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26 Abstract 

27

28 A total of 170 bambara groundnut (Vigna subterranea) accessions were evaluated using both 

29 Simple Sequence Repeats (SSR) and Single Nucleotide Polymorphism (SNP) markers 

30 generated using Genotyping-by-Sequencing (GbS) of which 56 accessions were collected from 

31 West and East Java. Principal Coordinate Analysis (PCoA), population structure and cluster 

32 analysis suggest that the East Java materials studied in this study could be as a result of the 

33 introduction of selected West Java materials. In addition, the current Indonesian accessions are 

34 likely to have been introduced from Southern Africa, undergoing a strong founder effect, with 

35 only a small fraction of the genetic variability within the species.

36

37 Keywords: bambara groundnut, microsatellite, marker, SNP, genetic relationship, population 

38 structure 

39
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41

42 World map diagram from www.mapchart.net

43 Introduction 

44 Bambara groundnut (Vigna subterranea (L.) Verdc; 2n = 2x = 22) belongs to the leguminous 

45 Fabaceae family with Burkina Faso, Cameroon, Democratic Republic of the Congo, Mali, 

46 Niger and Togo reported to be the main cultivation areas, producing approximately 180MT 

47 from 250,000 ha, annually (FAOSTAT, 2017). An extensive survey conducted in Zimbabwe 

48 across seven districts has revealed that the cultivation of bambara groundnut is highly district 

49 dependent and largely driven by the end use purpose, either as cash crop or for own 

50 consumption (Mubaiwa et al. 2018), while surveys in Ghana and Nigeria suggest that the crop 

51 is valued for its drought tolerance and food value, although suffers from a lack of improved 

52 varieties and being very labour intensive (Adwala et al. 2016a, 2016b; Olayide et al. 2018). 

53 All of the bambara groundnut plant, including the leaf, stem, pod, seed, shell and ‘offal’, 

54 can be used for human consumption. In addition, it has been reported being used as herbal 
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55 medicine, as animal feed, a green fertilizer and a biopesticide (Mkandawire 2007, Daniel et al. 

56 2016). The bambara groundnut seed is composed of 4.8% ash, 7.2% moisture, 47.0% 

57 carbohydrate, 19.0% protein, 7.0% oil and 1.0% free fatty acid and compares well with other 

58 legumes, although systematic approaches to comparing data on underutilised crops are limited 

59 to-date (Okonkwo and Opara 2010, Halimi et al. 2019a, 2019b). Total calorific values for 

60 bambara groundnut are reported to be higher than other pulses, such as pigeon pea, lentil and 

61 cowpea; 367 kcal, 343 kcal, 354 kcal and 345 kcal, respectively (FAO, 1982). Comparatively, 

62 bambara groundnut contains higher levels of lysine and methionine than other grain legumes, 

63 making bambara groundnut an important staple in the diet in combating food and nutrient 

64 security issues (Halimi et al. 2019a).  Nevertheless, the lack of improved varieties has limited 

65 its wider adoption to benefit subsistence farmers particularly those with marginal lands. 

66

67 Begemann (1988) carried out detailed analyses of the seed-pattern diversity within a 

68 large collection of bambara groundnut at the International Institute of Tropical Agriculture 

69 (IITA), Nigeria. His conclusion strengthened the hypothesis that the centre of origin of 

70 bambara groundnut is likely to be in the region of North-eastern Nigeria and Northern 

71 Cameroon.  A recent study comprising of 33 landraces (total sample number = 128) from 14 

72 countries suggested that the gene flow of bambara groundnut germplasm was not only 

73 influenced by geographic proximity but also the distribution was observed to contain a 

74 linguistic component (Santos 2018).

75

76    Java, having a clear dry season in the middle and east is known as the main planting 

77 area for bambara groundnut in Indonesia. Although extensive cultivation data is still lacking, 

78 the production of bambara groundnut in 2007 from Sumedang district in West Java was 

79 recorded to be 138 tonnes according to Widyasanti and colleagues (2019). Similarly, 
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80 information on the origin of bambara groundnut in Indonesia is scarce, with this species being 

81 native to Africa. One of the hypotheses was the crop was brought to Madagascar by the 

82 Arabians and subsequently spread to Brazil and Suriname in the early 17th century before being 

83 introduced to the Philippines and Indonesia (Adyi and Wahyudi 2018). Information on the 

84 origins of the original introduction(s) of germplasm into Indonesia are important for crop 

85 improvement and breeding programs in Indonesia, in order to widen the genetic base and also 

86 to introduce new traits of value to farmers. This is one area where molecular genetic tools could 

87 help to reveal the likely source of the introduction of bambara groundnut to Indonesia. Our 

88 previous study has shown that seeds derived from a single plant are essentially inbred 

89 suggesting that selecting from a single plant is an effective method to develop near-

90 homozygous pre-breeding lines in this strongly inbreeding species (Molosiwa et al. 2015). 

