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Dioscorea bulbifera L. is a widely distributed plant in the humid and sub-humid tropics. The taxonomic 
treatment of this species is ambiguous due to its extreme polymorphic morphological characters. 
Therefore, it is imperative to assess the species distribution, and the inter and intraspecific variability 
relationships in D. bulbifera. In this study, the genetic diversity and species distribution of 41 
accessions of D. bulbifera in Uganda were investigated. Diversity among the 41 accessions was 
assessed using distribution of accessions, morphological descriptors and SNP markers. To investigate 
the relationship between individuals and populations, a heat map, phylogenetic tree, and principal 
components analysis were used. A total of 221455432 paired-end raw reads were generated out of 
which 162662 SNP loci were called with 150 bp reads (2×150) to a targeted depth of 112 million reads. 
Analysis of SNP data has proved a heterogenous population of D. bulbifera with an exception of Abur 
accessions that stand out as homogenous populations. This study has revealed that the utilization of 
advanced sequencing techniques such as GBS in combination with statistical analysis is a robust 
method for evaluating genetic diversity in a complex crop such as aerial yam. 
 
Key words: Aerial yam (Dioscorea bulbifera Linn), genetic diversity, SNP markers, Uganda. 

 
 
INTRODUCTION 
 

Yams  are   classified   under    genus   Dioscorea   which contains  approximately 600  species (Hahn  et al., 1995), 
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of which Dioscorea rotundata, Dioscorea alata, Dioscorea 
bulbifera, Dioscorea esculenta, and Dioscorea 
dumenterum are the most economically important staple 
foods in the tropical and sub-tropical regions (Ranjana et 
al., 2011). They provide food to over 100 million people in 
many developing countries (Lebot, 2009). Eaten for its 
carbohydrates (Tetchi et al., 2007), protein, vitamins, 
potassium, sodium, magnesium, copper, and zinc 
(Shajeela et al., 2011), yams also have medicinal 
properties derived from the steroidal sapogenins that are 
used in the production of cortisone and synthetic steroid 
hormones (Narula et al., 2007). D. bulbifera in particular 
has numerous therapeutic applications in various patho-
physiological conditions namely ulcers, sores, wound, 
spasms, dysentery, diabetes, and cancer (Sharma and 
Code, 2017).  

The antioxidant, anti-inflammatory, antibacterial, 
plasmid curing, anti-diabetic, anticancer (Ikiriza et al., 
2019; Worou, 2018; Anandpara and Tirgar, 2017) and 
anti-fertility properties (Priya et al., 2002) of D. bulbifera 
are ascribed to a bioactive component called diosgenin. 
Given its food and medicinal importance, D. bulbifera has 
been over exploited in Uganda, necessitating 
conservation of its genetic resources for sustainable use. 
Trimanto and Hapsari (2015) suggested that promoting 
forest conservation and conducting germplasm collection 
backup can improve D. bulbifera conservation status. To 
effectively enhance the use of genetic resources, 
foremost it is important to increase our knowledge of the 
conserved germplasm through characterization. 
Unfortunately, the germplasm of D. bulbifera in Uganda 
has not been characterized, yet germplasm 
characterization is an initial step to conservation 
(Bioversity International, 2003).  Elsewhere, several 
studies have been done to characterize morphological 
traits of Dioscorea species including D. alata L (Anokye 
et al., 2014), Amerindian yam (Beyerlein et al., 2018), 
and D. bulbifera (Atieno et al., 2020). Morphological traits 
are however less informative and exhibit a lot of 
variations attributed to agro-climatic fluctuations. 
Consequently, molecular markers are extensively used to 
evaluate the genetic relatedness in germplasm. The first-
generation molecular markers namely Random Amplified 
Polymorphic DNA (RAPD), Amplified Fragment Length 
Polymorphism (AFLP), Inverse Sequence Tagged Repeat 
(ISTR) and inter simple sequence repeat (ISSR) have 
been used to analyze genetic variation within Dioscorea 
spp. (Rao et al., 2020, Velasco-Ramírez et al., 2014). 
These markers are however not cost effective, and with 
poor discrimination within Dioscorea species (Cormier et 
al., 2019). The advent of next generation sequencing 
(NGS) protocols has revolutionized phylogenetic diversity 
studies. One such protocol is Genotype by Sequencing 
(GBS) that has been used for genome-wide genotyping 
of organisms for molecular markers discovery. It is a 
reliable, simple, and cost-effective method of SNP calling 
and mapping. The method is useful in fishing out SNPs 
within a population to better understand the  relationships  
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between and within species for genomic selection, 
prediction, or trait analysis. This method has been utilized 
successfully on Cassava (Manihot esculenta Crantz) 
(Rabbi et al., 2015), guinea yam (Girma et al., 2014), 
water yam (Saski et al., 2015), and Daucus carota 
(Arbizu et al., 2016), justifying its power to as a suitable 
technology for high throughput genotyping in yam. 

