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Cassava adaptation to climate change and its resistance to diseases are essential
prerequisites for achieving food security in sub-Saharan Africa. The accessions
collected from farmers’ fields are very important because they can provide new
sources of genetic variability that are essential to achieve this goal. In this study,
a panel of 184 accessions collected in Burkina Faso was genotyped using 36
single nucleotide polymorphism (SNP) markers. The accessions and markers that
presented with more than 6% missing data were removed from the dataset and the
remaining 34 markers and 166 accessions were retained for genetic diversity and
population structure assessment. The average values of expected heterozygosity
(0.46), observed heterozygosity (0.58), and polymorphic information content
(0.36) indicated high genetic diversity within accessions. A complex genetic
structure of 166 accessions was observed through the formation of 17 clusters
using discriminant analysis of principal components (DAPC) and two clusters
using Bayesian analysis. Out of the 166 accessions, 79 were unique multilocus
genotypes (MLGs) and 87 were potentially duplicates. From the 79 MLGs, DAPC
suggested eight clusters while the Bayesian analysis suggested seven clusters.
Clusters shaped by DAPC appeared to be more consistent with a higher probability
of assignment of the accessions within the clusters. Principal Coordinate Analysis
(PCoA) showed a lack of clustering according to geographical origin. Information
related to breeding patterns and geographic origin did not allow for a clear
differentiation between the clusters according to the analysis of molecular
variance (AMOVA). The results of this study will be useful for cassava germplasm
conservation and breeding programs.

cassava germplasm, genotyping, genetic diversity, SNPs markers, population structure,
duplicate accessions
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1. Introduction

Cassava (Manihot esculenta Crantz, Family: Euphorbiaceae) is a
staple food in most of the tropical regions of Africa, Asia, and Latin
America (Zinga et al., 2016). It originated in the northern Amazonian
basin (Olsen and Schaal, 1999; Léotard et al, 2009) and was
introduced by the Portuguese to the African continent during the
sixteenth century (Fauquet and Fargette, 1990). The global production
of cassava was estimated to be 302.7 million tons in 2020. West Africa’s
production was 100.6 million tons, in the same year, representing
more than 33.2% of the world’s production of cassava (FAOSTAT,
2022). Cassava is an allogamous species propagated predominantly by
cuttings (Elias et al., 2001; Oliveira et al., 2014). The genetic diversity
studies in the genus Manihot seemed to support a single event of
domestication from the wild form M. esculenta ssp. flabellifolia (Roa
et al, 1997; Olsen and Schaal, 1999, 2001). The cassava hybrids
resulting from interspecific crosses involving cassava and wild
Manihot species can be highly fertile (Second et al., 1997; Nassar,
1999). In addition, interbreeding between different cassava genotypes
within and between fields is common, and the seeds produced may
fall and germinate, leading to an increase in the genetic diversity of
cassava (Elias et al., 2001). Some studies reported the presence of a
high diversity of accessions in farmers’ fields due to in situ conservation
and the exchange of planting materials between farmers (Park et al.,
2005). This high genetic diversity could be used to develop new
varieties with drought-tolerant, disease-resistant, high-quality, and
high-yield attributes (Oliveira et al., 2014). However, through the
exchange of planting materials between farmers, the same accessions
are often given different names, or conversely, different accessions are
given the same name, resulting in the existence of duplicate accessions
collected in different localities (Salick and Cellinese, 1997; Rao et al.,
2002). The costs of cassava germplasm maintenance are relatively high
because the plants are kept in the field and/or in vitro (Albuquerque
et al., 2019). Therefore, it is important to conduct studies aimed at
identifying duplicate accessions in order to optimize the physical
storage space both in the laboratory and in the field and to reduce the
cost of maintaining the collection (Van Treuren and Van Hintum,
2003). Identification of genetic diversity in cassava germplasm has
been already done using biochemical markers (Lefevre and Charrier,
1993), quantitative and qualitative descriptors (Kawuki et al., 2011;
Kamanda et al., 2020), and molecular markers such as microsatellites
(Tiago et al., 2017; Adjebeng-Danquah et al., 2020) and the single
nucleotide polymorphism (SNP; Oliveira et al., 2014; de Albuquerque
et al, 2018; Prempeh et al, 2020). Most of the morphological
descriptors, especially the quantitative ones, are not very reliable due
to the strong influence of genotype-environment interaction (Al-Fares
and Abu-Qaoud, 2012). Molecular markers are stable, easily
detectable, and not influenced by the environment (Asare et al., 2011;
Mezette et al., 2013). Among the molecular markers, SNPs seemed to
have attracted research attention because of their genome abundance,
chromosome-specific localization, low mutation rate, and ease of
automation (Mammadov et al., 2012). SNP markers are used in
genomic selection studies (Oliveira et al., 2012; Wolfe et al,, 2016), the
identification of sources of disease resistance by marker-assisted
selection (Carmo et al., 2015), the identification of duplicate accessions
(Albuquerque et al,, 2019) and the characterization of germplasm
(Oliveira et al., 2014; Mtunguja et al., 2015; Tiago et al., 2017; de
Albuquerque et al., 2018; Prempeh et al., 2020).
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Cassava was introduced to Burkina Faso from some neighboring
countries (Ghana and Coéte d’Ivoire) and has long been considered a
neglected crop (Guira et al., 2017). In recent years, cassava production
has increased through many government initiatives including the
introduction of improved varieties in 2013 by the International
Institute of Tropical Agriculture (IITA). However, despite these
efforts, cassava production in Burkina Faso is relatively low compared
to the demand. Indeed, the demand for cassava was estimated to
be 124,917 tons in 2017 with the annual production estimated to
be 22,104 tons (MAAH, 2019). This might be due to the use of
susceptible varieties to pests and diseases, but also the high sensitivity
to harsh environmental conditions (Akinwale et al., 2011). It may
then be necessary to develop new varieties that are resistant to
diseases and better adapted to these environments. Any progress
made in breeding programs depends on a better understanding of the
genetic variability present in the existing population (Adjebeng-
Danquah et al., 2016). Unfortunately, since the introduction (formally
or informally) of cassava accessions to Burkina Faso until today, no
study on their genetic diversity has yet been conducted using
molecular markers. The aim of this study was to assess the genetic
diversity of cassava grown in Burkina Faso and to identify duplicate
accessions in order to provide breeding programs with unique
genotypes and reduce the conservation costs of cassava germplasm
in the field and in vitro.

