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the structure and diversity of 1,280 accessions genotyped 
using 402 single nucleotide polymorphism markers. The 
genetic diversity (0.327) and the average observed het-
erozygosity (0.322) were high considering the bi-allelic 
markers. In terms of population, the presence of a com-
plex genetic structure was observed indicating the forma-
tion of 30 clusters by DAPC and 34 clusters by Bayesian 
analysis. Both methodologies presented difficulties and 
controversies in terms of the allocation of some accessions 
to specific clusters. However, the clusters suggested by the 
DAPC analysis seemed to be more consistent for present-
ing higher probability of allocation of the accessions within 
the clusters. Prior information related to breeding patterns 
and geographic origins of the accessions were not sufficient 
for providing clear differentiation between the clusters 
according to the AMOVA analysis. In contrast, the FST was 
maximized when considering the clusters suggested by the 
Bayesian and DAPC analyses. The high frequency of germ-
plasm exchange between producers and the subsequent 
alteration of the name of the same material may be one of 
the causes of the low association between genetic diversity 
and geographic origin. The results of this study may benefit 
cassava germplasm conservation programs, and contribute 
to the maximization of genetic gains in breeding programs.

Introduction

Cassava (Manihot esculenta Crantz) is known for its 
drought tolerance and stable productivity even when cul-
tivated in soils of low fertility. Cassava is a species that 
produces starchy roots with high adaptability and is consid-
ered a major basic food for more than 800 million people 
worldwide, especially in sub-Saharan Africa (Lebot 2009). 
In Brazil, mostly in the northeast region, cassava plays a 
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key role in food security based on its ability to grow in the 
presence of adverse conditions (poor soils and low water 
availability) that are lethal to other crops. In addition, in the 
mid-southern region of Brazil, cassava plants have a strong 
industrial appeal (Dixon et al. 2003).

Cultivated in tropical and subtropical regions of Asia, 
Latin America and Africa, cassava production reached 230 
million tons in 2010, whereas Brazilian production was 
responsible for more than 10 % of the worldwide cassava 
production (FAO 2012). However, there are many contrasts 
between the different cassava-producing countries, even 
though one of the main issues in common between African 
countries and different regions of Brazil is the low average 
yield (average of 10.2 and 13.7 t ha−1 in African countries 
and Brazil, respectively). In many situations, these yields 
may be six times lower than the potential yield of the crop 
(Lebot 2009).

Cassavas originated in the Americas and were trans-
ferred by the Portuguese to the rest of the world, particu-
larly to the African continent, in the sixteenth century. In 
Africa and Latin America, cassavas have been cultivated 
and produced for many centuries by small farmers, which 
has resulted in a large number of local cassava varieties 
(Nweke et al. 2002).

Cassava is an allogamous species propagated predomi-
nantly by stakes. Therefore, the cassava germplasm may 
be preserved in situ and ex situ in the field and in vitro in 
the laboratory or by botanical seeds. However, improved 
cassava varieties and landraces are almost exclusively pre-
served as in vitro plantlets or in the field as clones. One of 
the greatest Latin American cassava germplasm collections 
belongs to Embrapa Cassava and Fruits (Cruz das Almas, 
Brazil), which maintains more than 1,300 accessions in 
vivo. This variability is represented mostly by landraces 
selected naturally or artificially by producers.

This collection is important because it preserves the 
genetic variability of cassava plants, which can be used in 
the development of new drought-tolerant, disease-resistant, 
high-quality and high-yield varieties. Furthermore, the 
analysis of the genetic relationships present in different 
cassava accessions is an important endeavor for the devel-
opment of breeding programs, as these studies provide 
information about the genetic diversity and stratification 
of breeding populations. In addition, the precise evaluation 
of the genetic diversity of cassava plants contributes infor-
mation regarding the (a) genetic variability of cultivars, (b) 
identification of parental combinations that allow the devel-
opment of segregating progenies with maximum genetic 
variability, and (c) introgression of desirable genes present 
in the germplasm available.

