensure 

the preservation of this genetic heritage and address future needs, establishing an ex 

situ collection is essential.  

Managing and maintaining such a collection requires significant human and 

financial resources, which are often limited. Therefore, it is crucial to reduce the 

number of individuals to facilitate its management. 

However, this reduction in the number of genotypes must not come at the expense 

of genetic diversity, which serves as the foundation for any conservation and breeding 

program. 

Thus, an optimal core collection must meet two fundamental criteria: 

1. A reduced size to ensure efficient management. 

2. Maximum genetic diversity to preserve its potential for improvement. 

In recent years, molecular markers have revolutionized species identification and 

provided powerful tools for creating a reduced yet genetically representative core 

collection. Among these markers, Single Nucleotide Polymorphisms (SNPs) stand out 

for their high precision in measuring genetic diversity. 

A key prerequisite for any molecular study is the extraction of high-quality genomic 

DNA. A literature review and preliminary DNA extraction tests revealed a lack of 

effective protocols for extracting high-quality shea tree DNA, highlighting a major 

methodological gap in shea molecular research. 

This chapter is divided into two parts: 

1. Development of an optimized DNA extraction protocol for shea tree 

leaves and roots. While an efficient protocol was successfully developed, the 

leaf samples for SNP analysis were ultimately sent directly to the sequencing 

company, which opted to perform the DNA extraction themselves to ensure 

full control over the analytical process. Nonetheless, this protocol remains a 

valuable tool for future shea tree research. 

2. Analysis of genetic structure, diversity and core collection constitution.  

Analyses were performed in a population of 333 superior shea trees (SSTs) 

from the Bagoué, Hambol, Poro, and Tchologo regions, using SNP markers. 

These regions were selected due to their importance in shea cultivation and 

their representation of diverse ecological conditions. The core collection were 

established based on both morphological traits and allelic diversity, ensuring 

the representation of both genetic and phenotype variations. 

Through the integration of molecular tools and conservation strategies, this chapter 

contributes to a deeper understanding of the genetic landscape of superior shea trees 

in Côte d’Ivoire. The findings presented here provide a solid foundation for the 

development of effective breeding programs and the sustainable management of shea 
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genetic resources, supporting both biodiversity conservation and the economic 

empowerment of communities reliant on this vital species. 

The results of this chapter have been published in:  

Attikora AJP, Silué S, Yao SMD, De Clerck C, Shumbe L, Diarrassouba N, Fofana 

IJ, Alabi T, Lassois L. An innovative optimized protocol for high-quality genomic 

DNA extraction from recalcitrant Shea tree (Vitellaria paradoxa, C.F. Gaertn) plant 

and its suitability for downstream applications. Mol Biol Rep 51, 171 (2024). 

https://doi.org/10.1007/s11033-023-09098-6 

Attikora AJP, Yao SMD, Dago DN, Silué S, De Clerck C, Kwibuka Y, 

Diarrassouba N, Alabi T, Achigan-Dako EG, Lassois L. Genetic diversity and 

population structure of superior shea trees (Vitellaria paradoxa subsp. paradoxa) 

using SNP markers for the establishment of a core collection in Côte d’Ivoire. BMC 

Plant Biol 24, 913 (2024). https://doi.org/10.1186/s12870-024-05617-0 
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4.1. An innovative optimized protocol for high-quality 

genomic DNA extraction from recalcitrant Shea tree 

(Vitellaria paradoxa C.F. Gaertn) plant and its 

suitability for downstream applications 
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4.1.1. Abstract 
Background: It is not always easy to find a universal protocol for the extraction of 

genomic DNA (gDNA) from plants. Extraction of gDNA from plants such as shea 

with a lot of polysaccharides in their leaves is done in two steps: a first step to remove 

the polysaccharides and a second step for the extraction of the gDNA. In this work, 

we designed a protocol for extracting high-quality gDNA from shea tree and 

demonstrate its suitability for downstream molecular applications. Methods: Fifty 

milligrams of leaf and root tissues were used to test the efficiency of our protocol. The 

quantity of gDNA was measured with the NanoDrop spectrometer and the quality was 

checked on agarose gel. Its suitability for use in downstream applications was tested 

with restriction enzymes, SSRs and RAPD polymerase chain reactions and Sanger 

sequencing. Results: The average yield of gDNA was 5.17; 3.96; 2.71 and 2.41 µg 

for dry leaves, dry roots, fresh leaves and fresh roots respectively per 100 mg of tissue. 

Variance analysis of the yield showed significant difference between all tissue types. 

Leaf gDNA quality was better compared to root gDNA at the absorbance ratio A260/280 

and A260/230. The minimum amplifiable concentration of leaf gDNA was 1 pg/µl while 

root gDNA remained amplifiable at 10 pg/µl. Genomic DNA obtained was also 

suitable for sequencing. Conclusion: This protocol provides an efficient, convenient 

and cost effective DNA extraction method suitable for use in various vitellaria 

paradoxa genomic studies.  

Keywords: DNA purity; Downstream applications; genomic DNA extraction 

protocol; Polymerase chain reaction; Sanger sequencing 
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4.1.2. Introduction 
Shea, vitellaria paradoxa, is a tropical plant with a thick and resistant leaf. It belongs 

to the Sapotaceae family and grows naturally between eastern Senegal and western 

Ethiopia across 21 countries (10,167). The shea sector is growing rapidly and 

represents a major source of income for all stakeholders. Several parts of the shea tree 

are used, but the most coveted product is shea butter (99). The high global demand 

for this product in recent decades has generated a lot of interest among stakeholders 

who are trying to organize shea tree sector in order to make it sustainable and 

productive. The exported butter is destined for the cosmetic, chocolate and 

pharmaceutical industries (21) due to its high unsaponifiable matter content (5-7%) 

and physico-chemical properties similar to those of cocoa butter (129). However, 

because of its wild character, many shea trees in shea parklands are not good 

producers. In addition, abiotic and biotic threats have led to the shea tree being 

declared a vulnerable species (26). Several identifications and core collections 

creation programs have been initiated in the countries where the plant grows (60). 

However, in order to create core collections, the identified individuals must be 

characterized at the molecular level to retain the real diversity. 

Obtaining a high quality DNA is a prerequisite for all molecular downstream 

analyses. Although high-quality DNA extraction from most plants can be carried out 

according to simple protocols know to all or by the use of universal commercial kits, 

for some recalcitrant plants the task becomes much more laborious. Several 

recalcitrant species-specific optimized protocols have been developed to access high-

quality DNA of plant species such Taxus baccata, Butela pendula, Quercus brantii, 

Eugenia dysenterica, Coffea sp, and Annona reticulata (182–187). However, none of 

the published methods have been shown to be universally applicable to all plant 

varieties (184,188). Therefore, researchers must modify or combine different 

protocols to obtain the desired DNA quality depending on the manipulation being 

considered and the plant material. Varma et al. published a review summarizing the 

factors influencing extraction efficiency in terms of quantity and quality of obtained 

DNA from recalcitrant plants (188). These factors are: source material, processing 

(age and type of tissue, collection and storage and homogenization) and the presence 

of contaminants (polysaccharides, polyphenols, proteins and RNA and non-nuclear 

DNA). For almost two decades, shea DNA obtained using different DNA extraction 

protocols, has been used in molecular studies to assess its genetic diversity.  Most of 

those studies have revealed difficulties with extraction and problems with DNA 

quality (14,23–25,50,52,123–125,189,190) probably due to the presence of 

contaminants such as polysaccharides in the DNA. Recurrent problems with the 

quality of DNA extracted from Shea trees are hampering the development of 

knowledge about this species using modern analytical techniques such as high-

throughput sequencing. A high-quality DNA extraction protocol is thus essential for 

characterizing and analyzing the genetic diversity of this endangered species. 

In this study, we designed a) a cost effective and affordable method for Shea tree 

high-quality gDNA extraction, based on one-step protocol for root tissues and on a 
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two-step protocol for leaf tissues: polysaccharides elimination and DNA extraction; 

b) demonstrated the suitability for use of the extracted DNA in downstream 

applications such as PCR, molecular marker assays (RAPD, SSR) and sanger 

sequencing. 

This protocol has taken into account root tissues because roots are available all the 

year compared to leaves and could also be used for mycorrhizal studies. 

4.1.3. Materials and methods 
4.1.3.1. Plant material 

The biological material consisted of: 

- Dry root and mature leaf: leaves were collected from mature shea producing 

trees (>15 years old) in Côte d’Ivoire between June and July 2021 and roots 

were collected on 24-months-old shea plants grown in laboratory greenhouse 

and dried with Silica gel; 

- Fresh root and mature leaf: leaves and roots were collected on 24-months-old 

shea plants grown in laboratory greenhouse. 

4.1.3.2. DNA Extraction protocols 

Three extraction methods were applied to extract DNA from shea leaf and root 

tissues: the Doyle and Doyle 1987 CTAB protocol (191); the DNA extraction protocol 

published by, Youssef et al. for recalcitrant plant (192); and a novel two-step 

innovative protocol for improving gDNA extraction from Shea, hereafter referred to 

as the “innovative shea DNA extraction protocol”. Fifteen samples were used for each 

protocol. 

For DNA extraction from root, the polysaccharides elimination step is not necessary 

to obtain high quality DNA. Only step 2 of the protocol is required. 

4.1.3.3. The Innovative shea DNA extraction protocol 

Reagents: 

Polysaccharide elimination buffer: 15mM Tris-HCl, 2mM EDTA, 80mM KCl, 

20mM NaCl, 0.5% x 100-Tritone, bring the solution to pH = 9, and add 0.1% β –

mercaptoethanol 

DNA extraction buffer: 0.1M Tris-HCl, 0.05M EDTA, 2M NaCl, 1%(w/v) 

Polyethylene Glycol 8000 (PEG), 0.5%(w/v) Sodium metabisulfite, 2% (w/v) 

Polyvinyl pyrrolidone (PVP) and 0.2% (w/v) Polyvinylpolypyrrolidone (PVPP), bring 

the solution to pH = 8. 

Step1: Polysaccharides elimination  

Fifty milligrams of mature shea leaves were ground using a mortar and pestle chilled 

with liquid nitrogen. The ground sample was transferred into a 2 ml Eppendorf tube 

and 1.8 ml of polysaccharide elimination buffer, adapted from Ky et al. (187) was 

added and vortexed to mix. The extract was then incubated   for 5 minutes at room 

temperature in an Eppendorf rotator with shaking .The extract was subsequently 

centrifuged for 10 minutes at room temperature at 5000 rpm and the supernatant was 

discarded. The process was repeated twice, however, without the incubation step. The 
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samples were used directly in step 2: “Nuclei Lysis and DNA Extraction” hereafter. 

Alternatively, they could be stored at -20°C for later or continue directly with step2. 

Step2: Nuclei lysis and DNA extraction 

The protocol for nuclei lysis and DNA extraction was adapted from the protocol of 

Youssef et al. (192), after major modifications. To each polysaccharide eliminated 

sample, 900 µl of the extraction buffer and 100 µl of SDS (20%) was added .The tubes 

were vortexed vigorously and placed on ice for 5 minutes, after which they were 

incubate in a water bath at 65°C for 30 minutes and then placed back on ice for 5 

minutes. To each sample tube, 400 µl of 5 M potassium acetate (pH 8) was added, 

mixed gently and placed on ice for another 5 min. The samples were centrifuged at 

14000 rpm for 15 min at 10°C and the supernatant was transferred to a new 2 ml tube.  

5 µl of RNAse A (10 mg/ml) was added to each tube and incubated at 37°C for 30 

minutes. To precipitate the DNA, an equal volume of cold isopropanol was added to 

each tube, mixed by gently inverting the tubes, and incubate at -20°C for 15 minutes. 

The samples were then centrifuge at 14000 rpm for 15 min at 4°C. The supernatant 

was discarded and the pellet was washed twice with 500 µl of cold 70% ethanol at 

14000 rpm for 3 minutes. The pellet was allowed to completely dry and dissolved in 

600 µl of TE buffer. The suspension was again centrifuged at 14000 rpm for 10 min 

at 10°C and the supernatant was transferred to a new 1.5 ml tube. Equal volume of 

cold isopropanol and volume of 30 µl of sodium acetate (3 M, pH 5.2) were added to 

the supernatant and the precipitation steps were repeated. After centrifugation, the 

pellet was allowed to completely dry, then dissolved in 100 µl of ddH2O. 

4.1.3.4. DNA quantity and quality evaluation 

Electrophoresis 

Genomic DNA presence and quality were evaluated for the three methods by 

electrophoresis on 1% agarose gel using 1X TAE (Tris-base, acetic acid, EDTA) 

buffer. Gelred was used as the intercalating agent at a final concentration of 0.1 μl/mL. 

Spectrophotometer evaluation for the innovative Shea DNA extraction 

protocol 

The quantity and quality of DNA extracted from leaf and root samples using the 

“innovative shea DNA extraction protocol” were evaluated at 230, 260 and 280 nm 

wavelengths using a spectrophotometer (NanoDrop, Thermo Scientific Type UV1, 

England) (193). The yield of genomic DNA from 100 mg of tissue was estimated 

according to the following equation: 

𝑦 = 2𝑥 ∗ 𝑣, 

 where y is the estimated yield, x represents the quantity of gDNA converted into 

micrograms per microliter (µg/µl) and v represents the volume of ddH2O used to dilute 

the gDNA. 

Optimized dilution test 

Twenty samples of 10 ng/µl DNA obtained from leaf and root tissues using our 

extraction protocol, were used for the dilution test. This test allowed to determine the 

smallest amplifiable DNA concentrations from the respective tissues, for molecular 

studies. Five 10-folds serial dilutions (1; 0.1; 0.01; 0.001; 0.0001ng/µl) dilutions were 
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made from the initial dilution (10 ng/µl). Quality and the intensity of the PCR product 

from the diluted DNA were checked on agarose gel. 

Downstream applications 

To determine the suitability of gDNA for downstream applications, several tests 

such SSR and RAPD PCR amplification, restriction enzymatic and Sanger sequencing 

were performed. 

SSR markers amplification 

Five SSR markers (mCIRvp8, mCIRvp28, mCIRvp70, mCIRvp134, mCIRvp159) of 

Vitellaria paradoxa identified by Allal et al. (189) were used to verify the quality of 

the extracted DNA for use in  PCR reaction. The Sequences of the PCR primers used 

and their characteristics are shown in Table 6. PCR amplification was performed in 

10 µl total volume: 5 µl of Go Taq Green Master Mix (2X), 0.5 µl (10 pmol/µl) of 

each primers F and R, 1 µl of DNA template (10 ng/µl) and 3 µl of sterile distilled 

water. The PCR run program was carried out under the following conditions: 

Denaturation of DNA at 94 °C for 4 min, followed by 30 cycles of amplification 94 

°C for 30 s, 45 s at the primer’s optimized annealing temperature (Table 6), and 72 

°C for 1 min and a final extension at 72 °C for 5 min. The presence or absence of the 

amplified marker was checked by electrophoresis on 1% agarose gel ran at 180 V for 

20 min in 1X TAE (Tris-base, acetic acid, EDTA) buffer. The gel was stained with 

0.1μl/mL gelred for DNA visualization. 

Table 6. List of the SSR and RAPD primers and characteristics 

Tm(°C): Annealing temperature, F: forward, R: Reverse 

SSR 

Locus Primer sequence Tm 

(°C) 

Repeat 

motif 

Allele size 

range (bp) 

mCIRv

p8 

F : 5’AATTCATTGGAGGACAGCA 3’ 56.1 (TG)12 310-316 

R : 5’ACACCAATCGCAACACAG 3’ 

mCIRv

p28 

F : 5’ATTGTTAGTTATGGTTTTGG 3’ 

R : 5’TGATTTGCTATTTTGCTTAC 3’ 

50.0 (CA)6 162-170 

mCIRv

p134 

F : 5’CTCTTCTCCTCCCCTTCAAC 3’ 50.0 (TG)10 292-298 

R : 5’ACCATAATCCCTCAGCAATC 3’ 

mCIRv

p159 

F : 5’CACGAAGAAATATGCTG 3’ 56.1 (TG)5,(GT

)6,(GA)10,

AA(GA)3 

240-268 

R : 5’ATGGATTGCTTTAGGTG 3’ 

mCIRv

p70 

F : 5’ TGCCCAACAAGAGAGTC 3’ 50.0 (AG)13 254-264 

R : 5’ ACCTCATAAAATCCCCAC 3’ 

RAPD 

Locus Primer sequence Tm (°C) 

OPB7 5’GGT GAC GCA G 3’ 34  

OPB10 5’CTG CTG GGA C 3’ 34  

OPB17 5’AGG GAA CGA G 3’ 32  

OPC8 5’TGG ACC GGT G 3’ 34  

OPF12 5’ACG GTA CCA G 3’  32  
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Shea tree gDNA restriction digestion analysis 

Two hundred nanograms of gDNA from fresh and dry tissues were digested using 

5U each of two enzymes, HindIII (NEB #R3104) and EcoRI (NEB #R3101), at 37°C 

for 4 hours, according to the manufacturer’s protocol (NEB, USA) and results was 

visualized on 1% agarose gel. 

RAPD markers amplification 

Five RAPD markers were used to test the amplification efficiency of our DNA. PCR 

amplification was carried out in 15 µl total volume: 7.5 µl of Go Taq Green Master 

Mix (2X), 1 µl of the RAPD single primers (Table 5) (10 pmol/µl), 1µl of DNA 

template and 5.5 µl of sterile ddH2O. The PCR program was performed under the 

following conditions: Denaturation: 4 min at 94°C followed by 45 cycles 

[Denaturation 1 min at 94°C, Fixation 1 min at 32 or 34°C depending on the primer, 

Elongation 2 min at 72°C], terminal elongation for 10 min at 72°C and holding time 

at 4°C. The amplified fragments were separated on a 1.5% agarose gel (Gel Doc XR+ 

system; BIO RAD model Universal Hood II). 

Sanger sequencing 

Five genomic DNA samples from leaf tissue with an average concentration of 10 

ng/µl were Sanger sequenced using 4 SSRs markers; mCIRvp8, mCIRvp70, 

mCIRvp134 and mCIRvp159 (Table 6), as sequencing primers. 

4.1.3.5. Data analysis 

The data were analyzed by R software version 4.2.2. Analysis of variance was used 

to test the difference between the mean concentrations and the ratio A260/280 and A260/230 

of the different tissues. Post-hoc pairwise multiple comparisons were performed to 

determine treatments that were significantly different at the 95% using Tukey HSD 

test. 

The sequences obtained by Sanger sequencing were used for sequence alignment in 

NCBI with the program BLASTn. 

4.1.4. Results 
4.1.4.1. DNA extraction protocols comparison 

The results obtained on the agarose gels show that shea genomic DNA was extracted 

using all protocols.  DNA bands of sizes above 10 kb were observed on the agarose 

gel for samples from all DNA extraction methods (Figure 17a, b and c). However, the 

genomic DNA obtained from the protocols of CTAB and Youssef et al. (Figure 17a 

and Figure 17b respectively) were degraded gDNA (smears) compare to our protocol 

showing high molecular weight gDNA, intense bands and clear gel wells (Figure 17c). 

By testing our "innovative shea DNA extraction protocol” on young shea tree leaves, 

we came with the same results as mature leaves without the step 1 (elimination of 

polysaccharides) of the protocol (data not shown here). 

https://www.neb.com/en/products/r3104-hindiii-hf#Product%20Information
https://international.neb.com/products/r3101-ecori-hf
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Figure 17 Electrophoresis analysis of gDNA obtained from different protocols. fresh root 

(wells 1 to 3), fresh leaf (wells 4 to 6), dry leaf (wells 7 and 8) and dry root (wells 9 and 10) 

tissues using the (a) the CTAB protocol, (c) Youssef et al.  protocol and (c) our ”Shea DNA 

extraction protocol”. M = Molecular weight markers (Fast DNA ladder) and SSR markers 

PCR amplification of DNA extract with (d): CTAB protocol; (e): Youssef et al., (2015) 

protocol; (f): “Shea DNA extraction protocol” 

Furthermore, Polymerase chain reaction (PCR) using SSR markers was performed 

on the gDNA from the different protocols. No amplification was observed in the PCR 

reactions using DNA obtained from the CTAB protocol (Figure 17d), only three out 

of eight gDNA samples obtained using the protocol of Youssef et al. were amplified 

in the PCR reaction (Figure 17e), whereas all gDNA obtained using our “innovative 

shea DNA extraction protocol” were amplified (Figure 17f). 

4.1.4.2. DNA quality and yield performances of the “innovative shea DNA 

extract protocol” 

Quality: 

The purity of shea gDNA isolated from root and leaf tissues was checked with the 

NanoDrop spectrophotometer at different wavelengths (230, 260 and 280). The 

absorbance ratios at A260/280 and A260/230 were then estimated (Table 7).  

Results showed that A260/280 ratios of DNA from the root tissues were low (fresh 

root: 1.35 and dry root: 1.46) whereas those from the leaf tissues were high (fresh leaf: 

1.75 and dry leaf: 1.63). Analysis of variance showed a significant difference in 

A260/280 ratio between tissue types (F: 65.2; p < 0.001). Tukey’s HSD post hoc test 

revealed that all means are different (Table 7).  

The ratio A260/230 was 1.97; 1.79; 1.8 and 1.89 for fresh leaf, fresh root, dry leaf and 

dry root respectively. This ratio A260/230 showed no significant differences ( F:0.03; p 

= 0.87) between tissue types (Table 7). 
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Quantity: 

The results showed a higher average yield of gDNA in the dry leaf samples with 

5.17µg/100mg of tissue. Dry root and fresh leaf average gDNA yields was 

3.96µg/100mg and 2.71µg/100mg tissue, respectively. The smallest average yield of 

gDNA was in fresh root with 2.42 µg/100mg of tissue (Table 7). The ANOVA of the 

average yields showed a significant difference between tissue types (F: 153.9; 

p<0.001). 

Table 7. Shea tree tissue types, gDNA concentration and A260/280 and A260/230 ratios 

FL: Fresh Leaf, DL: Dry Leaf, FR: Fresh Root and DR: Dry Root, Min: minimum, Max: maximum. 

Means that have the same letter are not statistically different, ***: high significant difference, SE = 

standard deviation. 

Optimized dilution of the gDNA 

The dilution of gDNA from the root showed optimal amplification at the 

concentration 1ng/µl. Indeed, at this concentration all samples were amplified with 

intense and well visible bands. Concentrations 0.1ng/µl and 0.01ng/µl were amplified 

but with sometimes less intense bands (Figure 18c). However, at the concentration 

1pg/µl, there was no amplification. 

For leaf tissue DNA, from the initial dilution after extraction to the 104 folds 

dilution, the gDNA was amplified. The best bands were found at concentrations 10; 

1; 0.1 and 0.001ng/µl (between initial dilution and 103 dilution). However, the 104 

dilution (1pg/µl) showed a clear band but the intensity of the band was low. The 

concentration 0.1pg/µl did not show a band (Figure 18b). 

 

 

 

Quantity 

Tissue 

Type 

Number 

of 

samples 

Min 

(ng/µl) 

Max 

(ng/µl) 

Mean 

(ng/µl) 

Yield 

(µg/100mg) 

F P 

FL 45 8.33 18.07 13.53±2.65a 2.71±0.41a 153.9 P<0.001*** 

DL 54 20.28 35.62 25.84±2.86b 5.17±0.9b 

FR 45 9.76 14.91 12.08±1.65c 2.42±0.35a 

DR 52 14.27 24.72 19.8±2.66d 3.96±0.86c 

Quality 

Tissue 

type 

Number 

of 

samples 

A260/280 ± 

SE  

F P A260/230 ± 

SE  

F P 

FL 45 1.75±0.17d 65.2 P> 

0.001*** 

1.97±0.4a 0.03 0.87 

DL 54 1.63±0.26c 1.8±0.72a 

FR 45 1.35±0.14b 1.79±0.51a 

DR 52 1.46±0.14a 1.89±0.22a 
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Efficiency for downstream applications  

Analysis of gDNA quality by enzymatic digestion 

The gDNA of dry and fresh leaf and root from shea tree was checked by a restriction 

digestion using HindIII and EcoRI. Extensive smears were obtained in wells 

containing gDNA and restriction enzymes whereas wells containing only gDNA did 

not show degradation (Figure 18d). 

 
Figure 18. Electrophoresis gel of amplified SSR, RAPD makers and enzymatic digestion. 

a) PCR amplification of SSR markers of the gDNA of Shea tree. b and c) Efficiency for PCR 

amplification of shea tree gDNA after dilution (b: leaf sample and c: root sample), d) 

Digestion of gDNA by the restriction enzymes EcoRI and HindIII. 1; 2 and 3 are undigested 

gDNA, e and f) RAPD amplification of the gDNA of Shea tree. e: root samples and f: leaf 

samples; M: DNA fast Ladder. 

Analysis of gDNA quality by PCR 

Polymerase chain reaction (PCR) was used to target different microsatellites loci 

from Vitellaria paradoxa gDNA.  All samples from leaf tissue (Fresh and Dry) were 

successfully amplified. PCR showed microsatellites genes fragment with a clear and 

sharp band (Figure 18a). However, PCR performed on root gDNA gave only 10% 

amplification with initial dilution. 

RAPD amplification test  

Optimized gDNA concentration was used to amplify RAPD markers on root and 

leaf DNA. The results showed clear and intense bands for all samples (Figure 18e 

and Figure 18f). 
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Sanger sequencing 

The sequences obtained after sequencing and blasted in NCBI confirmed that they 

belonged to the vitellaria paradoxa species. Indeed, Sequences only produced 

significant alignments to shea tree SSRs markers described by Allal et al (2008) in 

NCBI GenBank (Table 8). Identity percentage varied from 83.47 to 99.21% with an 

E-value from 3e-55 to 3e-121 and a query cover from 94 to 99% for the four SSR 

markers used in this study (Table 8). These results confirm clearly that gDNA 

obtained from the “innovative Shea DNA extraction protocol” is suitable for 

sequencing. 

Table 8. Sequence alignment characteristics of our samples with vitellaria paradoxa 

species in NCBI 

Samples Characteristics mCIRVP8 mCIRVP70 mCIRVP134 mCIRVP159 

A Query Cover 97% 98% 99% 95% 

E-Value 3e-64 1e-67 1e-87 1e-61 

Identity 83.47% 92.97% 94.64 92% 

B Query Cover 97% 97% 95% 95% 

E-Value 3e-121 1e-86 1e-93 2e-57 

Identity 99.21% 96.08% 94.35% 87.05% 

C Query Cover 98% 98% 97% 94% 

E-Value 3e-115 6e-84 5e-79 3e-55 

Identity 97.62% 95.63% 91.77% 87.08% 

D Query Cover 97% 95% 98% NA 

E-Value 7e-110 1e-66 4e-93 NA 

Identity 97.18% 89.45% 95.58% NA 

E Query Cover 98% 98% 96% 96% 

E-Value 1e-112 3e-87 3e-95 2e-58 

Identity 97.59% 97% 95.54% 86.15% 

Values in bold in the table represent the highest and lowest values of the blast results in 

NCBI. NA: Not available. 