2. Materials and methods
2.1. Plant material

In 2017, a total of 164 accessions from seven major cassava-
growing regions of Burkina Faso (Figure 1), 13 genotypes from
seed germination at the Institut de I'Environnement et de
Recherches Agricoles (INERA, Burkina Faso) located in Centre
region, and 7 cassava varieties from the International Institute of
Tropical Agriculture (IITA) were used for this study. In each field,
cassava accessions were collected on the basis of their
morphological differences (apical leaves color, petiole color, leaf
color, number of leaf lobes, and leaf vein color). All the accessions
that have been collected are maintained at the INERA station in
Kamboinsé. The global positioning system (GPS) coordinates
have been recorded for each location where cassava cuttings were
collected. We decided to consider the cassava varieties from IITA
as accessions. One cutting (20 cm) per accession was grown in a
pot containing an autoclaved mixed media (two measures of soil,
one measure of sand, and one measure of organic manure) for
1 month to obtain fully expanded leaves. Leaves from each cassava
accession were sampled using the BioArk Leaf sample collection
kit' and sent to LGC Biosearch Technologies, UK, for DNA
extraction and genotyping. The collection and shipment of the
samples were carried out according to the LGC company
protocol.?

1 https://www.biosearchtech.com/bioark-sampling-kits
2 https://biosearchassets.blob.core.windows.net/assetsv6/guide_bioark-leaf-

collection-kit.pdf
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FIGURE 1

Map of Burkina Faso showing the regions and localities where cassava cuttings were collected.

2.2. SNPs markers selection

A total of 36 single nucleotide polymorphism (SNP) markers
(Supplementary Table S1) were used for genotyping the 184 cassava
accessions. These markers were selected from a list of markers
identified by Ferguson et al. (2012) from the expressed sequence tag
(EST) databases. Markers were selected based on their position on the
cassava genome (to cover all 18 chromosomes) and their polymorphic
information content (PIC) value. All the markers selected from the
SNP markers identification and validation study conducted by
Ferguson et al. (2012) had PIC values greater than 0.365. Kompetitive
allele-specific PCR—polymerase chain reaction—(KASP) primers
were designed for each SNP by LGC Biosearch Technologies, UK.

2.3. DNA extraction and genotyping

Total genomic DNA was extracted from cassava leaves using
LGC’s sbeadex™ DNA extraction, and SNP genotyping was
performed using KASP™ genotyping assays.” DNA extraction and
genotyping were performed at LGC Biosearch.*

3 http://www.biosearchtech.com/kasp

4 http://www.biosearchtech.com/products/dna-extraction-kits
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2.4. Analysis of genetic diversity

The missing data percentage of each SNP marker and cassava
accession was calculated using the function missingno in the package
poppr (Kamvar, 2019) as implemented in R v. 4.0.2. Markers and
accessions which had more than 6% missing data were removed from
the dataset as recommended by Ferguson et al. (2019). The genotype
accumulation curve was performed using the function genotype_curve
in the package poppr to ensure that the remaining markers were
sufficient to assess the genetic diversity of cassava accessions. The
retained markers were subjected to various genetic diversity analyses
such as polymorphic information content (PIC), major allele
frequency (MaF), observed heterozygosity (H,), and expected
heterozygosity (H,) under the Hardy—Weinberg equilibrium (HWE).
PIC and MaF were obtained using PowerMarker v. 3.2.5 (Liu and
Muse, 2005) while H, and H, were computed using the function basic.
stats in the package hierfstat (Goudet et al., 2020) as implemented in
R v. 4.0.2. Wright’s F-statistics were calculated using the package
hierfstat (Goudet et al., 2020). The HWE for each locus was computed
using the package pegas (Paradis, 2010).