Due to many ecological restrictions and study neglect, 
the genetics of yams is the least understood and has 
remained mostly ignored among the major staple food 
crops (Mignouna et al., 2003). In this regard, D. 
bulbifera from various regions in Uganda have not been 
characterized, not to mention using single nucleotide 
polymorphism genotyping to analyze species distribution 
and genetic diversity of D. bulbifera. Therefore, this study 
investigated the genetic relationships and species 
distribution of Aerial yam (D. bulbifera) accessions in 
Uganda using GBS for further improvement of this very 
important species in Uganda. 
 
 

MATERIALS AND METHODS 
 

Sample collections sites 
 

Uganda is located in Eastern Africa, between latitudes of 4.5°N and 
1.5°S, and longitudes of 29.5°E and 35°E (Figure 1), with an 
average altitude of 1,100 m above sea level. The sample collection 
of D. bulbifera was conducted in six geolocations, that is, Mabira 
Central Forest Reserve, Bugoma Central Forest Reserve, Bwindi 
Impenetrable National Park, Kasyoha Kitomi forest reserve, Mt 
Elgon forest reserve, and Abur forest (Figure 1). The six 
geolocations were selected based on the presence of D. bulbifera 
and agroecological zone (AEZ) classification (MAAIF, 2014). The 
six geolocations are encircled by varying agroecological zones. 
These zones have been determined by soil types, climate, 
landforms, and socio economic and cultural factors (Kabi et al., 
2014). 
 
 

Sample collection and processing  
 

The plant materials used for morphological characterization 
comprised of forty-one accessions of D. bulbifera conserved in the 
selected forest reserves of Uganda namely Mabira, Bugoma, 
Bwindi, Kasyoha Kitomi, Mt Elgon, and Abur (Figure 1). The 
collected leaf samples and bulbils were transported to the National 
Herbarium in Makerere University Department of Plant science, 
Microbiology and Biotechnology, Kampala Uganda where the 
samples were identified and given the Accession number of 50974 
and voucher number 20. Data on Morphological differences was 
collected using available descriptors i.e., tuber shape, tuber cortex 
color, tuber flesh color, skin texture, and presence or absence of 
warts on the tuber cortex, young leaf color (Ipgri and Iita 1997). 
Each tuber was cut longitudinally to assess the colour of flesh and 
the texture was assessed by hand feeling and observation. For 
genetic characterization and molecular analyses, young leaves 
from each accession were silica dried and sent to the University of 
Wisconsin-Madison Biotechnology Centre, U.S. Genomic DNA was 
extracted using QIAGEN DNeasy mericon 96 QIAcube HT Kit. DNA 
was quantified using the Quant-iT™ PicoGreen® dsDNA kit (Life 
Technologies, Grand Island, NY). 
 
 

Preparation of libraries and sequencing 
 

D.  bulbifera GBS Libraries were prepared as in Elshire et al. (2011)
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Figure 1. Location map of the six forest reserves of Uganda where the 41 accessions were sampled. 
Source: Drawn using ArcGIS version 10.5 

 
 
 
with minimal modification; GBS libraries were prepared and 
analysed at the University of Wisconsin-Madison Biotechnology 
Center’s DNA Sequencing Facility. Apek 1 restriction enzyme was 
used for digestion and for creating a library containing 96 unique 
barcodes. The barcodes were PCR amplified to provide library 
quantities amenable for sequencing, and adapter dimers were 
removed by solid phase reverse immobilization (SPRI) bead 
purification. Quality and quantity of the finished libraries were 
assessed using the Agilent Tapestation (Agilent Technologies, Inc., 
Santa Clara, CA) and Qubit® dsDNA HS Assay Kit (Life 
Technologies, Grand Island, NY), respectively. Prepared Libraries 
were sequenced on Illumina NovaSeq 6000 2×150 S2. Resulting 
images were analysed using the standard Illumina Pipeline, version 
1.8.2 to generate 150 bp raw reads for SNP calling.  
 