However, one of the challenges of germplasm banks 
especially those for orphan crops such as cassava, is 
the ability to measure, register and compare the genetic 

variability in a large number of accessions (de Bang et al. 
2011). This is especially valid for the agronomic charac-
terization of cassavas in the field, where the evaluation of 
a large number of genotypes is extremely time consum-
ing, costly and highly influenced by environmental effects. 
Therefore, until now, most studies published regarding 
genetic diversity in cassavas have used only a small sample 
of plant collections.

Kawuki et al. (2011) evaluated the phenotypic variabil-
ity of the cassava germplasm available in six countries in 
Africa (Uganda, Kenya, Tanzania, Rwanda, Democratic 
Republic of Congo and Madagascar) for 29 qualitative and 
four quantitative characteristics (dry matter content, harvest 
index, leaf retention and root cortex thickness). The results 
indicated a limited power of discrimination of the cassava 
accessions based on the qualitative descriptors, even though 
the quantitative descriptors showed sufficient variation 
for implementing desired breeding schemes. Therefore, 
the characterization based on morphological descriptors 
is important; however, the use of morphological descrip-
tors has been ineffective for the complete understanding of 
the genetic variability present in large cassava germplasm 
collections (Benesi et  al. 2010; Kawuki et  al. 2011), and 
also in annual (Cieslarová et al. 2012) and perennial crops 
(Prakash et al. 1996). At the same time, while quantitative 
descriptors may contribute to the study of genetic variation, 
the need for experiments with replicates and analyses car-
ried out on cassavas grown in different environments under 
many years of cultivation becomes an extremely costly and 
laborious process that has been limited to only part of the 
germplasm collection.

In contrast, molecular markers facilitate the measure-
ment of diversity based on a large number of neutral loci 
without the influence of the environment and with high 
discrimination power. In diversity studies, a large number 
of molecular markers have been used including restriction 
fragment length polymorphisms, amplified fragment length 
polymorphisms (AFLPs), random amplified polymorphic 
DNA (RAPDs), diversity array technology, simple sequence 
repeats or microsatellites (SSR), and a combination of mark-
ers and single nucleotide polymorphisms (SNPs) (Olsen 
2004; Kawuki et al. 2009; Ferguson et al. 2012). However, 
advances in molecular technologies have made SNPs an 
attractive option for high-throughput genotyping due to the 
relatively low cost per data point, the high abundance of 
SNPs in the genome, the locus specificity and codominance 
of SNPs, the potential for high-throughput analysis and the 
low genotyping error rate (Rafalski 2002; Schlotterer 2004; 
Chagné et al. 2007). Recently, Ferguson et al. (2012) identi-
fied 2,954 putative SNPs from which 1,190 were technically 
and biologically validated for use in cassavas.

Bayesian clustering methods have been used to iden-
tify genetic clusters under an explicit population genetics 
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model (Pritchard et al. 2000; Jombart et al. 2010; Arnaud 
et  al. 2011; Semagn et  al. 2012). Several advantages can 
be achieved using Bayesian methods, especially assigning 
admixed individuals to population clusters, since the prior 
information could assist the calculation of ancestry. As for 
the Bayesian analysis as implemented in the Structure v.2.3 
(Pritchard et al. 2000) program, there are powerful analyti-
cal tools to identify the genetic structure within different 
sets of data. However, this approach assumes that the popu-
lations are in Hardy–Weinberg equilibrium and that there 
is linkage equilibrium between the loci, i.e., prerequisites 
that are frequently violated in natural populations and in 
germplasm accessions. Therefore, this approach relies on 
assumptions such as the type of population subdivision, 
which can restrict their applicability. Moreover, it requires 
considerable computational time when estimating large 
datasets. In contrast, multivariate analyses such as discri-
minant analysis of principal components (DAPC), is a new 
methodological approach which has the ability to identify 
genetic structures in very large datasets within negligible 
computational time, and the absence of any assumption 
about the population genetic model (Jombart et al. 2010).