2.5. Analysis of genetic structure
A principal coordinate analysis (PCoA) was done using the

package cmdscale on a dissimilarity matrix constructed with the
function vegdist in the package vegan (Oksanen et al, 2020).
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The Bray-Curtis method was used. The graph was generated using the
function ggplot in the package ggplot2 (Villanueva and Chen, 2019).
All the packages used were implemented in R v. 4.0.2.

A Ward’s minimum variance hierarchical clustering dendrogram
was built using the function hclust in the package stats. The optimal
number of clusters was assessed using the function best.cutree in the
package JLutils (Larmarange, 2021) assuming the number of clusters
to be between 1 and 20. The duplicate accessions were identified from
the dendrogram on the basis of genetic distances. A threshold of 0.05
(based on the genetic distance between two representatives of the
same accession) was defined as the minimum distance for considering
that two genotypes were different. Any cassava accessions below this
threshold were clustered into the same unique multilocus genotype
(MLG). The identification of duplicates was also carried out based on
the detection of MLGs using the function mlg.id in the package poppr.
The same threshold was used and any cassava accessions below that
were clustered into the same MLG.

The population structure was inferred using the Admixture
model-based clustering algorithm as implemented in STRUCTURE
v. 2.3.4 (Pritchard et al., 2000). The ad hoc number of clusters (k)
varied from 1 to 20, with 50,000 burn-in steps, followed by 500,000
Markov chain Monte Carlo simulations. For each k, 15 independent
iterations were implemented. The most likely number of k was
determined by the ad hoc Ak statistics (Evanno et al., 2005) embedded
in Structure Harvester (Earl and vonHoldt, 2012). Accessions with
membership proportions (Q-value) >80% were assigned to groups,
while those with membership probabilities of less than 80% were
designated as admixtures.

A discriminant analysis of principal components (DAPC) was
carried out using the package adegenet (Jombart et al., 2010)
implemented in R v. 4.0.2. The optimal number of clusters was
assessed using the function find.clusters implemented in the package
adegenet. The function xval. Dapc was used to assess the best number
of principal components and discriminant functions use for the
DAPC. DAPC was performed using the function dapc in the package
adeneget and the results of DAPC were visualized using the function
scatter.dapc in the package adegenet.

Analysis of molecular variance (AMOVA) was performed by
decomposition of the principal components into different hierarchical
levels: (a) geographical origin (Cascades, Centre, Centre-Est, Centre-
Ouest, Centre-Sud, Est, Hauts-Bassins, and Sud-Ouest), (b) breeding
patterns (improved variety or landrace), (c) theoretical clusters
obtained according to DAPC; and (d) theoretical clusters obtained
according to Bayesian analysis. These analyses were performed using
the function poppr.amova in the package poppr.

3. Results
3.1. Genetic diversity parameters

The selected SNP markers were all successfully amplified except
for the marker Me_MEF c_1418. The marker Me_ MEF c_0869,
which had 12% missing data, and 18 accessions with missing data
between 8 and 60%, were removed from the initial dataset, leaving a
final dataset consisting of 34 SNP markers and 166 accessions. The
genotype accumulation curve obtained from this dataset showed that
33 markers randomly selected from the list of 34 remaining markers
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make it possible to identify 100% of the unique multilocus genotypes
(79 accessions) present in the population of 166 accessions (Figure 2).
The common genetic parameters and genetic differentiation
parameters estimated for each marker are reported in Table 1. The
MaF, H,, H,, Fi;, Fis Fgr, and PIC values estimated for the 166 cassava
accessions averaged 0.06, 0.46, 0.58, —0.24, —0.27, 0.03, and 0.36,
respectively. For 76.47% of the loci, H, was greater than H.. F;; and Fjg
were below zero for 76.47 and 82.35% of loci, respectively.

3.2. Population structure and genetic
relationships

3.2.1. Principal coordinates analysis

The principal coordinate analysis (PCoA) of the 166 cassava
accessions generated a graphical representation of the relationship
between the accessions based on a dissimilarity matrix calculated
using the Bray-Curtis method (Figure 3). The graphical representation
was made using the first two principal coordinates (Cord.1 and
Cord.2). These two coordinates accounted for 48.13% of the total
variation. The PCoA showed an absence of clustering cassava
accessions according to their geographical origins.

