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Abstract
Molecular markers such as single nucleotide polymorphisms (SNPs) and SilicoDArT

are important in dissecting the genetic diversity of a population at DNA level. The

two marker types were analyzed using the same genotyping platform. Although the

two marker types were analyzed using the same genotyping platform, they were fil-

tered using a different marker stringency. We determined the genetic diversity of 623

half-sibs of shea tree (Vitellaria paradoxa a C. F. Gaertn. nilotica) assembled from

five geographical locations (Katakwi, Otuke, Amuru, Moyo, and Arua) in Uganda’s

shea parklands. A total of 27,063 Diversity Arrays Technology (DArT) SNP and 9018

SilicoDArT markers were used to assess genetic diversity and population structure.

The populations showed a low genetic diversity (Gst = 0.21), very low popula-

tion differentiation (FST = 0.02), low-to-moderate linkage disequilibrium (r = 0.2),

and Hardy–Weinberg Equilibrium (HWE = 0.1982). The study further revealed a

higher genetic diversity within population (0.26) than among the population (0.21).

A high level of heterozygosity was observed within individuals (0.26) and markers

(0.32) revealing a high non-random association of alleles at different loci that offer

Abbreviations: AMOVA, analysis of molecular variance; BeCA-ILR, Biosciences eastern and central Africa- international Livestock Research Institute;

CTAB, cetyltrimethylammonium bromide; DArT, Diversity arrays technology; DArT-seq, Diversity arrays technology sequencing; FST, genetic

differentiation; He, expected heterozygosity; Ho, observed heterozygosity; MAF, minor allele frequency; PCoA, Principal coordinate analysis; PIC,

polymorphic information content; RAPDs, Random amplified polymorphic DNA; SNPs, Single nucleotide polymorphisms; SSRs, Single sequence repeats.
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fingerprinting and analysis, Grant/Award

Number: ACE 2 Project opportunities to design association studies and allele transfer in marker-assisted

selection in the population. The markers varied in their polymorphic information

content values (SilicoDArT = 0.11) and (SNPs = 0.15) on genetic diversity. This

study reveals the importance of genetic diversity and population structure analysis

using high-density DArT-Seq SilicoDaRT and SNP makers in the conservation and

breeding of shea tree in Uganda.

1 INTRODUCTION

Shea tree (Vitellaria paradoxa a C. F. Gaertn. nilotica)

is a species with commercial and social importance in

Sudano-Sahelian Africa (Hale et al., 2021). The species was

also registered for its socioeconomic importance, where a

number of products are used by the communities for rituals,

treatments, and household income (Christophe et al., 2014).

The tree is considered second to oil palm in supplementing

plant oil necessities of the communities in Africa where oil

palm is not grown (Hall, 2012). According to Odoi et al.

(2020), the annual production throughout Africa stands at

750,000 tons of which between 55% and 75% is consumed

locally, while the rest is exported (Lovett & Haq, 2000). From

the shea export market, >90% of the products developed are

for confectionary purposes, while about 10% of the shea oil

goes for cosmetics industry, the exports translate to US $200

million per annum across Africa (Maranz & Wiesman, 2003).

With the increasing shea tree populations due to farmer-

managed natural regeneration and available governing laws

and regulations within Uganda’s shea parklands (Odoi et al.,

2020), trade in shea products is likely to increase. There is a

need to further improve farmer-protected trees to guarantee

increased productivity and quality product development for

competitive markets.

To design effective shea tree breeding and conservation

strategies, Gwali et al. (2015) pointed out the need to generate

information on available shea tree genetic diversity among the

ethnovarieties in Uganda. Information on available shea pop-

ulations sheds light on the mating system, pollen dispersion

syndrome, seed propagation, and effective population size,

which are closely related to their geographic distribution and

the nature of the surrounding species (Hamrick et al., 1979)

A number of molecular markers and quantitative methods

such as amplified fragment length polymorphisms, random

amplified polymorphic DNA (RAPDs), restriction fragment

length polymorphisms, single sequence repeats (SSRs), inter

simple sequence repeats, and single nucleotide polymor-

phisms (SNPs) have been widely used for the study of genetic

diversity and population structure in tree species (Dadjo et al.,

2020; Mohammad et al., 2018; Nantongo et al., 2010). These

growing advances provide enormous opportunities to deci-

pher the genetic diversity of genetically structured natural

populations (Jombart & Ahmed, 2011). SNP markers, for

example, owing to their robustness and abundance in plant

genomes, are being increasingly used for diversity analyses.