Although studies of genetic variation in cassavas have pro-
vided valuable information about the genetic diversity, popu-
lation structure and origin of the species, most of the cassava 
germplasm has not yet been genotyped. Therefore, the main 
objective of this study was to investigate the population struc-
ture and the relationship patterns of cassava accessions from 
the cassava germplasm bank from Embrapa Cassava and 
Fruits in Brazil for use in breeding programs. Other objectives 
of our study were to evaluate the applicability of the Bayesian 
approach and multivariate systems in structuring the genetic 
diversity in cassavas. The availability of this information will 
facilitate the design of efficient strategies to use in cassava 
breeding programs and to target future collection sites to ena-
ble better use of the genetic resources of the species.

Materials and methods

Plant material

One thousand, two hundred and eighty accessions from 
various ecosystems in Brazil, Colombia, Venezuela and 
Nigeria were evaluated from the cassava germplasm bank 
at Embrapa Cassava and Fruits (Cruz das Almas, Brazil). 
Although passport information was restricted, basic infor-
mation pertaining to the collection sites at the national 
level, was available. However, several of the accessions did 
not have complete passport data due to non-standardized 
collection practices in some countries, and stake submis-
sions by producers without including any basic passport 
information (Supplement 1).

Genotyping

The SNP markers used are available at the Cassava 
Genome Database (http://cassava.igs.umaryland.edu/cgi-
bin/index.cgi). The SNPs were identified using a bacterial 
artificial chromosome (BAC)-based fingerprint map of an 
inbred cultivar of cassava, whose end of BAC clones were 
sequenced and low-copy sequences throughout the genome, 
were selected. The genotyping of 354 selected SNPs from 
genetic loci and 48 other loci based on the physical map 
of cassava (Supplement 2) was conducted by using a Mas-
sArray system (Sequenom iPLEXassay, San Diego, USA). 
Polymerase chain reaction (PCR) was conducted by Mas-
sExtend (Sequenom), where 15  ng of genomic DNA was 
isolated from leaf samples using the CTAB protocol (Doyle 
and Doyle 1990) with modifications. Quantification was 
performed in 1.0  % (p/v) agarose gels stained with eth-
idium bromide (1.0  mg L −1) using a series of concentra-
tions of Lambda phage (Invitrogen) as the standard. Locus-
specific PCR and primer detection were designed using the 
MassARRAY Assay Design 3.0 software (Sequenom, San 
Diego, USA).

DNA samples were amplified based on a multiplex reac-
tion, and PCR products were used in a single-base exten-
sion reaction for each locus. The resulting products were 
desalted and transferred to a 384-element SpectroCHIP 
array. Alleles were discriminated by mass spectrometry 
(Sequenom, San Diego, USA). Only samples and SNPs 
with less than 10 % of data lost were analyzed.

Diversity analysis

The following information was obtained from the estimate of 
the allele frequencies of the SNPs: (1) observed heterozygo-
sity (Ho), calculated directly from the sample by the geno-
typic frequencies, (2) expected heterozygosity (He), calcu-
lated according to Nei (1973): He = 1 −

∑

p2

ij, where pij is 
the frequency of the jth allele for the ith locus, (3) polymor-
phism information content (PIC) according to Botstein et al. 
(1980) PIC = 1 −

(

∑k
i=1

p2

i

)

−
∑k−1

i=1

∑k
j=i+1

2p2

i p2

j , 
where k is the number of alleles and pi and pj are the frequen-
cies of the i and j alleles, respectively. All of the estimates 
were calculated by using the PowerMarker v.3.25 software 
(Liu and Muse 2005).

Linkage disequilibrium (LD) was estimated as the cor-
relation coefficient (r2) between all pairs of SNPs using the 
genetics package for the 2.11 version of the R program (R 
Development Core Team 2010).

Population structure analysis

Three complementary approaches were used to evaluate the 
structure of the genetic diversity between accessions from 

http://cassava.igs.umaryland.edu/cgi-bin/index.cgi
http://cassava.igs.umaryland.edu/cgi-bin/index.cgi


1426	 Theor Appl Genet (2014) 127:1423–1440

1 3

the cassava germplasm: clustering based on the DAPC, 
a Bayesian method and molecular analysis of variance 
(AMOVA).