3.2.2. Hierarchical clustering analysis and
identification of potential duplicates

The Ward’s minimum variance hierarchical clustering dendrogram
(Figure 4A) and optimal clusters number assessment (Figure 4B)
showed that the 166 cassava accessions could be gathered into two
clusters. The dendrogram revealed the presence of 87 (52.41%)
potential duplicates in the dataset of 166 cassava accessions. The
potential duplicates belonged to 17 unique multilocus genotypes
(Figure 4A). These results were confirmed by the results of duplicate
identification. The duplicate MLGs are distributed over eight regions
of Burkina Faso (Figure 4C). The highest percentage of potential
duplicates (70.59%) and the highest number of duplicate MLGs (10)
were found in the Cascades region. The lowest percentage of potential
duplicates (10.53%) was recorded in the Centre region and the lowest
number of duplicate MLGs (2) was observed in the Sud-Ouest and
Centre regions (Table 2). MLGs V and XIV were found only in the
Cascades region, MLGs IX and XI were found only in the Hauts-
Bassins region, and MLG XVI was only found in the Centre-Sud
region. The other duplicate MLGs were found at least in 2 regions.

3.2.3. Bayesian analysis

Population structure analysis of the 166 cassava accessions based
on Evannos method showed that the optimal number of groups that
would best explain the structure of the accessions is two with a Ak of
474.94 (Figure 5). Using an 80% membership probability threshold,
118 accessions (71.08%) were successfully assigned to both groups. In
contrast, 48 accessions (28.92%) with assignment probabilities less
than 80% were considered admixtures (Supplementary Table 52).
Fifty-two (31.33%) accessions were assigned to Group 1 with an
average assignment probability of 96%. These accessions belonged to
the Cascades, Centre-Est, Centre-Ouest, Centre-Sud, Est and Hauts-
Bassins regions. Sixty-six accessions (39.76%) were assigned to
Group 2 with an average assignment probability of 96%. The
accessions of Group 2 belonged to the Cascades, Centre, Centre-Est,
Centre-Ouest, Centre-Sud, Est, Hauts-Bassins, and Sud-Ouest
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9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Number of loci sampled

Genotype accumulation curve for 166 cassava accessions genotyped over 34 loci. The horizontal axis represents the number of loci randomly sampled
without re-placement up to n—1 loci, the vertical axis shows the number of unique multilocus genotypes observed. The red dashed line represents

regions. The admixtures belonged to the Cascades, Centre, Centre-Est,
Centre-Ouest, Centre-Sud, Est, Hauts-Bassins, and Sud-Ouest regions.

Population structure analysis of the 79 unique MLGs based on
Evanno’s method showed that the seven groups would best explain the
structure with a Ak of 61.51 (Figure 6). Using an 80% membership
probability threshold, 60 MLGs (75.95%) were successfully assigned to
seven groups. Nineteen MLGs (24.05%) with assignment probabilities
less than 80% were considered admixtures (Supplementary Table S3).
Group 1 consisted of seven MLGs belonging to the Centre-Est, Centre-
Ouest, Centre-Sud, and Hauts-Bassins regions. Group 2 consisted of
eight MLGs belonging to the Cascades, Centre-Est, Est, and Hauts-
Bassins regions. Group 3 (10 MLGs) belonged to the Centre, Est,
Hauts-Bassins, and Sud-Ouest regions. Groups 4 (6 MLGs) and 7 (3
MLGs) belonged to the Centre region. Group 5 (11 MLGs) belonged
to the Cascades, Centre-Est, Centre-Ouest, Centre-Sud, and Hauts-
Bassins regions. Group 6 (14 MLGs) belonged to the Centre-Est,
Centre-Ouest, Centre-Sud, Est, and Hauts-Bassins regions. MLGs were
assigned to the different groups with average assignment probabilities
0f 94% (Group 1), 93% (Group 2), 96% (Group 3), 93% (Group 4), 97%
(Group 5), 91% (Group 6), and 93% (Group 7).

3.2.4. Discriminant analysis of principal
components

The discriminant analysis of principal components was first
performed using the regions as predefined groups. The first 20
principal components (PCs) (explaining 96.8% of the total variance
retained by PCA) and seven discriminant functions were used for the
DAPC. The first two discriminant functions explaining 62 and 14% of
the total genetic variation, respectively, were used for the graphical
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representation of the DAPC results (Figure 7). Accessions were
assigned to the different regions with average assignment probabilities
of 12.5% (Est), 25.0% (Centre-Ouest), 31.2% (Centre-Sud), 50%
(Sud-Ouest), 55.9% (Cascades), 66.7% (Centre-Est), 69.8% (Hauts-
Bassins), and 73.7% (Centre). The HWE test performed on accessions
collected in each region revealed that none of the sub-populations
were at HWE (Figure 8).

For the 166 accessions, the lowest Bayesian Information Criterion
(BIC) value (62.09) was obtained for an optimal number of 17 clusters
(Figure 9A). This number of clusters was used for the DAPC. The first
10 principal components (PCs) (which explained 82.6% of the total
variance retained by PCA) and 10 discriminant functions were used
for the DAPC. The first two discriminant functions, which explained,
respectively, 53.1 and 19.6% of the total genetic variation, were used
for the graphical representation of the DAPC results (Figure 9B).
Accessions were assigned to each of the 17 clusters with an individual
assignment probability of 100% (Figure 9C).