4.1.5. Discussion 
Due to the high polysaccharide content of the shea leaf, it is recalcitrant to direct 

DNA extraction with CTAB (191) or MATAB. Direct extraction with these buffers 

resulted in a gelatinous pellet with DNA signifying the presence of polysaccharides. 

Downstream applications (PCR and enzymatic digestion) using the genomic DNA 

extracted with those methods appeared limited. 

In order to obtain high gDNA quality from recalcitrant shea tree, three extraction 

methods were compared. The results displayed on agarose gel showed that the quality 

of the gDNA obtained from the protocols of CTAB and Youssef et al. were inferior 

to the quality of the gDNA from our protocol, as shown by the degraded DNA 

(smears) in Figure 17a, Figure 17b and Figure 17c respectively. The presence of smear 

is a sign of degradation of the extracted DNA which could easily affects the quality 

of the subsequent molecular applications (184). These results indicate that our 

protocol provides high gDNA quality without degradation. 
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Furthermore, all gDNA from our protocol were amplified by PCR whereas the 

others were not. This trend was observed in PCR on Allium and Helianthus species 

gDNA obtained using different DNA extraction methods (194). Polymerase chain 

reaction (PCR) with SSR markers performed on the genomic DNA from the different 

protocols indicated that the extraction method had an influence on the PCR 

amplification success (195). So, our protocol allows to obtain better quality of gDNA 

from shea compared to the protocol of Youssef et al. (192) and the CTAB protocol 

(191). Based on these results, our protocol “innovative shea DNA extraction protocol” 

was retained for the further parts of this study. 

The purity of the gDNA from leaf and root obtained by our protocol was assessed. 

The absorbance ratio A260/280 of leaf’s gDNA was high (dry leaf: 1.63 ± 0.26 and fresh 

leaf: 1.75 ± 0.17), while that of root was low (fresh root: 1.35 ± 0.14 and dry root: 

1.46 ± 0.14). Rezadoost et al. obtained equal A260/280 ratio for root and leaf DNA in 

Betula and Grape species (185). In contrast, Ahmadi et al. obtained high A260/280 ratio 

of root genomic DNA compare to leaf’s genomic DNA in Persian oak species (186). 

The low ratio A260/280 of the root in our study could indicate the likely presence of 

proteins in the DNA extracted. This could be solve by adding protease to degrade 

DNA-associated proteins and other cellular proteins (196). However, although the 

ratio A260/280 value of 1.8 indicates high purity of the DNA, other studies have 

demonstrated that DNA with A260/280 ratio between 1.3 and 1.8 can be amplified 

(188,197). 

The ratio A260/230 was 1.97; 1.79; 1.8 and 1.89 for fresh leaf, fresh root, dry leaf and 

dry root respectively and did not show significant effects on this purity parameter of 

the gDNA between tissue types. Stulnig et al. (193) reported that the absorbance at 

230 nm should be half the value at 260 nm to give a ratio A260/230 of nearly 2 and a 

significant absorbance at 230 nm indicates contamination by phenolate ions, 

thiocynates and other organic compounds. Fresh shea leaf tissue in this study gave 

similar values to the standards DNA quality at both A260/280 and A260/230 ratios (1.75 

and 1.97 respectively).  Our protocol was effective in yielding higher quality DNA in 

shea. Similar range of quantity and quality were observed with DNA extracted from 

a panel of Cerrado plant species and Bryophytes species (198,199). The high quantity 

of genomic DNA obtained in the dried tissues compared to the fresh tissues can be 

explained by the higher quantity of dry matter in the dried tissues. 

By using restriction enzymes such as HindIII and EcoRI on the gDNA, extensive 

smears were observed, showing that the gDNA was digested, and could be used for 

Southern Blot analysis (Figure 18d). Therefore, the quality and purity of the gDNA 

is sufficient for use in downstream restriction enzymatic reactions, such as restriction 

fragment length polymorphism (RFLP) and amplified fragment length polymorphism 

(ALFP) (192,197,200,201). 

Successful PCR amplification of the leaf samples indicated that the gDNA was of 

high quality at the initial concentration (10ng/µl). However, we obtained 100% of 

amplification of root gDNA when diluted 10 folds (1ng/µl) and could indicated that 

the concentration of inhibitors decreases when the gDNA is diluted, which allows the 

primers to reach their binding site easily. Failure of amplification at initial dilution 
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could be due to the presence of proteins, as indicated by the low A260/280 ratio (1.34) . 

The sample type  had a high effects on the PCR amplification success. Our results 

were consistent with results obtained by others authors who observed  that the sample 

type had a higher influence on the PCR amplification success than the choice of the 

extraction method (194,195). At the 1pg/µl concentration, there was amplification for 

leaf gDNA, while no amplification was observed for root gDNA at the same 

concentration.  This indicates that the concentration of DNA used in PCR depends on 

the type of tissue, the quantity and quality of DNA as well as the amount of secondary 

compounds remaining in the DNA extract (195). It should be noted that the 

electrophoresis conditions applied in this work were not suitable for separating SSR 

fragments. However, this has no negative impact on the value of the results presented 

in this study, since the objective of this part was not to genotype the samples. 

All gDNA optimized concentration from leaf and root samples were well amplified 

with RAPD markers, showing polymorphic, sharp and scorable bands. Similar results 

were shown in other efficient protocols for gDNA extraction on recalcitrant plant 

species (185,202). Our protocol can therefore be used to isolate high-quality DNA 

from shea tissues, suitable for hybridization studies using assisted selection molecular 

markers such as RAPD markers (202). 

The results obtained from Sanger sequencing confirm clearly that gDNA from the 

“innovative Shea DNA extraction protocol” is of high quality and suitable for 

sequencing, as shown by sequencing data highly matching the  genomic sequence of 

shea in NCBI. High concentration of NaCl (2M) combined with the used of PVP (2%) 

directly in the extraction buffer which efficiently remove polysaccharides and 

polyphenol and DNA precipitating with isopropanol and sodium acetate help to obtain 

gDNA in an intact form (182,202). 

4.1.6. Conclusion 
With this study we provide a protocol for the extraction of high quality of gDNA 

from recalcitrant shea to be employed in characterizing genetic diversity in shea tree 

population. The leaf gDNA was of higher quantity and quality than the root gDNA. 

Sanger sequencing of the SSRs markers confirm the high quality of the genomic DNA 

obtained with our “Innovative DNA extract protocol” through the high identity to the 

sequence of Vitellaria paradoxa species in NCBI. This protocol could be extended to 

other plant species where high polysaccharide content hinders good quality DNA 

extraction. 
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4.2. Genetic diversity and population structure of 

superior shea trees (Vitellaria paradoxa subsp. 

paradoxa) using SNP markers for the establishment of 

a core collection in Côte d’Ivoire 

This part is an original research article published in BMC Plant Biology Volume 

24; October, 1st  2024 https://doi.org/10.1186/s12870-024-05617-0. 
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4.2.1. Abstract 
Background: The shea tree is a well-known carbon sink in Africa that requires a 

sustainable conservation of its gene pool. However, the genetic structure of its 

population is not well studied, especially in Côte d’Ivoire. In this study, 333 superior 

shea tree genotypes conserved in situ in Côte d’Ivoire were collected and genotyped 

with the aim of investigating its genetic diversity and population structure to facilitate 

suitable conservation and support future breeding efforts to adapt to climate change 

effects. Results: A total of 7,559 filtered high-quality single nucleotide 

polymorphisms (SNPs) were identified using the genotyping by sequencing 

technology. The gene diversity (HE) ranged between 0.1 to 0.5 with an average of 

0.26, while the polymorphism information content (PIC) value ranged between 0.1 to 

0.5 with an average of 0.24, indicating a moderate genetic diversity among the studied 

genotypes. The population structure model classified the 333 genotypes into three 

genetic groups (GP1, GP2, and GP3). GP1 contained shea trees that mainly originated 

from the Poro, Tchologo, and Hambol regions, while GP2 and GP3 contained shea 

trees collected from the Bagoué region. Analysis of molecular variance (AMOVA) 

identified 55% variance within populations and 45% variance within individuals, 

indicating a very low genetic differentiation (or very high gene exchange) between 

these three groups (FST = 0.004, gene flow Nm = 59.02). Morphologically, GP1 

displayed spreading tree growth habit, oval nut shape, higher mean nut weight (10.62 

g), wide leaf (limb width = 4.63 cm), and small trunk size (trunk circumference = 

133.4 cm). Meanwhile, GP2 and GP3 showed similar morphological characteristics: 

erect and spreading tree growth habit, ovoid nut shape, lower mean nut weight (GP2: 

8.89 g; GP3: 8.36 g), thin leaf (limb width = 4.45 cm), and large trunk size ( GP2: 

160.5 cm, GP3: 149.1 cm). A core set of 100 superior shea trees, representing 30% of 

the original population size and including individuals from all four study regions, was 

proposed based on allelic diversity using the “maximum length sub-tree function” in 

DARwin v. 6.0.21. Conclusion: These findings provide new knowledge of the genetic 

diversity and population structure of Ivorian shea tree genetic resources for the design 

of effective collection and conservation strategies for the efficient use of inbreeding.  

Keywords: Vitellaria paradoxa, single nucleotide polymorphisms (SNPs), 

population structure, genetic diversity, DArTseq,  analysis of molecular variance 

(AMOVA), core collection. 
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4.2.2. Introduction 
The shea tree (Vitellaria paradoxa, C. F. Gaertn) is an African native plant species. 

It has been recorded in 21 countries across semi-arid Sub-Saharan Africa within a 

wide belt of more than 3.4 million km (10). It supports an estimated 16.2 million of 

shea nut collectors (10). V. paradoxa is distributed from Senegal in the West to 

Uganda in the East (13). The genus Vitellaria comprises a single species belonging to 

the Sapotaceae family, and it includes two subspecies: subsp. nilotica, primarily found 

in East Africa, and subsp. paradoxa, which occurs in West Africa from Senegal to the 

Central African Republic (72,91). 

In Côte d’Ivoire, shea trees are predominantly found in the northern region. This 

species exhibits monoecious characteristics and possesses a bisexual reproduction 

pattern that makes it rely primarily on insect-mediated cross-pollination. However, 

the plant has also hermaphroditic flowers capable of self-pollination (13). The 

dissemination of the shea fruits is primarily achieved through barochory, with 

secondary dispersal by various animals such as birds, monkeys, rodents, and even 

humans (14). 

Shea tree fruits have been considered as a significant source of economic benefit in 

a number of countries within the semi-arid savanna regions of West Africa. In fact, 

dating back to medieval times, their kernels have been used in the production of an 

important primary derivative: shea butter (203,204). Additionally, due to the presence 

of edible fatty acids that are used in the food, cosmetic, and pharmaceutical industries, 

shea butter holds a prominent position as a multimillion-dollar export commodity 

(20,22,167). 

Despite its importance, the International Union for Conservation of Nature (26) has 

classified the shea tree as one of the plant species facing significant threats and 

experiencing vulnerability. It is confronted with extensive degradation, which is 

primarily driven by activities such as charcoal production and frequent, uncontrolled 

bushfires. Furthermore, factors like population growth, which reduces the duration of 

fallow periods, and the systematic collection of fruit from beneath shea trees by local 

communities, pose significant obstacles to the natural regeneration of the species (72). 

In addition, the overexploitation of shea trees and the expansion of new, more 

profitable agricultural crops such as cashew plantations in northern Côte d’Ivoire are 

contributing to the decline in shea tree densities. 

To safeguard the genetic resources of Vitellaria paradoxa in West Africa, national 

and regional  strategies (67) for the identification and preservation of local shea tree 

varieties have been promoted (14). Several additional initiatives aimed at identifying 

and conserving shea tree resources have also been launched to address these concerns 

(60,61). 

In Côte d’Ivoire, superior shea trees have been identified and rereferred in several 

regions based on a participatory survey. These trees constitute the in situ collection of 

shea trees in the country (60). The genetic diversity and structure of this population 

have been not studied. In addition, a recent study on the morphological traits and 

sustainability of part of these trees demonstrated that the superior shea trees conserved 
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on farmers’ lands are threatened because of biotic and abiotic pressures (205). 

Consequently, establishing a core collection based on the genetic diversity of superior 

shea trees will be helpful for suitable conservation and management (205). 

Studying the genetic diversity and population structure is important for designing 

effective conservation and breeding programs (206), as well as for characterizing the 

natural selection history and genetic relationships of V. paradoxa (25). 

Several authors have mentioned molecular markers such as random amplified 

polymorphic DNA (RAPDs) (125,50,207) and single sequence repeats (SSRs) 

(123,23,189,14,124,52,53,190,207) in studies of shea tree species. Most of these 

studies have used these molecular markers to access the genetic diversity and 

population structure of shea tree species. Recently, single nucleotide polymorphism 

(SNP) markers were applied to study the genetic diversity and population structure of 

the Ugandan nilotica subspecies of the shea tree (54).  

The approach of establishing core collections has emerged to increase the efficiency 

of the conservation and use of plant genetic resources while preserving the genetic 

diversity of the entire collection as much as possible (208,209). For plant species with 

recalcitrant seeds, the establishment of a core collection is the most suitable and cost-

effective alternative method for in situ conservation of their genetic resources (210). 

In the present study, the genotyping by sequency technology was used to genotype 

a panel of 333 superior V. paradoxa trees from the four key shea production regions 

in Côte d’Ivoire. The objectives were: (1) to characterize the genetic diversity and 

population structure of the shea tree using SNP data; (2) to characterize the genetic 

differentiation among and within Ivoirian shea populations; and (3) to establish a core 

collection for suitable conservation and management. This study is the first to use 

SNP markers to assess the genetic diversity and population structure in a V. paradoxa 

subspecies of Côte d’Ivoire. It lays a foundation for the effective conservation of shea 

trees and future genome wide association studies (GWAS) in shea tree breeding 

programs. 

4.2.3. Methods 
4.2.3.1. Plant Material 

From an initial collection of 1,200 superior shea trees previously identified by a shea 

breeding program from Côte d’Ivoire now known as the Centre Africain de 

Recherches et d’Applications sur le Karité (CRAK, the African Center for Shea 

Research and Application), 333 were randomly selected based on geographical 

distribution and population density. Superior shea trees were identified as described 

in a previous study (205). A participatory survey with farmers allowed for the 

selection of superior trees based on criteria such as high fruit yield, sweet taste of the 

fruit pulp, large fruit size, early flowering every year, and periodicity of fruit 

production (205). These genotypes are being conserved in situ in four northern regions 

of Côte d’Ivoire: Bagoué, Hambol, Poro, and Tchologo (Figure 19). To obtain 

samples, two mature leaves from the lower part of the tree were collected from each 

individual shea tree between May and July 2020 and 2021. The collected leaves were 

immediately dried using silica gel and then stored at 4°C, awaiting DNA extraction. 
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Figure 19. Spatial distribution of the 333 superior shea trees  from northern Côte d’Ivoire 

(163 in Bagoué, 53 in Poro, 97 in Tchologo and 20 in Hambol); the colors represent the 

different regions (red for Bagoué, blue for Poro, green for Tchologo, and yellow for 

Hambol); the dots represent the samples 

The savannas of northern Côte d’Ivoire, where shea trees grow, are divided into two 

main zones: the Sudanese and sub-Sudanese savannas, based on climatic factors and 

differences in vegetation (205). The Sudanese savanna (Bagoué, Poro, and Tchologo 

regions) corresponds to the main production zone of the shea tree with a monomodal 

rainfall pattern (1,200 mm/year) (174,211); the sub-Sudanese savanna (Hambol 

region) corresponds to a transitional production zone with a bimodal rainfall pattern 

(1,050 mm/year) (211,212). The average annual temperature is around 27°C. The 

vegetation is Sudano-Guinean and consists of wooded savanna and grassy savanna 

with scattered gallery forests, particularly along waterways (175). The pedology of 

this zone is characterized by three subclasses of ferralitic soils: soils on basic rocks, 

tropical ferruginous soils and hydromorphic soils (211). The main crops grown in 

these regions are cotton, cashew nuts and mangoes. The tree and shrub species 

commonly found in the study area are Vitellaria paradoxa, Paria biglobosa, 

Pilliostigma thonningii, Parinari curratellifolia, Terminalia avicennioides and Ficus 

sciarophylla (213). 

4.2.3.2. DNA Extraction and Sequencing 

The collected samples were sent to SEQART AFRICA, located at the International 

Livestock Research Institute (ILRI) in Nairobi, for genotyping. DNA extraction was 

conducted using the NucleoMag plant DNA extraction kit (Takara Bio USA), 

following the manufacturer recommendations. The concentration of extracted 

genomic DNA varied between 50 and 100 ng/µl. DNA integrity was checked on 0.8% 

agarose gel loaded. Libraries were constructed according to the DArTseq complexity 
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reduction method through digestion of the genomic DNA using a combination of PstI 

and MseI restriction enzymes and ligation of barcoded adapters and the common 

adapter, followed by PCR amplification of adapter-ligated fragments (214). Libraries 

were sequenced using single read sequencing runs for 77 bases. The sequencing was 

carried out using the Illumina HiSeq 2500 system.  

SEQART AFRICA uses genotyping by sequencing DArTseq technology, which 

provides rapid, high-quality, and affordable genome profiling, even from the most 

complex polyploid genomes. DArTseq markers scoring was achieved using 

DArTsoft14, an in-house marker scoring pipeline based on algorithms. DArTseq SNP 

markers were scored as binary for the presence or absence (1 and 0, respectively) of 

the restriction fragment with the marker sequence in the genomic region of the 

corresponding sample.  

SNP markers were aligned to the Vitpa_HiCP0_Assembly reference genome freely 

accessible online at https://bioinformatics.psb.ugent.be/orcae/overview/Vitpa to 

locate their corresponding chromosome positions. 

4.2.3.3. SNP Marker Filtering 

Two criteria were used to discard low-quality SNP markers and ensure data 

integrity. First, regarding the proportion of missing data (>20%), SNP markers with 

missing data exceeding 20% were excluded from the dataset. Second, regarding the 

minor allele frequency (MAF), SNPs with a minor allele frequency of less than 5% 

were considered rare and were therefore discarded. 

The next step consisted of selecting the SNPs with substantial information content 

for further analysis. Specifically, a threshold based on the polymorphism information 

content (PIC) value equal to or greater than 0.1 was established. In addition, only 

biallelic SNP markers were kept for this study. 

After this rigorous quality control process, a dataset consisting of 7,559 SNP 

markers and the 333 superior shea tree genotypes were considered for further 

analyses. This stringent filtering ensured that our dataset was of high quality and 

suitable for robust genetic analysis. 

4.2.3.4. Genetic Properties of Markers 

A custom Perl script was used to compute the allele counts and allele frequencies 

from the selected SNPs. Furthermore, to estimate markers-associated statistics such 

as observed heterozygosity (HO), expected heterozygosity (HE) and minor allele 

frequency (MAF), the GenAlEx version 6.503 software was used (38). The PIC values 

were computed using the formula proposed by Botstein et al. (1980) using the Excel 

software (39). The web-based SNiPlay software was used to determine transversion 

and transition mutations (40). The Plink software “recordeA” function (41) was used 

for the generation of the SNP dosage format 0, 1, and 2, respectively representing the 

homozygote, the homozygote alternative and the heterozygote. 
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4.2.3.5. Population Structure Analysis 

To assess the population structure of superior shea trees, three complementary 

methods were employed: Bayesian model-based clustering using Structure version 

2.3.4 software (42), principal coordinates analysis (PCoA) was performed using 

GenAlex version 6.503 software, and discriminant analysis of principal components 

(DAPC) was performed using the R software version 4.3.0. 

For the Bayesian model-based clustering analysis, the Markov chain Monte Carlo 

(MCMC) method with the admixture model excluding the LOCPRIOR option was 

used. This analysis was iteratively run 10 times for each K value ranging from 1 to 

10. A burn-in period of 50,000 iterations followed by 100,000 MCMC iterations was 

used. Additionally, we assumed an admixture model with correlated allele 

frequencies. The most probable K value for each test was determined using the delta 

K (ΔK) (43) method based on the rate of change in [LnP(D)] between successive K-

values. Genotypes with membership probabilities greater than 0.7 were considered as 

belonging to the same group. 

DAPC was used to complement the model-based population structure results 

obtained from Structure. DAPC is a multivariate method designed to identify and 

describe clusters of genetically related individuals (44). It was performed in R 

software version 4.3.0 using the package “adegenet” with the function “find.clusters”. 

In the absence of a predefined grouping pattern, DAPC employs sequential K-means 

and model selection to establish genetic clusters based on genetic data. The bayesian 

information criterion (BIC) guided the determination of the optimal number of genetic 

clusters (K) to best describe the data. The calculation of the α-score was instrumental 

in retaining the optimal number of principal components. DAPC also furnished 

membership probabilities for each individual with respect to each identified group, 

which is comparable to the admixture proportions obtained from Structure. 

A neighbor-joining (NJ) phylogenetic tree was reconstructed using R software 

(version 4.3.0) based on Nei’s genetic distance with 1,000 bootstrap replicates. The 

tree was customized using the online tree annotation platform iTOL (Interactive Tree 

of Life) (45). 

The number of clusters determined by Bayesian model-based clustering was 

subsequently used in the analysis of molecular variance (AMOVA) to assess the 

genetic differentiation of the genotypes. This comprehensive AMOVA was performed 

using the GenAlEx software version 6.503, and it allowed for the estimation of the 

fixation index (FST) and the gene flow per haploid number of migrants (Nm). FST 

values range from 0 (no differentiation between groups) to 1 (complete 

differentiation). Moreover, genetic diversity indices such as the number of different 

alleles (Na), the number of effective alleles (Ne), the number of loci with private 

alleles, Shannon’s information index (I), observed heterozygosity (HO), and expected 

heterozygosity (HE) were also computed using the above-mentioned software (38). 
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4.2.3.6. Morphological Characteristics of the Groups Obtained with Bayesian 

Model-based Clustering from Structure 

To evaluate the morphological characteristics of 160 genotyped shea trees 

(availability of their morphological traits), 11 quantitative and qualitative 

morphological traits (Table S 1), described in previous studies (94,205) were used. A 

comparison of the morphological traits between the groups obtained using SNP 

markers with Structure was also accessed. Principal component analysis (PCA) and a 

heat map of the correlation matrix were performed to structure the quantitative traits. 

Finally, a Mantel test with 10,000 permutations and Spearman correlation method was 

performed for matrices comparison between morphological traits and SNP markers to 

access the relationship between both markers. 

4.2.3.7. Design of the Superior Shea Tree Core Collection  

The design of the core collection followed the methodology proposed in a previous 

study (215). DARwin software version 6.0.21 was used for the reconstruction of the 

diversity of trees using SNP dataset (216). Dissimilarities were computed and 

transformed into Euclidean distances. The un-weighted neighbor-joining method was 

applied to the Euclidean distances to build a tree with all genotypes. The “maximum 

length sub tree” function was then used to identify the individuals of the core 

collection: The “maximum length sub-tree” is a step-by-step process that successively 

eliminates redundant individuals. We then selected the last 100 individuals that retain 

the largest diversity. The size of the core collection was fixed a priori (112), and the 

efficiency of the strategy was assessed by comparing and keeping the total number of 

alleles captured for each run using the same software. The size of the core collection 

was expressed as the ratio of individuals kept in the core collection to the number of 

individuals in the entire collection. Principal component analysis (PCA) was plotted 

using R software (version 4.3.0) to see the distribution of the core sample relative to 

the entire sample. 

4.2.4. Results 
4.2.4.1. Distribution of SNPs, Genetic Diversity, and Polymorphism 

Information Content in the  Vitellaria paradoxa Genome 

After the filtering process, 7,559 SNPs , representing 17.7% of the 42,705 SNPs 

initially yielded, were retained. These 7,559 SNPs were unequally distributed across 

the 12 chromosomes with, an average marker density of 1 marker per 87.38 kb. 

A genome-wide SNP marker analysis revealed that chromosome 2 had the highest 

number of SNPs, with 12.9% (978 SNPs) of the filtered SNPs, while chromosome 12 

had the lowest number, with 6.2% (469 SNPs). In terms of marker density, 

chromosome 6 had the highest marker density with 1 marker per 74.67 kb, while 

chromosome 4 had the lowest density with 1 marker per 105.77 kb (Table 9). 
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Table 9. Genomic distributions of the 7,559 filtered SNPs physically mapped on the 12 

chromosomes of Vitellaria paradoxa and the corresponding SNPs densities  

Chromosomes No. of SNPs % SNPs Length (Mpb) Density (kb) 

Chr01 791 10.46 80,731,948 102.06 

Chr02 978 12.94 74,439,616 76.11 

Chr03 662 8.76 57,704,473 86.17 

Chr04 564 7.46 59,651,551 105.77 

Chr05 654 8.65 59,580,608 91.10 

Chr06 659 8.72 49,210,429 74.67 

Chr07 606 8.02 55,380,075 91.39 

Chr08 664 8.78 52,298,408 78.76 

Chr09 488 6.46 47,443,901 97.22 

Chr010 522 6.91 46,597,090 89.27 

Chr011 502 6.64 38,413,107 76.52 

Chr012 469 6.2 37,276,254 79.48 

Mean 630 8.33 - 87.38 

Total 7559 100 - - 

Within the collected shea genome, transition-type SNPs (4,647, or 61.48% of SNP 

markers) were more common than transversion-type SNPs (2,992, or 38.52% of SNP 

markers). This resulted in a ratio of transitions to conversion SNPs of 1.6 

(4,647/2,912). Specifically, transition A/G and T/C types were more common than 

G/A and C/T types. For transversion, the types T/G, A/T, A/C, and G/C were more 

common than G/T, T/A, C/A, and C/G (Table 10). 

Table 10. Percentage of transition and transversion SNPs across the Vitellaria paradoxa 

genome 

SNP type Transition SNPs Transversion SNPs 

A/G T/C A/T A/C G/T G/C 

Number of SNPs 2316      
 

2331 851 685 673 703 

Frequency % 30.6% 30.8% 11.3% 9.1% 8.9% 9.3% 

Total (Percent of total) 4647 (61.5%) 2912 (38.5%) 

The average observed heterozygosity (HO) in this study was 0.17, while the 

expected heterozygosity (HE) values varied from 0.1 (for 152 SNPs) to 0.5 (for 1,438 

SNPs), with an average of 0.26. In parallel, the PIC values ranged from 0.1 (for 237 

SNPs) to 0.5 (for 879 SNPs), with an average of 0.24 (Figure S 1.a and Figure S 1.b). 

A consistent number of SNPs (5,104 or 67.52% of the filtered SNPs) had a MAF value 

less than 0.2 (Figure S 1.c). 

4.2.4.2. Population Structure and Genetic Relationships 

The population structure and the genetic relationships among the studied population 

were investigated using the Structure version 2.3.4 software. The K value was used to 

estimate the number of clusters in the shea tree population based on genotypic data 

across the whole genome. The optimal K value was determined by plotting the number 
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of clusters (K) against ∆K. It showed a sharp peak at K = 3 (Figure 20a), suggesting 

that the studied population can be clustered into three groups  with different genetic 

backgrounds (GP1, GP2, GP3). The number of genotypes in each group was 168 in 

GP1, 93 in GP2, and 72 in GP3. Among the population, 154 genotypes were 

considered as admixed Table S 2. Consequently, these results were considered in the 

subsequent population genetics analyses. 