Discriminant analysis of principal components

The DAPC available in the adegenet package for the 2.11 
version of the R program (R Development Core Team 
2010) was used for the definition of the clusters of the 
cassava hybrids and the parentals because this technique 
does not require pre-defined genetic groups (Jombart et al. 
2010). Repeated clusters with the K-means method and the 
Bayesian information criteria (BIC) were used to define the 
number of groups where the K with the lowest BIC value 
represented the most probable number of groups for the set 
of data analyzed. However, in the presence of genetic struc-
ture in cline (a particular type of continuous variation) or of 
the hierarchical form, the BIC values can be reduced after 
the identification of the real K value. Therefore, a reduction 
of the BIC values was visually analyzed to identify the K 
value where the BIC values were slightly reduced (Jombart 
et al. 2010). K values were tested from 1 to 50 with 10 runs 
for each K. After setting the number of groups, the axes of 
the principal components analysis that explained more than 
90 % of the total variance of the data, were kept.

To avoid over-fitting during the discrimination of the 
groups by the DAPC, the ideal number of principal com-
ponents was estimated using the optim.a.score function in 
the adegenet package. The a-score measures the proportion 
of successful reassignments of the DAPC in comparison to 
the k-means cluster (observed discrimination) and the ran-
dom cluster (random discrimination). The a-score is calcu-
lated as (Pt–Pr), where Pt is the probability of re-attribution 
using the real cluster, and Pr is the probability of re-attribu-
tion for the clusters permuted randomly. An a-score close 
to one (1) means that the DAPC solution is highly discrimi-
natory and stable, whereas low values (close to zero) indi-
cate low power of discrimination of the accessions or insta-
bility of results.

Bayesian analysis

The genetic structure of the cassava accessions was ana-
lyzed using Structure v.2.3 software (Pritchard et al. 2000). 
The number of clusters was inferred using five independ-
ent runs with 50,000 burn-ins and 30,000 MCMC (Monte 
Carlo Markov Chain) permutations after the burn-ins using 
the admixture ancestry model, non-linked loci and corre-
lated allele frequencies with K varying from 2 to 50.

The Structure v.2.3 algorithm can be effective to infer 
the correct number of clusters in a data set that presents 
some relationship of isolation by distance. In the case 
where the dispersion patterns between the populations are 

not homogeneous, the estimated log probability of the data 
does not provide a correct estimate of the number of clus-
ters. Therefore, the ΔK by Evanno et al. (2005) was esti-
mated to verify whether the inferred number of clusters 
presented consistent and reliable results. These methods 
are ad hoc statistics that assist the researcher in finding the 
ideal value for K. For this reason, ΔK statistics are used 
because they are based on the rate of variation between the 
repeated values of K to infer the highest level of structure 
based on the data set (Evanno et al. 2005). In this case, the 
Structure software assumes that the genotype of each indi-
vidual at each locus is totally unknown.

After the value of K is defined, the averages of the tradi-
tional estimates of genetic differentiation based on FST of 
the five independent runs were used to evaluate the consist-
ency of the clusters in terms of genetic differentiation.

Analysis of molecular variance

Analysis of molecular variance (AMOVA) was performed 
by decomposition of the principal components into dif-
ferent hierarchical levels: (a) type of accession (improved 
variety or landrace), (b) origin of accessions [Brazil (mid-
west region, north, northeast and south regions), Colom-
bia, Nigeria and Venezuela], and (c) the theoretical cluster 
obtained by the DAPC and Bayesian analysis. These analy-
ses were performed using GenAlEx 6.1 software (Peakall 
and Smouse 2006).

Results

Genetic diversity

Of the 402 SNPs analyzed, six were monomorphic in the 
germplasm evaluated (MH008_I10, MH125_P15, 6282, 
7945, 31679 e 36127) and therefore removed from the sub-
sequent analysis leaving 396 SNPs for our analysis. The 
average Ho for all loci was 0.322 and varied from 0.001 to 
0.999. For approximately 87 % of the cases, the Ho esti-
mates were lower than 0.50. In contrast, the genetic diver-
sity (He) varied from 0.002 to 0.500 with an average He of 
0.327. In this case, approximately 42 % of the SNPs pre-
sented an He value >0.45 (Fig. 1 and Supplement 2).