The lowest BIC value (120.97) indicating an optimal distribution
of the 79 MLGs into 8 clusters was obtained (Figure 10A). The first five
principal components (PCs), explaining 57.3% of the total variance
retained by PCA, and five discriminant functions were retained for the
DAPC. The first two discriminant functions, which explained,
respectively, 53.9 and 22.5% of the total genetic variation, were used
for the graphical representation of the DAPC results (Figure 10B).
MLGs were assigned to the 8 clusters with an individual assignment
probability ranging from 94 to 100% except for the BEM152 accession
which was assigned to cluster 2 with a probability of 74%. MLGs in
clusters 1, 3, 6, and 8 were assigned with an individual assignment
probability of 100% (Figure 10C).
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TABLE 1 Common genetic parameters and F-statistics for each locus.

10.3389/fsufs.2023.1202015

Markers MaF H. H, Fir Fis Fsr PIC
Me_MEF_c_0556 0.71 0.37 0.44 —0.12 —0.19 0.06 0.33
Me_MEF_c_0566 0.92 0.15 0.17 —0.09 —0.10 0.01 0.14
Me_MEF_c_0587 0.66 0.44 0.60 —0.35 —0.34 0.00 0.35
Me_MEF_c_0936 0.57 0.49 0.84 —0.71 —0.69 0.00 0.37
Me_MEF_c_0979 0.67 0.44 0.58 —0.29 —0.30 0.00 0.34
Me_MEF_c_0981 0.62 0.45 0.48 —0.01 —0.06 0.05 0.36
Me_MEF_c_1018 0.67 0.45 0.32 0.31 0.30 0.01 0.34
Me_MEF_c_0363 0.62 0.46 0.60 -0.30 —0.32 0.01 0.36
Me_MEF_c_1074 0.60 0.44 0.36 0.27 0.17 0.12 0.37
Me_MEF_c_1081 0.54 0.46 0.64 —0.29 —0.38 0.07 0.37
Me_MEF_c_1094 0.58 0.49 0.53 —0.09 —0.09 0.00 0.37
Me_MEF_c_1179 0.53 0.48 0.67 —0.33 —0.39 0.04 0.37
Me_MEF_c_1186 0.56 0.49 0.86 —0.74 —0.74 0.00 0.37
Me_MEF_c_0153 0.52 0.49 0.78 —0.56 —0.58 0.02 0.37
Me_MEF_c_1187 0.57 0.49 0.86 —0.76 —0.76 0.00 0.37
Me_MEF_c_3217 0.58 0.50 0.58 —0.18 —0.17 0.00 0.37
Me_MEF_c_0262 0.69 0.39 0.47 —0.16 —0.20 0.03 0.34
Me_MEF_c_2368 0.60 0.45 0.45 0.05 —0.01 0.06 0.36
Me_MEF_c_1361 0.74 0.39 0.39 0.00 —0.01 0.01 0.31
Me_MEF_c_2268 0.52 0.48 0.56 —0.12 —0.18 0.05 0.37
Me_MEF_c_3025 0.52 0.50 0.78 —0.56 —0.56 0.00 0.37
Me_MEF_c_1568 0.65 0.47 0.39 0.17 0.17 0.00 0.35
Me_MEF_c_1585 0.52 0.49 0.76 -0.52 —0.55 0.02 0.37
Me_MEF_c_1671 0.52 0.50 0.74 —0.48 —0.47 0.00 0.37
Me_MEF_c_0227 0.56 0.48 0.44 0.13 0.09 0.05 0.37
Me_MEF_c_2177 0.52 0.50 0.73 —0.45 —0.45 0.00 0.37
Me_MEF_c_2297 0.67 0.44 0.61 —0.38 —0.39 0.01 0.34
Me_MEF_c_2515 0.63 0.45 0.63 —0.37 —0.39 0.02 0.36
Me_MEF_c_0284 0.53 0.49 0.81 —0.61 —0.66 0.03 0.37
Me_MEF_c_2574 0.50 0.45 0.56 —0.13 —0.26 0.10 0.37
Me_MEF_c_2644 0.61 0.47 0.73 —0.54 —0.54 0.00 0.36
Me_MEF_c_2911 0.57 0.49 0.39 0.22 0.21 0.01 0.37
Me_MEF_c_3142 0.60 0.47 0.70 —0.44 —0.49 0.03 0.36
Me_MEF_c_0126 0.56 0.0.47 0.19 0.63 0.60 0.07 0.37
Mean 0.60 0.46 0.58 —0.24 —0.27 0.03 0.36

MaF, major allele frequency; He, expected heterozygosity; Ho, observed heterozygosity; Fy, inbreeding coefficient of an individual into the whole population; Fys, within-population inbreeding

coefficient; Fgy, coefficient of differentiation and PIC, polymorphic information content.