 
Processing of illumina raw sequence read data and SNP 
calling 
 

A modified version of the non-reference GBS SNP calling pipeline 
Universal Network Enabled Analysis Kit (UNEAK) as implemented 
in Tassel Version 3.0.160 (Lu et al., 2013), was used for SNP 
calling using VCF tools version v0.1.10 (Danecek et al., 2011). The 
generated SNPs were by filtered to remove genotypes with quality 
scores less than 98 (-GQ 98), and SNP loci with more than 90% 
missing data (-geno 0.1). Multi-dimensional scaling analysis (MDS) 
was conducted using PLINK version v1.07 (Purcell et al., 2007). 
The VCF file developed was filtered using criteria of minor allele 
frequency (MAF) >0.05 and missing data >80% both at the 
genotypes and SNP markers level. Only bi-allelic SNP markers with 
genotype quality >20 and read depth >5 were retained after using 
Vcftools v.0.1.12b (Danecek et al., 2011) and PLINK v1.07 (Purcell 
et al., 2007) for filtering.  

Data analysis 

 
Data on morphological characterization was analyzed using SPSS 
version 21 (IBM Corp., Armonk, N.Y., USA) and a Chi square test 
was used to determine the relationship between place of plant 
collection and morphological traits. Pairwise correlations between 
the SNP profiles of all collected samples were done to investigate 
the relationship between individuals and populations. To investigate 
the evolution of the six populations, phylogenetic inference was 
performed by maximum likelihood using the IQ-TREE software 
(Minh et al., 2020), with the filtered VCF file acquired in the previous 
step as input. IQ-TREE requires input files in the PHYLIP format, 
and so VCF was converted to PHYLIP using the software 
Vcf2phylip (Ortiz, 2019). IQ-TREE was run on default settings 
according to the documentation, and the appropriate model used 
for the phylogenetic inference was selected using Model Finder 
(Ortiz, 2019). The obtained phylogenetic tree was then plotted 
using ggtree in R software (Yu, 2020). To summarize the variance 
observed between samples, the principal component analysis 
(PCA) was performed. 

 
 
RESULTS 
 

Assessment of morphological traits 
 

Phenotypic descriptors have been extensively used for 
plant genetic resources management and conservation 
(Zamir, 2013). The use of morphological traits in the 
classification of crops is very essential due to their 
relative  stability  over  quantitative  traits  (Jyothy   et  al.,   
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Table 1. Morphological traits of accessions from different locations. 

 

Morphological 
traits 

Category 
Place of plant collection 

Total% p-value 
Db M Bu E KK A 

Young leaf color 

Dark Green 5 6 0 4 2 7 58.5 

< 0.0001 Yellowish green 0 1 13 3 0 0 
41.5 

Total 5 7 13 7 2 7 

          

Leaf surface 

Smooth 0 7 0 0 0 7 34.1 

< 0.0001 Rough 5 0 13 7 2 0 
65.9 

Total 5 7 13 7 2 7 

          

Tuber shape 

Irregular 5 5 13 6 2 7 92.7 

>0.05 

Bent V 0 1 0 0 0 0 2.4 

Flattened top v 0 1 0 0 0 0 2.4 

Heart shape 0 0 0 1 0 0 
2.4 

Total 5 7 13 7 2 7 

          

Tuber cortex color 

Dark Brown 5 7 12 3 0 0 65.9 

< 0.0001 

Greenish brown 0 0 1 1 1 0 7.3 

Greenish purple 0 0 0 1 0 0 2.4 

Light brown 0 0 0 2 1 7 
24.4 

Total 5 7 13 7 2 7 

          

Tuber flesh color 

Yellow 5 6 12 2 2 0 65.9 

< 0.0001 

Purple 0 1 1 3 0 0 12.1 

Brownish yellow 0 0 0 1 0 7 19.5 

Yellowish green 0 0 0 1 0 0 
2.4 

Total 5 7 13 7 2 7 

          