The net nucleotide distance between the groups is shown in Table S 2, and the 

maximum distance was recorded between GP1 and GP2 (0.003). The genetic distance 

between GP1 and GP3 (0.0026) was closely related to the distance between GP2 and 

GP3 (0.0025). The results from Structure estimated the fixation index (FST) for each 

group and suggested a significant divergence within the three groups (Table S 2). GP3 

displayed the highest FST value (0.0182), while GP1 had the lowest FST value (0.0177). 

In addition, the heterozygosity values were 0.259, 0.261 and 0.262 for GP1, GP2, and 

GP3, respectively (Table S 2). 

 
Figure 20 . Genetic structure of the 333 superior shea trees (a) Delta K for various number 

of clusters (K); (b) Values of the BIC (1,920.82) versus the number of clusters; (c) Bayesian 

model-based analysis (K = 3) of 333 Vitellaria paradoxa individuals; accessions in red are 

clustered into GP1, accessions in green are clustered in GP2, and accessions in blue are 

clustered into GP3 

Consistent with the findings from Bayesian model-based clustering in Structure, the 

discriminant analysis of principal components also suggested three distinct clusters 

based on the value of BIC (1,920.82) (Figure S 2.a). In the DAPC results, group1, 

group2, and group3 have, respectively, 93, 72, and 168 individuals. The probability 

of each individual belonging to a single cluster was 100%. Therefore, no individual 

was considered mixed (Figure S 2.a and Figure S 3). The principal coordinates 
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analysis (PCoA) showed that GP2 is an intermediate group between GP1 and GP3 

(Figure S 4). In fact, the Structure software triangular plot showed that most of the 

shea trees from the Hambol, Poro, and Tchologo regions were clustered in GP1, 

whereas genotypes included in GP2 and GP3 are mainly from the Bagoué region 

(Figure S 2.b). The same results were observed with the PCoA plot (Figure S 5). 

In addition to the three methods above, a neighbor-joining phylogenetic tree  also 

clustered the shea trees into three groups (Figure 21). Based on the true clades 

confirmed with the bootstrap values, the samples should be clustered by origin 

(Figure 21). This confirm the true structure of our shea tree samples using Structure. 

 
Figure 21. Neighbor-joining phylogenetic tree with bootstrap values (black squares 

represent the bootstrap values; 1,000 replicates) showing relationships between the 333 

superior shea trees based on Nei’s genetic distance matrix using 7,559 SNP markers; branch 

colors represent genetic groups (red for GP1, light green for GP2, and blue for GP3; label 

colors represent the origin of the genotypes (red  for Hambol, black for Bagoué, green for 

Tchologo, and blue for Poro) 

4.2.4.3. Genetic Differentiation of Populations 

The three groups from the Bayesian model-based clustering in Structure were then 

used to calculate various genetic parameters such as AMOVA, Nei’s genetic distance, 

and genetic diversity indices using GenAlEx 6.503 software. The results of these 

analyses are shown in Table 11. Overall, the results showed a low level of genetic 

differentiation between groups but a high level of genetic differentiation within 
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groups. In addition, Nei’s genetic distance analysis revealed a very low fixation index 

value (FST: 0.004) and a significant number of migrants (Nm: 59.02), confirming the 

low level of genetic differentiation between the three genetic groups. The pairwise FST 

values were found to be 0.005, 0.004, and 0.003 for GP1-GP2, GP1-GP3, and GP2-

GP3, respectively (Table 11). 

Table 11. Analysis of molecular variance (AMOVA) among the 333 superior shea trees 

based on genetic variation among and within the identified groups. 

Source Df SS MS Estimated Variance % 

Among Pops 2 6607.628 3303.814 5.763 0% 

Within Pops 330 696593.908 2110.891 750.481 55% 

Within Indiv. 333 203106.500 609.929 609.929 45% 

Total 665 906308.036  1366.173 100% 

Fixation index (FST) 0.004 

Nm (Haploid) 59.02 

 GP1-GP2 GP1-GP3 GP2-GP3 

Pairwise FST values 0.005 0.004 0.003 

4.2.4.4. Allelic Pattern Across Populations 

The three groups showed a grand mean of 2 for the number of different alleles (Na) 

and 1.395 for the number of effective alleles (Ne) (Table 12). Within the whole 

population, the means for Shannon’s index (I), gene diversity (HE), and unbiased gene 

diversity (uHE) were 0.414, 0.258, and 0.260, respectively. The three genetic groups 

were closely related in terms of diversity metrics (Table 12). The percentage of 

polymorphic loci per population (PPL) was 100% for GP1 and GP2, while GP3 had a 

PPL of 99.93%. 

Table 12. The means of different genetic parameters in each of the three groups 

N: number of samples, Na: number of different alleles, Ne: number of effective alleles, I: Shannon’s 

index, HO: observed heterozygosity, HE: diversity index, uHE: unbiased diversity index, PPL: 

percentage of polymorphic loci 

4.2.4.5. Comparison of Our Results with Previous Studies 

Several studies assessed the genetic diversity in shea tree during the last two decades 

(Table S 3). SSR markers were widely used to assess the genetic diversity of shea 

tree, representing 54.55% of the studies. SNP markers were the most recent markers 

used, representing 27.27% including our study. Only two studies mentioned RAPD 

markers in shea genetic diversity study (18.18%). Moderate genetic diversity was 

observed in our study and a study conducted in Uganda using SNP markers. However, 

the HE obtained in the present study (HE: 0.26) was higher than the HE obtained in 

Uganda (HE: 21). Using the same type of marker, a study conducted in Ghana showed 

low genetic diversity, with an HE value of 0.041. However, the population genetic 

Pop N Na Ne I H0 HE uHE F PPL 

GP1 154.418 2 1.395 0.415 0.173 0.259 0.259 0.327 100% 

GP2 87.645 2 1.395 0.414 0.172 0.258 0.260 0.328 100% 

GP3 65.345 1.999 1.396 0.413 0.173 0.258 0.260 0.320 9.93 

Mean 102.469 2 1.395 0.414 0.173 0.258 0.260 0.325 99.98% 
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differentiation parameter such as the fixation index (FST) was higher in the Ugandan 

population than in our study and in the population of Ghana (Table S 3). 

For other studies using SSR markers, low HE value (0.32) to moderate HE value 

(0.73) was observed. The HE values of SSR markers were higher than HE in our study 

because SSRs are co-dominant and the HE value varies from 0 to 1, whereas for SNP 

and RAPD markers, HE is calculated as dominant and the value ranges from 0 to 0.5. 

Overall, studies conducted in a single country or subspecies showed low genetic 

differentiation. In contrast, studies conducted in the natural range of V. paradoxa 

showed high genetic differentiation, and the authors attributed this differentiation to 

the subspecies nilotica and paradoxa (Table S 3). 

4.2.4.6. Design of the Core Germplasm Collection 

A core germplasm collection is a critical step in creating a manageable and 

representative sample that can reflect the diversity within the larger germplasm 

collection. This process is also relevant to modern plant breeding efforts. Maintaining 

genetic diversity within the core collection is essential, and the primary criterion for 

selecting its members is the average genetic distance in the population. Using the 

“maximum length sub-tree” function in DARwin 6.0.21, we successfully designed a 

core germplasm set of 100 individuals, representing 30% of the entire population 

(Figure S 6). Of the core germplasm, 49% of the shea trees are from the region of 

Bagoué. These individuals belong to GP2 (30 individuals) and GP3 (19 individuals). 

The remaining 51% of the core germplasm, are from the other three regions (Hambol, 

Poro, and Tchologo) and belong mainly to GP1 (Table 13). The grand mean diversity 

metrics of this core collection set were similar to those of the entire population (Table 

S 4). 

Table 13. Percentage of individuals from each region and genetic group in the core set  
Region N population N core set 

GP1 (%) GP2 (%) GP3 (%) Total GP1 (%) GP2(%) GP3 (%) Total 

Bagoué  - 95 (28.5) 68 (20.4) 163 - 30 (30) 19 (19) 49 

Hambol 20(6.01) - - 20 8 (8) - - 8 

Poro 51 (15.3) - 2 (0.6) 53 28 (30) - 2 (2) 30 

Tchologo 96 (28.8) - 1 (0.3) 97 12 (12) - 1 (1) 13 

Total 167 (50.2) 95 (28.5) 71 (21.3) 333 48 (48) 30 (30) 22 (22) 100 

A phylogenetic tree of the 100 individuals in the core set was reconstructed with the 

neighbor joining method based on Nei’s genetic distance. The obtained dendrogram 

is similar to that obtained with the whole population (Figure S 6). 

A good spatial representation of the core set within the entire sample was observed 

in the PCA plot of the entire panel of 333 shea trees (Figure 22). 
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Figure 22. Principal component analysis plot showing the distribution of the core sample 

within the full panel of 333 shea trees. Blue dot represents the discarded genotypes and red 

dot represents the core sample. 

4.2.4.7. Morphological Characteristics of the Genotyped Shea Trees 

The analysis of the morphological characteristics of 160 genotyped shea trees 

revealed significant variations (Table S 5). Principal component analysis (PCA) 

identified three principal components (PCs) that explained 73.03% of the total 

variance observed among shea trees population (Table S 6). The PC1 (x-axis) 

explained 34.55% of the total variance. The leaf traits (PL, LL,  and LW) and nut traits 

(NL, NWD and NWG) are correlated positively towards PC1 (Figure 23). However, 

trunk circumference (TC) correlated negatively towards PC1. Similarly, PC2 (y-axis) 

accounted for 26.03% of the total variation. The nut traits (NL, NWD, and NWG) and 

TC positively correlated towards PC2 while the leaf traits (PL, LL,  and LW) were 

negatively correlated (Figure 23). PC3 captured 12.45% of the total variance, and TC 

and NWG were positively correlated. In contrast, NWD and NGW were negatively 

correlated towards PC3 (Table S 6). 
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Figure 23. Estimated PC1 and PC2 for quantitative morphological traits of 160 genotyped 

shea trees. TC: trunk circumference, PL: petiole length, LL: limb length, LW: limb width, 

NL: nut length, NWD: nut width, NWG: nut weight 

The correlation heatmap analysis revealed three classes of studied traits: (i) trunk 

circumference, (ii) nut size (nut length, nut width, and nut weight) and (iii) leaf size 

(limb width, limb length, and petiole length). Positive correlations were observed 

within the descriptors of each identified class (see color key in Figure S 7). 

Using clustering from Structure as a priori groups, significant differences were 

found between the three groups in nut weight (F: 14.11; p < 0.001), trunk 

circumference (F: 5.04; p < 0.01), and limb width (F: 4.16; p < 0.05). GP1 showed a 

weak mean of trunk circumference (133.4 cm), large leaf size (limb width = 4.63 cm), 

and a high mean of nut weight (10.62 g), whereas GP2 showed a high mean of trunk 

circumference (160.5 cm), a thin leaf (limb width = 4.46 cm), and a weak mean of nut 

weight (8.89 g). GP3 had the lowest value for significant traits such as nut weight 

(8.36 g), and limb width (4.44 cm) and, it was intermediate for trunk circumference 

(149.1 cm). A detailed examination of the results shows that GP1 differs from GP2 

and GP3, while no significant differences are observed between GP2 and GP3 (Table 

S 7). There were no statistical differences between the groups for the other quantitative 

traits. The means of these quantitative traits are presented in Table S 7. 

Meanwhile, all the qualitative traits used to characterize the three groups showed 

statistically significant differences (Table S 7). 
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While the seed coat colors of “creamy” and “dull brown” were present only in GP1, 

the spheroid seed shape was found only in GP2 and GP3 (Table S 7). In terms of 

group differentiation, the same trend observed for quantitative traits was also observed 

for qualitative traits. Therefore, the three groups obtained with SNP data can only be 

clustered into two groups based on morphological characteristics: (I): GP1 and (II): 

GP2 and GP3 as a single group. 

The Mantel test results revealed that there is no relationship between morphological 

traits and SNP markers (Mantel r = 0.0176,  p = 0.3324). 

4.2.4.8. Morphological Characteristics of the Core Collection 

Of the 160 genotyped shea trees, 52 were captured in the established core collection. 

The analysis of the morphological characteristics of these core individuals showed 

important variations for the quantitative traits (Table S 8). For example, trunk 

circumference varied from 65.5 to 242 cm with a mean of 19.7 cm. Concerning 

qualitative traits, observations demonstrated that almost all the modalities of traits 

were found in the core collection. Only “spheroid shape”, a modality of seed shape 

(SEES) was not captured in the core collection (Table 14). However, that modality 

had a very low proportion (2.5%) in the entire collection. In addition, multivariate 

analyses showed that there is no significant difference between the core collection 

morphological characteristics compared to those of the entire collection (Table 14). 
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Table 14. Quantitative and qualitative traits associated with the core and entire collection 

of Vitellaria paradoxa 

Quantitative Traits Means ± standard deviation  F-

value 

p-value 

Initial collection 

(N=160) 

Core set 

(N=52) 

Trunk Circumference (cm) 144.6 ± 45.93 149.7± 44.3 0.48 0.49 

Petiole length (cm) 8.29 ± 1.49 8.12 ± 1.61 0.51 0.475 

Limb length (cm) 14.77 ± 2.31 14.33± 2.13 1.44 0.232 

Limb width (cm) 4.61 ± 0.79 4.44 ± 0.78 1.82 0.18 

Nut length (cm) 3.11 ± 0.38 3.66 ± 0.42 0.19 0.67 

Nut width (cm) 2.9 ± 0.3 2.26 ± 0.41 0.78 0.38 

Nut weight (g) 9.55 ± 2.61 10.09 ± 2.73 1.6 0.21 

Qualitative 

traits 

Modalities Proportions N(%) χ² p-

value Initial collection 

(N=160) 

Core set 

(N=52) 

Tree Growth 

Habit (TGH) 

Erect 55 (34.38) 13 (25) 2.73 0.26 

Semi-erect 60 (37.5) 26 (50) 

Spreading 45 (28.12) 13 (25) 

Leaf Apex 

Shape (LAS) 

Acute 47 (29.38) 18 (34.62) 4.4 0.22 

Acuminate 24 (15) 13 (25) 

Retuse 49 (30.63) 11 (21.15) 

Obtuse 40 (25) 10 (19.23) 

Adult Leaf 

Color (ALC) 

Light green 13 (8.13) 3 (5.77) 0.86 0.65 

Green 133 (83.13) 46 (88.46) 

Dark green 14 (8.75) 3 (5.77) 

Seed Coat 

Color (SCC) 

Creamish 13 (8.13) 8 (17.33) 3.08 0.54 
Dull brown 3 (1.88) 1 (1.92) 

Brown 78 (48.75) 20 (38.46) 

Pale brown 15 (9.38) 5 (9.62) 
Dark brown 51 (31.88) 18 (34.62) 

Seed shape 

(SEES) 

Spheroid 4 (2.5) 0 (0) 2.81 0.42 

Ellipsoid 37 (23.13) 16 (30.77) 

Oval 65 (40.63) 24 (46.15) 

Ovoid 54 (33.75) 14(26.92) 

4.2.5. Discussion 
In order to assess the genetic diversity within Vitellaria paradoxa, a collection of 

333 genotypes was gathered from the in situ superior shea collection in Côte d’Ivoire. 

The genotypic information from these individuals was used to investigate genetic 

diversity and population genetics, which could provide valuable insights for future 

breeding efforts, such as genome-wide association studies (GWAS). To the best of 

our knowledge, this study is the first one that uses single nucleotide polymorphisms 

(SNPs) to investigate the genetic diversity and population structure of Vitellaria 

paradoxa subspecies in Côte d’Ivoire. 
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4.2.5.1. Single Nucleotide Polymorphism  Markers and Mutation Types 

In this study, 7,559 high-quality SNP markers were retained after data filtering. The 

analysis of SNPs distribution and mutation types in the genome was conducted. A 

higher frequency of transitions than transversions was observed 

(transitions/transversions = 1.6). A ratio of 1.3 in transition SNPs and transversion 

SNPs was obtained in shea trees in Uganda (54). Similar transition/transversion 

results have been reported in other plant species, such as such as Hevea brasiliensis 

(217), Camellia sativa (206), Vigna unguiculata (215), Colocasia esculenta (218), 

and Oryza sativa (219), and in living organisms in general (220). This suggests that 

during the natural selection of V. paradoxa, transition mutations tend to be more 

tolerated than transversion mutations. 

This may be due to the presence of higher frequencies of synonymous mutations in 

the protein-coding sequences (220). However, the non-synonymous SNPs are of 

interest for this study because they generate new variants that are important in 

breeding programs (54). In natural selection, non-synonymous SNPs are important for 

the conservation of shea tree species because the variants become more adapted to 

environmental changes (54). Transition mutation types are also important in 

evaluating the distribution, extent, and amount of genetic variation among and within 

shea tree populations (54). The frequencies of A/G and C/T transitions were similar 

(A/G: 30.6% and T/C: 30.8%). This result is consistent with those obtained for shea 

tree and rice species (54,219). 

4.2.5.2. Gene Diversity 

The genetic diversity and the population structure of a species are good indicators 

of its management and conservation status (54). 

The findings in this study revealed moderate  level of genetic diversity (HE: 0.26) 

and moderate polymorphism information content (PIC: 0.24) in V. paradoxa. This is 

consistent with what has been reported for shea trees in East Africa using SNP (54) 

and SSR markers (52), in West Africa with SSR markers (53,124) and in the natural 

range of the species using RAPD markers (50,125). This suggests that the SNP 

markers used in our study were reasonably informative markers. In contrast, a V. 

paradoxa diversity study in Ghana using SNP markers revealed very low genetic 

diversity (126). Other studies showed low genetic diversity in V. paradoxa using SSR 

markers (24,123). These results suggest that the genetic diversity in shea tree species 

is low to moderate in its natural range. 

The moderate genetic diversity may be the result of selection based on farmer-

preferred traits such as large fruit size, tasty pulp, and high oil content (28,62). 

Furthermore, this moderate genetic diversity provides an opportunity to generate shea 

varieties that can be successfully grown in shea belts in different geographical regions 

(54). Studies involving other plant species such as Camelina sativa (206), Ziziphus 

jujuba (221), and winter wheat (222) observed the same trend and attributed these 

findings to the bi-allelic nature and low mutation rates of SNPs. Our marker density 

is sufficient to perform genome-wide association studies, as a genotype panel with 
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minor allele frequency (MAF) > 0.1 is desirable for genome-wide association 

mapping (25,219). 

4.2.5.3. Population Structure and Relationships 

Population structure analyses are essential for understanding genetic diversity and 

facilitating subsequent association mapping studies (222). In our study, the cluster 

pattern in Structure grouped the shea trees into three groups, which concurs with the 

DAPC, PCoA, and the neighbor-joining tree reports. These results were also 

consistent with a previous study using SNP markers in V. paradoxa (126) in Ghana. 

However, our results were different from those obtained in Uganda using SNP 

markers. The authors clustered their accessions into two groups. These results can 

confirm that West African shea trees exhibit higher genetic diversity than East African 

shea trees  using SSR markers (14). The structure of the Ivorian shea population 

collection suggests a geographical effect. In fact, the genotypes clustered in GP1 are 

from the regions of Poro, Tchologo, and Hambol, while the genotypes collected in 

GP2 and GP3 come from the region of Bagoué. There are thus two geographical 

groups of shea trees in our collection: one group in the western part of the Poro region, 

which can also be divided into two subgroups representing GP2 and GP3, and the 

second geographical group located in the eastern art of the Poro region (see Figure 

19). Similar results were observed in the Ugandan shea tree population structure study 

(54). These findings suggest that these geographical groups can serve as genetic 

resources for hybridization programs to create improved varieties and align with the 

objectives of the annotated genome (25).  

However, a certain number of individuals showed a mixed genetic profile across the 

three groups (Figure 20c). This observation is consistent with findings on V. paradoxa 

using DArTseq SNP markers (54,126). Gene flow between individuals in the 

neighborhood or individuals overlapping the study areas may be responsible for the 

presence of these admixed individuals. As a result, a limited number of accessions 

may show clear membership to one group, while the majority may show some degree 

of membership to the three groups. This indicates that common allelic/gene 

combinations continue among the collection of shea trees. 

4.2.5.4. Genetic Differentiation of Populations 

The FST value is the most relevant F-statistic used to study the degree of genetic 

differentiation between and within populations (219). In this study, a fixation index 

(FST) value of 0.004 was found for the whole population and the low pairwise FST 

values found between the three groups (Table 11) indicate low genetic differentiation 

between these groups (219,223). Similar results were found in the genetic 

differentiation in V. paradoxa populations implying SNP markers (54,126) and SSR 

markers (123). The neighbor-joining tree based on genetic distances confirmed the 

low differentiation between groups, with few bootstrap values higher than 50.45, with 

the main branches having bootstrap values lower than 50.45 (Figure 21). This trend 

has been reported in shea tree populations using nuclear SSR markers (124). These 

results suggest the presence of extensive and anthropogenic gene flow, outcrossing 

and admixture in the study area. Comparison of our findings with previous studies 
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revealed that low genetic differentiation is observed in shea tree populations when the 

study is carried out in a small area, limited to one or two countries 

(24,52,123,126,224) or within a subspecies (124). This trend is expected in the shea 

tree due to its status as a long-lived woody perennial, insect-pollinated outcross, and 

widespread in a continuous range (124). However, high genetic differentiation is 

observed when the study is conducted in the natural range of the subspecies 

(14,50,125). This high differentiation can be explained by the fact that these studies 

included both subspecies of V. paradoxa, and differentiation is observed between the 

nilotica and paradoxa subspecies (14,50,125). These findings suggest that many 

individual shea trees should be considered for efficient sampling of genetic diversity 

within a population. This is consistent with the proposal to develop a breeding 

population of Vitellaria paradoxa (125). 

The findings from Structure are consistent with the outcomes from the AMOVA, 

where the total variation was primarily attributed to variations within the groups. 

Furthermore, it has been suggested that a high Nm value, indicative of substantial 

gene flow, can lead to low differentiation between populations (206). Our study 

aligned with this observation, as a very high Nm value of 59.02 was obtained. This 

suggests that in terms of gene flow, the Nm value obtained in our study was higher 

than that reported in shea trees using SSR markers (24). Therefore, our results suggest 

that population genetic differentiation using SNP markers is more informative than 

other markers. 

4.2.5.5. Allelic Pattern and Genetic Diversity Indices 

The allelic patterns and genetic diversity indices offered valuable insights into the 

genetic diversity present within each of the three genetic groups. While the three 

groups exhibited relatively close levels of expected heterozygosity (HE), GP1 showed 

a slightly higher HE compared to GP2 and GP3. This indicates that GP1 has a slightly 

higher level of diversity compared to the other groups, as HE considers both the 

number of alleles (referred to as richness) and the distribution (or evenness) of those 

alleles within a population. This could be explained by the origin of the genotypes 

clustered in GP1. In fact, the genotypes in GP1 are from three different regions 

(Hambol, Poro, and Tchologo), while the genotypes in GP2 and GP3 are mainly from 

the Bagoué region. 

Genetic diversity ranged from low to high. This result is consistent with recent 

studies using SNP markers (54) and previous population genetic studies using SSR 

markers (14,24,53,123,124). Understanding the genetic diversity within V. paradoxa 

populations is essential, this is fundamental element for robust shea tree improvement 

programs and for future studies using genomic screening methods such as marker-

assisted screening (MAS) and genome-wide association studies (GWAS) (25). 

4.2.5.6. Core Collection 

Sustaining living collections, a common practice for perennial tree crops, can be a 

costly and labor-intensive endeavor. Creating core collections is an efficient strategy 

for managing germplasm, effectively reducing costs while retaining the highest 

possible genetic diversity within the germplasm pool while minimizing redundancy 
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(208,209). Developing core collections has been the focus of various approaches 

(225–227), and the choice of the most appropriate evaluation methods depends on the 

specific objectives associated with these core collections (228). 

In this study, we used the “maximum length sub-tree function” of DARwin version 

6.0.21 to carefully curate a core set of 100 superior shea trees (30% of the initial 

population). The analysis indicates that the core collection successfully captures the 

full genetic diversity of the entire population. This is evidenced by the PCA plot, 

which showed good coverage of the core sample across the whole panel (Figure 22), 

and the representation of each genetic group within the core, which includes 48% from 

GP1, 30% from GP2 and 22% from GP3. These proportions reflect the overall genetic 

structure of the entire population, ensuring that no significant genetic diversity is lost 

in the core. In addition, several genetic parameters in the core closely mirror those of 

the total population: heterozygosity, allele frequency, and polymorphism rates. This 

similarity underscores the effectiveness of the core collection in maintaining the 

genetic variation present in the larger population, making it a robust subset for further 

genetic studies and conservation efforts. Thus, the core collection can safely be used 

for genetic research, breeding programs, and conservation strategies without 

compromising the genetic integrity of the original population (229). 

The proportion of this core set is similar to the proportion established for other 

crops, such as palm oil (31.2%) (230). However, it differs from the core set 

proportions observed for E. oleifera (6.4%) (231), S. superba (19.87%) (232), and P. 

massoniana (19.46%) (229). A core collection sample size of 5-10% of the original 

germplasm resources can be sufficient to represent over 70% of the genetic variation 

present in the entire germplasm (208). For effective conservation of the genetic 

diversity of the entire population, a size of 20-30% of the population is required for 

the core set (233). 

However, there is no universal approach to selecting a core size. It depends on 

factors such as the extent of variability and redundancy within the collection, the 

resources available for core set management, and the frequency of species 

regeneration (233,234). 

Field genebanks provide convenient and immediate access to germplasm resources. 

However, relying solely on in situ conservation is not the most reliable long-term 

conservation strategy. Shea trees can be uprooted by adverse weather conditions, such 

as tropical cyclones (205). To address this, a shift in focus for germplasm conservation 

of shea trees can be directed towards the identified core set. A viable approach to 

germplasm conservation is to clone the identified core set through grafting for ex situ 

conservation. This method ensures the precise conservation of maximum genetic 

diversity while reducing redundancy and avoiding genetic erosion. Furthermore, the 

number of accessions to be planted in the field can be reduced, resulting in a more 

manageable and cost-effective approach compared to progeny trials. 

The use of molecular markers to establish a core collection offers distinct 

advantages because they can accurately capture genetic diversity regardless of plant 

growth status, developmental stage, and environmental conditions (235). Importantly, 
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genetic diversity is often positively associated with population persistence and 

resilience to environmental changes (236). 