3.2.5. Analysis of molecular variance

Analysis of molecular variance of the 166 cassava accessions based
on geographical origin (regions), breeding patterns, and Bayesian
analysis clusters showed that the most significant differences in the
molecular variance of the SNPs were within individuals with 92.88,
84.27, and 66.52% of the total molecular variance, respectively. When
using the clusters identified by DAPC, most of the variability was
found among clusters (83.95%; Table 3). Analysis of the molecular
variance of the 79 MLGs based on geographical origin and breeding
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patterns showed that the most significant differences in the molecular
variance were within individuals with 93.50 and 87.19% of the total
molecular variance, respectively. The AMOVA based on the DAPC
clusters revealed that the molecular variance was slightly higher
between clusters at 53.07% compared to the variance within
individuals (46.93%). Using Bayesian analysis clusters, the results
showed that the molecular variance between clusters and within
individuals were almost the same with 50.41 and 49.59% of the total
variance, respectively (Table 4). The mean indexes of genetic
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TABLE 2 Summary table of collected cassava accessions characteristics per region.

Regions Accessions Unique MLGs Potential

duplicates

Duplicates
percentage (%)

Duplicate MLGs

Cascades 34 10 24 70.59 L, IL 1V, V, VIIL, X, XII, XIII, XIV, XV
Centre 19 17 2 10.53 XII, XIII
Centre-Est 24 9 15 62.50 1L, 111, VI, VII, XVII
Centre-Ouest 16 7 9 56.25 1, I1, 111, VIII, XIII, XVII
Centre-Sud 16 6 10 62.50 11, VI, XII, XIII, XVI
Est 8 5 3 37.50 11, VL, VII
Hauts-Bassins 43 20 23 53.49 11, IV, VII, IX, XI, XII, XIII, XV, XVII
Sud-Ouest 6 5 1 16.67 X, XIII
Total 166 79 87 52.41 17 duplicate MLGs
A DeltaK = mean(|L"(K)]) / sd(L(K))
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100
0 P
s 10 15 20
K
FIGURE 5

Graphical representation of the population structure of 166 cassava accessions. (A) Plot of mean likelihood of delta K against the number of K groups.
The highest peak observed at K=2 signifies the grouping of accessions into two groups. (B) The colors represent two groups of 166 accessions. The
separation of accessions into Group 1 (red) and Group 2 (green) was based on membership probability >80%.

differentiation of the 166 accessions and 79 MLGs according to
geographical origin, breeding patterns, DAPC clusters, and Bayesian
analysis clusters are recorded in Table 5.

4. Discussion

The minimum number of markers required to adequately
determine genetic diversity in a population varies with the genetic
diversity of the population, the scale of the study, and the type of
marker used (Griinwald et al., 2017). Species that are highly inbred
require a larger number of markers than those that are naturally
heterogeneous, like cassava, for the detection of allelic variations.
In addition, the number of alleles varies with the type of marker.
SSR markers can have a large number of alleles at a locus while
SNP markers have a fixed number of alleles (Adjebeng-Danquah
et al., 2020). Thus, fewer microsatellite markers may be needed
when compared with SNP markers to achieve the same degree of
resolution (Schlotterer, 2004; Arnaud-Haond et al., 2007;
Griinwald et al., 2017). Whatever the type of marker used or the
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diversity within the species, it is important to determine the
appropriate number of markers for which the diversity observed in
the population will not increase significantly if an additional
marker is added (Arnaud-Haond et al, 2007). The genotype
accumulation curve that was made to determine this appropriate
number of markers showed that the selected markers were
sufficient for the discrimination of the cassava accessions grown in
Burkina Faso. Moreover, it revealed the existence of 79 unique
multilocus genotypes among the 166 accessions.

Further analysis revealed that the retained 34 SNP markers were
highly polymorphic. The high number of polymorphic SNP markers
could be explained by the open-pollination mode of reproduction
and the level of genetic variation in cassava (Oliveira et al., 2014).
This finding could be a reflection of the diversified origin of cassava
accessions grown in Burkina Faso through the informal introduction
of accessions from other countries (Guira et al., 2017). Despite the
high polymorphism of the SNP markers used in this study, the
average PIC value was lower than those of other markers such as
SSR (Asare et al., 2011; Pedri et al., 2019; Adjebeng-Danquah et al.,
2020). This difference could be explained by the bi-allelic nature of
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Discriminant analysis of principal components (DAPC) using the regions as predefined groups. The axes represent the first two discriminant functions.