The marker has a high level of sensitivity and accuracy and

can be used for genotyping large populations compared to

other markers.

Diversity arrays technology (DArT)-SNPs have been

widely used for tree characterization due to limited resources

such as SNP-chips that can be used for economic scaling up

(Dadjo et al., 2020). In recent years, high throughput genotyp-

ing such as DArT is gaining the upper hand while choosing for

genomic studies and genetic diversity analysis given its speed

and low cost (Sodedji et al., 2021). In fact, diversity arrays

technology sequencing (DArT-seq) is one of the economical

and fast ways to generate these markers. DArT sequencing

method allows the discovery of sufficient amounts of SNPs

in many plant species and is now widely being deployed to

analyze the genetic diversity and genetic structure of many

crops around the world (Grzebelus et al., 2014; Nantongo

et al., 2022) However, Gudeta (2018) recommends deploying

a combination of marker types for the accurate assessment of

intra- and interpopulation genetic diversity of natural popula-

tions of forest tree species. In the same vein, Fontaine et al.

(2004) quantified the genetic variation of V. paradoxa using

RAPDs and chloroplast microsatellites markers and were able

to identify two major populations across the shea belt in

Africa owing to the shea tree selection and dispersal during

traditional agroforestry.

This study used SilicoDArT and DArT-seq SNP markers

to determine the genetic diversity and population structure

among 623 selected half-sibs shea tree (V. paradoxa C.F.

Gaertn. subsp nilotica) accessions in Uganda to plan for

their conservation and breeding. Therefore, this study aimed

at determining the level of genetic diversity and population

structure in the selected elite shea tree accessions for the

development of breeding seedling orchard as a source of a

future true to type germplasm in Uganda.

2 MATERIALS AND METHODS

2.1 Genetic materials

Early studies identified V. paradoxa (then Butyrospermum
parkii) as highly outcrossing with ploidy level of 2n = 24
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(Hale et al., 2021). A total of 1204 half-sibs were raised from

the 180 pre-selected set of parent trees that were identified by

their agronomic characteristics. The seeds were randomly col-

lected from the parklands from the five districts of Katakwi,

Otuke, Amuru, Moyo, and Arua (Figure 1) across the shea

parklands in Uganda. The seedlings were then raised and man-

aged in the tree nursery at Ngetta Zonal Agricultural Research

and Development Institute between June 2018 and October

2019. The seedlings were watered every morning and evening

with at least 10 L/m2 of nursery bed for 18 months.

After the removal of duplicates based on the level of infor-

mativeness in the duplicated accessions, 708 lines remained,

and on further filtration, the final number of lines used in this

study was further reduced to 623 taxa. The shea seedlings

were then planted in two 8-acre multilocational trials as breed-

ing seed orchard in Lira and Serere districts (see Table 1).

2.2 DNA extraction and DArT-sequencing

Young healthy leaf samples were randomly picked from

752 shea seedlings for DNA extraction and genotyping.

Only 752 accessions that showed best growth charac-

teristics were selected from the 1204 plantlets due to

resource constraints. The genomic DNA from silica dried

leaf samples was extracted at Biosciences Eastern and

Central Africa-International Livestock Research Institute

(BeCA-ILRI) following the cetyltrimethylammonium bro-

mide (CTAB)/chloroform/isoamyl alcohol method (Doyle &

Doyle, 1987). The DNA was quality checked using standard

processes: 0.8% agarose gel electrophoresis, optical mea-

surements for 260 and 280 nm using a NanoDrop 2000

spectrophotometer (ND-2000 V3.5; NanoDrop Technologies,

Inc.), and Qubit 3.0 Fluorometer (Thermo Fisher Scien-

tific) for quantification. The DNA from the 752 individuals

was partial-genome sequenced using proprietary restriction

enzyme tagged genotyping-by-sequencing approach using

DArTseq methodology (DArT P/L) on a HiSeq2500 next-

generation sequencer (Illumina Inc.) with 72 bases read

length. In brief, the libraries were prepared using the PstI-SphI

complexity reduction method (Sansaloni et al., 2011).