The 7622, 1167, 7622, 1167, 19501, 35279, 23076, 
35735 and MH076_J24 loci showed an excess of heterozy-
gotic plants and although these loci did not show signs of 
linkage disequilibrium, they could be associated with the 
process of domestication of the species over the years.

The PIC values varied from 0.002 to 0.375 with an aver-
age PIC value of 0.262 (Fig. 1 and Supplement 2). How-
ever, approximately 48  % of the SNPs presented with 
PIC estimates over 0.30, which qualified these SNPs as 
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candidates for use in genetic variability studies or for the 
detection of polymorphisms associated with breeding 
because these SNPs were relatively more informative.

Measures of LD were calculated for each of pair of 
SNPs. The overall average r2 for all pairwise comparisons 
was 0.016 (range from 0.00 to 0.84) and the number of 
SNP pairs showing evidence of LD > 0.25 was low (0.21 % 
of total) (Supplement 3).

Estimate of the structure

The mixed model of the Structure v.2.3 software was ana-
lyzed with the number of groups (K) varying from 1 to 50 
independent repetitions for each group. The most adequate 
K value to describe the structure of the cassava germplasm 
bank based on the Pritchard criteria (Pritchard et al. 2007) 
is the one with the least likelihood value after reaching the 
LnP(D) plateau. However, as illustrated in Fig. 2, a clearly 

defined plateau was not observed in this set of cassava 
accessions. In addition, the Evanno et  al. (2005) method, 
which uses more formal criteria taking into consideration 
the most abrupt rupture in the slope of the distribution of 
the LnP(D) values, was used for the definition of the most 
adequate K value for structuring the cassava germplasm. 
Figure 2 shows an abrupt drop in the curve with Δ(K) equal 
to 2 and other two peaks of Δ(K) with K = 34 and 46. The 
broad genetic variability based on morphological observa-
tion indicates that K =  2 is not sufficient to describe the 
maximum variability of the cassava germplasm. Therefore, 
the next highest Δ(K) peak (=34), was used for the subse-
quent cluster analysis.

Considering that the choice of the adequate number of 
groups to represent the genetic variability is an important 
step to infer about the germplasm preserved in the cassava 
germplasm bank, the DAPC method was used for the forma-
tion of clusters. In DAPC analysis, 200 principal components 

Fig. 1   Distribution of the 
frequencies of the Ho, genetic 
diversity (He) and polymor-
phism information content by 
the assessment of the cassava 
germplasm using SNP markers

Fig. 2   Likelihood-log from the 
Structure v.2.3 software with 
K varying from 1 to 50. The 
values of Δ(K) as the criteria 
for the determination of the 
number of groups, are presented 
by the arrow
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(PCs) were maintained in the analysis in the preliminary 
transformation of data, which explained 91  % of the total 
genetic variation in the set. The definition of the number of 
PCs required for the analysis is related to the power of reduc-
tion of the dimension of the data. In general, many studies 
have indicated the use of components that retain more than 
80 % of the genetic variance. In the context of DAPC, the 
equilibrium point should be determined between the power 
of discrimination of the clusters and the stability of the attri-
butions of the genotypes in each cluster. Therefore, the anal-
ysis with 200 PCs guarantees high statistical power in evalu-
ating the genetic structure of the cassava germplasm.

Figure  3 indicates the presence of hierarchical struc-
ture in the cassava germplasm bank at Embrapa Cassava 
and Fruits and illustrates the selection process of the ideal 
number of groups. According to Jombart et al. (2010) the 
best BIC is indicated by an elbow in the curve of BIC val-
ues matching with the smallest BIC and the “true” number 
of cluster. However, considering that it was not so clear in 
Fig. 3, but the most abrupt initial drop and resumption of 
the curve according to the BIC began with K = 30, this K 
was used to represent the variability of the cassava germ-
plasm by the DAPC. Moreover, even with K = 30 not hav-
ing the lowest BIC, it was observed that the BIC values 
from K = 30 tend to be quite homogeneous.