SNP markers whose PIC values vary between 0.0 and 0.5, unlike SSR
which are multi-allelic and can have PIC values up to 1 (Prempeh
et al., 2020). Therefore, our results indicate that most of the SNPs
used were sufficiently informative and can be used to study the
genetic diversity of cassava accessions. The only exception we found
was the Me_MEF_c_0566 marker which was moderately
informative. Furthermore, the mean PIC value observed in this
study was higher than those observed previously in some genetic
diversity studies of cassava accessions (Oliveira et al., 2014;
Kamanda et al., 2020; Karim et al., 2020; Prempeh et al., 2020).
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The average heterozygosity observed in this study was higher than
the expected average heterozygosity suggesting a heterozygote
excess within cassava accessions under the HWE. This heterozygote
excess was confirmed by negative values of the F;s and Fy; fixation
indexes. Curiously, there are studies that have reported heterozygote
excess within cassava accessions in relation to that expected under
the HWE (Kamanda et al.,, 2020), and other studies reporting
heterozygote deficit in relation to that expected under the HWE (de
Albuquerque et al,, 2018; Prempeh et al., 2020). Nevertheless, the
differences observed between the mean values of PIC, H, and H, in
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FIGURE 8

Graph showing significant deviations from the HWE. Each row represents a locus, and each column represents a subpopulation (CO, Centre-Ouest;
HB, Hauts-Bassins; CE, Centre-Est; Casc, Cascades; SO, Sud-OQuest; CS, Centre-Sud; Cent, Centre). The presence of pink color in a column at a given
locus indicates that the subpopulation is not at the HWE for that locus with a probability p<0.05.
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this study and those of other studies could be explained by the
specificity of each cassava germplasm studied and the SNP

markers used.
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Molecular profiling of cassava accessions revealed a high rate of
potential duplicates among the 166 accessions and a high variability

in the proportions of potential duplicates across regions. The
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FIGURE 9
Discriminant analysis of principal components (DAPC) of 166 cassava accessions obtained from the analysis of 34 single nucleotide polymorphism
(SNP) markers. (A) Optimal number of clusters. (B) Graphical representation of the DAPC results. Clusters are represented by colors according to the
legend. The graph below to the left represents the contribution of the eigenvalues of the principal components selected, while the graph above to the
left indicates the variance explained by the eigenvalues of the discriminant functions. (C) Membership probability of cassava accessions. Each
accession is represented by a vertical line and the colors correspond to the probability of assignment in each of the 17 groups.

analysis also revealed that these potential duplicates belong to
several genetic profiles and that the number of profiles varies
between regions. This could be due to a high rate of exchange of
cassava cuttings within regions. In addition, most of the potential
duplicate profiles were found in several regions, indicating a high
rate of exchange of cassava cuttings between regions. Similar results
were obtained in Brazil in a study conducted on the identification
of duplicates in the Embrapa cassava germplasm bank (Albuquerque
et al., 2019). Accessions with profiles found in several regions
probably have quite interesting characteristics for farmers (Rabbi
et al., 2015). From the PCoA analysis, it was not possible to
differentiate cassava accessions according to geographical origin.
This lack of differentiation was confirmed by the low value of the
genetic differentiation index (Fgy = 0.03) and by the low assignment
probabilities of accessions to different regions. Furthermore, the
AMOVA results revealed that more than 92%, for the 166 accessions,
and more than 93%, for the 79 MLGs, of the total molecular
variance were within accessions. This could be explained by the fact
The
determination of the best number of clusters using the function

that some accessions are grown in several regions.
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best.cutree showed that the cassava accessions studied can
be grouped into two large groups. The truncation was done at the
top of the dendrogram and therefore does not accurately give the
diversity of accessions. A lower truncation would more precisely
give the real diversity of cassava accessions cultivated in
Burkina Faso. The Bayesian analysis performed on the 166
accessions also grouped the accessions into two clusters, with more
than 28% of the accessions not being assigned to a cluster at the 80%
membership probability threshold. The result of the Bayesian
analysis could be an underestimation of the diversity of cassava
accessions. Indeed, as this analysis is based on the HWE model, it
then assumes that the population is panmictic, that it is infinite, that
there is no selection, mutation, or migration, and that successive
generations are discrete (Oliveira et al., 2014; Rabbi et al., 2015). For
populations with clonal and/or partially clonal reproduction such
as cassava, these assumptions are violated because alleles are not
always transmitted independently from one generation to another
(Kamvar et al., 2014; Rabbi et al., 2015). The significant deviations
from the HWE we detected during our analysis confirm this
assertion as none of the subpopulations were at HWE. The DAPC
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Discriminant analysis of principal components (DAPC) of 79 MLGs obtained from the analysis of 34 single-nucleotide polymorphism (SNP) markers.

(A) Optimal number of clusters. (B) Graphical representation of the DAPC results. Clusters are represented by colors according to the legend. The
graph below to the left represents the contribution of the eigenvalues of the principal components selected, while the graph above to the left indicates
the variance explained by the eigenvalues of the discriminant functions. (C) Membership probability of MLGs. Each MLG is represented by a vertical line
and the colors correspond to the probability of assignment in each of the eight groups.

TABLE 3 AMOVA of the 166 accessions considering (a) geographical origins, (b) breeding patterns, (c) theoretical clusters obtained according to DAPC,
and (d) theoretical clusters obtained according to Bayesian analysis.