Tuber texture 

Rough 5 7 11 6 2 7 92.7 

>0.05 smooth 0 0 2 1 0 0 
7.3 

Total 5 7 13 7 2 7 

          

Warts on the tuber 
cortex surface 

Absent 5 5 12 6 2 7 90.2 

>0.05 Present 0 2 1 1 0 0 
9.8 

Total 5 7 13 7 2 7 
 

N=41, E=Elgon, BU=Bugoma, M=Mabira, A=Abur, KK=Kasyoha Kitomi, Db=Bwindi. 
Source: Drawn using SPSS version 21. 

 
 
 
2017). Wide variation was observed in the seven 
qualitative characters used in the differentiation of the 
accessions. There were two different young leaf colours 
observed namely, yellowish green, and dark green. In all, 
41.5% showed yellowish green colour, while 58.5% had 
dark green colour. Two different leaf surfaces were 
observed among D. bulbifera accessions. It was 
observed that 34.1% was smooth while 65.9% of the leaf 
surfaces were rough. Variation was observed in the tuber 
shapes among the aerial yam accessions including 
Irregular shape, Bent V shape, Flattened top v shape and 
Heart shape with the aerial yam accessions shapes 
distributed as irregular (92.7%), bent v (2.4%), flattened 

top v (2.4%), and heart (2.4%) (Table 1). The tuber cortex 
colour showed high variability among the accessions 
studied and four different cortex colours were observed. 
Among the accessions, majority (65.9%) had dark brown, 
followed by greenish brown (7.3%), greenish purple 
(2.4%), and light brown (24.4%) cortex colour. 

Wide variation was observed in tuber flesh colour 
among 41 accessions of D. bulbifera accessions studied. 
Majority of the accessions (65.9%) had yellow colour, 
12.1% showed purple colour, 19.5% had brownish yellow 
colour and 2.4% exhibited yellowish green coloured flesh. 
Significant phenotypic variability was identified among the 
individual accessions with respect to texture of tuber.    
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Figure 2. Phylogenetic clustering of D. bulbifera accessions based on morphological traits. 
Source: Drawn using SAS JMP ver. 10.0, Hierarchical Ward Method 

 
 
 
Two types of tuber texture were recorded; rough and 
smooth. Among the accessions 92.7% had rough texture, 
while 7.3% had exhibited smooth texture. Significant 
phenotypic variability was identified among the individual 
accessions with respect to presence or absence of warts 
on the tuber cortex surface. Among the accessions 
90.2% had no warts on the tuber cortex surface, while 
9.8% had warty tuber cortex surface (Table 1). 
 
 
Morphological phylogeny of D. bulbifera 
 
Based on morphological traits, the accessions were 
grouped into two major clusters (Figure 2). The first 
cluster contains mixed populations from Bwindi (Db), 
Mabira (M), Bugoma (Bu), Kasyoha Kitomi (K.K), and 
Elgon (E). The second Cluster grouped together all 
accessions all from Abur (A), 2 accessions from E and 1 
accession from KK. These major clusters were also 
further grouped into sub clusters and the first major 
cluster comprised 5 sub clusters with sub cluster 1 
consisting of all the D. bulbifera accessions from Db, 2 
from M and 9 accessions from Bu between Bu 14 and Bu 
31. Sub cluster 2 consisted of only two D. bulbifera 
accessions from Mabira central forest reserve, followed 
by sub cluster 3 that contained Bu 17, Bu 18 and E 38 
that standing separately. Sub cluster 4 was, also mixed 
up with D. bulbifera accessions of M21, Bu 15, E37, E36, 
and E5 standing separately. Sub cluster 5 groups D. 
bulbifera    accessions    of   M25,   M20,    E35   standing 

separately and Bu27 and KK42 grouping together. The 
second major cluster contained only two subclusters; the 
first one containing accessions of E1 and E2 grouping 
together while K.K stands separately and the second 
subcluster contained all accessions from Abur forest. 
Generally, accessions of D. bulbifera from Abur seem to 
be different from other accessions from other forests, 
while those from the rest of the forests including Bwindi, 
Mabira, Bugoma, Elgon and Kasyoha Kitomi mixed up 
and show relatedness. 
 