91 Understanding the ancestral origin of germplasm and the genetic base conserved in situ by the 

92 bambara groundnut farmers in Indonesia would facilitate the development of a structured 

93 breeding programme. This would also shed light on how this crop has adapted to local humid 

94 growing conditions.  

95

96 MATERIALS AND METHODS

97 Plant materials and DNA extraction 

98 The plant materials consisted of 12 accessions from East Java, 44 from West Java, 16 from 

99 East Africa, 30 from Central Africa, 24 from Southern Africa and 44 from West Africa (Table 

100 S1) were planted in the climate-controlled glasshouse located at the Sutton Bonington Campus 

101 of University of Nottingham, UK. DNA was extracted from young leaflets using the GenElute 

102 Plant Genomic DNA kit (Sigma Aldrich) according to the manufacturer’s instructions (Basu 

103 et al., 2007; Molosiwa, 2015). The DNA quality and quantity were evaluated under UV light 

104 on 1% Tris-borate-EDTA (TBE) agarose gel stained with ethidium bromide. 
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105

106 SSR genotyping

107 After quantification, the DNA samples were diluted to approximately 10 ng/μL. A total of 11 

108 codominant markers developed by Molosiwa et al. (2015) were used to assess the variation of 

109 Indonesian materials (Table S2). The allele sizes were scored after the fragments were 

110 separated using the CEQTM 8000 Genetic Analysis System (Beckman Coulter) with a 400bp 

111 internal standard. Visual investigation of the allele pattern combined with the automated 

112 scoring software were used to interpret the capillary electrophoresis results. 

113 With the inclusion of data from samples reported by Molosiwa et al (2015), the allelic 

114 sizes of 11 SSR markers were scored from a total of 170 accessions. 

115

116 SNP genotyping

117 SNP variation of samples (Table S1) were supplied by Diversity Array Technologies Pty Ltd, 

118 Canberra, Australia (www.diversityarrays.com) using DArTseqTM genotype-by-sequencing 

119 method and a PstI-TaqI genome complexity reduction method. Markers with minor allele 

120 frequencies > 0.01 were considered as polymorphic. Population structure analysis was 

121 performed using fastSTRUCTURE (Raj et al. 2014) and the ‘chooseK’ function was used to 

122 suggest the optimal K value range. 

123

124 Genetic diversity analysis 

125 The genetic measures of both types of markers including number of alleles per locus (Na), 

126 number of effective alleles (Ne), level of expected (He) and observed (Ho) heterozygosity and 

127 fixation index (F, inbreeding coefficient) were computed using GenAIEx v6.5 (Peakall and 

128 Smouse 2012) while SSR marker information was generated using PowerMarker v3.25 (Liu 

129 and Muse 2005). GenAIEx v6.5 was also used for Principal Coordinate Analysis (PCoA) and 
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130 Analysis of Molecular Variance (AMOVA) with 999 permutations to assess the differentiation 

131 among subpopulations. 

132 Hierarchical clustering analysis was carried out by using both Neighbour-Joining (NJ) 

133 with 10,000 bootstraps value and UPGMA methods calculated from 10,000 bootstraps of the 

134 ‘Simple matching’ Dissimilarity Index in DARwin v6 (http://darwin.cirad.fr/darwin) (Perrier 

135 et al. 2003). 

136

137 RESULT AND DISCUSSION 

138 In order to gain a better understanding of the genetic relatedness of Indonesian cultivars with 

139 those cultivated in African countries, bambara groundnut accessions collected  from East Java, 

140 West Java, East Africa, West Africa, Central Africa and Southern Africa (Table S1) were 

141 evaluated by SSR (n = 170) and SNP markers (n = 168), respectively with 85 common single 

142 seed descent derived accessions (Table S1).