4.2.5.7. Morphological Characteristics of the Genotyped Shea Trees 

Variability in superior shea trees has been widely demonstrated using 

morphological traits (94,205). A similar trend was observed in this study. Using 

genotype clustering from the Structure software showed significant differences 

between the groups for trunk circumference, nut weight, and leaf width. These 

differences are essentially between GP1 and GP2 or GP3. No significant differences 

were observed between GP2 and GP3. These results suggest that the three groups 

obtained with molecular markers reflected two morphological groups. This can be 

explained by the significant influence of the environment on the expression of 

morphological traits. A savanna gradient has been reported in the study area (94). The 

effect of climate on the expression of shea tree morphological traits has been reported 

in several countries (94). In addition, we suggest that the SNP markers that structured 

Bagoué superior shea trees into two groups are synonymous SNPs, while those that 

separated GP1 and GP2/GP3 could be designed as nonsynonymous SNPs. SNPs may 

change the encoded amino acids (nonsynonymous SNP) and change the amino acid 

sequence or be silent (synonymous SNP), thereby maintaining the amino acid 

sequence or simply occurring in the noncoding regions (54). A Mantel test realized 

between morphological traits and SNP markers did not show significant differences 

(Mantel r = 0.0176; p = 0.3324). This suggests that the morphological characteristics 

observed in the groups are not the direct effects of the SNP markers. In addition to 

environmental conditions, the varying mineral composition of the soil from one 

ecological zone to another could also have an effect on the morphological trait 

expression. Studies have reported soil mineral composition effects on shea tree 

morphology in Mali (51), Eastern Ghana (160), and West Africa (237). 

The morphological characteristics of the core collection showed a similar trend to 

those of the entire collection. A similar trend was found in a core establishment in 

Synsepalum dulcificum (210). These results suggest that the core collection captured 

the full morphological characteristics of the entire collection. It is also important to 

ensure that the core collection is well representative of the whole collection in all 

genetic aspects, confirming the quality of the established core based on morphological 

traits as well as molecular markers (SNPs). Therefore, morphological traits could be 

confidently used in the establishment of core collections of V. paradoxa species 

without loss of genetic diversity. 

4.2.6. Conclusion 
In this study, we used high-throughput DArTseq technology to investigate the 

genetic diversity and population structure of Vitellaria paradoxa in Côte d’Ivoire. The 

primary objective was to explore the potential utility of SNP markers for various 

genomic analyses in the context of genetic improvement efforts. Our data revealed 

that the collection under investigation exhibited a moderate degree of genetic 

diversity. 
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This rich genetic diversity serves as a promising foundation upon which to develop 

novel Vitellaria cultivars boasting desirable traits, including high yield potential, high 

oil production, and resilience to biotic and abiotic stresses, all while being well-suited 

for adaptation to diverse environmental conditions. 

Furthermore, our research unveiled the presence of three genetic groups within the 

study population. The differentiation between these groups can be attributed to a 

combination of factors and natural selection pressures. Notably, the three groups 

demonstrated very close diversity across multiple parameters, including Shannon’s 

information index (I), expected heterozygosity (HE), and unbiased expected 

heterozygosity (uHE). 

A core collection of 100 superior shea trees, representing 30% of the entire 

population was captured. This study marks the inaugural endeavor to molecularly 

characterize and validate the creation of a core set for shea tree germplasm resources. 

The core collection successfully captured all the variation in morphological traits and 

the alleles present within the accessions, while preserving the genetic diversity and 

structure of the original population. 

These findings provide important information for suitable conservation and future 

allelic/gene identification using genome-wide association studies (GWAS) and 

marker-assisted selection (MAS) to enhance genetic gain in V. paradoxa breeding 

programs. 

4.2.7. Data availability 
The datasets generated and/or analyzed during the current study are available in the 

Science Data Bank (ScienceDB) repository, 

https://doi.org/10.57760/sciencedb.17559 

4.2.8. Supplementary materials 

Table S 1: Measured seven quantitative and four qualitative morphological traits 

Quantitative traits Code Unit (SI) 

Trunk Circumference  TC cm 

Petiole length  PL cm 

Limb length  LL cm 

Limb width  LW cm 

Nut length  NL cm 

Nut width  NWD cm 

Nut weight  NWG g 

Qualitative traits Code Modalities 

Tree Growth Habit  TGH Erect, semi-erect, spreading 

Leaf Apex Shape LAS Acute, acuminate, retuse 

Adult Leaf Color ALC Light green, green, dark green 

Seed Coat Color SEES Spheroid, ellipsoid, oval, ovoid 

 

https://doi.org/10.57760/sciencedb.17559
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Table S 2. Results of Bayesian model-based clustering implemented in Structure of 333 

Vitellaria paradoxa accessions 

Cluster Net nucleotide distance HE Mean FST Number of 

genotypes 

Admixed 

genotypes GP1 GP2  

GP1 0  0.2588 0.0177 167 69 

GP2 0.003 0 0.2606 0.0178 95 47 

GP3 0.0026 0.0025 0,2615 0.0182 71 38 

FST : fixation index, HE: expected heterozygosity 

Table S 3. Studies using molecular markers to assess the genetic diversity of V. paradoxa 

in the last two decades 
Subspecies Marker HE FST N Study area Gene. diff Reference 

ssp. paradoxa SNP 0.26 0.004 333 Côte d’Ivoire Low Our study 

ssp. nilotica SNP 0.21 0.01 623 Uganda Low (54) 

ssp. paradoxa SNP 0.04 0.002 282 Ghana Low (126) 

ssp. paradoxa SSR 0.67 0.113 200 Ghana Moderate (53) 

ssp. nilotica SSR 0.73  118 Uganda Low (52) 

ssp. paradoxa SSR 0.63 0.085 673 West Africa Low (124) 

ssp. paradoxa 

ssp. nilotica 

SSR 0.51 0.21 374 Nat. range High (14) 

ssp. paradoxa SSR 0.32 0.047 169 Mali and Côte 

d’Ivoire 

Low (24) 

ssp. paradoxa 

ssp. nilotica 

RAPD 0.26 0.23 179 Nat. range High (50) 

ssp. Paradoxa 

Ssp. nilotica 

RAPD 0.26 0.15 118 Nat. range High (125) 

ssp. paradoxa SSR 0.41 0.001 441 Mali Low (123) 

N: number of samples, Na: number of different alleles, Ne: number of effective alleles, I: 

Shannon’s index, HO: observed heterozygosity, HE: diversity index, uHE: unbiased diversity 

index, PPL: percentage of polymorphic loci 

Table S 4. Mean of different genetic parameters in the core set 

Pop N Na Ne I H0 HE uHE F PPL 

GP1 40.282 1.993 1.393 0.408 0.128 0.255 0.259 0.483 99.29% 

GP2 25.483 1.969 1.392 0.402 0.132 0.252 0.258 0.443 96.89% 

GP3 18.372 1.938 1.392 0.397 0.128 0.250 0.258 0.448 93.81% 

Mean 28.046 1.967 1.392 0.402 0.129 0.253 0.258 0.459 96.66% 

N: number of samples, Na: number of different alleles, Ne: number of effective alleles, I: 

Shannon’s index, HO: observed heterozygosity, HE: diversity index, uHE: unbiased diversity 

index, PPL: percentage of polymorphic loci 
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Table S 5. Variation in quantitative morphological traits of the entire collection 

Traits Minimum Mean ± Sd Maximum 

TC 29.7 144.6 ± 46.07 266 

PL 5.32 8.29 ± 1.5 13.42 

LL 9.67 14.77 ± 2.31 21.48 

LW 2.94 4.61 ± 0.79 7.16 

NL 1.78 3.11 ± 0.38 4.1 

NWD 0.9 2.31 ± 0.3 2.9 

NWG 4.33 9.55 ± 2.62 19.57 

Sd: Standard deviation 

Table S 6. Factor loadings in the first three factor components. 

Factor components PC1 PC2 PC3 

Eigenvalues 2.42 1.82 0.87 

Variance (%) 34.55 26.03 12.45 

Cumulative variance (%) 34.55 60.58 73.03 

Trunk circumference -0.49 0.12 0.78 

Petiole length 0.62 -0.38 0.2 

Limb length 0.79 -0.41 0.15 

Limb width 0.76 -0.38 0.07 

Nut length 0.49 0.77 -0.03 

Nut width 0.48 0.74 -0.12 

Nut weight 0.38 0.45 0.42 

PC1, PC2, PC3: principal components 1; 2; 3 
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Table S 7. Quantitative and qualitative traits associated to the identified Vitellaria 

paradoxa groups. 

Quantitative Traits Means ± standard deviation F-

value 

p-value 

GP1 (N=75) GP2 (N=40) GP3 (N=45) 

Trunk Circumference (cm) 133.4 ± 49.79a 160.5± 38.81b 149.1 ± 

41.29ab 

5.04 < 0.01 

Petiole length (cm) 8.23 ± 1.47 8.45 ± 1.46 8.26 ± 1.59 0.28 0.755 

Limb length (cm) 15.01 ± 2.26 14.54 ± 2.41 14.58 ± 2.32 0.76 0.468 

Limb width (cm) 4.8 ± 0.78a 4.46 ± 0.86ab 4.44 ± 0.67b 4.16 < 0.05 

Nut length (cm) 3.09 ± 0.45 3.15 ± 0.29 3.08 ± 0.3 0.44 0.647 

Nut width (cm) 2.38 ± 0.38 2.26 ± 0.2 2.34 ± 0.2 2.27 0.107 

Nut weight (g) 10.62 ± 2.7a 8.89 ± 2.14b 8.36 ± 2.17b 14.11 < 0.001 

Qualitative 

traits 

Modalities Proportions N(%) χ² p-value 

GP1 (N=75) GP2 (N=40) GP3 (N=45) 

Tree Growth 

Habit (TGH) 

Erect 19 (25.33) 16 (40) 20 (44.44) 38.78 < 0.001 

Semi-erect 46 (61.33) 8 (20) 6 (13.33) 

Spreading 10 (13.33) 16 (40) 19 (42.22) 

Leaf Apex 

Shape (LAS) 

Acute 20 (26.67) 9 (22.5) 18 (40) 31.93 < 0.001 

Acuminate 20 (26.67) 1 (2.5) 3 (6.67) 

Retuse 26 (34.67) 10 (25) 13 (28.89) 

Obtuse 9 (12) 20 (50) 11 (24.44) 

Adult Leaf 

Color (ALC) 

Light green 1 (1.33) 5 (12.5) 7 (15.56) 11.9 < 0.05 

Green 65 (86.67) 33 (82.5) 35 (77.78) 

Dark green 9 (12) 2 (5) 3 (6.67) 

Seed Coat 

Color (SCC) 

Creamish 13 (17.33) 0 (0) 0 (0) 25.37 < 0.01 

Dull brown 3 (4) 0 (0) 0 (0) 

Brown 31 (41.33) 18 (45) 29 (64.44) 

Pale brown 4 (5.33) 7 (17.5) 4 (8.89) 

Dark brown 24 (32) 15 (37.5) 12 (26.67) 

Seed shape 

(SEES) 

Spheroid 0 (0) 1 (2.5) 3 (6.67) 33.39 < 0.001 

Ellipsoid 24 (32) 4 (10) 9 (20) 

Oval 40 (53.33) 14 (35) 11 (24.44) 

Ovoid 11 (14.67) 21 (52.5) 22 (48.89) 

Values in brackets represent the percentage of modalities for each qualitative trait. 

Table S 8. Variation in quantitative morphological traits of the core set 

Traits Minimum Mean ± Sd Maximum 

TC 65.5 149.7 ± 44.34 242 

PL 5.32 8.12 ± 1.61 13.42 

LL 10.96 14.33 ± 2.13 19.62 

LW 2.94 4.44 ± 0.78 6.2 

NL 1.78 3.08 ± 0.42 3.66 

NWD 0.9 2.26 ± 0.41 2.76 

NWG 4.33 10.09 ± 2.73 17.93 

Sd: Standard deviation 
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Figure S 1. Distribution of genetic diversity for the 7,559 filtered SNP markers from the 

333 Vitellaria paradoxa genotypes. a: gene diversity (HE); b: Polymorphism information 

content (PIC); c: Minor allele frequency (MAF). X-axis indicates HE, PIC and MAF value 

classes; Y-axis indicates the number of SNP markers. 

 
Figure S 2. (a) DAPC showing the genetic networks for the three genetic groups, with 

node sizes indicating genetic relationships between different accessions; (b) Structure 

software triangular plot showing the distribution of the four populations in the three genetic 

groups; dot colors represent the origin of the genotypes (green for Bagoué, blue for Hambol, 

red  for Poro, and yellow for Tchologo). 



Chapter 4 Molecular diversity analyses and core collection constitution 

 

95 
 

 

Figure S 3. DAPC population structure plot showing no admixture individuals of 333 shea 

tree accessions, K =3; each color represents one cluster. X-axis represents individuals and Y-

axis represents the membership probability. 

 
Figure S 4. Scatter plot of the 333 shea trees based on the genetic distance along the first 

two principal coordinates PCoA 1 and PCoA 2. The colors of the dots along the principal 

coordinate analysis (PCoA) coordinates 1 and 2 represent the different groups. 
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Figure S 5. Scatter plot of the 333 shea trees based on the genetic distance along the first 

two principal coordinates PCoA 1 and PCoA 2. The colors of the dots along the principal 

coordinate analysis (PCoA) coordinates 1 and 2 represent shea trees from different locations. 

 
Figure S 6. Neighbor-joining phylogenetic tree with bootstrap values (red squares 

represent the bootstrap values; 1,000 replicates) showing relationships between the 100 core 

set of individual superior shea trees based on Nei’s genetic distance matrix using 7,559 SNP 

markers; the color of the labels indicates the genetic group to which a sample belongs (blue 

for GP1 samples, black for GP2 samples, and green for GP3 samples); analyses were carried 

out in R, and the generated tree was customized using iTOL 
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Figure S 7. Pearson correlation heat map showing relationships between morphological 

traits measured on elite shea trees in Bagoué, Hambol, Poro and Tchologo regions in 

Northern Côte d’Ivoire.  TC: Circumference of trunk at 130 cm above the soil; NWG: Nut 

weight; NWD: Nut width; NL: Nut length; PL: Petiole length; LW: Limb width; LL: Limb 

length.  
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4.3. Conclusions of Chapter 4 
In this chapter 4, we present a cost-effective, optimized protocol for high-quality 

genomic DNA (gDNA) extraction from the recalcitrant shea tree, designed for 

compatibility with downstream applications such as PCR amplification, enzymatic 

digestion and Sanger sequencing. This protocol successfully addresses the challenges 

posed by the high polysaccharide content in shea leaves, which often hinders 

traditional DNA extraction methods. Amplification tests confirmed the reliability of 

the protocol, yielding successful results even at low DNA concentrations (as low as 1 

pg/µl for leaves). Due to its simplicity and reproducibility, this protocol is highly 

suited for routine laboratory use in molecular studies of the shea tree and can be 

readily adapted for other recalcitrant plant species. 

In addition to this methodological advancement, we assessed the genetic diversity 

and population structure of superior shea tree genotypes from an in situ collection 

using SNP markers. The analysis revealed moderate genetic diversity (HE = 0.26, PIC 

= 0.24) within the collection. The genotypes were grouped into three distinct genetic 

clusters, but low genetic differentiation was observed among these groups, attributed 

to extensive gene flow and the out-crossing nature of the species. 

To further enhance conservation efforts, a core collection comprising 30% of the 

initial population was developed. This subset captured the full genetic diversity and 

morphological traits of the entire collection, ensuring its representativeness. The core 

collection provides a robust framework for the sustainable conservation and 

management of shea tree genetic resources in Côte d’Ivoire. 

Overall, these findings contribute significantly to the development of effective 

conservation strategies and the establishment of a manageable, genetically diverse 

germplasm. Moreover, the use of SNP markers lays a solid foundation for future 

genome-wide association studies (GWAS) and marker-assisted selection (MAS) 

aimed at improving shea tree traits, such as yield and resilience to environmental 

stresses. 
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Chapter 5. Genome-wide Association Study of Fat 

Content and Fatty Acid Composition of Shea Tree 

(Vitellaria paradoxa C.F. Gaertn subsp. paradoxa) 
Shea tree (Vitellaria paradoxa subsp. paradoxa) is a vital socio-economic and 

ecological resource across sub-Saharan Africa, with shea butter being its most 

commercially valuable product due to its extensive use in the food, cosmetic, and 

pharmaceutical industries. While significant efforts have been made to assess the 

morphological traits and genetic diversity of superior shea trees (SSTs), there remains 

a critical gap in understanding the genetic basis of economically important traits, 

particularly shea butter (SB) content and its fatty acid (FA) composition. These traits 

are key determinants of shea butter quality, influencing its functional properties and 

market value, and thus are of paramount importance for targeted breeding and 

domestication programs. 

In this chapter, we present a genome-wide association study (GWAS) aimed at 

uncovering the genetic architecture underlying SB content and FA composition in 

SSTs. Understanding the variation in these traits is crucial for advancing shea tree 

improvement efforts, as it enables the identification of genetic markers that can be 

harnessed in marker-assisted selection (MAS) to accelerate the development of 

superior cultivars. To achieve this, shea nuts were collected from 122 out of the 170 

previously genotyped SSTs, including 51 trees from the core collection. These 

samples were sourced from the Hambol, Poro, and Tchologo regions, which represent 

key shea-growing areas with diverse agro-ecological conditions. Unfortunately, due 

to the seasonality of shea fruit production, combined with financial and logistical 

constraints, samples from the Bagoué region were not available for this study. 

Through comprehensive genotypic and phenotypic analyses, we identified 

quantitative trait nucleotides (QTNs) significantly associated with SB content and FA 

composition. Moreover, the study revealed potential candidate genes involved in the 

biosynthetic pathways regulating these traits. The identification of these QTNs and 

candidate genes represents a pivotal step toward precision breeding in shea, providing 

valuable molecular tools that can enhance the efficiency and accuracy of selection 

processes. 

The findings from this GWAS have broad applications in both scientific research 

and practical breeding programs. By facilitating the early selection of genotypes with 

desirable SB and FA profiles, these genetic insights support faster, more precise 

breeding strategies. This will not only improve the productivity and quality of shea 

butter but also contribute to the sustainable domestication and commercialization of 

the shea tree, ultimately benefiting local communities and the broader shea value 

chain.
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5.1. Abstract 
Background: Fat content (FC) and fatty acids (FA) are the most important traits in 

shea tree breeding, controlled by several genes with relatively small effects. 

Therefore, determining the genes involved in the biosynthesis of such traits is crucial 

for improving oil quantity and quality and for the domestication process of the species. 

To identify the quantitative trait nucleotides (QTNs) controlling FC and FA, we 

conducted a multi-locus genome-wide association study (GWAS) using six multi-

locus GWAS methods for FC and FA in 122 superior shea trees (SSTs). SSTs were 

genotyped using DArTseq, resulting in 7,559 non-redundant single nucleotide 

polymorphism markers. 

Results: Fat content varied from 36% to 58% with a mean of 50%. Fatty acid 

composition was 51.26 ± 4.21, 38.76 ± 4.67, 6.45 ± 0.76 and 3.53 ± 0.52 % for oleic, 

stearic, linoleic and palmitic acids, respectively. A very high negative correlation 

coefficient (-0.98) was found between stearic and oleic acids. A total of 47 significant 

QTNs associated with fat-related traits were detected by the GWAS methods. Among 

these QTNs, 25 were identified as common QTNs based on their detection by multiple 

GWAS methods. Using superior allele information of the 4 common QTNs associated 

with fat content in 17 high-fat and 21 low-fat SSTs, we found a higher percentage of 

superior alleles in SSTs with high FC (47.1%) than in SSTs with low FC (14.3%). 

Pathway analysis of the common QTNs identified 24 potential candidate genes likely 

involved in the biosynthesis of FC and FA composition in shea tree seeds. 

Conclusions: These findings will contribute to the discovery of the polygenic 

networks controlling FC in shea tree, improve our understanding of the genetic basis 

and regulation of FC, and be useful for molecular breeding of high-fat shea tree 

cultivars. 

Keywords: Fatty acid components, multi-locus GWAS, Vitellaria paradoxa, 

Quantitative Trait Nucleotide, Candidate gene, Superior Allele proportion, Single 

Nucleotide Polymorphism 
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5.2. Introduction 
Shea tree (Vitellaria paradoxa), a member of the Sapotaceae family, is an 

economically important species in the Sudano-Sahelian zone (67). It consists of two 

subspecies: V. paradoxa subsp. paradoxa from West and Central Africa and V. 

paradoxa subsp. nilotica found in East Africa (10). Shea butter, extracted from shea's 

kernels, is a key resource in local economies and international markets, serving as an 

essential ingredient in the food, cosmetic, and pharmaceutical industries (59). The 

extraction process for shea butter is still not standardized and is typically performed 

by manual or semi-mechanized methods (135). Regardless of factors such as origin, 

genetic variation and climatic conditions, the qualitative and quantitative composition 

of shea butter is mainly related to the extraction process (131,135). Therefore, the 

Codex Alimentarius specifies quality parameters for unrefined shea butter, allowing 

its classification into two categories based on water content, free fatty acids, peroxide 

value and insoluble impurities: butter for direct consumption (grade 1a) and butter for 

use in the food industry (grade 1b) (135). 

Shea butter predominantly consists of four main fatty acids: approximately 48% 

oleic acid (C18:1), 40% stearic acid (C18:0), 5% linoleic acid (C18:2), and 3% 

palmitic acid (C16:0) (129). Its high stearic acid and oleic acid content makes it 

particularly suitable for applications in the chocolate and confectionery industries. 

Furthermore, shea butter is the most widely utilized commercial source of Sat-O-Sat 

(Sat: saturated fatty acid and O: oleic acid), a key component in the production of 

confectionery fats (238). 

Despite its economic and industrial importance, traditional shea cultivation faces 

significant challenges. These include the species’ long juvenile phase of 15-20 years 

(158) and the high heterogeneity of natural populations due to its outcrossing nature 

(28). This variability often leads to inconsistencies in oil quality and yield, hindering 

its full market potential (25). 

V. paradoxa is a diploid species (2n = 24) with a genome estimated at 658.7 Mbp 

containing over 38,000 coding genes (25). This genomic information provides a 

strong foundation for the study of genetic traits associated with agronomic value. 

Through participatory surveys, potential superior shea trees have been identified 

based on traits such as tree yield, fruit size, pulp taste, and early flowering (60). 

Previous studies have characterized these superior trees at both morphological and 

molecular levels (94,122,205). However, their fat content and fatty acid composition, 

key traits that influence shea butter quality, have not been thoroughly investigated. 

Determining these traits in superior shea trees and using advanced genomic tools, 

such as genome-wide association studies (GWAS), will provide new opportunities to 

identify quantitative trait nucleotides (QTNs) associated with fat content and fatty acid 

profile. Multi-locus GWAS methods have proven to be highly efficient and accurate 

in identifying genetic markers associated with complex traits. Unlike single-marker 

models, these approaches reduce false positives and provide a comprehensive 

understanding of genetic influences. 
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In this study, multi-locus GWAS approaches were applied to dissect the genetic 

basis of fat content and fatty acid composition in a genetically diverse population of 

superior shea trees. The specific objectives were: (I) to determine the fat content and 

fatty acid composition; (II) to identify significant QTNs associated with fat content 

and fatty acids; and (III) to discover candidate genes controlling fat-related traits in 

shea trees. 

Ultimately, the results of this research, combined with the recently developed 

affordable and efficient DNA extraction protocol described Attikora et al (239), are 

expected to increase scientific knowledge of superior shea trees and advance shea tree 

breeding programs. This will increase the economic potential of the species by 

addressing market challenges such as variability in oil quality, in terms of fatty acid 

profiles, and yield. To our knowledge, this is the first genome-wide association study 

(GWAS) focused on fat content and fatty acid composition in Vitellaria paradoxa. 

These findings will serve as a foundation for future genetic improvement efforts, 

benefiting local farmers and global industries that rely on shea butter. 

5.3. Materials and Methods 
5.3.1. Plant Materials and Leaf Sampling for DNA Extraction 

An initial population of 170 genotyped mature superior shea trees (SSTs) from the 

Hambol, Poro and Tchologo regions of Côte d’Ivoire were considered for shea fruit 

sampling. The savannas of northern Côte d’Ivoire, where shea trees grow, are divided 

into the Sudanese savanna (Poro, Tchologo regions) with monomodal rainfall (1,200 

mm/year) and the sub-Sudanese savanna (Hambol region), a transitional zone with 

bimodal rainfall (1,050 mm/year). Average annual temperatures are approximately 

27°C, and vegetation includes wooded and grassy savannas with gallery forests along 

waterways. Soils are predominantly ferralitic, with subclasses including soils on basic 

rocks, tropical ferruginous soils, and hydromorphic soils. Key crops include cotton, 

cashew nuts, and mangoes, while common tree and shrub species include Vitellaria 

paradoxa, Paria biglobosa, Pilliostigma thonningii, and others (122). 

The number of initial SSTs in each region was based on the density of the shea 

population. In addition, the selection of superior shea trees consisted of a participatory 

survey in which farmers were allowed to select SSTs based on specific criteria, 

including high fruit yield, large fruit size, early flowering each year, and periodicity 

of fruit production (205). 

A total of 122 mature SSTs from the initial population (170 SSTs) were selected for 

fruit sampling based on the initial number of SSTs in each region. In fact, in Hambol 

region, 100% of the SSTs were sampled (25/25 SSTs) and in Poro region, 48 out of 

53 SSTs were sampled since any fruit was found under the five remaining SSTs. 

Regarding the region of Tchologo, only 50% of the initial SSTs, representing 48 out 

of 97, were randomly selected for fruit sampling for this study. The sequences of the 

genotypes include in this study were uploaded in NCBI as Sequence Read Archive 

(SRA) under the BioProject “PRJNA1167878”. Leaves sampling and DNA extraction 

were described in our previous study (122). One hundred fruits (100) were randomly 

collected from each genotype for shea butter extraction. The pulp was removed, and 
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the nuts were boiled in water at 98 ± 2°C under atmospheric pressure for 15 minutes. 

They were then sun-dried for two weeks and the coat was removed from the kernels. 

The kernels were oven-dried at 40°C for 24 hours, then ground into a paste using a 

high-speed laboratory grinder (FRITSCH, 19.1020/00426, ROHS, Oberstein, 

Germany). The obtained pastes were stored at 4°C in sealed plastic containers under 

vacuum until fat extraction. 

The fat extraction process was carried out in the Food Science and Formulation 

Laboratory at TERRA, ULiège GxABT, Belgium. The extraction of the fat was 

carried out according to the maceration method described by Kaoussi et al (240) to 

preserve the physicochemical properties of the fat while also enhancing the yield. One 

hundred grams (100 g) of the sample were mixed with 200 mL of hexane in a 500 mL 

capacity Duran flask and heated to 40°C while stirring for 90 minutes using a 

temperature-controlled heating agitator system. The extracts were then centrifuged at 

7000 rpm for 15 minutes at 30°C using a Jouan C312 centrifuge (France). Finally, the 

clarified supernatant was filtered using a vacuum filtration setup consisting of a 

Buchner funnel with Whatman No. 1 filter paper (Ø125 mm) placed on an Erlenmeyer 

flask and separated by a gasket. A vacuum pump is attached to the setup to generate 

the vacuum. The extraction process was repeated three times on the same matrix to 

deplete it of fats, with the filtrates collected and combined in a 1000 mL flask. The 

solvent was then removed using a rotary evaporator (Büchi Labortechnik AG, Flawil, 

Switzerland), and any remaining solvent traces were eliminated by nitrogen flushing. 