 
Genetic diversity analysis using Single Nucleotide 
Polymorphism markers 
 
The SNP markers were also used to study the variation 
of germplasm at a molecular level. A total of 164049 
SNPs were identified. Poor quality scores with less than 
98% and SNP loci with more than 90% missing data were 
removed remaining with a total of 162662 SNP loci. Of 
the remaining filtered SNPs, 68.98% SNPs were 
transition and 31.02% were transversions giving a ratio of 
2.22. The C/T transitions (20.39%) accounted for the 
highest frequency while T/G transversions (2.99%) 
occurred for the lowest frequency among all the SNP 
scenarios. The frequencies of two transition types were 
similar (that is G/A 17.66% and A/G 17.26%) while the 
frequencies of the eight transversion types ranked as 
follows: C/G 5.06%, G/T 4.37%, G/C 4.03%, A/C 3.86%,  
C/A   3.83%,  A/T  3.69%,  T/A  3.17%,  and  T/G   2.99% 
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Figure 3. Statistics of the Single Nucleotide Polymorphism data of D. bulbifera. (C/T) indicate 
that C is a reference allele and T is the alternate allele. 
Source Drawn using minitab version 17 

 
 
 

 
 

Figure 4. Number of homozygous single-nucleotide polymorphisms per accession. 
Source: Drawn using minitab version 17 

 
 
 
(Figure 3). To further investigate the diversity of D. 
bulbifera, the SNP types were investigated. A total of 
533718 heterozygous and 1569708 homozygous SNPs 
were   identified   among   the   accessions.  The  detailed 

numbers of heterozygous and homozygous SNPs per 
accession are as shown in Figures 4 and 5. Heterozygous 

SNPs were used to compute the Shannon’s Information 
index   which  is  a  measure   of   genetic   diversity.  The 
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Figure 5. Number of heterozygous single-nucleotide polymorphisms per accession. 
Source: Drawn using minitab version 17 

 
 
 

Table 2. Genetic diversity indices for Dioscorea bulbifera populations from different forest. 
 

Popn    N Na % Na Ho %Ho He %He I 

Abur 7 124396.9 75.8 30198 18.4 9454.1 5.8 1.9 

Bugoma 13 110045.4 67.1 39649.2 24.2 14354.5 8.8 2.5 

Elgon 07 118728.1 72.4 32762.6 19.9 12558.3 7.7 1.9 

K.K                               02 76994.5 46.9 58065 35.4 28989.5 1.7 0.7 

Mabira 07 109962.4 67.0 41819.7 25.5 12266.9 7.5 1.9 

Bwindi 05 113278.4 69.1 40935.4 24.9 9835.2 5.9 1.6 
 

N, Number of accessions, Na, number of alleles from each D. bulbifera population, Ho, homozygosity, He, heterozygosity 
estimated with computer program GenAlex 6.503, I, Shannon Information Index estimated with computer program Past 4.11 
(Peakall and Smouse, 2012), calculated mean I = 1.75. 
Source: Drawn using Microsoft excel. 

 
 
 
Shannon’s Information index (mean = 1.75, Table 2) 
revealed high genetic diversity among D. bulbifera 
accessions. Among the D. bulbifera populations sampled, 
Abur registered the highest number of alleles (124396.9) 
followed by Elgon (118728.1) while Kasyoha Kitomi had 
the lowest (76994.5) (Table 2). The Shannon information 
index (I = 2.5) and the genetic diversity (He = 0.088), 
portrayed accessions from Bugoma to be the most 
genetically diverse while accessions from Kasyoha Kitomi 
(He = 0.017, I = 0.7) registered the lowest genetic 
diversity. 

The variation of accessions within a population and 
among populations was computed using a heat map. 
Each  row   and   column   are   same   set   of  accession 

annotated by the same cluster dendrogram of similarity 
distance. Additionally, each row and column are color 
coded to its associated correlation module. The deep 
blue color indicated close similarity in accessions and the 
yellow color indicated dissimilarity of accessions. The 
correlation map revealed that accessions belonging to 
the same population tend to be more strongly correlated 
to each other than to other populations on the genotype 
level (Figure 6). Samples A44-50 form a strongly 
correlated cluster with the exceptions of A49 and A50. 