Clustering of molecular diversity

Initially, clusters were formed considering a priori informa-
tion about the classification of the cassava accessions. To 
allow for a more uniform cluster, classification on two and 
nine groups, were used for the breeding pattern and geo-
graphic distributions of the collection sites of the acces-
sions, respectively; however, the accessions were clustered 

in increasing order of the accessions according to the pro-
portion of shared genome in each population (qK) (Fig. 4). 
In both cases, there is great discrepancy in the pattern of 
the clusters proposed by the Structure v.2.3 software in 
comparison to the one based on the a priori classification 
of the germplasm. For example, considering two groups for 
the breeding pattern, both groups (green and red––Fig. 4) 
have improved cassava accessions and landraces. Likewise, 
with nine groups according to their origin, there is not a 
clear differentiation of the accessions based on the collec-
tion sites (Fig. 4b).

Even though, K  =  2 is not sufficient to describe the 
cassava variability, the Structure v.2.3 software was used 
to understand the structuring for these two groups. We 
observed that these two clusters group together landraces 
and improved cassava and accessions from different geo-
graphic origins (Fig.  5). The proportion of landraces and 
improved accessions was very similar in both groups, 66 
and 34  %, respectively, indicating no predominance of a 
given pattern at any group.

Considering K = 34, for the genetic distribution of the 
accessions, a pattern of clustering was also not observed 
even based on the breeding pattern of the cassava acces-
sions (Fig.  5). Only five groups were formed exclusively 
by landraces (clusters 3, 5, 16, 19 and 31); the remain-
ing clusters showed a range of 1–20 improved accessions 
per cluster. Therefore, the relationship of groups accord-
ing to breeding pattern presented a broad overlap and also 
indicated likely admixture of gene pools. Moreover, with 
K  =  34, the degree of admixture is higher in improved 
accessions (29.8 %) compared with the landraces (21.8 %). 
Likewise, considering the geographic origins, only clusters 
14 and 30 presented accessions belong to just one region 
(Brazil northeast). For the remaining clusters we could not 
find a reasonable level of structuring according to their 
geographical classes.

Considering an arbitrary cut-off of ancestry at 71  % 
for the arrangement of the genotypes in the groups, 603 
accessions (47 %) were attributed to one of the 34 groups 
(Table  1). A large number of plants (677) seem to have 
ancestry in more than one cluster with values of qK lower 
than 71 % for 30 of the 34 groups. Therefore, the results 
of the population structure allows the assertion that the 
cassava germplasm analyzed contains a great amount of 
genetic diversity derived from sometime in the past where 
complex hybrids were bred from crosses between com-
pletely different genetic backgrounds (Fig. 5). A clear rela-
tionship among accessions with similar mixed ancestry 
and breeding pattern was not observed because among the 
accessions with qK lower than 71 %, 88 and 589 improved 
accessions and landraces were observed, respectively. Con-
sidering the qK higher than 71 %, a quite similar proportion 
was identified (70 improved accessions and 533 landraces).

Fig. 3   Distribution of the differences between expected and Ho for 
the analysis of 1,280 cassava accessions by 402 SNP markers
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Fig. 4   Results from the attribu-
tion of the genetic structure 
analysis of the 1,280 accessions 
from the cassava germplasm. 
Bar plot from the Structure 
v.2.3 software, using a priori 
information about: (a) the 
breeding pattern, i.e., traditional 
versus improved accessions, 
and (b) geographical origins. 
Each individual is represented 
by a vertical line divided into 
K colored segments with length 
proportional to individual 
coefficient of participation in 
the K clusters or probability of 
attribution (qK) for each cluster
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Fig. 5   Results from the attribution of the analysis of the genetic 
structure of 1,280 accessions from the cassava germplasm. Bar plot 
from the Structure v.2.3 software using K = 2 and 34, assuming 2 and 
34 different population and each and each one represented by differ-