Sequences generated from each lane were processed

using proprietary DArT analytical pipelines. In the primary

pipeline, the FASTQ files were first processed to filter poor

quality sequences, applying more stringent selection cri-

teria to the barcode region compared to the rest of the

sequence. Thus, the assignments of the sequences to specific

samples carried out in the “barcode split” step were more

consistent. Approximately 2,500,000 (±7%) sequences per

barcode/sample were used in marker calling. Finally, iden-

tical sequences were collapsed into “fastqcall files.” These

files were used in the secondary pipeline for DArT P/L’s

proprietary SNP and SilicoDArT (Presence/Absence Mark-

ers in genomic representations) (present = 1 vs. absent = 0)

Core Ideas
∙ Shea trees in Uganda possess a moderate level

of genetic diversity, essential for the species’

long-term survival.

∙ The low fixation index is a precursor of the good

performance of the populations across Uganda’s

agro-ecologies.

∙ Shea trees in Uganda are grouped into three

populations.

∙ Deployment of single nucleotide polymorphisms

revealed molecular markers and genetic diversity

for putative selective footprints in shea tree.

calling algorithms (DArTsoft14). The analytical pipeline pro-

cessed the sequence data. The reads were then aligned to

the shea_V1 reference genome (https://www.frontiersin.org/

articles/10.3389/fpls.2021.720670/full). Essentially, DArT-

Seq technology relies on a complexity reduction method using

restriction enzymes that are sensitive to DNA methylated

sites and repetitive DNA (Raman et al., 2014). DNA samples

were processed in digestion/ligation reactions as described by

Kilian et al. (2016).

2.3 Marker data quality

The marker data were then assessed for average SNP count,

read depth, call rate, and reproducibility. Final filtering of

the SNP dataset using minor allele frequency (MAF >0.05),

polymorphism information content (>1%), the proportion of

samples for which the genotype score is “1” (one ratio), the

proportion of samples for which the genotype call is either

“1” or “0,” rather than “−” (call rate >80%), and the propor-

tion of technical replicate assay pairs for which the marker

score is consistent (reproducibility> 95%) was done for SNPS

and was performed with DArT R package (Gruber et al.,

2018). Missing data of 10% were sought and imputed using

the snpReady software (Granato & Fritsche-Neto, 2018).

Analysis was done separately over SNPs and SilicoDArT

using similar filtration parameters as indicated in Table 2.

2.4 SNP filtering and imputation of missing
values

Data filtering and quality checks were performed in TASSEL

(v5.2.52) (Bradbury et al., 2007). This enabled removal of

SNP markers with >20% of missing data, < 0.05 MAF, and

unknown positions on the genome. Imputation of SNP data

was then performed using the k-nearest neighbor method,

following Bradbury et al. (2007). A total of 7530 informative

https://www.frontiersin.org/articles/10.3389/fpls.2021.720670/full
https://www.frontiersin.org/articles/10.3389/fpls.2021.720670/full
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T A B L E 1 Shea tree ethnovarieties with their local and conventional descriptors.

No. Characteristics

Geographical location
Katakwi Otuke Amuru Moyo Arua

1 Sweetness Lo’jijit (sweet pulp)

(3)

Abono (sweet pulp)

(3)

Malim (sweet pulp)

(3)

Limi (sweet pulp) (3) Awa odu mbili mbili

(sweet pulp) (3)

2 Unpleasant taste Epiana (tasteless pulp)

(3). Egeget

(astringent taste) (3)

Yao Pemit (tasteless

pulp) (3). Yao cot

(astringent taste) (3)

Yao mabot (tasteless

pulp) (3). Macot

(astringent taste) (3)

Asa (tasteless pulp)

(3). Etri (astringent

taste) (3)

Itritri (astringent

taste) (3). Kpala

kpala (tasteless

pulped) (3)

3 Skin texture Lo’ecekit (hairy) (3) Jayer (hairy) (3) Ayer (hairy) (3) Enyi (hairy) (3)

Anyua (hard fruit

skin) (3)

4 Pulp texture Lo’karic (hard pulp)

(3) Lo’nonok (soft

pulp) (3)

Acogo (hard pulp) (3)

Apocopoco (soft

pulp) (3)

Acogo/Okwe (hard

pulp) (3)

Labokoboko (soft

pulp) (3)

Urujua (hard pulp) (3)

Muda muda (soft

pulp) (3)

Kongolo (hard pulp)

(3) Mele mele (soft

pulp) (3)

5 Size Bombom (big

fruits) (3)

Yao Adongo (big shea

fruits) (3). Yao

atino (tiny seed)

(3). Olindir (small

fruits) (3)

Madongo (big fruits)

(3). Lagili (small

fruits) (3) Lalet

(thin pulped fruits)

(3)

Muda muda (soft

pulp) (3)

Awa Iki nyiri (small

fruits/seeds) (3).