This means that 5/7 samples from the Abur population 
were strongly correlated, showing only weak correlations 
with samples collected from other populations. However, 
the genotypes  of  A49-50  seem more strongly correlated  
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Figure 6. Heat map showing the variation within and between populations. 
Source:Drawn using SPSS version 21. 

 
 
 

with several members of the Bugoma population. Similar 
patterns were observed for other samples as well (Bu33, 
E35). The genotype correlations of samples from the 
Bugoma population (Bu12-Bu34) are harder to interpret 
as they seem to form a merged cluster with samples from 
the Elgon population (E1-E38). This suggests that the 
genotypes of individuals from the Bugoma and Elgon 
populations are quite similar, leading to high correlation. 
Notably, Bu12-15 are moderately correlated with A49-50 
while samples Bu14-29 formed a weakly correlated 
cluster, separate from the merged Bugoma/Elgon 
clusters. This might suggest a large genotype diversity 
within the Bugoma population. Samples from the 
Kasyoha Kitomi, (KK41-42), Mabira (M20-26) and Bwindi 
(db12-18) populations show similar patterns of moderate 
to strong correlations with samples from other forest 
populations. 

To illustrate the genetic diversity among the 
populations, the phylogenetic tree was drawn (Figure 7). 
Three major clusters stood out with the first major cluster 
grouping accessions from M21-Bu27, the second major 
cluster contained accessions between M25-A48 and the 
last one contained accessions between E6-A44. The tree 
had a number of clusters, often composed of accessions 
from different populations. However, accessions from the 
Abur  (A44-A47)   stood  out  as  the  most  homogenous. 

Notably is that accessions from Bwindi impenetrable 
national park and Mount Elgon Forest reserve are 
distributed throughout all the major clusters. Generally, 
the dendrogram inferred from genetic data base was 
better resolved than the one from morphological samples 
since it clearly brings out the diversity of D. bulbifera from 
forests in different agro ecological zones in Uganda and 
can thus be used to always complement the traditional 
morphology-based method for phylogenetic studies (Amit 
Roy, 2014). 

To further elucidate the genetic relatedness among 
accessions and populations, a principal component 
analysis (PCA) was done. The two first principal 
components captured ~38% of the variance observed 
between samples (Figure 8). However, it was difficult to 
distinguish the populations from the PCA results as the 
samples formed a large central cluster, indicating high 
similarity between the genotypes. The Abur population 
seemed to be the most distinct population as it separated 
most clearly from the other population in the PCA. 
 
 
DISCUSSION 
 
In this study, D. bulbifera from Uganda were found to 
vary both  at  morphological  and genetic level. The study  
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Figure 7. Phylogenetic tree of accessions based on Single nucleotide polymorphism markers. 
Source: Drawn using R software. 

 
 
 

 
 

Figure 8. Principal components analysis of D. bulbifera accessions using SNP markers 
Source: Drawn using SPSS version 21. 

 
 
 
has its strength on the fact that GBS being one of the 
latest and reliable molecular techniques that utilizes 
organism’s whole-genome to characterize and draw 
conclusion about its  diversity. At  a  morphological  level, 

tuber shape, tuber flesh color, tuber skin texture, tuber 
cortex color, leaf form, and young leaf color were found to 
vary with the collection sites (p < 0.0001) and similar 
results were reported in Jyothy et al.  (2017)  in  D.  alata.  



 
 
 
 
This could mean that these morphological traits may be 
influenced by numerous environmental factors in the 
region from which the accessions were collected for 
example, water shortage and excess, temperature, 

nutrient availability, and light (Ji et al., 2017). Because 

these environmental factors influence morphological 
traits, there is more reason to utilize molecular methods 
to characterize this plant D. bulbifera.  