ent colors. Each individual is represented as a vertical line divided 
into K colored segments, with length proportional to the individual 
coefficient of participation in the K clusters or probability of attribu-
tion (qK) for each cluster
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For the DAPC assessment, 30 diversity groups were 
identified (Fig. 6) on the basis of the SNP analysis. DAPC 
searches for a reduced internal space in which the acces-
sions are better discriminated in pre-defined groups. One 
way to assess the quality of this discrimination is to ana-
lyze the re-attribution of the individuals to their previous 
groups where the success in this re-attribution is a sign 
of high discriminatory power. By using the same thresh-
old in the Bayesian analysis (71 %), nine (clusters 1, 2, 9, 
10, 21, 22, 24, 25 and 26) of the 30 clusters formed by the 
DAPC analysis were accurate in allocating genotypes to 

the appropriate groups (a-score = 1.00) (Table 2). Eleven 
other clusters (5, 8, 11, 12, 13, 15, 16, 17, 18, 27 and 30) 
presented high reliability in the attribution of the cassava 
accessions (a-score  =  0.81–0.99), while five clusters (3, 
14, 19, 23 and 28) presented average reliability in the attri-
bution of the cassava accessions (a-score  =  0.50–0.65). 
However, five other clusters (4, 6, 7, 20 and 29) presented 
low reliability and stability in the clustering of the cassava 
accessions (a-score = 0.00–0.24) (Table 2).

In general, there seemed to be some inconsistency 
between the groups identified by the Bayesian analysis and 
the DAPC analysis (Table  3). Complete coincidence was 
observed in the clustering pattern between both method-
ologies for clusters 4, 8, 15, 21 and 32 from the Bayesian 
analysis (Fig. 5) and clusters 25, 22, 16, 8 and 9 from the 
DAPC analysis (Fig. 6 and Table 3). In contrast, the cassava 
accessions allocated in clusters 2, 17, 20, 22, 24, 29 and 34 
from the Bayesian analysis, were divided into at least eight 
clusters in the DAPC analysis (Table 3).

Differentiation of the population structure defined a priori 
and posteriori

Using a priori information regarding the classification of 
the cassava accessions in improved varieties and landraces, 
the AMOVA was analyzed, and results demonstrated that 
the most significant differences in the molecular vari-
ance of the SNPs exist within the groups of classification 
(51.61  %) and in the individuals themselves (48.27  %). 
Only 0.12  % of the molecular variance was attributed to 
differences between the improved genotypes and the lan-
draces (Table  4). Similarly, regarding the classification 
based on the breeding patterns, when the germplasm was 
classified a priori on the basis of their geographical ori-
gin, results also demonstrated that most of the molecular 
variation exists within the groups and individuals (50.60 
and 48.27  %, respectively). Only 1.13  % of the variation 
appeared to be caused by differences in the population 
structure for this grouping pattern. When the groups identi-
fied by the Structure and DAPC methods, most variability 
was found among individuals (91 %), with low variability 
between and within groups.

The global FST estimates of 0.20 for the improved geno-
types and 0.15 for the improved landraces confirm the lack 
of difference between the clusters formed a priori based on 
information about the breeding pattern of the accessions 
(Table 5). Considering the geographic origin of the acces-
sions as a priori information for the classification of the 
genotypes, the FST values varied from 0.01 to 0.53, whereas 
the accessions from Brazil (midwest, northeast, north and 
southeast regions) and Nigeria presented very similar FST 
values (0.18–0.25). Furthermore, there was less differentia-
tion for the accessions obtained from the southern region of 

Table 1   Ancestry pattern for 34 groups of cassava accessions by the 
Bayesian analysis (K = 34)

Cluster Ancestry (qK %)