The extracted shea butters were stored in the dark at −20°C until analysis. All 

extractions were conducted in triplicate for each sample. 

5.3.2. Fatty Acid Composition 

The fatty acid composition of the extracted shea butter was determined following 

transesterification with BF3, according to the AOCS Ce 2-66 method. Fatty acid 

methyl esters (FAME) were analyzed using a GC ULTRA gas chromatograph 

(Thermo Scientific Interscience) equipped with a flame ionization detector (FID) and 

an HP-Innowax column (Agilent Technology) of 30 m x 0.5 µm x 0.25 µm (length x 

thickness x diameter). The injection was carried out in splitless mode (splitless time: 

2 min) at 250°C. Helium served as the carrier gas, with a constant flow rate of 1 

mL/min. The temperature program was set as follows: starting at 50°C with a 1-

minute hold, then increasing to 150°C at a rate of 30°C/min, followed by a rise to 

240°C at 5°C/min with a 25-minute hold. The FID was set to 250°C. Fatty acid methyl 

esters were identified by comparing their retention times with those of pure reference 

standards. Analyses were performed in triplicate and the mean values for each sample 

were considered. 

5.3.3. Phenotypic Data Analysis 

The fat related-traits data were analyzed using R software, version 4.3.3. An analysis 

of variance (ANOVA) was performed to determine the variations within and among 

the genotypes. The correlation coefficients between the studied traits were calculated 

and presented in graphical form. Additionally, a principal component analysis (PCA) 

was performed to structure the studied traits. 
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5.3.4. SNP Genotyping Data Analysis 

The methods used for SNP genotyping and mapping were described in previous 

study (122). Sequencing was performed using genotyping by sequencing DArTseq 

technology. DArTseq SNP markers were aligned to the Vitpa_HiCP0_Assembly 

reference genome  (https://bioinformatics.psb.ugent.be/orcae/overview/Vitpa) 

to locate the corresponding chromosomal positions. A total of 42,705 SNP markers 

were mapped. To discard low-quality SNP and ensure data integrity, markers with 

more than 20% missing data were removed. In addition, minor allele frequency 

(MAF) SNPs with less than 5% were considered rare and were therefore excluded. A 

final dataset consisting of 7,559 SNP markers was used for further analysis. 

5.3.5. Analysis of Population Structure and Linkage Disequilibrium 

Bayesian clustering approach was performed using STRUCTURE 2.3.4 software to 

investigate the structure of the shea panel based on an admixture model excluding the 

LOCPRIOR option was used (241). The algorithm of the model-based clustering is to 

identify genetic groups in terms of K values. The analysis was performed in 10 runs, 

with successive values of K ranging from 1 to 10 and burn-in period of 50,000 and 

100,000 Markov-chain Monte Carlo (MCMC) replicates. The optimal K value was 

determined based on the delta-K [∆(K)] method using the rate of change in [Ln(P(D)] 

between successive K values. An unweighted neighbor-joining (NJ) tree was 

constructed based on a dissimilarity matrix (DM) estimated from the 7,559 SNPs 

using TASSEL 5.2.80 (242). In addition, discriminant analysis of principal 

component (DAPC) was performed using the “find.clusters” function of the 

“adegenet” package in R software version 3.4. 4 to access the structure of the Shea 

panel. Genome-wide linkage disequilibrium (LD) was generated by plotting 

average r2 (correlation frequency among SNPs) values as a function of genetic 

distance in base pairs (bp) against the twelve chromosomes across the shea tree 

genome using the TASSEL 5.2.80. The LD decay plot was calculated in R. 

5.3.6. Genome-wide Association Study 

The R platform mrMLM 4.0.2 (https://cran.r-

project.org/web/packages/mrMLM.GUI/index.html) for ML-GWAS was used to map 

candidate QTNs. Six multi-locus GWAS methods within the mrMLM R package were 

used to identify significant QTNs, including mrMLM (243), FASTmrMLM (244), 

FASTmrEMMA (245), pLARmEB (246), pKWmEB (247), and ISIS EM-BLASSO 

(248). All parameters were set to default values, and the critical LOD score was set to 

3 for robust QTNs in the final step. In this study, the six multi-locus GWAS methods 

were applied because they have demonstrated their advantages over single-locus 

GWAS methods. In addition, the combination of multi-locus methods is also highly 

recommended to improve the power and robustness of GWAS. To control false 

positives, the Q + K model, in which are included the population structure matrix (Q) 

and the kinship matrix (K), were used in the analysis. The kinship matrix was 

calculated using the R package mrMLM 4.0.2. 
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5.3.7. Superior Allele Analysis 

We considered the QTNs detected by at least two ML-GWAS methods as common 

QTNs. Based on the effect values of each common QTN and the genotype for code 1, 

we could determine the superior alleles of each QTN. If the QTN effect value is 

positive, the genotype for code 1 is the superior allele; if the effect value is negative, 

the alternative genotype is the superior allele. For each QTN, the proportion of 

superior alleles in 38 SSTs, consisting of 17 with high fat content and 21 with low fat 

content, was equal to the number of genotypes containing the superior allele divided 

by the total number of genotypes. For each genotype, the proportion of superior alleles 

in these QTNs was calculated as the number of superior alleles divided by the total 

number of QTNs. These 38 SSTs were selected based on the average fat content. 

5.3.7. Candidate Genes Annotation 

QTNs detected by ML-GWAS methods were selected as candidate genes. To 

account for putative genes associated with traits, a window range of 10 kb (upstream 

and downstream) was defined; and genes were searched from the V. paradoxa Whole 

Genome v2.0 Assembly and Annotation in the ORCAE database 

(https://bioinformatics.psb. ugent.be/orcae, accessed on July 26, 2024), with a search 

for candidate genes associated with fat content traits. The gene name, description, and 

AGPv4 coordinates with its protein were then searched in the Vitellaria paradoxa 

reference genome database. The putative functional candidate genes associated with 

the corresponding SNPs were then annotated according to any initially annotated 

genes from other species. 

5.4. Results 

5.4.1. Fat content and fatty acid composition of superior shea trees 

A significant degree of variability was observed in the fat content of the superior 

shea trees (Figure 24 and Table S 9). The mean fat content of the 122 superior shea 

trees was found to be 49.7%, ranging from 36.2-58.1% (Figure 24a). A summary of 

the fatty acid composition of the shea genotypes is presented in Table S 9. This study 

examined the four main fatty acids found in shea butter: palmitic acid (C16:0), stearic 

acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2). Oleic acid (51.3%) and 

stearic acid (38.8%) were the most abundant, with proportion ranging from 40.3-

65.7% and 22.3-50.5%, respectively (Figure 24c and Figure 24d).  Linoleic acid 

followed with an average of 6.4%, ranging from 4.8 to 9% (Figure 24e). 

Furthermore, the coefficient of variation (CV) of fat content (7.44%) and oleic acid 

(8.21%) observed in superior shea trees was found to be low, while CV of palmitic 

acid (14.73%), stearic acid (12.05%) and linoleic acid (11.78%) was medium (Table 

S 9). This indicates that the panel of superior shea trees exhibited low to moderate 

variation. 
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Figure 24. Box plots of the distributions of the proportion relative-fat traits: a) Fat content, 

b) palmitic acid, c) stearic acid, d) oleic acid, and e) linoleic acid, P (%): proportion 

A positive correlation was observed between fat content and stearic acid (r = 0.31). 

In contrast, negative correlation was observed between fat content and C16:0 (r = -

0.13), C18:1 (r = -0.25), and C18:2 (r = -0.43). Moreover, a strong negative correlation 

was found between stearic acid and oleic acid (r = -0.98) (Figure 25). 

 
Figure 25. Correlation between five fat-related traits (C18.0: Stearic acid, C18.1: Oleic 

acid, C18.2: Linoleic acid and Fat.cont: Kernel Fat content) of the 122 superior shea trees. 

Color in the boxes indicates the value of the correlation relationship. 
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The fat content and fatty acid composition of superior shea trees in different regions 

are shown in Table S 10. Slight variations in fat content, palmitic acid, and linoleic 

acid were observed among superior shea trees across different regions (Table S 10, 

Figure 26). The mean fat content was 49% in Hambol and 49.9% in both the Poro 

and in Tchologo regions (Figure 26a). Similarly, the proportion of palmitic acid was 

3.6% in Hambol and 3.5% in both Poro and Tchologo regions (Figure 26b). Mean 

linoleic acid content was 6.6% in Hambol, 6.3% in Poro, and 6.6% in Tchologo 

(Figure 26e). However, significant quantitative variation was noted for stearic acid 

and oleic acid. The mean proportion of stearic acid was 36.9% in Hambol, 39.8% in 

Poro, and 38.6% in Tchologo (Figure 26c). Oleic acid proportions were 52.9% in 

Hambol, 50.4% in Poro, and 51.3% in Tchologo (Figure 26d).  

An analysis of variance (ANOVA) was performed to evaluate the effect of 

geographical regions on the fat content and fatty acid composition of superior shea 

trees. The results indicated statistically significant differences in the levels of stearic 

acid (p = 0.03) and oleic acid (p = 0.05) across regions (Table S 10). However, no 

significant variations were found in fat content, palmitic acid, or linoleic acid between 

the regions. 

 
Figure 26. Box plots of the distributions of Fat content and Fatty Acid Composition of 

Superior Shea Trees by region; a) Fat content, b) palmitic acid, c) stearic acid, d) oleic acid, 

and e) linoleic acid 

5.4.2. Principal component Analysis (PCA) 

PCA was conducted to identify the variables that significantly influence the 

principal components (PCs), thereby explaining the variability in the data set. The 

PCA generated five principal components (PCs) in total, with the first two main PCs 

(eigenvalues > 1) accounting for 72.4% of the total variation (Figure S 8). PC1 

explained 52% of the total variance, mainly driven by C18:0 (positive loading) and 
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opposed by C18:1 variable (negative loading). The residual variance in PC2 (20.46%) 

was mostly explained by C18:2 (negative loading) and fat content (positive loading). 

5.4.3. Population Structure and Linkage Disequilibrium 

The population structure of 122 superior shea trees was analyzed using the 7559 

high-quality genome-wide SNP markers. The density and distribution of SNPs on 

each chromosome across the shea tree genome are presented in Figure 27. 

 
Figure 27. The number and size of SNPs within 1 Mb window size of V. paradoxa 

genome 

Model-based simulation of population structure showed the highest peak at K = 3 

as the number of genetic groups plotted against delta K (∆K) by Structure Harvester 

(Figure 28a). This indicates the presence of three genetic groups (GG1, GG2 and 

GG3) in the reference set (Figure 28b). GG1 was the largest with 52 superior shea 

trees, including 33 pure types and 19 admixture types that constituted 42.62% of the 

shea panel. GG2 with 30 SST included 20 pure types and 10 admixtures constituting 

24.59% of the total accessions and GG3 with 40 SST included 21 pure types and 19 

admixtures, 32.79% of the entire population. The estimated fixation index (FST) was 

0.012, 0.018 and 0.021 for GG1, GG2 and GG3 respectively. The highest allelic 

frequency of divergence was found between GG2 and GG3 (Table S 11).  

Consistent with the findings from Bayesian model-based simulation of population 

structure, the discriminant analysis of principal components (DAPC) also suggested 

three distinct clusters based on the value of BIC (822.91) (Figure 28c). Cluster I had 

24 accessions, cluster II had 66 accessions and cluster III had 32 accessions. Similarly, 

the unweight neighbor-joining (NJ) tree method clustered the accessions into three 

groups. Cluster I had 89 accessions, cluster II had 24 and cluster III had 9 accessions. 

Individuals from each region were found in the three clusters (Figure 28d). 
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Figure 28. Population structure, phylogenetic analysis and linkage disequilibrium 

(LD). a Delta K for various numbers of clusters (K); b Population structure inferred into 

three subgroups (K = 3) based on delta K values; c Scatter plot of DAPC showing the genetic 

networks for the three groups; d Phylogenetic analysis using the neighbor-joining method 

grouped into three clusters; e LD decay plot from all population. The x-axis represents the 

physical distance, and the y-axis represents the average pairwise correlation coefficient (r2) 

of SNPs. 

The average distance of LD decay (r²) based on 7,559 SNP markers in the whole 

genome were calculated. The value of r2 declined rapidly to reach a plateau at 0.01. 

The corresponding distance was considered as the average distance of LD decay in 

this population. The overall LD decay was very low (r2 > 0.2) at a physical distance 

of 1107 pb in shea tree germplasm (Figure 28e). 

5.4.4. Multi-Locus Genome-Wide Association Study Analysis of fat-related 

traits in V. paradoxa 

All five fat-related traits were analyzed using six ML-GWAS methods (mrMLM, 

FASTmrMLM, FASTmrEMMA, pKWmEB, pLARmEB and, ISIS EM-BLASSO) to 

identify QTNs. A total of 47 significant QTNs (LOD≥3) were identified on all twelve 

chromosomes (Table S 12 and Figure 29). Of these, 21, 16, 5, 29 and 26 were 

detected with mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, and ISIS EM-

BLASSO respectively. In contrast, pKWmEB ML-GWAS method did not identified 

any QTN. Of the detected QTNs, 8, 9, 18, 12, and 9 were defined to be associated 

with FC, C16:0, C18:0, C18:1, and C18:2 respectively. It should be noticed that 9 of 

the detected QTNs were associated with both C18:0 and C18:1 (Table S 12). 
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Figure 29. Manhattan and QQ plots for five fat-related traits in GWAS using mrMLM 

v4.0.2. with 7559 SNP markers. Left is Manhattan plot, while right is QQ plot. Loci 

discovered by multiple methods together are marked with pink dots in the Manhattan 

diagram, those discovered by a single method are marked in blue above the horizontal line 

that indicates a critical LOD score of 3.0. a Fat content; b Palmitic acid; c Stearic 

acid; d Oleic acid; e Linoleic acid. 

A total of 25 identified QTNs were detected by at least two ML-GWAS methods 

(20 QTNs) or/and co-associated with two traits (9) or/and were flanking near a 

putative coding region (10 QTNs) that have a crucial role in V. paradoxa lipid 

biosynthesis. These QTNs were then chosen as common QTNs for the five fat-related 

traits. 

For the 20 QTNs detected by at least two ML-GWAS methods, 6 were found to be 

tightly associated with both C18:0 and C18:1 (Table S 12). For the remaining QTNS, 

4, 4, and 6 were found to be associated with FC, C16:0 and C18:2, respectively. The 

six common QTNs detected for both C18:0 and C18:1 were located on chromosomes 

2, 3, and 6. For FC, the 4 common QTNs were distributed on chromosomes 2, 4 and, 

11. The 4 common QTNs of C16:0 were distributed on chromosomes 3, 7, 9 and 12. 
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A total of 6 QTNs which commonly associated with C18:2, spread over 1, 2, 5, 6, and 

7 chromosomes. Of these, fourteen QTNs were co-detected by at least 3 three ML-

GWAS methods while 10 QTNS were co-identified by at least 4 ML-GWAS methods. 

Notably, q6_3096993 and q4_46157457 were determined across all five ML-GWAS 

approaches. 

5.4.6. Distribution of Superior Alleles in Superior Shea Trees 

As fatty acids composition depends on the fat content, the 4 common QTNs 

associated with fat content were used to explore the proportion of superior alleles in 

38 superior shea trees (SSTs). Hence, 17 genotypes with higher fat content were 

considered as SSTs with higher phenotypic values while 21 genotypes with low fat 

content were considered as SSTs with lower phenotypic values. Genotypes with fat 

content above the addition of the average fat content and the standard deviation of the 

shea tree panel were considered as SSTs with higher phenotypic values. In contrast, 

genotypes with fat content below the subtraction of standard deviation in the average 

fat content were considered as SSTs with lower phenotypic values.  Therefore, 17 

SSTs had higher phenotypic values (53.51-58.09%) and 21 had lower phenotypic 

values (36.24-46.03%). For each of the 21 SSTs with lower fat content, the proportion 

of superior alleles ranged from 0 to 25%, while the proportion of superior alleles in 

the 17 SSTs with higher fat content ranged from 25 to 100%. Thus, the superior shea 

trees with high fat content have more superior alleles than the shea trees with low fat 

content (Figure 30). 
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Figure 30. Heat map of the superior allele distribution for the 4 common QTNs associated 

to fat content in 17 high-fat (lower part of the figure) and 21 low-fat (upper part of the 

figure) superior shea trees. Green and white colors represent superior and inferior alleles, 

respectively. 

However, it is observed that there is no proportional relationship between the fat 

content and the percentage of superior alleles among SSTs with high phenotypic 

value. For example, sample K359 exhibited a fat content of 58.09% with 25% of 

superior alleles, while sample K360 displayed a fat content of 54.42% with 100% of 

superior alleles (Table 15). 
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Table 15. Phenotypic averages of kernel fat content and proportion of superior alleles in 

38 genotypes across 4 common QTNs. 

Individual FC(%) PSA(%) Individual FC(%) PSA(%) Individual FC(%) PSA(%) 

K359 58.09 25 K297 53.86 25 KK11 44.42 25 

KK46 55.86 75 K328 53.81 50 KK03 44.18 0 

KK60 55.54 25 KK19 53.52 75 K300 43.79 25 

KK08 55.54 25 K387 53.51 25 KK16 43.78 25 

K385 55.11 50 KK54 46.03 0 KK22 43.55 25 

KK41 55.1 25 KBN4 45.97 25 K379 43.3 25 

KK48 54.56 50 K358 45.78 0 KK24 42.92 0 

KBN5 54.49 50 KBN3 45.43 25 K308 42.62 0 

K360 54.42 100 KA35 45.36 25 KA38 41.72 0 

KK29 54.33 50 KTI07 45.27 0 KBN9 41.28 25 

KA40 54.28 50 K319 44.71 25 K334 41.01 25 

K304 54.24 50 KTI05 44.65 0 KK02 36.24 25 

K380 54.15 50 KN06 44.42 0 - - - 

FC: Fat content, PSA: proportion of superior allele, characters in bolt represent genotypes with low 

fat content. 

Based on the superior allele information of these 4 important QTNs within the 38 

superior genotypes, the PSAs for QTNs ranged from 0 to 82.35 %. Among them, 2 

QTNs showed a PSA above 50%, while the remaining 2 QTNs showed PSA lower 

than 20%. 

Within the 17 SSTs with high fat content, the PSA for QTNs ranged from 11.76 to 

82.35%. Two QTNs had PSA values higher than 60% while the other two QTNs had 

PSA value lower than 50%. The range of PSAs of QTNs was 0–33.33% in the 21 

SSTs with lower phenotypic values. All the QTNs had PSAs lower than 50% (Table 

16 and Figure 30). The number of QTNs with superior alleles proportion, higher than 

50%, was more in the 17 SSTs than in the 21 SSTs with lower phenotypic values. 

We further explored the superior alleles within the 17 SSTs with high fat content 

for stearic and oleic acids as they are the major fatty acids in V. paradoxa. As results, 

44.12% of superior alleles were found for C18:0 while 27.45% of superior alleles 

were found for C18:1 (Table 16). 
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Table 16. Superior alleles and their proportions of 25 common QTNs and the five fat-related traits in 17 high FC SSTs and 21 low FC 

SSTs. 

Trait QTN Superior 

genotypes 

Chr QTN position LPV (%) HPV (%) 

FC q4_46157457 CC 4 46157457 33.33 14.29 82.35 47.06 

q11_13733557 GG 11 13733557 0 29.41 

q2_13023583 TT 2 13023583 23.81 64.71 

q2_49928619 TT 2 49928619 0 11.76 

C16 :0 q3_57006090 CC 3 57006090 61.9 41.61 64.71 39.71 

q7_45956782 GG 7 45956782 0 0 

q9_42857113 TT 9 42857113 9.52 17.65 

q12_1933151 CC 12 1932377 95.24 76.47 

C18 :0 q2_70518009 AA 2 70518009 80.95 35.42 76.47 44.12 

q2_5991246 AA 2 5991246 0 23.53 

q6_3096993 GG 6 3096993 74.43 82.35 

q3_45009201 CC 3 45009201 23.81 35.29 

q6_48934498 CC 6 48934498 4.76 17.67 

q2_15731361 GG 2 15731361 28.57 29.41 

q9_1241251 TT 9 1241251 4.76 0 

q3_43202766 TT 3 43202766 0 0 

q1_78304163 TT 1 78304163 38.1 35.29 

q6_28898438 TT 6 28898438 28.57 5.88 

q9_1135448 CC 9 1135448 85.71 88.24 

C18 :1 q2_5991246 GG 2 5991246 80.95 43.65 52.94 27.45 

q6_3096993 CC 6 3096993 4.76 5.88 

q2_70518009 GG 2 70518009 9.52 0 

q3_45009201 TT 3 45009201 38.1 23.53 

q6_48934498 AA 6 48934498 80.95 58.82 
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q2_15731361 AA 2 15731361 47.62 23.53 

q9_1241251 CC 9 1241251 95.24 82.35 

q3_43202766 CC 3 43202766 76.19 64.71 

q1_78304163 GG 1 78304163 23.81 23.53 

C18 :2 q1_20786407 TT 1 20786407 42.86 42.18 17.65 28.57 

q2_51742656 GG 2 51742656 33.33 5.88 

q5_ 9317929 TT 5 9317929 71.43 58.82 

q6_43871960 CC 6 43871960 19.05 17.65 

q6_10189604 TT 6 10189604 4.76 0 

q7_48678186 TT 7 48678186 80.95 64.71 

q10_3420702 CC 10 3420702 42.86 35.29 

Chr: chromosome, LPV: low fat content, HPV: high fat content 
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5.4.7. Potential Candidates Genes and annotations 

To predict candidate genes for loci significantly associated with fat content and fatty 

acid composition, the detected QTNs were used to confirm the genomic regions in V. 

paradoxa reference genome. We identified 24 putative genes that possibly influence 

fat content and fatty acid composition (Table 17). These putative genes were 

associated with eight gene/protein families involved in the fatty acid biosynthesis of 

shea nuts. For fat content, four putative genes Vitpa04g20550, Vitpa11g11370, 

Vitpa02g10450, Vitpa02g28870, corresponding to 3 gene/protein families were 

discovered: Long Chain Acyl-CoA Synthetase (LACS) on chromosome 4 at locus 

q4_46157457, SNF1-related protein kinase regulatory subunit beta-2 (KINB2) on 

chromosome 11 at locus q11_13733557, 3-Ketoacyl-ACP synthase (KAS) on 

chromosome 2 at loci q2_13023583 and q2_49928619 (Table 17). These genes are 

all involved in the fatty acid biosynthesis pathway. 

For the Fatty acids (palmitic, stearic, oleic and linoleic), 20 putative genes 

corresponding to 7 gene/protein families were discovered in shea butter: Fatty acid 

desaturases (FADs) on chromosomes 1, 3, 5 and, 6; Acyl-CoA-binding protein 

(ACBP) on chromosomes 1, 2, 7 and 10; Long Chain Acyl-CoA Synthetase (LACS) 

on chromosomes 3, 6, 9 and 12; Acetyl-CoA Carboxylase (CAC) on chromosomes 2 

and 6 ; Fatty Acid Export (FAX) on chromosome 9; Biotin carboxyl carrier protein of 

acetyl-CoA carboxylase (BCCP) on chromosome 6; and 3-Ketoacyl-ACP synthase 

(KAS) on chromosome 2 (Table 17). 

For palmitic acid, three family of genes were found; ACBP1 on chromosome 7; 

LACS on chromosomes 9 and 12 and; FAD2 on chromosome 3. Stearic and oleic acid 

identified the same putative genes. Four gene families were discovered: CAC, KAS, 

LACS, BCCP, ACBP, FAX and FADs. Finaly, FADs, LACS, CAC and ACBP gene 

families were identified for linoleic acid (Table 17). The genes identified from fatty 

acid are involved in Fatty acid biosynthesis and Fatty acid transmembrane transport 

pathways (Table 17). 
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Table 17. Gene annotation for the common QTNs for the fat content and fatty acid composition of V. paradoxa. 