143

144 A total of 99 alleles with an average of nine alleles per locus were identified by 11 SSR 

145 markers (Table 1). The number of alleles (Na) observed at each locus varied from four to 16 

146 with the PIC values ranging from 0.11 to 0.83, and an average of 0.58 (Table S3). Eight of 

147 these had a PIC value of more than 0.5, and so are considered to be highly informative. 

148 Nevertheless, from the low bootstrap values for the nodes of the NJ tree (Figure 1c) as well as 

149 the relatively low levels of molecular variation explained in the PCoA plot (25.6% of the total 

150 variance explained by first two components, Figure 2a), the current set of SSR markers is not 

151 sufficiently informative to clearly distinguish the Central and West African accessions, 

152 although samples from East and West Java and also Southern and East Africa did cluster. 

153
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154 In terms of DArT Seq SNP markers, a total of 3,148 SNPs were obtained after filtering 

155 with minor allele frequency (MAF) > 0.01 and with no missing data across samples. The 

156 majority of the SNP markers (34.8%) fall into the high He index category and are prevalently 

157 are [CT] and [AG] types (Figure 3a & 3b). Among these, there was a total of 649 SNPs that 

158 could be considered as ‘rare alleles’ as their MAF values less than 5%. 

159

160 The genetic diversity within individuals revealed by the genotypes evaluated in this 

161 study by both types of markers was low (Table 1). It was consistent across both types of makers 

162 with the mean observed heterozygosity (Ho) far lower than the average expected heterozygosity 

163 (He), reflecting the cleistogamous nature of bambara groundnut. Low observed heterozygosity 

164 from these markers (0.0120.005 from SSR, 0.0110.001 from SNP) suggested that seed from 

165 a single plant are likely to represent an unselected cultivar (without  trait selection) and that a 

166 single round of seed collection from a single plant would (on average) be sufficient to achieve 

167 homozygosity in pre-breeding materials, consistent with our previous observation using SSR 

168 and dominant DArT markers (Molosiwa et al. 2015). 

169  

170 From Bayesian clustering analysis using SNP markers, three major clusters could be 

171 observed with a second peak at K = 5 (Figure 4 & S1). When K = 3, the subpopulation 

172 clustering coincided largely with their geographical origins; Q1: 76 accessions (45.2%) mainly 

173 from Central and Western Africa, Q2: 36 accessions largely consisted of accessions from 

174 Southern and East Africa and Q3: solely 56 Indonesian accessions (Table 2).  However, when 

175 compared with the PCoA plot (Figure 2b), some of the accessions collected from Central 

176 African countries were at a distance from the West African group by the second principal 

177 component which explained 10.3% of the molecular variability. Interestingly, at K = 4, Q1 was 

178 not subdivided into two clusters as observed from the PCoA, instead Q2 was sub-divided into 
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179 two; I: 23 accessions predominantly from East and Southern Africa whilst II: 12 accessions 

180 with 11 from Southern Africa. Accessions from Southern Africa were seen to be relatively 

181 clustered even in Cluster I and Cluster II. The phylogenetic NJ tree with most of the nodes 

182 having a bootstrap value of more than 70% supported this grouping (Figure 1a & 1b). At K = 

183 5, nine accessions (5.4%) were classified into an admixture (Q  70), three from Central Africa 

184 and the others from West Africa. Q1: 20 accessions (11.9%) with a majority from Central 

185 African, Q2: 22 accessions (13.1%) predominantly West African samples (n = 15), Q3: 25 

186 accessions (14.9%), similar to Q2, 21 from West Africa and four from Central Africa, Q4: 36 

187 accessions (21.4%) consisting of accessions primarily from Southern Africa (n = 23), Q5: 12 

188 East Java and 44 West Java accessions (33.3%). This is in good correspondence with the 

189 UPGMA tree (Figure S2). Figure 5 summarises the total variance explained by two first 

190 coordinates when K = 3 and K = 5. There was no sample having a clear membership with any 

191 new cluster when K > 5. At K = 5, the distribution of accessions from Nigeria into Q2 and Q3 

192 might suggests the existence of greater genetic diversity within the populations close to the 

193 centre origin. Furthermore, given that the fixation index was lowest in Q2 (when K = 5), higher 

194 genetic variability could be found in these accessions of which the majority are collected from 

195 Nigeria. 

196

197 In brief, there are three major sub-populations that could be observed from the bambara 

198 groundnut accessions evaluated in this study. Overall, the resulting subpopulations and genetic 