Omemea (tiny seed)

(3). Awa odu

perepere (thin

pulped shea) (3)

6 Shape Lo’somel (oval fruits)

(3) Lo’lungur

(round fruits) (3)

Acula (oval) (3)

Aboco (elliptical)

(3). Alulung (round

fruits) (3)

Acula (oval) (3)

Maboco (elliptical)

(3)

Colobaa (elliptical)

(3)

Gburu (round fruits)

(3). Julu (oval

fruits) (3)

7 Coloration Narengun (red seeds)

(3)

Aremo (red seeds) (3).

Molilo (black/dark

seeded) (3)

Aremo (red seeds) (3).

Macol (black/dark

seeded) (3)

Onia (black/dark

seeded) (3)

Awa iki ika (red

seeds) (3)

8 Tree trait Yawo wigweng (shea

tree growing on

rocky places) (3)

Note: The figures in parentheses show the number of families selected per ethnovariety.

T A B L E 2 Marker quality parameters of shea tree populations in

Uganda.

Marker quality
parameters SilicoDaRT SNPs
PIC 0.15 0.26

One ratio 0.15 0.29

Call rate 0.98 0.78

Reproducibility 0.99 0.98

Abbreviations: PIC, polymorphic information content; SNPs, single nucleotide

polymorphisms.

SNP markers were then obtained for further analysis in this

study.

The observed heterozygosity (Ho) and expected heterozy-

gosity (He) were performed using the “adegenet” package in

R (R Core Team, 2020), and the call rate and reproducibility

were determined using “dartR” in R environment (Jombart &

Ahmed, 2011).

2.5 Determination of genetic variation
among populations

The markers summary statistics that included MAF, He, Ho,

polymorphic information content (PIC), and gene diversity

were generated in PowerMarker v3.25 (Lui & Muse, 2005).

The populations used for the initial fixation index analysis

comprised the selected genotypes from the five study districts

described above. The explained genetic variation among pop-

ulations was determined from the SNP markers using analysis

of molecular variance (AMOVA), and genetic differentiation

(FST) was performed in GenAlEx 6.5 (Peakall & Smouse,

2012). The AMOVA was generated after numerically (A = 1,

C = 2, G = 3, T = 4, and missing data = 0) coding the markers

as in Blyton and Flanagan (2006).

2.6 Population structure

A hierarchical clustering analysis using the SNP mark-

ers was performed and a dendrogram generated as in
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F I G U R E 1 Map of Uganda indicating the study sites.

Dadjo et al. (2020) and Odong et al. (2011). Using filtered

markers, the population structure was performed with

Bayesian clustering approach in STRUCTURE V2.3.4

(Bennett et al., 2008). Burn-in period of 10,000 Markov

Chain Monte Carlo iterations, 100,000-run length were per-

formed, and the best K value with the highest likelihood was

employed to estimate the most suitable population size fol-

lowing Evanno et al. (2005). Ten runs per K value (number of

clusters) from 1 to 10 were considered in Structure Harvester

(Earl & vonHoldt, 2012). The shea accessions with inferred

ancestry ≥0.80 were assigned to their respective groups. The

hierarchical clusters and dendrogram were performed on the

623 shea lines using Analyses of Phylogenetics and Evolution

(ape) package implemented in R (R Core Team, 2020). The

principal coordinate analysis (PCoA) was generated from

GenAlEx 6.5 (Peakall & Smouse, 2012) and plotted in R (R

Core Team, 2020).

Phylogenetic and molecular evolutionary analyses

were conducted using MEGA version X (Kumar et al.,

2018). Neighbor Joining was performed to identify

the subpopulations with their genetic diversity using

PowerMarker V3.25 and GenAlEx 6.5 (Peakall &

Smouse, 2012).