The D. bulbifera accessions from Abur forest grouped 
separately and seemed to be a homogeneous population 
most probably because it has undergone divergent 
evolution leading to speciation. Also, D. bulbifera 
accessions from Elgon, Bugoma and Kasyoha Kitomi 
forests showed relatedness most probably because D. 
bulbifera is a fall back plant in famine, people can move 
long distances to preserve it and this has brought about 
plant migrations as confirmed by Siqueira et al. (2014). 
Conversely, genotyping by sequencing (GBS) has been 
increasingly used for genetic diversity analyses, gene 
identification, and plant breeding. This technique has 
been applied to genomic characterization of Ethiopian 
sorghum germplasm (Girma et al., 2020) analysis of 
switchgrass genomic diversity (Lu et al., 2013), 
development of genetic maps in barley and wheat 
(Alipour et al., 2019) and genome wide association 
studies in maize (Xiao et al., 2017). This study for the first 
time used GBS generated SNP markers for genetic 
characterization of Dioscorea bulbifera. Consistent with 
previous studies involving Camellia sinensis (Yang et al., 
2016) and Brassica napus (Bus et al., 2012), transition 
SNPs were more frequent than transversions as 
observed D. bulbifera, indicating that transition mutations 
are better tolerated than transversion mutations during 
natural selection (Luo et al., 2017). This phenomenon is 
common in other plant species (Bus et al., 2012) and 
maybe due to synonymous mutations in protein-coding 
sequences (Guo et al., 2017). 

However, it was difficult to distinguish the Kasyoha 
Kitomi and Bwindi populations on the genotype level 
basing on SNP data while, the Mabira population shows 
slightly higher internal correlation. The correlation map 
presented here indicated that the individual genotypes 
sampled from each population tend to be slightly more 
similar to each other than to those of other populations. 
However, a significant amount of correlation between the 
different populations was also observed, suggesting that 
phylogenetic inference might be difficult to perform. There 
was some similarity between and within the populations, 
hence the PCA was used. However, the PCA could not 
distinguish the accessions based on the populations. 
Similar results of such a PCA were reported by (Mbanjo 
et al., 2019). Most strikingly, the Abur population 
separated from the other populations in all the performed 
analyses. This indicates that the Abur population has 
undergone mutation and consequently divergent evolution 
compared to other D. bulbifera accessions other Agro 
Ecological   Zones   and  this  could  be  attributed  to  the 
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difference in the environmental factors (Elena and Visser, 
2003). This homogeneity in Abur populations was even 
observed using the morphological characteristics as 
indicated in Figure 2. The close correlation of Bugoma 
and Bwindi accessions could be attributed to the fact that 
both forests lie in the same region (south and mid-
western), and people could have moved with them. D. 
bulbifera being a fallback plant in famine, people could 
move long distances to preserve it, leading to 
hybridization (Guo, 2014). The clustering together of 
Elgon and Abur accessions could be because there is no 
significant barrier separating these two forests. Thus, the 
mixing up of genotypes may not be ruled out. The 
diversity of accessions from Bwindi impenetrable forest 
(Db) and Mt Elgon forest reserve (E) could be as a result 
of protection status of these two collection forest 
reserves. This is because these two forest reserves are 
located in national Parks which are more strictly 
protected leading to ecological islands of the species.  
 
 
Limitations 
 
The lack of a reference genome for yams limited us from 
further assessment of molecular diversity in aerial yam. 
Specifically, the limitation of identifying biallelic SNPs that 
differ at only one base pair within a 64 base pair tag may 
lead to biases when estimating true rates of divergence 
within or among species due to mis identified or 
unobserved loci, especially when divergence rates are 
high. Also, it was not easy to locate D. bulbifera plants 
from most parts of the study forests and therefore the 
number of accessions from different forests could not be 
the same. 
 
 
Conclusions 
 
In this study, diversity of D. bulbifera accessions both in 
terms of phenotypic and genetic diversity parameters was 
demonstrated. Narrow genetic diversity among the D. 
bulbifera accessions in Uganda displays underutilization 
of the existing genetic potential. The studied accessions 
represent the total population of D. bulbifera in Uganda, 
and will inform crop improvement studies involving 
phenotyping across multiple environments, future 
genomics studies, and ultimately, selection of genotypes 
with desirable traits.  
 
 
Recommendation 

 
The GBS raw sequence data generated in this study 
should be re-analysed in the future using a reference 
sequence-based pipeline for calling SNPs once the 
genome sequence of Dioscorea becomes available. More 
so, this baseline study is  expected  to  be  an  initial  step 
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that may contribute into making a reference genome for 
Dioscorea spp. 
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