Trait QTN Chr pos Gene ID G.O Function 

FC q4_46157457 4 46157457 Vitpa04g20550 

Long chain Acyl-CoA Synthetase 

5: LACS5 

GO:0001676 Long-chain fatty acid 

metabolic process 

q11_13733557 11 13733557 Vitpa11g11370 

SNF1-related protein kinase 

regulatory subunit beta-2: KINB2 

GO:0006633  Regulation of fatty acid 

synthesis by phosphorylation 

of acetyl-CoA carboxylase. 

q2_13023583 2 13023583 Vitpa02g10450 

3-ketoacyl-CoA synthase 1: KASI 

GO:0016021  Fatty acid biosynthesis 

q2_49928619 2 49928619 

 

Vitpa02g28870 

KASII: Ketoacyl-ACP synthase 2 

GO:0006633 Fatty acid biosynthetic process 

C16 :0 q3_57006090 3 57006090 

 

Vitpa01g27780 

FAD2: Fatty acid desaturase 2 

GO:0006629 Lipid metabolic process 

q7_45956782 7 45956782 Vitpa07g24400 

ACBP1: Acyl-CoA binding 

protein 1 

GO:0005515 Protein binding 

q9_42857113 9 42857113 

 

Vitpa09g21310 

Long chain Acyl-CoA Synthetase 

6: LACS6 

GO:0022857 Transmembrane transporter 

activity 

q12_1933151 12 1933151 

 

Vitpa12g00850 

Long chain Acyl-CoA Synthetase 

1: LACS1 

GO:003677  DNA binding 

C18 :0 q2_70518009 2 70518009 

 

Vitpa02g441500 

Acetyl-CoA Carboxylase alpha-

CT subunit: CAC3 

GO:0003989 Acetyl-CoA carboxylase 

activity 

q2_5991246 2 5991246 Vitpa02g04990 IPR029058 Lipid metabolism; fatty acid 

biosynthesis 
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KASIII: 3-ketoacyl-ACP synthase 

3 

q6_3096993 6 3096993 Vitpa06g02800 

Acetyl-CoA Carboxylase 1: CAC1 

GO:0016874 Ligase activity 

q3_45009201 3 45009201 Vitpa03g23170 

Long chain Acyl-CoA Synthetase 

2: LACS2 

GO:0005524 ATP binding 

q6_48934498 6 48934498 Vitpa06g31150 

Biotin carboxyl carrier protein of 

acetyl-CoA carboxylase 1: BCCP1 

PTHR45667 Component of the acetyl 

coenzyme A carboxylase 

complex 

q2_15731361 2 15731361 Vitpa02g12030 

Acyl-CoA binding Protein 5: 

ACBP5 

GO:0008080 N-acetyltransferase activity 

q6_28898438 6 28898438 

 

Vitpa06g20320 

Long-chain Acyl-CoA Synthase 2: 

LACS2 

PTHR43272:S

F4 

Long-chain fatty acid-CoA 

ligase activity 

q9_1135448 9 

 

1135448 

 

Vitpa09g00560 

Fatty Acid Exporter 2: FAX2 

GO:0035338  Long-chain fatty-acyl-CoA 

biosynthetic process 

q3_43202766 3 43202766 Vitpa03g22110 

Long chain Acyl-CoA Synthetase 

2: LACS 2 

GO:0006636 Unsaturated fatty acid 

biosynthetic process 

 

q1_78304163 1 78304163 Vitpa01g39960 

Acyl-CoA binding protein 1: 

ACBP1 

GO:0005515  Protein binding 

q9_1241251 9 1241251 Vitpa09g00560 

Fatty Acid Exporter 2: FAX2 

GO:0035338  Long-chain fatty-acyl-CoA 

biosynthetic process 

C18 :1 q2_5991246 2 5991246 Vitpa02g04990 

3-ketoacyl-ACP synthase 3: 

KASIII 

IPR029058 Lipid metabolism; fatty acid 

biosynthesis 
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q3_43202766 3 43202766 Vitpa03g22110 

Long chain Acyl-CoA Synthetase 

2: LACS 2 

GO:0006636 Long-chain fatty acid-CoA 

ligase activity 

q1_78304163 1 78304163 Vitpa01g39960 

Acyl-CoA binding protein 1: 

ACBP1 

GO:0005515  Protein binding 

q9_1241251 9 1241251 Vitpa09g00560 

Fatty Acid Exporter 2: FAX2 

GO:0035338  Long-chain fatty-acyl-CoA 

biosynthetic process 

q6_3096993 6 3096993 Vitpa06g02800 

Acetyl-CoA Carboxylase 1: CAC1 

GO:0016874 Ligase activity 

q2_70518009 2 70518009 Vitpa02g44080 

CAC3: Acetyl-CoA Carboxylase 

alpha-CT subunit 

GO:0008324 Cation transmembrane 

transporter activity 

q3_45009201 3 45009201 Vitpa03g23170 

Long chain Acyl-CoA Synthetase: 

LACS 

GO:0005524 ATP binding 

q6_48934498 6 48934498 Vitpa06g31150 

Biotin carboxyl carrier protein of 

acetyl-CoA carboxylase 1: BCCP1 

PTHR45667 Component of the acetyl 

coenzyme A carboxylase 

complex 

C18 :2 q1_20786407 1 20786407 Vitpa01g16230 

Fatty acid desaturases: FADs 

GO:0005506 Fatty acid metabolism 

q2_51742656 2 51742656 

 

Vitpa02g30850 

Acetyl-CoA Carboxylase: CAC 

GO:0004672  Acetyl-CoA carboxylase 

activity 

q5_ 9317929 5 9317929 Vitpa05g05820 

Fatty acid Desaturase 1: FAD1 

GO:0016702 Oxidoreductase activity 

q6_43871960 6 43871960 Vitpa06g27010 

Long-chain acyl-CoA synthetase 

5: LACS 5 

GO:0005682 Long-chain fatty acid-CoA 

ligase activity 
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q6_10189604 6 10189604 Vitpa06g09060 

Fatty acid Desaturase 2: FAD2 

GO:0006636  Unsaturated fatty acid 

biosynthetic process 

q7_48678186 7 48678186 Vitpa07g26220 

Acyl-CoA binding protein 2: 

ACBP2 

PTHR43840:S

F2 

Metal ion binding 

q10_3420702 10 3420702 Acyl-CoA binding protein 6: 

ACBP6 

GO:0000062 Fatty-acyl-CoA binding 

Chr: chromosome, pos: QTN position, G.O: Gene ontology 
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5.5. Discussion 
5.5.1. Phenotypic characteristics of shea fat-related traits 

The shea industry prioritizes shortening the juvenile maturity period, increasing oil 

yield per hectare, and improving oil quality (63).  

The analysis revealed significant variation within populations but non-significant 

variation among populations for fat content. The lack of variation among populations 

suggests that newly bred varieties could adapt well across in the Côte d'Ivoire shea 

parklands (122), supported by the high proportion of admixture genotypes observed 

(Figure 28b). Reliable heritability estimates indicate that the selection of marker-

associated traits for high-fat yield can significantly enhance genetic progress in shea 

breeding. 

The fat content observed in this study (49.7%) exceeded that reported for V. 

paradoxa subsp. paradoxa in Nigeria (45.5%) (129), likely due to the participatory 

selection of high oil-yielding genotypes (54-58%). Similar findings have been 

reported in Uganda, although their fat content exceeded ours, reflecting genetic 

differences between V. paradoxa subsp. paradoxa in West Africa and V. paradoxa 

subsp. nilotica in East Africa (249). Methodological differences in fat extraction are 

likely to influence the reported variation, highlighting the need for standardization 

when comparing studies (129,135). Variation in fat content may also be due to the 

influence of environmental conditions. Authors have reported that environmental cues 

such as high light intensity increase seed oil content, while high temperature, drought 

and salinity decrease seed oil content in plant species (250,251). 

As expected, the fatty acid composition of shea butter exhibited its characteristic 

profile, with oleic acid (C18:1) and stearic acid (C18:0) as the dominant components. 

Oleic acid was more prevalent (50-53%) compared to stearic acid (36.8-40%), a trend 

consistent with findings from Burkina Faso (135). West and Central African shea 

butter typically contains higher stearic acid and lower oleic acid levels, while the 

nilotica subspecies in East Africa is characterized by higher oleic acid and lower 

stearic acid levels (166,252,253). Interestingly, "soft shea butter," high in oleic acid, 

has also been observed in some paradoxa regions, including Côte d’Ivoire (91). As 

with fat content, environmental conditions influence fatty acid composition 

(250,251,254). In addition, developmental cues such as gibberellins, auxin and 

jasmonates can alter seed oil content and modify fatty acid composition (250). 

These phenotypic findings are critical for evaluating genetic and environmental 

interactions influencing stearic and oleic acid traits in Côte d’Ivoire. They also 

highlight the importance of identifying and using superior shea trees to meet industry 

demands for quality and consistency in shea butter production. 

5.5.2. Detected QTNs by ML-GWAS in Shea Tree 

In this study, six ML-GWAS methods were used to analyze five fat-related traits in 

122 superior shea tree germplasm. A total of 47 significant QTNs were identified 

across the methods, with pLARmEB detecting the highest number (29 QTNs), 

suggesting its relative efficiency (255). Similar findings have highlighted the 

complementarity of multi-locus GWAS methods in the analysis of complex traits, as 
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each method captures some distinct QTNs (256) . The identified QTNs were 

distributed across all 12 chromosomes, underscoring the robustness of ML-GWAS in 

detecting small-effect loci (257) for fat-related traits in V. paradoxa. 

Among the QTNs, 25 were commonly detected by at least two methods, with many 

located in coding regions associated with fatty acid biosynthesis genes. This 

highlights their importance in the regulation of fat-related trait in shea tree. Nine 

QTNs were associated with stearic acid (C18:0) and oleic acid (C18:1), demonstrating 

opposite effect values for these fatty acids. This aligns with the strong negative 

correlation (-0.98) observed between stearic and oleic acids, suggesting that these 

fatty acids are controlled, regulated or influenced by the same factors with opposite 

effects. Similar trends have been reported in other species, including mango, where 

fatty acid proportions are influenced by genetic and environmental factors (258). 

High-fat-content genotypes exhibited a greater proportion of superior alleles, with 

notable QTNs such as q4_46157457 and q2_13023583 showing strong associations 

with fat biosynthesis. These findings highlight the genetic complexity of fat content, 

which is influenced by developmental and environmental cues (250). In addition, 

superior alleles for C18:0 were more abundant than those for C18:1, consistent with 

their observed correlations with fat content. 

Advances in omics technologies have facilitated the identification of candidate 

genes involved in lipid biosynthesis in shea tree (25,59). This study identified 24 

candidate genes associated with fatty acid biosynthesis pathways. These genes are part 

of different protein family, including acetyl-CoA carboxylase (ACCase), the key 

enzyme that catalyzes the first committed step of de novo fatty acid synthesis in V. 

paradoxa (25). The genes of the fatty acid complex synthase consisting of Ketoacyl-

ACP synthase (KAS) that combines acetyl-CoA with malonyl-ACP to produce C16-

C18 fatty acids (25,250). It has been shown that a higher number of lipid biosynthesis 

genes, such as ketoacyl ACP synthase genes in the shea tree might be responsible of 

the high lipid content in shea fruits (59). Further desaturation and elongation produce 

longer and more unsaturated fatty acids in the endoplasmic reticulum (25,59,250). 

This is assured by fatty acid desaturase (FADs) genes. Finally, several genes involved 

in the transmembrane transport of fatty acids from the plastid to the endoplasmic 

reticulum, including Fatty Acid Export (FAX), acyl-CoA binding proteins (ACBPs) 

and Long Chain Acyl-CoA Synthetases (LACS) were identified. These genes regulate 

key steps in fatty acid synthesis, elongation, and desaturation, contributing to the high 

levels of C18 fatty acids characteristic of shea butter (25,59). Notably, V. paradoxa 

encodes more lipid biosynthesis genes than species like Arabidopsis thaliana or 

Theobroma cacao, consistent with its superior fat yield (25). 

The identified QTNs and candidate genes provide a foundation for breeding 

programs aimed at improving shea butter yield and quality. Three strategies can be 

used to incorporate these findings into breeding programs. First, the identified QTN-

allele matrix can be used to predict optimal crosses, such as selecting the top 10 

crosses based on their fat content and the proportion of superior allele frequency. 

Second, SSR markers can be developed near the identified QTNs and applied in 

marker-assisted selection to enhance crop improvement. Third, the significant SNPs 
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associated with the traits of interest can be integrated into genomic selection models 

to improve breeding accuracy and efficiency. However, the identified genes need to 

be validated through functional analysis to strengthen the biological relevance of the 

findings. 

This research underscores the potential of ML-GWAS in addressing key challenges 

in shea cultivation, advancing genetic improvement efforts, and supporting the 

economic and industrial value of V. paradoxa. 

5.6. Conclusion 
In this study, six multi-locus GWAS approaches were used to identify quantitative 

trait nucleotide (QTN) associated with fat content and fatty acid composition of V. 

paradoxa based on 7559 SNP markers. A total of 47 significant QTNs corresponding 

to 9, 18, 12, 9 and 8 were associated with fat content, palmitic acid, stearic acid, oleic 

acid and linoleic acid respectively, with 9 QTNs associated with both stearic and oleic 

acids. Among these QTNs, 25 were commonly detected by at least two GWAS 

methods. In total, 24 candidate genes were obtained based on the common QTNs, with 

10 previously reported to be involved in the shea tree seed oil and fatty acid 

biosynthesis and transmembrane transport pathway. Based on 38 SSTs corresponding 

to 17 SSTs with high fat content and 21 SSTs with low fat content, the proportion of 

superior alleles of FC common QTNs ranged from 0 to 82.35%. In addition, the 

proportion of superior alleles within the genotypes with high fat content was higher 

than that with the genotypes with low fat content. This suggests that these superior 

alleles exhibit an additive effect on the shea tree seed oil accumulation. These findings 

suggest that an improvement of the shea tree seed oil yield can be achieved by 

integrating more superior alleles into shea genotypes by marker-assisted selection 

(MAS). The 17 high-fat SSTs can be directly propagated by grafting and in vitro 

culture to provide farmers with high-performing plant material or can be included in 

breeding programs for the development of new cultivars. 

5.7. Data availability 
The raw sequencing data reported here has been deposited at Genome Sequence 

Archive of National Genomics Data Center under accession number PRJNA1167878 

5.8. Supplementary materials 

Table S 9. Summary Statistics and Coefficient of Variation for Fat Content and Fatty 

Acids in Superior Shea Trees 

 Minimum Maximum Mean ± sd Coefficient of 

variation(%) 

Fat content 36.24 58.09 49.73 ± 3.7 7.44 

Palmitic acid 2.01 6.12 3.53 ± 0.52 14.73 

Stearic acid 22.33 50.54 38.76 ± 4.67 12.05 

Oleic acid 40.27 65.66 51.26 ± 4.21 8.21 

Linoleic acid 4.78 9.03 6.45 ± 0.76 11.78 
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Table S 10. Statistical Summary of Fat Content and Fatty Acid Composition of Superior 

Shea Trees Across Different Regions. 

 Regio

n 

Min. Max. Mean ± sd CV 

(%) 

Skew

ness 

Kurt

osis 

F-

value 

p-

value 

Fat c. Hamb. 41.28 54.49 49 ± 3.2 6.57 -0.5 -0.56 0.57 0.57 

Poro 36.24 55.86 49.9 ± 3.9 7.82 -0.95 1.33 

Tchol. 41.01 58.09 49.9 ± 3.8 7.55 -0.49 -0.28 

C16:0 Hamb. 2.91 4.69 3.7 ± 0.4 11.78 0.66 -0.27 1.06 0.35 

Poro 2.01 4.11 3.5 ± 0.6 17.29 1.35 6.39 

Tchol. 2.43 4.86 3.6 ±0.5 13.52 0.49 0.31 

C18:0 Hamb. 22.33 43.24 36.9a ± 5.8 15.65 -0.99 -0.02 3.51 0.03* 

Poro 32.25 48.16 39.8b ± 3.8 9.54 -0.18 -0.4 

Tchol. 26.59 50.54 38.6ab ± 4.9 12.63 -0.09 -0.16 

C18:1 Hamb. 46.4 65.66 52.9a ± 5.3 10.04 0.93 -0.11 3.04 0.05 

Poro 42.13 57.51 50.4b± 3 6.03 0.08 0.09 

Tchol. 40.27 63.51 51.3ab ± 4.4 8.6 0.15 0.17 

C18:2 Hamb. 4.93 8.59 6.6 ± 0.8 12.02 0.48 0.2 1.77 0.18 

Poro 4.78 7.64 6.3 ± 0.7 10.97 0.19 -0.72 

Tchol. 5.12 9.03 6.6 ± 0.8 12.37 0.95 1.16 

Min: minimum, Max: maximum, CV: coefficient of variation, Fat c: Fat content, Hambol, Tchol.: 

Tchologo 

 
Figure S 8. Loading and score plots of PC1-PC2, “Variables-PCA”. 
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Table S 11. Results of Bayesian model-based clustering implemented in Structure of 122 

SSTs 

Cluster 

No 

GG1 GG2 GG3 HE FST Number of 

genotypes 

Admixed 

genotypes 

GG1 0   0.2599 0.012 52 19 

GG2 0.0016 0  0.2604 0.018 30 10 

GG3 0.0018 0.0022 0 0,2597 0,021 40 19 

Total - - - 0.26 - 122 48 
HE: Expected heterozygosity; FST: Fixation index; GG1, GG2, GG3: genetic groups 1, 2 and 3 

respectively. 
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Table S 12. Quantitative trait nucleotides (QTNs) associated with fat content and fatty acid content in V. paradoxa accessions. 

Traits Marker Gwas 

Method 

Chr Pos QTN 

effect 

LOD 

Score 

-log10 r² MAF 

C16:0 q3_57006090b 1, 5 3 57006090 0.2264, 

0.1699 

36.933, 

36.351 

44.291, 

43.678 

97.826, 

66.324 

0.238 

q7_45956782 1, 2, 4, 5 7 45956782 -0.537, 

-0.397, 

-0.376, 

-0.454 

62.718, 

42.023, 

69.118, 

76.237 

71.139, 

49.637, 

77.737, 

85.058 

336.766, 

24.47, 

197.545, 

289.897 

0.092 

q9_42857113b 1, 2 9 42857113 -0.193, 

-0.135 

30.231, 

34.732 

37.198, 

41.969 

73.341, 

47.868 

0.27 

q12_1933151b 1, 2, 4, 5 12 1933151 0.3395, 

0.2786, 

0.2322, 

0.2222 

41.414, 

46.872, 

42.555, 

31.404 

48.999, 

54.704, 

50.194, 

38.445 

162.921, 

14.562, 

91.167, 

83.967 

0.12 

q2_4344942 4 2 4344942 0.1786 34.622 41.853 68.075 0.17 

q2_14738783 4 2 14738783 -0.162 37.044 44.408 57.715 0.2 

q5_55626422 4 5 55626422 -0.163 52.575 60.638 56.337 0.2 

q10_35612747 4 10 35612747 0.1377 39.578 47.073 44.096 0.23 

q10_8515795 5 10 8515795 -0.207 45.518 53.291 86.167 0.17 

C18:0 q2_70518009a, 

b 

1, 2, 4 2 70518009 25.630, 

2.206, 

19.779 

41.425, 

41.509, 

42.318 

49.01, 

49.098, 

49.945 

88.886, 

112.583, 

86.867 

0.11 

q2_5991246a, b 1, 2, 4 2 5991246 -27.37, 

-17.75, 

-17.61 

59.194, 

36.946, 

41.381 

67.497, 

44.305, 

48.964 

145.993, 

10.503, 

99.159 

0.19 

q2_19257675 1 2 19257675 -21.96 33.436 40.599 82.528 0.15 

q3_43202766a 1 3 43202766 -27.76 62.683 71.102 163.817 0.21 



Conservation and Genetic Improvement of Shea Tree 

130 

 

q6_3096993a 1, 2, 4 6 3096993 25.763, 

17.085, 

19.205 

73.867, 

37.316, 

51.863 

82.623, 

44.694, 

59.898 

130.982, 

98.484, 

119.445 

0.2 

q8_9172814 1 8 9172814 -22.46 37.054 44.419 84.533 0.15 

q9_1135448b 1 9 1135448 25.697 38.323 45.754 97.945 0.12 

q3_45009201a 2, 4 3 45009201 14.201, 

14.498 

37.756, 

49.525 

45.158, 

57.467 

71.634, 

71.662 

0.43 

q6_48934498a 2, 5 6 48934498 -11.78, 

-17.6 

30.555, 

52.002 

37.543, 

60.042 

51.283, 

116.913 

0.28 

q1_78304163a 4 1 78304163 11.464 36.487 43.821 46.408 0.39 

q2_15731361a 4, 5 2 15731361 -0.739, 

-11.79 

34.676, 

38.989 

4.191, 

46.454 

17.213, 

46.655 

0.5 

q5_36247653 4 5 36247653 15.118 30.657 37.651 58.664 0.14 

q7_34884350 4 7 34884350 10.663 35.243 42.509 39.662 0.39 

q9_1241251a, b 4 9 1241251 -24.05 56.843 65.063 11.968 0.1 

q2_51742656 5 2 51742656 15.183 45.893 53.682 88.938 0.33 

q5_19261711 5 5 19261711 14.429 43.614 51.302 79.295 0.38 

q5_55907613 5 5 55907613 14.107 35.712 43.004 75.486 0.25 

q6_28898438b 5 6 28898438 -12.94 39.253 46.731 64.615 0.33 

C18:1 q1_78304163a 1 1 78304163 -15.72 40.431 47.968 76.142 0.39 

q2_5991246a, b 1, 2, 4, 5 2 5991246 20.125, 

17.516, 

16.691, 

2.054 

38.52, 

40.963, 

42.476, 

66.346 

45.961, 

48.526, 

50.111, 

74.881 

112.983, 

11.87, 

105.835, 

15.845 

0.19 

q3_43202766a 1 3 43202766 19.558 36.107 43.421 116.374 0.21 

q6_3096993a 1, 2, 3, 4, 5 6 3096993 -31.50, 

-2.172, 

-36.43, 

-19.47, 

-19.2 

95.051, 

57.854, 

34.979, 

49.996, 

45.514 

104.33, 

6.611, 

4.223, 

57.957, 

53.287 

280.241, 

184.793, 

66.249, 

145.848, 

140.201 

0.2 

q9_1241251a, b 1 9 1241855 26.178 40.873 48.431 123.613 0.1 



Chapter 5. GWAS of Fat Content and Fatty Acid Composition of Shea Tree 

 

131 

 

q2_70518009a, 

b 

2, 4, 5 2 70518009 -20.44, 

-20.77, 

-16.87 

43.335, 

48.946, 

36.178 

5.101, 

56.864, 

43.495 

112.221, 

113.747, 

74.243 

0.11 

q3_45009201a 2, 4, 5 3 45009201 -12.42, 

-14.15, 

-13.79 

35.626, 

50.611, 

56.447 

42.913, 

58.597, 

64.653 

63.643, 

84.045, 

76.098 

0.43 

q4_49530029 4 4 49530029 -0.921 36.584 43.923 36.494 0.32 

q6_48934498a 4, 5 6 48934498 10.153, 

10.259 

31.444, 

36.152 

38.488, 

43.468 

43.455, 

43.871 

0.28 

q2_15731361a 5 2 15731361 0.6843 34.004 4.12 17.355 0.5 

q4_7790254 5 4 7790254 -12.24 5.027 58.242 62.963 0.27 

q8_41435892 5 8 41435892 -0.902 32.746 39.868 25.686 0.14 

C18:2 q1_20786407 1, 2, 4, 5 1 20786407 0.3172, 

0.2385, 

0.275, 

0.2518 

42.493, 

35.764, 

53.124, 

53.254 

50.129, 

43.059, 

61.207, 

61.342 

98.526, 

67.616, 

96.032, 

72.536 

0.47 

q2_51742656 1, 2, 3, 5 2 51742656 -0.354, 

-0.307, 

-0.457, 

-0.337 

53.915, 

58.718, 

31.075, 

88.003 

62.028, 

67.004, 

38.095, 

9.712 

142.896, 

130.252, 

48.076, 

151.484 

0.33 

q5_ 9317929 1, 2, 5 5 9317929 0.2994, 

0.2262, 

0.246 

39.459, 

34.047, 

45.983 

46.948, 

41.246, 

53.776 

102.34, 

70.849, 

80.684 

0.33 

q6_43871960 1, 2, 5 6 43871960 -0.316, 

-0.255, 

-0.218 

37.103, 

42.238, 

31.335 

44.47, 

49.862, 

38.372 

109.756, 

86.752, 

60.655 

0.36 

q6_10189604 1, 2, 4, 5 6 10189604 0.429, 

0.3224, 

0.4396, 

0.3415 

51.462, 

47.971, 

85.302, 

66.999 

59.481, 

55.849, 

94.355, 

75.554 

45.464, 

31.151, 

61.879, 

33.654 

0.22 
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GWAS method: (1) mrMLM, (2) FASTmrMLM, (3) FASTmrEMMA, (4) pLARmEB and (5) ISIS EM-BLASSO; Chr: chromosome; Pos: QTN position; MAF: 
Minor allele frequency; Markers with letter a were associated with both stearic acid (C18:0) and oleic acid (C18:1); Markers with letter b were detected near a 
putative coding region that are involved in shea tree lipid biosynthesis; markers in bolt were tightly associated with both C18:0 and C18:1. 

 

 

 

 

q7_48678186 1, 2, 4, 5 7 48678186 0.4206, 

0.3462, 

0.3936, 

0.3498 

40.838, 

41.728, 

59.801, 

45.359 

48.395, 

49.328, 

68.125, 

53.125 

175.724, 

144.471, 

199.426, 

142.037 

0.18 

q7_5074043 4 7 5074043 0.2227 44.244 5.196 72.687 0.31 

q8_2105500 4 8 2105500 -0.215 37.457 44.843 58.519 0.19 

q10_3420702b 5 10 3420702 0.1426 38.003 45.417 25.685 0.42 

FC q4_46157457 1, 2, 3, 4, 5 4 46157457 26.41, 

22.561, 

42.502,

19.889, 

21.292 

47.868, 

52.273, 

49.296, 

48.381, 

47.381 

55.742, 

60.324, 

57.229, 

56.276, 

55.234 

289.169, 

239.309, 

93.099, 

174.944, 

215.294 

0.16 

q11_13733557 1, 2, 3, 4 11 13733557 -20.44, 

-16.83, 

-34.31, 

-14.77 

40.872, 

36.559, 

38.836, 

46.511 

48.43, 

43.897, 

46.293, 

54.327 

204.689, 

15.735, 

85.125, 

114.002 

0.24 

q8_11065258 3 8 11065258 -20.33 31.227 38.257 41.936 0.49 

q2_13023583 4, 5 2 13023583 -1.22,  

-0.967 

42.896, 

35.059 

5.055, 

42.315 

34.697, 

23.412 

0.29 

q2_49928619 4, 5 2 49928619 -18.57,  

-15.52 

45.411, 

34.502 

53.179, 

41.726 

135.098, 

101.353 

0.13 

q4_56145911 4 4 56145911 -0.879 36.305 43.629 41.206 0.36 

q9_23061170 4 9 23061170 -12.27 38.858 46.316 58.967 0.14 

q11_14542132 4 11 14542132 10.248 52.239 60.289 56.696 0.32 
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Chapter 6. Efficient in vitro Regeneration and Genetic 

Fidelity Analysis of Shea Tree (Vitellaria paradoxa 

Gaertn) Using ISSR Markers 
Shea (Vitellaria paradoxa) is a species that reproduces predominantly through 

cross-pollination, resulting in heterogeneous populations. This heterogeneity often 

includes a prevalence of genotypes with suboptimal productivity and inferior shea 

butter quality. To address this challenge, vegetative propagation methods present a 

promising solution for achieving uniformity. Among these methods, cuttings have 

demonstrated limited success in shea tree propagation. Grafting, on the other hand, 

has yielded more promising outcomes but is constrained by several factors, including 

the influence of rootstock on scion development, the use of non-sanitized plant 

material, the restricted availability of scions per plant, and the dependence on the 

species’ phenological cycle. 

While traditional propagation methods, such as seed germination and vegetative 

cutting, have shown some promise, particularly with optimized cutting techniques that 

are easily adoptable by farmers, there remains a critical need for advanced propagation 

approaches to support large-scale domestication and breeding programs. In vitro 

culture, a technique that offers the potential for producing disease-free plants in large 

quantities, rapid and efficient multiplication of elite genotypes, has been highly 

anticipated by the scientific community working on shea tree improvement. Despite 

its potential, limited progress has been made in establishing reliable in vitro protocols 

for shea, largely due to technical challenges and restricted access to plant material in 

certain research environments. 

This study was conducted in Belgium, where the lack of access to fresh vegetative 

material for traditional cutting techniques necessitated the exploration of in vitro 

culture methods. To address this, shea seeds were sourced from Côte d’Ivoire, the 

center of origin for the superior shea trees (SSTs) characterized in earlier chapters. 

These seeds were germinated and nurtured in a controlled nursery environment within 

the tropical chamber of the Plant Genetics Laboratory at Gembloux Agro-Bio Tech. 

This controlled setting provided optimal conditions for the growth and development 

of seedlings suitable for in vitro experimentation. 