3 RESULTS

3.1 Marker identification, alignment, and
quality control

The total number of SNP markers with MAF of <0.1 was

3895 (51.72%) (Figure 1). The informative SNPs with PIC

values ≥0.4 represent 10.08% (n = 759) of the markers used

(Figure 1). A total of 7530 putative co-dominant SNP mark-

ers were used in this study, and 3991 (53%) were found in the

coding region, of these 3518 (24.5%) were non-synonymous

SNPs. The co-dominant markers revealed a high reproducibil-

ity (0.98), mean call-rate value of 0.78, and MAF of 0.13, with

the majority (54.23%) having PIC value above 0.1 and mean

value of 0.26. The minor and major allele frequencies of the

SNP markers ranged from 0.001 to 0.001 and 0.9986 to 0.779,

respectively.

A total of 30,733 SNP markers data were initially gener-

ated, and 11.9% (4670 SNPs) markers were removed during

filtering due to the lack of informativeness and duplicates;

thus, 27,063 SNP (88.1%) markers remained. These were fur-

ther filtered to 7530 SNPs which matched the quality criteria

and were used in this study.
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F I G U R E 2 Distribution of polymorphism information content

(PIC) in 27,063 single nucleotide polymorphisms (SNPs) and 9019

SilicoDArT SNP markers derived from 708 shea tree accessions. X-axis

indicates PIC value classes, whereas Y-axis indicates the number of the

diversity arrays technology sequencing (DArTseq) markers in each PIC

value class.

3.2 Characterization of the SNP markers

Six SNP types were determined in this study (Table 1).

Out of the 7530 SNPs retained after removal of duplicates

and further filtration, 4305 (57.17%) were transitions (C↔T

or A↔G), and 3225 (42.83%) were transversions (C↔A or

T↔G). The resultant transition/transversion ratio was 1.34.

Accordingly, out of the 4305 (57.2%) genic SNPs located in

the coding regions, 2282 (53%) were non-synonymous sub-

stitutions and 2023 (47%) were synonymous, and the ratio of

non-synonymous to synonymous substitutions (Ka/Ks) was

1.13.

3.3 Comparison between SilicoDArT and
SNP markers

A total of 7530 quality SNPs markers and 9018 SilicoDArT

were genotyped from 708 shea tree accessions. The propor-

tion of technical replicate assay pairs for which the marker

score is consistent (reproducibility) differed between Silico-

DArT (99%) and SNP markers (98%). The PIC range for

SilicoDArT and SNP markers types was between 0.006 and

0.5 and 0.003 and 0.5, respectively (Figure 2).

The average marker call rates for SilicoDArT and SNPs

after filtration were 98% and 78%, respectively, while their

reproducibility was 0.99% and 0.98%, respectively, indicating

a consistent marker score (Table 3).

3.4 Genetic diversity

The results revealed a mean Ho of 0.26, the mean He of 0.21,

and moderate HWE of 0.198. The results indicate a higher

Ho (0.26), He (0.21), and Ht (0.32) in SNP maker type than

the SilicoDArT (0.15, 0.1, and 0.1, respectively) and a nega-

tive inbreeding coefficient (SNPFIS = −0.46 and SilicoDArT

T A B L E 3 Proportion of single nucleotide polymorphism (SNP)

types.

SNP Number (n) Proportion (%) Type
A/C 783 10.4 Transversion

A/G 2160 28.68 Transition

A/T 847 11.11 Transversion

C/G 836 11.10 Transversion

C/T 2145 28.49 Transition

G/T 762 10.22 Transversion

Total 7530 100
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F I G U R E 3 Chromosome single nucleotide polymorphisms

(SNP) marker diversity.

FIS = −0.49) (Table 4). In general, the results revealed low

genetic differentiation among locations but a significant level

of genetic differentiation within populations (Table 5).

3.5 SNP marker gene diversity

The SNP marker frequencies of the MAF ranged from 0.03 to

0.5 with the average frequency of 0.13 (Table 6 and Figure 3).

The PIC and gene diversity also ranged from a minimum of

0.05 and a maximum of 0.63 and 0.68, respectively (Table 6).

Chromosome 2 had the highest number of markers (990),

followed by chromosome 1 (808),chromosome 10 (790),

chromosome 5 (650), and chromosome 8 (645).