199 clusters were mainly correlated to the geographic origins of the collection sites for the samples, 

200 suggesting that region-specific selection and potentially a founder effect have had a major role 

201 in influencing the diversity of bambara groundnut germplasm, with partially limited gene flow 

202 being observed between locations. Nevertheless, the influences from dietary habit and a 

203 cultural role for bambara groundnut should not be underestimated. For example, a survey 
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204 conducted in Zimbabwe has revealed that although peanut is the cash crop, in some districts 

205 the cultivation areas of bambara groundnut are comparable or have exceeded the amount of 

206 land allocated for growing peanut (Mubaiwa et al. 2018). Moreover, Santos (2018) detected a 

207 linguistic signal in the distribution of bambara groundnut. 

208

209 Both NJ and UPGMA dendograms (Figure 1a, 1b, 5a & 5b) also suggested that the 

210 most likely origin of recent Indonesian materials is from Southern Africa. This is in good 

211 correspondence with the previous report of Molosiwa et al. (2015) even though those authors 

212 sampled a limited number of Indonesian lines (four out of 123 accessions). The Dutch shipping 

213 routes between 1750 – 1800 could be speculated to be one of the plausible bambara groundnut 

214 introduction routes to Java (Burn-Murdoch 2012). In addition, the analysis provides evidence 

215 that the narrow genetic base of current East Java materials could result from the introduction 

216 of limited West Java materials to East Java. This preliminary observation could be further 

217 confirmed with the use of a wider germplasm set collected from the East Java cultivation 

218 regions. The genetic base of Indonesian accessions could potentially be widened through the 

219 introduction of genetic variation from another cluster; accessions grouped in Q2.I at K = 4. 

220 Four Southern African accessions sharing the highest similarity with the Indonesian groups 

221 and these were collected from Zambia, where the climate can be broadly classified into humid 

222 subtropical or semi-arid steppe in different ecoregions. 

223

224 There is moderately strong differentiation between the subpopulations regardless of 

225 whether sub-clustered into three or five groups (FST = 0.251 and 0.259 respectively, Table 3), 

226 indicating the groups are genetic distinct. The majority of the genetic variance occurred within 

227 populations and accounted for 70 to 72% of the total variation, whereas only 25 to 26% was 

228 attributed to the difference between subpopulations (Figure 5). This suggest that substantial 
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229 genetic variability may be accessed from within the same clusters, perhaps minimising the 

230 disruption of adaptive complexes already in place. Cultivated at a small or subsistence scale 

231 for centuries without strong selection pressure from the farmers, beyond matching the local 

232 agroecosystem, landraces may well contain many allelic variants which have not experienced 

233 strong selection. Both high subpopulation inbreeding coefficients, FIS, and FIT values, also 

234 indicate that the lines making up these groups are inbred lines, consistent with the self-

235 pollination mechanism of bambara groundnut. Subpopulation Q2 and Q4 are the most diverged 

236 groups, which could be partially contributed to by geographical barriers limiting material 

237 exchange (Table S4). 

238

239 Integration with agronomic and phenotypic data following molecular characterisation 

240 would allow the informed development of crop improvement breeding programmes, 

241 particularly with the availability of reference genome despite it being currently fragmented 

242 (Chang et al. 2019). Application in genome-wide association mapping (GWAS) would identify 

243 quantitative trait loci (QTL) or causal genes governing the traits of interest. Germplasm within 

244 the same subpopulation identified in this study, particularly those collected from humid 

245 subtropical regions, should be characterised in the field trials, if the goal is to improve bambara 

246 groundnut in Indonesia.  

247

248 Conclusion

249 The genetic clusters postulated in this study have shed light on the potential origin of bambara 

250 groundnut cultivars in Indonesia from Southern Africa countries. Although the genetic base of 

251 bambara groundnut in Indonesian is generally narrow, an understanding of the diversity of 

252 bambara groundnut conserved in situ facilitates future breeding efforts towards development 

253 of new cultivars with a wider genetic base or to mine favourable alleles from traits of interest. 
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331 Table 1. Summary statistics of genetic variation at 11 SSR loci and 3,148 SNP loci across the entire germplasm collection with K=3 and K=5 for 

332 the GbS data.