For the in vitro culture process, nodal segments from the shoots of these nursery-

grown seedlings were selected as explants. Nodal explants are commonly used in 

micropropagation due to their high meristematic activity, which promotes shoot 

proliferation and plant regeneration. The development of this in vitro protocol 

represents a pivotal step toward overcoming the propagation bottlenecks associated 

with shea tree cultivation. By enabling the rapid multiplication of genetically superior 

individuals, this approach holds significant promise for supporting both conservation 

and breeding initiatives, ultimately contributing to the sustainable cultivation of shea 

across its native range. However, this approach needs more technical tools and 

knowledge and is expensive. Therefore, it cannot be used by farmers. 
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6.1. Abstract 
Shea tree is an economically valuable tree crop in the food, cosmetic, and 

pharmaceutical industries due to its seed oil, known as shea butter. Rapid propagation 

of superior shea trees through in vitro culture is essential to support domestication 

efforts, poverty alleviation, and climate change mitigation. This study aimed to 

establish an efficient and reliable in vitro culture protocol for the regeneration of shea 

true-to-type plantlets. Nodal explants were incubated on Murashige and Skoog (MS) 

medium supplemented with 6-benzylaminopurine (BAP) and/or kinetin (Kin) in 

combination with 1-naphthaleneacetic acid (NAA) for shoot regeneration. Four- to 

eight-week-old  micro-shoots were grown on MS and Modified Murashige and Skoog 

(MS1B) media at different strengths for rooting. These media were enriched with 

indole-3-butyric acid (IBA) alone or in combination with NAA, IAA, meta-topolin 

(mT), and putrescine. To assess the genetic fidelity of the regenerated plants, five 

polymorphic inter-simple sequence repeat (ISSR) primers were used. 

The results showed that MS/2 medium containing 3:1.2:1 mg/L BAP:Kin:NAA 

gave the best regeneration of axillary shoots. Four-week-old axillary shoots were 

100% rooted on MS1B/2 medium containing 3:0.1:40 mg/mL IBA:mT:putrescine. 

Rooted plantlets were successfully acclimated in vivo. The polymorphism of the ISSR 

Primers ranged from 50 to 87.5%, with an average of 65%, and the polymorphism 

information content was 0.22. For genetic fidelity assessment, 34 scorable and 

reproducible markers were obtained. All markers were monomorphic and identical to 

the mother plant. The micropropagation protocol proposed in this study is suitable for 

large-scale in vitro regeneration of shea without genetic alteration. However, further 

studies are needed for the induction of multiple micros-hoots. 

Keywords: Axillary shoot induction, Genetic homogeneity, ISSR markers, 

Micropropagation, Root induction, Vitellaria paradoxa 
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6.2. Introduction 
Shea tree (Vitellaria paradoxa) grows across 21 countries that forms a large belt in 

the semi-arid zone of sub-Saharan Africa (67). In Côte d’Ivoire, shea trees are located 

in the northern part. It is an important economic plant species due to its multipurpose 

use (90). The shea butter produced from its kernel is relevant in the food, cosmetic 

and pharmaceutical industries (67). Income from shea has been shown to make a 

significant contribution to rural livelihoods throughout the Sahel-Savannah (170). 

Shea tree is recognized as the second largest oil-producing plant after oil palm in 

Africa (25). The global shea market is estimated at $30 billion in 2020 (63). This high 

demand is due to its use in the confectionery and cosmetics industries. In the European 

market, the demand for these natural and organic cosmetics reached a value of EUR 

3.90 billion in 2019 (136). Cosmetics alone exceeded $530 million in 2020 and is 

expected to reach $1025 million by 2027 (63). 

Shea trees are the major constituents of the existing plant biomass in their  growing 

area. In that way, they not only form a substantial carbon reserve with a huge potential 

for carbon sequestration (necessary for climate change mitigation), but also contribute 

to protect against the environmental degradation prevalent in their growing area (79). 

However, the over-exploitation of its timber for firewood and charcoal production 

(259) has led to the collapse of the tree's population at the extent that currently, it is 

indexed as a vulnerable plant species by the International Union for Conservation of 

Nature (26). 

Indeed, the current population of shea trees are the result of natural regeneration, 

protection, and wild management during cultivation cycles (205). Due to cross-

pollination, these wild-managed stands resulting in heterogeneous populations. These 

heterogeneity often includes a prevalence of genotypes with poor genetic background 

and therefore produce an unreliable crop in terms of shea nut quantity and shea butter 

quality (41). 

The necessity to produce superior true-to-type varieties that conserve the desired 

genetic traits (51), has prompted research into the clonal propagation strategy (260). 

However, some vegetative propagation methods, such as the use of stem cuttings and 

the air-layering, were reported to have limited success (34,36,37,261,262). However, 

studies have reported a successful grafting of shea tree plantlets on fields (33) and on 

one-year-old  plantlets in nursery (32). Grafting was recommended in a recent study 

to clone the individuals within the Design Core Collection of Ivorian shea trees for ex 

situ conservation (122). Unfortunately, the grafting method can only be used on 

already established plantlets. Therefore, there is a need to develop a reliable asexual 

propagation technique that can be used to both produce superior true-to-type varieties 

and conserve shea tree desired traits to aid in the domestication of the species. 

On the other hand, the in-vitro culture is an alternative approach to improve the 

propagation and enhance a large-scale cultivation of the shea tree (44). Explant culture 

methods have shown success in propagating various recalcitrant tree crops and woody 

plants (263) including various members of the Sapotaceae, such as Argania spinosa 

(264), Madhuca latifolia (265), Pouteria lucuma (266) and Achras sapota (267). A 
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variant of the in-vitro approach, the micropropagation of woody species, has become 

a widely used technique for rapidly regenerating elite germplasm and reducing the 

juvenile post-propagation period for conservation purposes (268). 

Previous shea micropropagation attempts have used nodal and shoot tip explants 

(41,43,44), young leaf explants (38,42,269), and immature cotyledon and pulp 

techniques (39,40). Most of the studies using nodal and shoot tip explants reported 

low rates of axillary shoot induction and did not attempt root induction (43,44). 

However, in the study conducted by Lovett and Haq, the authors reported very low 

rates (8%) of rooted plantlets, but did not mention acclimatization, suggesting that 

they failed at this important stage (41). Also, none of the shea micropropagation 

studies mentioned multiple shoot regeneration. With other explants mentioned above, 

the authors reported callus formation but failed with shoot regeneration. All authors 

of these previous studies recommended further research to standardize 

micropropagation techniques for Vitellaria paradoxa. The main causes of these 

failures or low rates of micro-shoot induction were associated with the combination 

and/or concentration of growth regulators used. 

It is essential to determine the genetic uniformity of in vitro plants, as the goal of 

micropropagated plants is to produce a uniform genetic material for commercial use 

(270). In vitro plantlets often have genetic variants due to exposure to artificial 

conditions (271–273). An effective method for studying somaclonal changes in in 

vitro plantlets is the use of molecular markers (271,273,274). The inter-simple 

sequence repeat (ISSR) markers are the most commonly used PCR-based molecular 

markers in genetic stability studies (273,275,276). ISSR markers are dominant, 

reproducible, and capable of amplifying genome-wide regions without prior sequence 

information (277). These characteristics make ISSR markers valuable tools for 

various applications in plant genetics, such as genetic diversity analysis and marker-

assisted genetic fidelity (273,275,278). 

The aim of this study was to establish an efficient in vitro culture protocol for the 

regeneration of true-to-type shea plantlets. 

6.3. Materials and Methods 
6.3.1.1. Preparation of explants and surface sterilization 

Shea seeds were sourced from Côte d’Ivoire and were germinated and nurtured in a 

controlled nursery environment within the tropical green-house of the Plant Genetics 

Laboratory at Gembloux Agro-Bio Tech. 

Shoots (stems and buds) from a well-managed stock of V. paradoxa seedlings 

maintained in the tropical green-house, were used for the preparation of explants 

(Figure 31a). Excised shoots (Figure 31b) were either pink or green in color. The 

collected shoots were rinsed under running tap water for 5 min to remove any surface 

dirt. The explants were prepared by carefully removing older leaves, leaving 1 to 2 

new leaves per shoot (Figure 31c). They were agitated in a disinfectant solution of 

3% liquid soap for 10 min and left under running tap water for 10 min. The shoots 

were then dipped in a 2% (w/v) fungicide solution (Benlate WP) for 5 min and left 

under running tap water for 5 min. The shoots were then transferred to a sterile 
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environment under a horizontal laminar air flow cabinet (Clean Air Technology; 

Filtest, Benelux, Belgium) for aseptic sterilization. 

The shoots were surface sterilized with 70% (v/v) ethanol for 2 min and further 

sterilized with 10% (v/v) sodium hypochlorite solution (14% Cl2; VWR, Belgium) for 

10 min. After sterilization, the shoots were rinsed five times with sterile distilled 

water. The shoots were then placed on sterilized filter paper in a Petri dish to dry, and 

the remaining leaves and petioles were removed (Figure 31d). The node was trimmed 

to a size between 1 and 2 cm and used as explants for culture initiation (Figure 31e). 

Explants were randomly aseptically placed vertically on shoot induction media 

(Figure 31f). Cultures were maintained in the growth chamber at 26°C ± 1 under a 

16/8 h light/dark photoperiod. 

 
Figure 31. Preparation of explants for culture initiation. (a) location of a shoot on the 

donor tree, (b) Excised shoots; (c) shoot after removal of old leaves, (d) shoot after 

remaining petiole and leaf, (e) nodal explants, (f) explants on shooting medium. 

6.3.1.2. Reference Standard protocols for Media Preparation 

Standard procedures were used to prepare all media. Murashige and Skoog medium 

micro and macronutrients including vitamins and modified Murashige and Skoog 

medium micro and ½ macronutrients including vitamins were used in this study, as 

defined by Murashige and Skoog (279). The different base media, their composition 

and the strengths used in this study are shown in Table 18. An identification of the 

different strengths of each medium has also been defined in Table 18 and will be used 

throughout this paper. Media were supplemented with 30 g sucrose, pH was adjusted 

to 5.8, gelled by 8 g/L Agar.  All media and all instruments (scalpels, forceps, scissors, 

and paperwork) were sterilized by autoclaving at 121 °C and 15 psi for 15 min. 
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Table 18 Basal media composition and strength length used during in this study 

Media Composition (mg/L) Strength Code 

Macronutrients Micronutrients Vitamins 

Murashige 

and Skoog 

medium 

CaCl2 :332.02 

KH2PO4 :170 

KNO3:1900 

MgSO4 

:180.54 

NH4NO3: 1650 

CoCl2.6H2O: 

0.025 

CuSO4.5H2O: 

0.025 

FeNaEDTA: 36.7 

H3BO3: 6.2 

KI: 0.83 

MnSO4.H2O: 16.9 

Na2MoO4.2H2O: 

0.25 

ZnSO4.7H2O: 8.6 

Glycine : 2 

myo-Inositol: 

100 

Nicotinic 

acid:0.5 

Pyridoxine 

HCl:0.5 

Thiamine HCl: 

0.1 

Full MS 

Half MS/2 

Quarter MS/4 

Murashige 

and Skoog 

medium 

mod. No. 

1B 

CaCl2 : 166 

KH2PO4 : 85 

KNO3: 950 

MgSO4 : 87.86 

NH4NO3: 825 

 

 

Idem 

 

 

Idem 

Full MS1B 

Half MS1B/

2 

Full (100%, w/v), Half (50%, w/v), Quarter (25%,w/v) 

For the axillary shoot induction, only MS/2 was considered because it showed more 

promising results in shea axillary shoot induction than MS in previous studies 

(41,43,44). The MS/2 medium was supplemented with three plant growth regulators 

(PGRs) BAP, Kin and NAA. Three regimes of these plant growth regulators were 

applied: (1) use of cytokinin alone (BAP or Kin), (2) combination of cytokinin (BAP) 

and auxin (NAA) and (3) combination of two cytokinins (BAP and Kin) and one 

Auxin (NAA) (Table 19). For the first regime, the concentrations of BAP or Kin was: 

0, 0.5, 1, 2.5 and 3.5 mg/L. The second regime concentrations of BAP:NAA are: 

3.5:0.1 and 3:1 mg/L. Finally, the combination of BAP:NAA:Kin concentrations 

were: 3:1:1 and 3:1.2:1 mg/L. The selection of concentrations and combinations of 

growth regulators was done by consulting previous studies on Sapotaceae family or 

other recalcitrant plants in vitro culture (41,43,44,264–267). 

Regenerated shoots from lateral bud breaks were transferred to rooting media 

consisting of MS, MS/2, MS1B and MS1B/2 with different PGRs. The different PGR 

combinations and concentrations are listed in Table 19. The plant growth regulators, 

indole-3-butyric acid (IBA), meta-topolin (mT), 1-Napthaleneacetic acid (NAA), 

Indole-3-acetic acid (IAA), and Putrescine were added to stimulate adventitious root 

induction. The cultures were maintained in a growth room under the same conditions 

as described above. The different concentrations of the combination 

(IBA:mT:Putrescine) in MS1B medium were: 3:0:0; 3:0.1:40 and 3:0.1:75 mg/L. 

Concentrations of plant growth regulators in MS medium were: 3 mg/L (IBA); 

1.5:0.5:160 mg/L (IBA:NAA:Putrescine) or 1.5:0.5:1 mg/L (IBA:NAA:IAA). The 

choice of concentrations and combinations was the same as mentioned above. 

For the rooting experiment, axillary shoots of different ages were used: young 

axillary shoots (4-6 weeks) and old axillary shoots (8 weeks and older). 
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Table 19. Plant growth regulators combinations and concentration used for shoot and root 

induction 

PGR Comb. C1(mg/L) C2(mg/L) C3(mg/L) C4(mg/L) C5(mg/L) Med 

Shoot induction 

BAP 0 0.5 1 2.5 3.5 MS/2 

Kin 0.5 1 2.5 3.5 MS/2 

BAP:NAA 3.5:0.1 3:1    MS/2 

BAP:Kin:NAA 3:1:1 3:1.2:1    MS/2 

Root induction 

IBA 0 3   MS/2, MS/4, 

MS1B, MS1B/2 

IBA:NAA:Putr

escine 

1.5:0.5:160    MS/2 

IBA:NAA:IAA 1.5:0.5:1    MS/2 

IBA:mT:Putres

cine 

3:0.1:40 3:0.1:75*   MS1B, MS1B/2 

PGR Comb.: plant growth regulators combinations; C1-C5: different concentrations; Med: 

Medium; concentration with asterisk was only used with MS1B. 

6.3.1.3. Acclimatization 

Rooted plantlets were removed from the rooting medium and the roots were 

carefully washed with distilled water to remove adherent agar. Plantlets were 

transferred to plastic pots (one per pot) containing a mixed substrate of autoclaved 

universal potting soil consisting of peat moss, fertilizer, lime, and perlite. They were 

then transferred to the greenhouse under the following conditions: 28±2 °C 

temperature, 85±5 % relative humidity and 16/8h light/dark photoperiod. The pots 

were covered with clear polyethylene plastic to maintain high humidity. 

6.3.2. Genetic fidelity assessment using ISSR markers 

6.3.2.1. DNA extraction and quantification 

To assess the genetic fidelity of regenerated plantlets of V. paradoxa plants to the 

donor (plant from which explants are taken), fresh leaf samples of 100 mg were 

randomly collected from 5 acclimated plantlets and the donor plant. Leaf tissue was 

finely ground in liquid nitrogen using a pre-chilled mortar and pestle. Genomic DNA 

was isolated from the resultant tissue powder using the “Innovative Shea DNA 

extraction protocol” (207). The DNA pellet was resuspended in sterile double-distilled 

water and stored at -20 °C until further analysis. The concentration of the isolated 

DNA was determined using a Quantus Fluorometer (Promega, Madison, USA) in a 

total volume of 100 µl, containing 98.5 µl (1XTE Buffer), 0.5 µl (QuantiFluor dsDNA 

System; Madison, Promega) and 1 µl (DNA template). 

6.3.2.2. ISSR-PCR analysis 

Five (5) ISSR primers were used to assess the genetic fidelity of regenerated 

plantlets. ISSR markers have not been yet mentioned in V. paradoxa study. Therefore, 

the polymorphic level of the 5 ISSR primers was first assessed using 10 shea trees 

randomly selected from the shea seedling established in the tropical green-house as 

mentioned in the “Preparation of Explants and Surface Sterilization” section. The 
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seeds used to establish the seedlings were collected in Côte d’Ivoire in the regions of 

Poro and Bagoué. The five ISSR markers used were polymorphic and produced highly 

readable and reproducible bands. It should be noted that the effect of genotype on 

propagation efficiency was not considered in this study. However, one shea tree was 

identified as a donor prior to shoot induction to study the genetic fidelity of the 

regenerated shea trees from this donor using our method. The five ISSR primers were 

then used to assess the genetic fidelity of five regenerated shea trees. The sequence of 

the primers used and their characteristics are shown in . 

Table 20. Polymerase chain amplification (PCR) was performed in a total volume of 

20 µL containing: 10 µL of Go Taq Green Master Mix (2x), 1 µL of the primer (10 

pmol/µL), 1 µL of DNA template (15 ng/µL) and 8 µL of sterile ddH2O. The PCR run 

program was performed on a Bio-Rad T100 Thermal Cycler the PCR machine, with 

a denaturation step at 94 °C for 4 min, followed by 30 cycles of amplification at 94 

°C for 30 s, 40 s at the primer’s annealing temperature (. 

Table 20), and a 72 °C for 2 min and a final extension at 72 °C for 5 min. 

Table 20. Sequence and characteristics of ISSR primers 

Locus code Primer sequence Tm (°C) 

IS-1 

IS-2 

IS-3 

IS-4 

IS-5 

5’ AGA GAG AGA GAG AGAGG 3’ 

5’ GAG AGA GAG AGA GAGAT 3’ 

5’ GAG AGA GAG AGA GAGAC 3’ 

5’ TCT CTC TCT CTC TCTCC 3’ 

5’ AGA GAG AGA GAG AGA GYT 3’ 

52.8 

50.4 

52.8 

52.8 

52.6 

Tm (°C): annealing temperature 

ISSR amplification was performed three times and only reproducible PCR products 

were scored. Amplified fragments were separated on a 1% (w/v) agarose gel using 1× 

TAE buffer and stained with 0.1 µL/mL Gelred. Electrophoretic separation was 

performed at 180 volts for 25 minutes. Bands were visualized using a gel 

documentation system (Gel Doc XR+ system; Bio-Rad model; Universal Hood II). 

The size of each amplicon was estimated by comparison with the Fast DNA Ladder 

(BioLabs, England). The banding patterns were compared to evaluate the genetic 

variability between samples. The fragments were scored as either present (1) or absent 

(0). The polymorphism information content (PIC) was determined following the 

general equation established by Serrote et al. for dominant markers (277): 

𝑃𝐼𝐶 = 1 − (𝑝2 + 𝑞2) 

Where p is the frequency of present bands and q, the frequency of absent bands. 

6.3.3. Collection of experimental data and statistical analysis 

Cultures were observed weekly for signs of growth. For shoot induction, the data 

recorded were time for shoot induction (week), callus formation, percentage of 

explants that induced shoot, number of shoots per explant, percentage of elongated 

shoot, average shoot length (cm) and number of leaves. The experiment was repeated 

three times with 130 explants in each replicate (10 explants per treatment). 
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For root induction, the following data were recorded: callus formation, time for root 

induction (week), number of roots per shoot, root length and percentage of healthy 

shoots in the rooting media. Five new axillary shoots were used for each treatment 

with two replicates. 

The collected data were analyzed using the R version 4.3.3. Analysis of variance 

(ANOVA) was used to determine the differences between treatment means. Multiple 

comparisons between means were performed using Tukey’s pairwise comparison. 

6.4. Results 
Like many plant species of the Sapotaceae family, Vitellaria paradoxa is recalcitrant 

in tissue culture. In this section, we present the main findings of an efficient protocol 

for in vitro propagation of shea tree for axillary shoot proliferation, root induction and 

ex-vitro acclimatization. We further assess the genetic fidelity of the regenerated 

plants using ISSR markers. 

6.4.1.1. Axillary shoot regeneration 

Axillary shoots were induced when explants were cultured on MS/2 media 

supplemented with various combinations of the plant growth regulators BAP, Kin and 

NAA. 

Axillary shoots were induced after 1 week on explants grown on media 

supplemented with Kin alone (1mg/L) and the combination BAP:Kin:NAA (3:1.2:1 

mg/L). Media containing BAP alone and the combination of BAP:NAA (3:1 mg/L) 

induced axillary buds after 2 weeks Table 21). However, axillary shoots induced on 

media containing BAP alone showed no signs of elongation. Induced shoots were 

elongated on media supplemented with Kin alone, the combinations BAP:NAA, and 

BAP:Kin:NAA. The highest percentage of elongated axillary buds was obtained on 

MS/2 medium supplemented with the combination of 3:1.2:1 mg/L BAP:Kin:NAA 

(Table 21). 

Media containing the hormone concentration of 3:1.2:1 mg/L BAP:Kin:NAA had 

the highest average length of axillary shoot per explant (5.2 cm). In contrast, media 

supplemented with Kin alone (1 mg/L) had the lowest average shoot length in the 

elongated axillary buds. A highly significant difference (p<0.001) in mean length was 

observed between treatments (Table 21). After 4 weeks of culture on medium 

containing 3:1.2:1 mg/L BAP:Kin:NAA, Figure 32a and Figure 32c show the 

elongation of the microshoots, while Figure 32e shows the development of the 

microshoot on medium containing 1 mg/L Kin. 
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Table 21. Effect of BAP, Kin and NAA concentrations on growth, callus formation and 

axillary shoot induction of V. paradoxa explants after 8 weeks culture on half-strength MS 

media. 

Med. PGRs (mg/L) TSI CFo EIS 

(%) 

PES 

(%) 
NSE ASL NoL 

BAP Kin NAA 

 

 

 

 

 

MS/2 

0 0 0 NA N 0 0 0 0 0 

0.5 0 0 NA N 0 0 0 0 0 

1 0 0 NA N 0 0 0 0 0 

2.5 0 0 NA N 0 0 0 0 0 

3.5 0 0 NA N 0 0 0 0 0 

0 0.5 0 NA N 0 0 0 0 0 

0 1 0 1 N 100 53.3 1 1.3±0.2a 0.84±0.1a 

0 2.5 0 NA N 0 0 0 0 0 

0 3.5 0 NA N 0 0 0 0 0 

3.5 0 0.1 2 L 46.67 13.3 1 1.5±0.3a 1.4±0.2a 

3 0 1 2 L 53.33 26.7 1 2.2±0.4a 1.7±0.26a 

3 1 1 1 M 100 86.7 1 3.5±0.5b 4.6±0.55b 

3.3 1.2 1 1 M 100 93.3 1 5.2±0.36c 6.7±0.58c 
Med.: medium; PGRs: plant growth regulators, TSI: Time for shoot induction (NA: None), CFo: callus 

formation (N: None, L: Low, M: Moderate), EIS: percentage of explants that induced a shoot, PES: 

percentage of elongated shoots, NSE: number of induced shoots per explant, ASL: average shoot length, 

NoL: number of leaves 

Globally, the first induced leaves were observed on the  shoot tip explants after 2 

weeks, while leaves were observed on the nodal explants after 4 weeks in culture 

(Figure 32a and Figure 32c). However, the number of leaves per explant was higher 

on nodal explants than on shoot tip explants after 6 weeks of culture (Figure 32b and 

Figure 32d). The number of leaves per explant was higher in the BAP:Kin:NAA 

treatment with an average of 6.7 leaves per explant after 8 weeks (Table 21), while 

the lowest average number of leaves (0.84 leaves/explant) was obtained from media 

supplemented with Kin alone. The number of leaves from the BAP:Kin:NAA 

combination was significantly different (p < 0.001) from the number of leaves from 

the BAP:NAA combination and from the treatment with Kin alone. Explants cultured 

on media containing BAP:Kin:NAA formed moderate callus at the basal side (Figure 

32b), while media containing only Kin did not form callus (Figure 32f). 
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Figure 32. Growth and development of V. paradoxa microshoots on MS/2 medium 

supplemented with: (1) 3:1.2:1 mg/L BAP:Kin:NAA: a and c (4 weeks), and b and d (6 

weeks) on culture initiation media respectively; and (2) 1mg/L Kin e and f: 4 and 6 weeks 

respectively on initiation media. 

6.4.1.2. Root induction 

Adventitious roots were induced on regenerated axillary buds of Vitellaria 

paradoxa after 12 weeks on rooting media consisting of MS1B/2 supplemented with 

a combination of IBA, mT, and putrescine (3:0.1:40 mg/L). All 4- or 5-week-old 

axillary buds were rooted and formed 1 or 2 roots on the MS1B/2 medium 

supplemented with 3 mg/L IBA, 0.1 mg/L mT, and 40 mg/L putrescine (Figure 33a). 

It should be noted that the color of the medium changes in rooted tubes due to callus 

degradation (Figure 33b and Figure 33c). The average root length measured was 2.2 

cm (Table 22). However, no roots were observed on axillary buds of 8 weeks and 

older from the same treatment (Figure 33d).  No evidence of rooting was observed 

when shoots were cultured on media containing MS1B (Figure 33e) and MS/2 media 

or MS/4. 
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Table 22. Effect of culture media, putrescine, indole-3-butyric acid (IBA), indole-3-acetic 

acid (IAA) and 1-naphthalene acetic acid (NAA) on rooting percentage, root length, callus 

formation for shea tree (Vitellaria paradoxa C.F Gaertn) after 12 weeks of culture. 

Medium Plant growth regulators (mg/L) CFo Root 

induction 

RAL 

(cm) 

HAB 

IBA mT IAA NAA Putrescine 4-6 

ws 

≥8 

ws 

MS1B 

 

 

 

MS1B/2 

 

 

MS/2 

 

 

 

MS/4 

0 

3 

3 

3 

0 

3 

3 

0 

3 

1.5 

1.5 

0 

3 

1.5 

1.5 

0 

0 

0.1 

0.1 

0 

0 

0.1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.5 

0.5 

0 

0 

0.5 

0.5 

0 

0 

40 

75 

0 

0 

40 

0 

0 

0 

160 

0 

0 

0 

160 

N 

L 

M 

N 

N 

L 

M 

N 

L 

N 

N 

N 

L 

N 

N 

- 

- 

- 

- 

- 

- 

R+ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

2.2±0.3 

- 

- 

- 

- 

- 

- 

- 

- 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 
CFo: Callus formation (N: None, L: Low; M: Moderate) ;  4-6 ws: 4 to 6 weeks axillary shoot; ≥ 8 

ws: 8 weeks or older axillary buds; RAL: Root average length; HAB: healthy axillary bud; R+: root 

induction, (-): None. 
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These results show that Vitellaria paradoxa can be successfully rooted , although 

the axillary shoots must be very young. All microshoots that did not exhibit roots were 

still healthy at the end of the experiment (Figure 33f). 

 
Figure 33. Microshoots onto rooting media MS1B/2 containing 3:0.1:40 mg/mL 

IBA:mT:putrescine. a: Four weeks (young) axillary buds on rooting media; b: young axillary 

buds after 6 weeks; c: in vitro rooted plantlet after 12 weeks, d: 8 weeks axillary buds (old) 

on rooting media; e: old axillary buds after a week; f: old axillary buds after a 12 weeks 

6.4.1.3. Ex vitro acclimatization 

The rooted plantlets transferred to a substrate containing universal compost and 

perlite acclimated successfully. The survival rate of 100% was observed on both 

plantlets with one or two roots. Some plantlets showed signs of growth after 1 week 

and exhibited more green leaves compare to the initial color (see Figure 34b and 

Figure 34d). The plantlets continued to grow, producing new leaves and elongating 

shoots. 
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Figure 34. Ex vitro acclimatization in universal compost-perlite mixture substrate. a: 

washed plantlet to remove adherent agar; b: plantlet transferred to substrate; c: plantlet in pot 

covered to keep moisture; d: plantlet after one week in substrate; e: plantlet after 2 weeks in 

substrate; f: plantlet after 3 weeks in substrate.  