Meanwhile, chromosomes 4 and 3 had the lowest (425 and

432, respectively) marker frequencies (Figure 4). This indi-

cates a non-random distribution of SNPs with varying SNP

frequencies in the 12 chromosomes of shea tree in Uganda.

3.6 Population structure

The shea tree populations in Uganda are genetically grouped

into two clusters of Eastern group (B) and West Nile/Northern

Uganda group (A) (Figures 5 and 6).
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T A B L E 4 Gene diversity and population structure of shea tree populations in Uganda.

Marker diversity parameters
SilicoDaRT
(n = 2018)

DArT-SNP
(n = 7530)

Ho Observed heterozygosity 0.15 0.26

He Expected heterozygosity 0.1 0.21

Ht Overall gene diversity within population 0.1 0.32

Dst Gene diversity between population 0 0

Htp Corrected gene diversity within population 0.1 0.2

Dstp Corrected gene diversity between population 0 0

Fst Population differentiation 0.02 0.01

Fstp Corrected population differentiation 0.02 0.02

Fis Inbreeding coefficient −0.49 −0.46

Abbreviations: DArT-SNP, Diversity Arrays Technology-single nucleotide polymorphisms; He, expected heterozygosity; Ho, observed heterozygosity.

T A B L E 5 Analysis of molecular variance (AMOVA) among the 623 shea lines assessed with 7530 single nucleotide polymorphism (SNP)

markers.

Source df SS MS Est. Var. Percentage PhiPT p Value
Among pops 4 6931.08 1732.77 4.35 0

Within pops 618 740,136.16 1197.63 1197.63 100 0.004 0.000

Total 622 747,067.24 1201.98 100

Abbreviations: MS, mean square; SS, sums of squares.

F I G U R E 4 The number and size of single nucleotide polymorphisms (SNPs) within 1 Mb window size of V. paradoxa subsp. nilotica genome.

Generally, lines arranged themselves according to their

areas of origin (population) apart from few that were grouped

within a different population forming admixtures. The pop-

ulation at K = 2, representing two clusters (Figure 6), was

chosen in consonant with the PCoA grouping in Figure 5 (see

also Table 7).

The different populations were assessed for their proportion

contribution of individuals to the overall number of studied

accessions. The study reveals that cluster 2 contributed to the

highest (57%) proportion of individuals with cluster 1 (43%)

having the lists (Table 8).

The two clusters had similar (0.032) genetic variabil-

ity (net nucleotide distance). Higher normalized variance

was observed in allele frequencies between populations,

FST (0.14) in cluster 1 than cluster 2 (0.06) (Table

8).
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F I G U R E 5 Scatter plot of the accessions along the first two principal coordinates PCoA1 and PCoA2. The colors of the dots along the principal

coordinate analysis (PCoA) coordinates 1 and 2 represent the accessions from different locations. A and B indicate the subpopulations identified.

F I G U R E 6 Likelihood of ΔK calculated by Evanno et al.’s (2005) method, revealing maximum value at K = 2 and further subpopulations at

K = 3, conducted using the Bayesian clustering approach in structure V2.3.4. The bar plots of line assigned to K = 2 populations (pop I and pop II)

are represented by red and green colors as identified in the structure and structure harvester.

T A B L E 6 Single nucleotide polymorphism (SNP) marker allele

frequency.

Variables Mean Minimum Maximum
MnAF 0.13 0.03 0.5

MAF 0.78 0.57 0.97

He 0.21 0.01 0.57

Ho 0.26 0.01 0.96

PIC 0.26 0.05 0.63

Gene diversity 0.32 0.05 0.68

Abbreviations: MAF, minor allele frequency; PIC, polymorphic information

content.

T A B L E 7 Number of accessions assigned to the different clusters

and admixture for the inferred K. The highest most appropriate inferred

K was observed at K = 3.

Population

Metapopulation
Cluster 1 Cluster 2 Cluster 3 Admixture

Arua 0 0 143 3

Amuru 109 0 13 13

Moyo 76 0 1 1

Katakwi 2 116 0 2

Otuke 0 160 0 0

Total 187 276 157 19
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T A B L E 8 Genetic variability among the inferred K clusters (net nucleotide distance) computed using point estimates of p and within (expected

heterozygosity, He) populations, proportion of membership, and mean value of the fixation index (FST) observed from the population structure of

623 shea tree lines.