Source of Geographical origin Source of Breeding patterns

variation Mean Sq % of variation variation Mean Sq % of variation
Between clusters 7 14.52 7.12 Between clusters 1 43.06 15.73
Within individuals 158 5.77 92.88 Within individuals 164 591 84.27

Total 165 6.14 100.00 Total 165 6.14 100.00
Source of DAPC Source of EEVCSERETEINA

variation Mean Sq % of variation variation Mean Sq % of variation
Between clusters 16 53.30 83.95 Between clusters 1 208.70 33.48
Within individuals 149 1.07 16.05 Within individuals 164 4.90 66.52

Total 165 6.14 100.00 Total 165 6.14 100,00

performed on the 166 cassava accessions divided the accessions into
17 clusters with a higher individual assignment probability (100%)
of accessions into clusters. The difference between the results of the
Bayesian analysis (2 clusters) and the DAPC (17 clusters) could
be explained by the multivariate approach used by the DAPC but
also by the presence of many duplicates in the cassava germplasm.
There are reports suggesting that the type of population structure
influences the precision of the method (Jombart et al., 2010; Oliveira
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etal., 2014). In addition, the analysis of the population structure of
the cassava germplasm involving samples from different genetic
origins in different and unknown proportions leads to linkage
disequilibrium between non-linked loci (Ersoz et al., 2007; Oliveira
et al., 2014). In this case, DAPC would be more appropriate as it
uses an approach that can identify genetic structures in the absence
of any assumptions about the genetic model of the population
(Jombart et al., 2010). Indeed, the results of the AMOVA of the 166
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TABLE 4 AMOVA of the 79 MLGs considering: (a) geographical origins, (b) breeding patterns, (c) theoretical clusters obtained according to DAPC, and
(d) theoretical clusters obtained according to Bayesian analysis.

Source of Geographical origins Source of Breeding patterns

variation Mean Sq % of variation variation Mean Sq % of variation
Between clusters 7 9.54 6.50 Between clusters 1 28.55 12.81
Within individuals 71 5.75 93.50 Within individuals 77 5.80 87.19

Total 78 6.09 100.00 Total 78 6.09 100.00
Source of DAPC groups Source of Bayesian analysis

variation Mean Sq % of variation variation Mean Sq % of variation
Between clusters 7 36.46 53.07 Between clusters 6 39.72 50.41
Within individuals 71 3.10 46.93 Within individuals 72 3.29 49.59

Total 78 6.0.09 100.00 Total 78 6.09 100.00

TABLE 5 The fixation index Fs; of cassava accessions to (a) geographical
origin, (b) breeding patterns, (c) DAPC, and (d) Bayesian analysis.

166 accessions 79 MLGs
Type of Type of
clustering clustering
Geographical origins 0.03 Geographical origins 0.02
Breeding patterns 0.03 Breeding patterns 0.03
DAPC clusters 0.34 DAPC clusters 0.25
Bayesian clusters 0.08 Bayesian clusters 0.23

cassava accessions in relation to the clusters formed by the Bayesian
analysis (STRUCTURE clusters) and by the DAPC (DAPC clusters)
showed that the DAPC allows for better discrimination of cassava
accessions. It was found that more than 80% of the total molecular
variance was between the DAPC clusters, compared to only 16.05%
within the accessions. In contrast to the DAPC, the molecular
variance between the Bayesian analysis clusters represented 33.48%
of the total molecular variance compared to 66.52% within the
accessions. This moderate differentiation of the accessions by
Bayesian analysis was confirmed by the low value of the genetic
differentiation index (Fg;y=0.08). The criteria for classifying Fgr
values showed that Fg; between 0 and 0.05 indicates low
differentiation; Fg; between 0.05 and 0.15 reflects moderate
differentiation; Fg between 0.15 and 0.25 suggests high
differentiation and above 0.25, the Fg; illustrates very high
differentiation (Wright, 1978). These classification criteria showed
that there was indeed moderate differentiation of the cassava
accessions according to the clusters formed by the Bayesian analysis.
Furthermore, the DAPC allowed a significant differentiation of the
cassava accessions with an Fg; value higher than 0.25. The number
of clusters proposed by the Bayesian analysis of the 79 MLGs (seven
clusters) was very close to that proposed by the DAPC (eight
clusters) which suggests that the elimination of duplicates improves
the accuracy of the Bayesian analysis as mentioned in a previous
study (Kamvar et al., 2014). Indeed, the results of the AMOVA in
relation to the clusters formed by the Bayesian analysis (50.41%
between clusters) and the Fg; value (0.23) showed a clear increase
in the discriminatory power of the Bayesian analysis. The analysis
also showed a weak differentiation of the accessions in relation to
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breeding patterns (improved varieties and landraces) with an Fgy of
0.03. This weak differentiation is probably due to the fact that most
of the improved varieties were grown in cassava fields, but the
difficulty in identifying them correctly led us to include them in the
set of farmer accessions.
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