Markers Sample N Na Ne I He Ho F Polymorphism

SSR Total 170 9.0001.314 3.5350.555 1.3860.209 0.6060.079 0.0120.005 0.9840.006 0.58*

Total 168 2.0000.000 1.4790.006 0.4390.004 0.2860.003 0.0110.001 0.9530.003 0.21**

K = 3,

Q1 76 1.9230.005 1.2280.004 0.2800.003 0.1630.002 0.0100.001 0.9400.004 -

Q2 36 1.9340.004 1.4610.006 0.4310.004 0.2800.003 0.0110.001 0.9510.004 -

Q3 56 1.9310.005 1.5070.006 0.4460.004 0.2950.003 0.0120.001 0.9490.004 -

K = 5,

Q1 20 1.1520.006 1.0690.004 0.0630.003 0.0410.009 0.0090.001 0.6000.010 -

Q2 21 1.1190.006 1.0460.003 0.0440.003 0.0280.002 0.0100.001 0.4680.010 -

Q3 25 1.8450.006 1.3050.005 0.3300.004 0.2040.003 0.0090.001 0.9470.004 -

Q4 36 1.9380.004 1.4880.006 0.4460.004 0.2930.003 0.0110.001 0.9480.004 -

SNP

Q5 56 1.9210.005 1.5110.006 0.4490.004 0.2980.003 0.0110.001 0.9510.004 -

333 mean values except N; *: polymorphic information content (PIC), **: minor allele frequency (MAF)
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334 N: sample size; Na: number of different alleles; Ne: effective number of alleles; He: expected heterozygosity; Ho: observed heterozygosity; F: 

335 fixation index (inbreeding coefficient). 

336

337 Table 2. Number and percentage of bambara groundnut accessions assigned into clusters among six regions

Region K = 3 K = 4 K = 5

Q1 Q2 Q3 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q5 Admixture 

Central Africa 29 1 0 29 0 1 0 16 6 4 1 0 3

West Africa 43 1 0 43 0 1 0 1 15 21 1 0 6

East Africa 3 11 0 3 1 10 0 3 0 0 11 0 0

Southern Africa 1 23 0 1 11 11 0 0 1 0 23 0 0

East Java 0 0 12 0 0 0 12 0 0 0 0 12 0

West Java 0 0 44 0 0 0 44 0 0 0 0 44 0

% 45.2 21.4 33.3 45.2 7.1 13.7 33.3 11.9 13.1 14.9 21.4 33.3 5.4

338

339

340
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341 Table 3. Analysis of molecular variance among and within V. subterranea populations for K = 3 and K = 5.

Variation source df SS MS Estimated variance % F-statistics p-value Nm

When K = 3, 

Among groups 2 28238.63 14119.32 124.88 25 FST = 0.251 0.001 -

Among individuals 165 120067.98 727.69 355.38 71 FIS = 0.955 0.001 -

Within individuals 168 2842.50 16.92 16.92 3 FIT = 0.966 0.001 -

Total variation 335 151149.12 497.18 100 - - 0.745

When K = 5, 

Among groups 4 31965.02 7991.25 121.24 26 FST = 0.259 0.001 -

Among individuals 153 103461.06 676.22 329.81 71 FIS= 0.952 0.001 -

Within individuals 158 2623.50 16.60 16.60 4 FIT = 0.964 0.001 -

Total variation 315 138049.58 100 - - 0.714
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348 b)                                                                                                                                 c) 

349                    

350

351 Figure 1. Neighbour-Joining tree of bambara groundnut accessions in this study based on a) & b) SNP markers and c) SSR markers, colours reflect 

352 geographical origin and values in branches indicate bootstrap threshold  70. The clusters from SNP markers correlate with population structure 

353 when K = 4. 
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354 a)

355

356 b)

357
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358 Figure 2 Principal coordinates analysis (PCoA) based on genetic distance derived from a) 11 

359 SSR markers and b) 3,148 SNP markers showing different clustering patterns.
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368 Figure 3. Distribution of a) genetic diversity (expected heterozygosity; He) b) SNP type for 

369 3,148 SNP markers in the 168 V. subterranea accessions. 
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373

374 Figure 4. Clustering analysis showing K values from 3 to 5, with strong geographic signals. 

Page 23 of 25



Page 24 of 25

375 a) When K = 3

376

377 b) When K = 5, 

378
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379 Figure 5.  PCoA of the subpopulations when a) K = 3 and b) K = 5, along with the AMOVA analysis explaining the total variance found among 

380 and within groups.
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