Net nucleotide distance
Population Cluster 1 Cluster 2 He Mean FST Proportion of membership (%)
Cluster 1 – 0.032 0.29 0.14 0.43

Cluster 2 0.032 – 0.31 0.06 0.57

Abbreviations: He, expected heterozygosity; FST, fixation index.

There was a high level of heterozygosity within individuals

(0.31) and markers (0.32).

4 DISCUSSION

4.1 Marker diversity and DNA substitution
mutations

Determination of the genetic diversity and population struc-

ture in V. paradoxa presents an important opportunity in shea

research and development (breeding, conservation, manage-

ment, processing, and business) in Uganda. This research

further presents the first-ever molecular study of the genetic

diversity and population structure of V. paradoxa subspecies

nilotica using a high throughput genome-wide SNP dataset.

A total of 7530 informative SNPs markers were used in this

study to determine the genetic diversity and population struc-

ture of shea tree accessions from five populations in Uganda.

Two types of DNA substitution mutations (transitions and

transversions) were observed in this study. The results indi-

cated higher transition mutation than the transversion type

with mutation rates in the likely order of 10–8 to 10–9 (Shep-

herd et al., 2005). The frequent occurrence of the transition

type could be due to the higher rates of 5-methylcytosine

deamination from the CpG dinucleotides (Yang et al., 2016).

Such a higher transition mutation within the coding regions is

due to the degeneration and selective nature of genetic code

that results in gene conservation.

This low fixation index in a population has been associ-

ated with high gene flow and genetic drift so as to minimize

allele loss (Barchi et al., 2011). SNPs may change the encoded

amino acids (nonsynonymous SNP) and therefore change the

amino acid sequence or be silent (synonymous SNP), thereby

maintaining the amino acid sequence or simply occurring in

the noncoding regions. They may also influence promoter

activity (gene expression), messenger RNA (mRNA) con-

formation (stability), and subcellular localization of mRNAs

and/or proteins (Yang et al., 2016). The non-synonymous

SNPs are of interest to this study because they generate new

variants that are important for varietal development during

breeding programs. Such mutations, when selected by the

environment, are important for conservation agenda of the

species since the variants get more adapted to the environ-

mental changes (Barchi et al., 2011). In fact, C/T transition

is the most common type of SNP found in higher plants,

which was also the case in this study (57.1%). The shea tree

lines used in this study revealed a high SNP marker variation

with A↔G and C↔T than the other SNP types (C↔A and

T↔G). This finding aligns with other studies on Garcinia kola
(Dadjo et al., 2020) and cowpea (Huynh et al., 2013; Xiong

et al., 2016). However, such markers are important in evalu-

ating the amount, extent, and distribution of genetic variation

within and among populations (Gudeta, 2018). Such varia-

tions may be due to high frequencies of shifts from A to G and

C to T mutations following methylation (Ketema et al., 2020).

These sites of cytosine methylation offer hot spots for C to

T mutations important in studying the process of transcript

elongation resulting in spontaneous mutations (Beletskii &

Bhagwat, 1996).

It indicates the level of diversity of a gene or DNA seg-

ment in a population useful in revealing any evolutionary

pressure that could have occurred on the alleles or mutation in

a locus. Therefore, the identification of SNP marker diversity

and variations in shea tree may lead to a better understanding

of their function in mutation causing variation within shea tree

populations and ethnovarieties across its rangeland (Dadjo

et al., 2020). Similar findings were also reported in SNP-based

genetic diversity studies in crops (Shimizu et al., 2016).

4.2 Genetic diversity and population
structure

Genetic diversity and population structure of a species is a

good precursor of its management and conservation status.

The results revealed low genetic differentiation, suggesting

the existence of anthropogenic geneflow and admixture in

the area. The study further found moderate (0.21) genetic

diversity in V. paradoxa, similar to what was reported in

West Africa (Hunter et al., 2012) and Uganda using SSR

microsatellite markers (Gwali et al., 2015).

The reduced genetic variation could possibly be a result of

selection based on farmer preferred traits (tasty pulp, large

fruit size, and high oil content) across populations (Lovett &

Haq, 2000; Odoi et al., 2020). This lack of variation among
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shea populations offers opportunities for generating shea vari-

eties that can be grown successfully in shea belts across

geographical regions in Uganda. On the other hand, Table 1

indicates a high variation of phenotypic characteristics among

shea tree in Uganda, although genetic results revealed a lack

of variability indicating that the characteristics are not genetic

in nature but shaped by the environmental and anthropogenic

selection for domestication.