6.4.2. Genetic Fidelity Studies of Acclimated Plantlets of V. paradoxa 

6.4.2.1. Polymorphism of the 5 ISSR primers in V. paradoxa 

To access the genetic fidelity of the regenerated shea trees, 5 ISSR primers were 

used. Due to the lack of knowledge of the level of polymorphism of these five markers 

in V. paradoxa, 10 shea trees were used to evaluate their variation. The total number 

of bands produced was 34, consisting of 23 polymorphic and 11 monomorphic bands 

(Table 23). The average polymorphic percentage was 65%. The highest polymorphic 

percentage was found in IS-4 (87.5%), while the lowest polymorphic percentage was 

found in IS-2 and IS-5 (50%). The polymorphism information content (PIC) ranged 

from 0.17 (IS-5) to 0.32 (IS-3) with an average of 0.22 (Table 23). The ISSR markers 

IS-1, IS-3 and IS-4 produced the same number of bands, which was 8, while IS-5 

produced the lowest number of bands, which consisted of 4. 
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Table 23. Polymorphism assessment of the 5 ISSR primers within 10 shea tree genotypes. 

Primers Sequence Tm (°C) TB PB MB %P %M PIC 

IS-1 

IS-2 

IS-3 

IS-4 

IS-5 

Total/Mean 

(AG)8G 

(GA)8T 

(GA)8C 

(TC)8C 

(AG)8YT 

52.8 

50.4 

52.8 

52.8 

52.6 

8 

6 

8 

8 

4 

34 

5 

3 

6 

7 

2 

23 

3 

3 

2 

1 

2 

11 

62.5 

50 

75 

87.5 

50 

65 

37.5 

50 

25 

12.5 

50 

35 

0.18 

0.14 

0.32 

0.3 

0.17 

0.22 

Tm (°C): annealing temperature, TB: total bands; PB: polymorphic bands, MB: monomorphic bands; 

%P: percentage of polymorphic bands; %M: percentage of monomorphic bands; PIC: polymorphism 

information content. 

The Figure 35 showed the polymorphism of the primer IS-4 within the 10 shea 

trees. 

 
Figure 35. Polymorphic band patterns of the ISSR primer IS-4 within the shea trees; M: 

Fast DNA Ladder; numbers represent the genotypes 

6.4.2.2. Genetic Fidelity Analysis 

The five ISSR primers were then used to assess the genetic fidelity of five 

regenerated shea microshoots, since their polymorphic nature had been established. 

The screening process produced 34 scorable and reproducible bands, ranging from 

200 to 2000 bp (Table 24). All ISSR primers successfully produced DNA bands with 

an average of 7 bands per primer. 
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Table 24. Five ISSR primers used in genetic fidelity assessment of Vitellaria paradoxa 

Locus 

code 

Primer sequence Tm(°C) No of amplified 

bands 

Amplificated 

bands range 

(bp) 

IS-1 

IS-2 

IS-3 

IS-4 

IS-5 

(AG)8G 

(GA)8T 

(GA)8C 

(TC)8C 

(AG)8YT 

52.8 

50.4 

52.8 

52.8 

52.6 

9 

5 

6 

8 

6 

200-1000 

300-900 

200-1200 

300-2000 

300-1000 

The primer IS-1 generated the highest number of bands, with nine bands ranging 

from 200 to 1000 bp. In contrast, IS-2 produced the lowest number of bands, with 5 

bands ranging from 300 to 900 bp. The banding patterns observed were monomorphic 

(Figure 36a). The Figure 36b and Figure 36c show the banding patterns between 

regenerated shea trees and the donor plant. 

 
Figure 36. Genetic fidelity assessment.  a) The five ISSR molecular markers profiling of in 

vitro regenerated plants with donor plants of V. paradoxa. M: Fast DNA Ladder; d: Donor 

plant DNA banding pattern; 1: in-vitro regenerated plants DNA banding patterns, b) banding 

pattern between regenerated plants with IS-4; c) banding pattern between regenerated plants 

with IS-3. PC and NC represent positive control and negative control respectively. 

6.5. Discussion 
In vitro regeneration of Vitellaria paradoxa is challenging. Providing an efficient in 

vitro protocol for shea tree regeneration is a prerequisite for its domestication and 

conservation regarding climate change. 

Plant growth can be influenced by the appropriate use of heterocyclic compounds 

as a factor of plant growth regulators. The efficiency of plant regeneration depends on 

the composition of the medium: macro- and micronutrients, type and concentration of 

growth regulators and type of carbon sources (280). 
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In this study, half strength MS medium (MS/2) supplemented with Kin alone or 

combinations of BAP:Kin:NAA and BAP/NAA well induced new axillary shoots and 

leaves. Previous studies reporting the use of half-strength MS on Vitellaria paradoxa 

have demonstrated its efficacy in axillary shoot induction (41,43,44). Only half 

strength of MS medium was used in this study since full strength has been shown to 

have an inhibitory effect on Vitellaria paradoxa axillary shoot induction (41,43,44). 

Media containing full strength MS may have exhibited an inhibitory effect due to 

excessive ion concentration (281). 

In this study, cytokines and auxin were used as plant growth hormones to induce 

axillary shoots. Cytokines are known to stimulate axillary shoot development 

(282,283). This is consistent with our investigation, in which media supplemented 

with Kin alone showed new axillary shoots on the explants. Several studies have used 

cytokines for in vitro shoot propagation of various woody plants and medicinal plants 

(44,283,284). However, while BAP alone induced axillary buds, the induced shoots 

were not elongated in shea tree. Different results were obtained in the 

micropropagation of Achras sapota (Sapotaceae) (267). 

The combination of cytokines and auxin has often shown better growth and shoot 

proliferation in shea tree (41) and Madhuca latifolia, a Sapotaceae plant species (265). 

Our results are consistent with this, as we obtained better shoot proliferation and 

growth when cytokines and auxin were combined. 

Combinations of the cytokines used in different proportions affected the growth in 

different patterns. In this study, explants showed variable responses to different 

concentrations and combinations of the plant growth regulators BAP, NAA and Kin. 

Numerous morphogenetic responses have been reported for vitellaria paradoxa in the 

presence of various plant growth regulators (41,43,44). 

The concentration of cytokines used in different combinations promoted the growth 

of new axillary shoots and leaves as the experiment progressed. Similar results have 

been reported with increasing shoot length of V. paradoxa cultured on media 

supplemented with different ratios of  BAP:NAA (41) and GA3/BAP (43). The 

combination of two cytokines (BAP and Kin) with an auxin (NAA) produced the best 

results in terms of number of leaves and shoot length, compared to the combination 

of a cytokine and an auxin or the use of a single hormone. Authors reported that the 

combination of two different cytokines induced a higher number of shoots and higher 

shoot lengths compared to the singular effects of the individual hormones (43,285). 

The particular death rate (6.67%) of induced shoots on MS/2 media supplemented 

with BAP, Kin and NAA is attributed to the size of the initial explants. Indeed, 

explants shorter than 1.5 cm were converted to callus. 

To our knowledge, the shea tree is a recalcitrant species in tissue culture. In fact, 

adventitious root formation is very difficult to achieve, while it is critical for 

successful vegetative propagation of this species (36). The development of healthy 

and vigorous roots is essential for successful acclimatization to ex vitro conditions. 

The high percentage (100%) of rooting was obtained when young new axillary 

shoots (4-6 weeks) were transferred to media containing 3 mg/L IBA, 0.1 mg/L mT 

and 40 mg/L putrescine, while no signs of rooting were observed in the same media 
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with old axillary shoots (7 weeks and older), can be explained that Vitellaria paradoxa 

rooting is efficient when the explant is young. However, older axillary shoots could 

be used as explants for subculture because they had a high average shoot length. This 

result is consistent with that obtained in a previous study of Vitellaria paradoxa 

cuttings rooting using juvenile and mature shea trees treated with IBA (36). The 

authors observed a rooting rate of 41% in juvenile shea trees, while only 28 % was 

observed in mature shea trees. The use of plant growth regulators such as putrescine 

has been shown to have a positive effect on adventitious root formation in Argania 

spinosa (Sapotaceae) (264) and other plant species (286). In our study, no signs of 

rooting were observed on media containing half and quarter-strength MS media. 

However, authors observed 8% rooting of V. paradoxa (41). In vitro rooting was 

reported when a combination of BAP/NAA was used for an axillary shoot induction 

study on shea tree (44). 

Plantlet acclimatization is a critical step that determines the efficiency of the entire 

micropropagation process. During acclimation, the regenerants are exposed to new 

growth conditions that cause biotic and abiotic stresses. These stresses include water 

loss, tissue dehydration, and reduction in synthesis processes (287). The substrate 

used during acclimation has a significant effect on the survival and growth of plantlets 

regenerated by in vitro culture (264,288,289). Other authors noted the positive effect 

of meta-topolin on plantlet acclimatization when used in shoot induction media (290–

292). The findings of this study show that Vitellaria paradoxa plantlets transferred in 

potting soil-perlite mixture showed efficient adaptation to ex vitro conditions, as well 

as good growth and development. It could be postulated that a low concentration of 

meta-topolin (0.1 mg/L) in the shea tree rooting medium could improve rooting and 

the acclimation of in vitro rooted plantlets. However, further studies are needed to 

confirm this claim. Mixture substrate, such as the combination of potting soil and 

perlite, has demonstrated its efficiency in ex vitro acclimation of plant species of the 

Sapotaceae family (39,264). 

Few studies have been conducted on micropropagation systems of Sapotaceae 

family plant species, and none of them has evaluated the genetic homogeneity of 

plants grown in vitro. ISSR markers have been widely used to assess genetic fidelity 

in various plant species (271,273,275,276,293,294). 

In this study, the polymorphic level of 5 ISSR primers was primarily evaluated in 

shea tree. The polymorphic and monomorphic percentages were 65% and 35%, 

respectively, while the polymorphism information content was 0.22. This indicated a 

moderate genetic diversity among the shea trees using the ISSR markers (277). 

Regarding the polymorphism information found in this study, the ISSR primers 

demonstrated the advantages of ISSR markers in detecting genetic variation in V. 

paradoxa. Therefore, the five ISSR primers were then used to evaluate the genetic 

fidelity of V. paradoxa plantlets regenerated by our in vitro regeneration protocol. The 

use of molecular markers to investigate genetic fidelity in plants with long juvenile 

periods (10-15 years) such as V. paradoxa is primordial. Regarding the genetic fidelity 

analysis, the five ISSR primers produced 34 bands ranging from 200 to 2000 bp. These 

results were consistent with previous genetic fidelity assessment studies in 
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Muehlenbeckia platyclada micropropagation (275), in Crinum brachynema (295), 

Lilium spp (296), Curcuma angustifolia (293), and Acacia auriculiformis (294). The 

plantlets produced in vitro did not show any polymorphisms as the DNA bands 

amplified with the ISSR primers were monomorphic to the donor plant (Figure 36). 

6.6. Conclusion 
The efficiency of micropropagation of V. paradoxa depends on the Murashige and 

Skoog medium composition, the type and concentration of plant growth regulators. 

This study showed differences in the response of Vitellaria paradoxa tissue cultures 

to different concentrations and different regimes (single or combined) of plant growth 

regulator application. The best shoot regeneration response was observed on half 

strength MS medium supplemented with 3:1.2:1 mg/L BAP:Kin:NAA. The presence 

of the cytokinin Kin in the hormone combinations resulted in better shoot growth and 

leaf development, although the cytokinin Kin alone did not induce vigorous shoot 

growth. Rooting was induced only on half strength of modified MS medium with 

3:0.1:40 mg/L IBA:mT:Putrescine. Plantlets were successfully acclimated on 

universal compost-perlite mixture substrate. No genetic alterations were found in the 

regenerated plants based on ISSR analysis. The developed micropropagation protocol 

is the most advanced in V. paradoxa micropropagation and genetic fidelity analysis is 

helpful for mass multiplication, conservation, and in vitro culture-based 

biotechnological experiments. The micropropagation protocol presented in this study 

can be used for routine in vitro regeneration of Vitellaria paradoxa. However, further 

studies are required for the induction of multiple microshoots. 
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General Discussion, conclusions and perspectives 

7.1. General Discussion 
The research presented in this thesis represents a concerted effort to establish a 

comprehensive shea tree improvement program in Côte d'Ivoire. By systematically 

addressing conservation, genetic characterization, and the identification of 

economically valuable traits, the work lays the foundation for a sustainable and 

resilient shea cultivation system that is both scientifically robust and locally grounded. 

The integration of participatory practices with scientific innovation holds the potential 

to revolutionize the shea industry, ensuring improved yields and product quality while 

maintaining biodiversity and environmental integrity. 

The research is structured around an interconnected sequence of steps that lead to 

the identification and propagation of superior shea tree genotypes. The program began 

with a participatory approach to identifying superior shea trees (SSTs), leveraging the 

invaluable local knowledge of farmers. A recent study highlighted the importance of 

participatory tree selection approach in capturing wider variation and located extreme 

phenotypes in indigenous fruit tree domestication (297). As demonstrated in Chapter 

3, farmers selected SSTs based on criteria such as fruit size, yield, pulp taste, and 

consistency in production. These traits reflect the local priorities of the shea-growing 

communities and set a foundation for the scientific validation of these selections. The 

combination of farmers' knowledge with morphological analysis offers a framework 

for breeding that is both locally relevant and genetically diverse (298,299). This 

participatory model is particularly critical in the context of sustainable agriculture, 

where the priorities of smallholder farmers must align with scientific innovations to 

ensure long-term success (300,301). Participatory plant breeding approaches have 

been apply to a wide range of plant species including potato, tomato, wheat, maize 

and Brassica (302). 

One of the main challenges encountered during the morphological assessment of 

SSTs in Chapter 3 was the relatively high mortality rates and susceptibility to 

hemiparasitic plant infestations, which impede the sustainability of shea populations. 

The in situ conservation of 8 plant species highlighted that these species are threatened 

of declining (303). These challenges highlight the importance of genetic diversity as 

a fundamental driver of resilience. Chapters 3 and 4 underscore the rich morphological 

and genetic diversity found in Côte d'Ivoire’s shea populations, which is critical for 

enhancing the species' adaptive potential, especially in response to environmental 

pressures such as climate change (304–307). This trend was observed in the 

morphological characterization of Phoebe cooperiana genotypes, an indigenous plant 

species in India, selected through participatory survey (297). The exploration of 

molecular diversity using SNP markers further enriched the genetic profile of the 

selected superior shea trees, establishing a valuable ex situ core collection to conserve 
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this diversity. These molecular techniques pave the way for more precise genetic 

interventions, supporting long-term conservation efforts and laying the groundwork 

for the quantitative trait nucleotide (QTN) identification (25,63). While ex situ core 

collections, established through molecular diversity analyses, offer a valuable 

conservation strategy, the research emphasizes that in situ conservation strategies are 

equally essential. This dual approach ensures that the dynamic and evolving nature of 

shea tree populations is maintained in their natural habitats, which is crucial for 

safeguarding the long-term health and productivity of the species (308–310). 

The discovery of quantitative trait nucleotides (QTNs) linked to shea butter content 

and fatty acid composition in Chapter 5 represents a pivotal step toward precision 

breeding. Marker-assisted selection (MAS) provides an efficient tool for selecting 

trees with desirable traits early in the breeding process (311,312). By identifying 

QTNs, the research facilitates targeted breeding efforts that focus on economically 

valuable traits, such as improved oil quality and yield. However, translating molecular 

discoveries into practical applications poses several challenges. For instance, 

validating QTN associations across diverse environments is crucial to ensuring that 

the identified markers are reliable and consistent (313). Additionally, controlled 

breeding populations must be developed to facilitate crossbreeding that can lead to 

the creation of superior hybrids. The integration of genomic selection (GS) into 

breeding strategies would further enhance the precision of trait selection, improving 

the speed and accuracy of the breeding process (314–316). 

Another significant challenge identified in this research is the propagation 

bottleneck that limits shea tree domestication. Shea trees are notoriously slow-

growing, with a long juvenile phase and large yield variability (67,317,318). The 

research in Chapter 6 addresses this issue by developing in vitro propagation, which 

could enable the rapid multiplication of elite genotypes and more importantly for the 

research. For instance, micropropagation has played an important role in the 

production of healthy, disease-free plants and in the rapid multiplication of scions and 

rootstocks with desirable traits in apple (282). Grafting approaches have been also 

optimized for high successful rate in shea tree (29,31,32,318). These techniques offer 

great promise for overcoming the propagation constraints associated with shea tree 

domestication. However, scalability remains a key hurdle. For smallholder farmers to 

benefit from these innovations, the techniques must be cost-effective and suitable for 

widespread adoption. Issues such as graft compatibility and the reduction of 

propagation costs must be addressed to ensure that these advancements can be 

implemented at scale (297,319,320). 

The integrated shea tree improvement program outlined in this study envisions the 

use of both ex situ and in situ conservation strategies, alongside advanced molecular 

techniques and traditional breeding methods. The establishment of a comprehensive 

germplasm collection, together with continued genetic characterization through 

molecular markers, will ensure that valuable genetic diversity is preserved and that 
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selection efforts are guided by robust genetic information. Expanding the scope of 

genome-wide association studies (GWAS) to include traits such as drought tolerance, 

disease resistance, and nutritional quality would further strengthen the breeding 

program, particularly in the face of emerging environmental challenges (321,322). 

A key aspect of the improvement program is the development of breeding and 

selection strategies that utilize MAS and GS to accelerate breeding cycles. Controlled 

pollination and the creation of breeding populations will allow for the development of 

superior hybrids with traits that are economically desirable and adapted to local 

environments. Additionally, optimizing propagation methods for large-scale 

multiplication of these genotypes will facilitate the transition from wild harvesting to 

more sustainable orchard-based cultivation systems (323–325). As such, this 

integrated approach is likely to yield a system where shea cultivation can be expanded, 

more efficiently managed, and made economically viable for smallholder farmers. 

Finally, the success of this program depends on capacity building and active farmer 

involvement. It is crucial that local farmers are trained in modern propagation 

techniques, breeding strategies, and orchard management to ensure that they are 

equipped to implement these innovations effectively. Engaging farmers in on-farm 

trials and demonstrations will help bridge the gap between scientific research and real-

world agricultural practices, ensuring the adoption of improved genotypes and best 

management practices (326–328). 

The research conducted in this thesis provides a solid foundation for the 

conservation, genetic improvement, and sustainable cultivation of shea trees in Côte 

d'Ivoire. By integrating traditional knowledge with modern scientific techniques, the 

program offers a pathway to enhancing the productivity and resilience of shea 

cultivation. Scaling up propagation techniques, addressing emerging environmental 

challenges, and fostering collaborations among researchers, farmers, and 

policymakers will be key to ensuring the long-term success of this shea tree 

improvement program. Ultimately, this integrated approach not only promises to 

secure the future of shea production in Côte d'Ivoire but also serves as a model for 

other underutilized tree crops in the region. 

7.2. General Conclusions 
This thesis investigated the sustainable conservation and genetic improvement of 

the shea tree (Vitellaria paradoxa) in Côte d’Ivoire through a multi-disciplinary 

approach encompassing morphological, molecular, and biotechnological studies. The 

work addressed critical issues surrounding the conservation of this vital species and 

sought innovative solutions to enhance its productivity and adaptability for local and 

international applications. 

Key results are as follows: 

1. Assessment of In Situ Conservation Efforts 

The in situ conservation of 405 "superior" shea trees, established in 2017, revealed 

significant challenges: 
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• Mortality and Threats: After three years, 8% of the conserved trees had 

died, with Bagoué region exhibiting a higher mortality rate (12%) than 

Tchologo region (5%). Additionally, 84% of trees were infested with 

hemiparasitic plants (Loranthaceae), compromising sustainability. 

• Diversity and Morphology: Morphological analyses of 220 trees showed 

significant diversity across 12 qualitative traits, such as crown shape, branch 

density, and leaf color. Shannon diversity indices ranged from 0.55 to 0.98, 

demonstrating high genetic variability. The most prevalent crown shape was 

broadly pyramidal (26.36%). 

The in situ collection of shea trees in Côte d’Ivoire exhibits significant genetic 

diversity, which is essential to preserve for future generations. However, this study 

highlights the limitations inherent in in situ conservation methods. To address these 

challenges and ensure the long-term preservation and utilization of this valuable 

genetic heritage, the implementation of an ex situ conservation approach is strongly 

recommended. Therefore, a dual conservation approach, combining both in situ and 

ex situ methods, is necessary to ensure the sustainability of shea genetic resources. 

The study contributes to the scientific understanding of shea diversity and provides 

actionable recommendations for its preservation and improvement. 

2. Molecular Diversity and Core Collection Development 

The molecular study, leveraging 7,559 SNP markers, underscored the moderate 

genetic diversity within the shea population: 

• Diversity Metrics: The average genetic diversity was 0.26, and AMOVA 

revealed an intra-individual variance of 100%, indicating low genetic 

differentiation. 

• Core Collection: A core collection of 100 trees was established, capturing 

30% of the population while preserving all allelic diversity. This collection 

forms the foundation for an ex situ conservation strategy to mitigate the 

limitations of in situ conservation. 

Genomic studies have enabled the identification of a reduced core collection of 

individuals, encompassing the entire genetic diversity of the in situ collection while 

significantly reducing the number of specimens. This approach rationalizes the 

establishment of the collection in terms of cost, space, and long-term maintenance 

labor. The core collection will be established at Botanical garden of University 

Peleforo Gon Coulibaly of Korhogo and managed by the African Centre for Shea 

Research and Applications. It will serve as a valuable resource for shea tree varietal 

improvement in Côte d’Ivoire and other countries engaged scientifically and 

economically by the shea tree.  
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3. Genomic Insights into Shea Butter Traits 

A genome-wide association study (GWAS) identified 25 significant quantitative 

trait nucleotides (QTNs) linked to shea butter production. Key findings include: 

• Fatty Acid Composition: Oleic and stearic acids, constituting 85–90% of 

total fatty acids, were primary determinants of shea butter's unique properties. 

• Geographic Variability: Region-level differences in fatty acid profiles 

highlighted the potential for region-specific cultivation strategies to optimize 

shea butter quality. 

The assessment of the shea butter content of the superior shea trees enabled the 

identification of genotypes with high agronomic value in terms of shea butter 

production. These shea trees will serve as parents for varietal improvement. The high 

fat genotypes produce an interesting shea butter in terms of fatty acid composition. 

The shea butter of Côte d’Ivoire could be used in different application domains. 

However, a complete characterization of this shea butter is essential in order to 

determine specific domain of application. 

4. Biotechnological Advancements in Propagation 

The development of vegetative propagation techniques provided viable pathways 

for conservation and domestication: 

• Grafting: Demonstrated high success rates but was limited by factors such as 

rootstock influence and seasonality. 

• In Vitro Culture: A breakthrough axillary shoot regeneration protocol using 

MS/2 medium supplemented with specific growth regulators achieved 100% 

rooting success. Genetic fidelity of in vitro-propagated plants was confirmed 

using ISSR markers, ensuring they were true-to-type. 

• Research: Micropropagation is a powerful technique widely used in plant 

science for the rapid multiplication of plants under controlled laboratory 

conditions. Its significance in tree research lies in several key areas, including 

mass production of elite genotype, conservation of genetic resources, 

overcome propagation barriers, support for breeding programs, pathogen-free 

plant production and facilitating biotechnology research. 

The micropropagation study has provided a suitable protocol for in vitro 

regeneration of the shea tree. This protocol will serve to multiply the genotypes of 

interest, thereby enhancing the agronomic potential and sustainability of shea tree 

cultivation. 
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7.3. Perspectives and Futures Directions 
Building upon the findings of this research, several avenues can be pursued to 

enhance the conservation, genetic improvement, and productivity of the shea tree 

(Vitellaria paradoxa). These recommendations aim to ensure the species' long-term 

preservation and maximize its socio-economic and ecological benefits: 

1. Implementation and Management of the Ex Situ Collection: 

The 100 genotypes in the core collection should be propagated via grafting within 

six months and conserved in a secure ex situ site, such as the botanical garden at 

Peleforo Gon Coulibaly University. Establishing a centralized ex situ repository will 

ensure long-term preservation and enable controlled breeding programs for the 

genetic improvement of the shea tree. 

2.  Assess shea trees production 

To assess the production of shea trees, key parameters such as fruit yield need to be 

evaluated. These indicators provide insights into the productivity and economic 

potential of individual trees, supporting selection for breeding and domestication 

programs. 

3. Comprehensive Characterization: 

Further characterization of superior shea trees should include triglyceride profiles, 

melting points, and free fatty acid content, which are critical parameters for industrial 

applications, particularly in food and cosmetics sectors. 

4. Molecular Breeding: 

Leverage quantitative trait nucleotides (QTNs) and simple sequence repeat (SSR) 

markers for marker-assisted selection (MAS) and genome-wide selection. These tools 

can expedite the development of high-fat-content shea varieties and improve breeding 

efficiency. 

5. Advanced Genomic Studies: 

Employ cutting-edge genome editing tools, such as CRISPR, to target and enhance 

essential traits, including oil yield, fatty acid composition, and resistance to biotic and 

abiotic stressors. 

6. Integrated Pest Management: 

Develop sustainable and environmentally friendly strategies to control 

Loranthaceae infestations, including biological control agents and agroecological 

management practices. 

7. Domestication Programs: 

Scale up vegetative propagation techniques and distribute genetically superior 

planting materials to farmers. These efforts will help reduce the long juvenile phase 

of shea trees and boost productivity. 

8. Climate Resilience: 

Investigate the adaptive capacity of various genetic groups to climate variability. 

Integrate these findings into reforestation and conservation strategies to enhance the 

resilience of shea populations to changing environmental conditions. 
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9. Economic Empowerment: 

Empower local communities, particularly women, by promoting value-added 

processing of shea butter. This approach will improve economic benefits and 

incentivize conservation efforts. 

10. Environmental Genomics: 

Conduct genome-wide association studies (GWAS) that integrate genomic, 

biochemical, and climatic data to uncover the impact of environmental factors on fatty 

acid biosynthesis and tree adaptation. 

11. Optimization of Propagation Methods: 

Improve in vitro propagation protocols by increasing the number of shoots per 

explant and refining cutting techniques. These optimizations will provide cost-

effective propagation methods suitable for widespread application, especially in 

developing countries. 

12. Community Engagement: 

Involve local communities in conservation and propagation initiatives, highlighting 

the economic and ecological advantages of sustainable shea tree management. This 

approach aims to reduce tree cutting and habitat destruction. 

This thesis lays a strong foundation for an integrated approach to conserving and 

utilizing shea resources. By balancing ecological sustainability with socio-economic 

development, these strategies can ensure the long-term viability of the shea tree while 

contributing to the livelihoods of local communities and meeting the demands of 

global industries.
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