Findings from the assessment of genetic diversity in shea

tree across its range in Africa (Fontaine et al., 2004) were

closely similar (0.29) to the results of this study (0.21). The

level of population differentiation (Fstp) among shea tree pop-

ulations in this study is also not different from other studies

across shea belt in Africa (Hunter et al., 2012; Lovett & Haq,

2000). These findings, therefore, are useful in designing shea

conservation strategies within the Sudano-Sahelian Africa to

conserve and guarantee the continuity of the shea belt from

the West African coast, through Central to Eastern highlands

of Africa.

The genetic variability in such a population, represented

by either observed or He, is essential for the genetic con-

servation and breeding of the species. The higher Ho (0.26)

than the He(0.21) observed in the populations of this study

points to high heterozygosity in V. paradoxa accessions in

Uganda. This level of heterozygosity may have been caused

by anthropogenic forces and the outcrossing nature of shea

tree that encouraged gene flow among the populations (Hale

et al., 2021). Similar results have been reported in self-

pollinated tree species such as Garcinia kola (Dadjo et al.,

2020; Olawuyi & Azeez, 2019). However, at the individual

level, heterozygosity may lead to the selection of dominant

tree accessions which may in turn increase heterozygosity at

the marker level of the selected gene (Black et al., 2001). This

lack of variation among shea trees has been associated with

its allogamous nature, gene flow between populations, and the

selective nature of trees with community-preferred traits such

as tasty pulp (Odoi et al., 2020). However, with high anthro-

pogenic effects through this selection and domestication of

the species, bottlenecks shall occur that may disrupt heterozy-

gosity through forced selfing and hybridization that reduce

genetic diversity among domesticates compared to their wild

progenitors (Ndjiondjop et al., 2017).

The negative inbreeding coefficient indicates that the shea

tree is a highly outcrossing species, which could be due to

Null alleles that led to false discovery of homozygotes and

cause heterozygote deficiency (Waples, 2015). This low fix-

ation index in a population has been associated with high

gene flow and genetic drift to minimize allele loss (Lee et al.,

2017). Gene flow, inbreeding, natural selection, the Wahlund

effect, and random genetic drift are some of the evolution-

ary processes identified as impacting the genetic diversity of

a population (Wang et al., 2008).

The results of this study offer a good selection potential of

putative shea tree genotypes as possible parent trees for future

shea tree breeding programs in Uganda.

4.3 Conservation implications

In consonant with the discussion, there is moderate genetic

variability in V. paradoxa. However, anthropogenic factors

affect its long-term conservation in Uganda. Therefore, there

is an urgent need to embrace in situ and ex situ conservation

strategies like the ones in the multilocational seed gene banks

established by this study. The admixing gene pools should

be promoted to increase their diversity, population size, and

representation of the seven inferred gene pools. This there-

fore means that the selection of V. paradoxa parent plants

from Arua, Amuru, and Otuke would suffice to capture max-

imum diversity for ex situ conservation. With the growing

international and local demand for the shea products, the

National Forestry Authority should include V. paradoxa in the

list of tree species promoted under community tree planting

program for the Teso, Lango, Acholi, and West Nile regions.

5 CONCLUSION

This study provides insights into the molecular diversity and

population structure of Vitellaria paradoxa in Uganda. We,

therefore, conclude that the Eastern and West Nile ecotypes

of V. paradoxa offer a genetic resource of importance to con-

servation and future breeding program in Uganda. Further

studies are required to identify the hot spots of genetic diver-

sity of the species in the two populations for the selection of

parent materials for germplasms multiplication and conser-

vation. This will inform shea conservation and management

policy formulation to protect the hot spots from destruction

and promote germplasm production for in situ and ex situ

conservation.

Therefore, it is important to establish a collection of the

different provenances and ethnovarieties in a multilocational

breeding seed orchard germplasm to study their appropriate

agronomic practices.

Determining the functional genes responsible for sec-

ondary metabolic processes conferring molecular mecha-

nisms of preferred phenotypic traits in the shea tree is a key

gap. These genomic markers have widened our understanding

of shea genomes and other related species for future genomic

studies, conservation, and breeding.
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