>0.91 0.71–0.90 0.51–0.70 0.31–0.50 <0.30

1 18 40 42 7 2

2 38 23 29 22 3

3 5 0 9 2 1

4 4 0 0 0 0

5 3 1 0 2 0

6 23 1 2 2 0

7 11 2 18 3 1

8 18 1 0 0 0

9 0 6 15 17 3

10 9 1 9 8 0

11 9 0 0 2 0

12 8 18 19 12 0

13 7 0 13 5 0

14 12 0 7 9 6

15 23 1 23 8 0

16 6 0 9 14 1

17 32 12 15 32 1

18 27 5 9 6 0

19 0 0 14 8 0

20 10 2 15 17 3

21 6 0 0 0 0

22 20 1 12 14 1

23 6 3 8 5 3

24 11 0 10 9 2

25 8 0 13 6 1

26 11 8 14 7 1

27 0 0 2 6 0

28 9 0 7 2 1

29 0 8 21 18 3

30 12 0 2 1 0

31 3 5 1 3 1

32 20 0 0 0 0

33 35 51 14 10 1

34 1 9 11 19 3
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Brazil (FST = 0.13) and Venezuela (FST = 0.01), whereas 
the accessions from Colombia showed greater variation in 
relation to the remaining genotypes (FST =  0.39). There-
fore, both patterns of a priori clustering suggest a limited 
and barely significant differentiation between the subpopu-
lations and reveal a lack of clearly defined clusters.

Considering the cluster formed by the DAPC and Bayes-
ian analyses, a greater differentiation of the groups with 
FST values varying from 0.28 to 0.58 for DAPC and from 
0.29 to 0.58 in the Bayesian analysis was observed; both of 
these methods produced average estimates of 0.46. There-
fore, the clusters based on a posteriori information can be 
more useful in classifying the cassava germplasm by maxi-
mizing the variation among groups and minimizing the var-
iation within groups.

Discussion

Genetic diversity identified by SNP markers

The 396 SNP markers were able to identify genetic diver-
sity in terms of the PIC value varying from 0.002 to 0.375 
with an average PIC value of 0.262. The high number of 
polymorphic SNPs is consistent with the mode of repro-
duction (open pollination), genetic breeding system (selec-
tion of landraces) and the level of genetic variation in M. 
esculenta Crantz. Recently, Ferguson et  al. (2012) iden-
tified 12  % of monomorphic SNPs when analyzing 53 

cassava accessions. Furthermore, the average values of Ho, 
He and PIC were 0.35, 0.36 and 0.28, respectively; these 
values are similar to the ones presented in this work where 
1,280 accessions were assessed.

The diversity reported in the current study is limited in 
comparison to other types of markers such as microsatel-
lites, where PIC values vary between 0.09 and 0.86 (Fre-
gene et  al. 2003; Raji et  al. 2009b; de Bang et  al. 2011) 
even when analyzing a single sample from the cassava 
germplasm. The bi-allelic nature of the SNP markers 
explains this difference. In this case, the distribution of 
both alleles in the most extreme case is 50–50, and, conse-
quently, the values of PIC and He could not be higher than 
0.5. In this case, it is possible that a higher number of SNP 
markers are necessary to have the same level of discrimina-
tion in comparison to multiallelic markers such as micros-
atellites. In fact, Chao et al. (2009) reported that in wheat, 
the PIC values based on SNP markers were about three 
times lower than the ones based on microsatellite mark-
ers. However, if the objective is to study the intraspecific 
variation such as the case of the cassava germplasm, SNPs 
may be more appropriate than microsatellite markers due to 
their high distribution in the genome and the high degree of 
automation in the genotyping process.

Another important aspect to consider in genetic analy-
sis is that the number of loci to be assessed is not absolute 
depending on the objective of the study, the extent of infor-
mation gained from the marker and the genetic relationship 
between the individuals under study (the more diverse, the 

Fig. 6   Dispersion plots of 
the first and second principal 
component of the DAPC based 
on the analysis of 1,280 cas-
sava accessions using 402 SNP 
markers. The clusters, repre-
sented by numbers and different 
colors, represent the analyzed 
accessions
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fewer number of markers are needed) (Kawuki et al. 2009). 
In the present study, the 396 polymorphic SNPs were able 
to detect a high level of genetic structure in the cassava 
germplasm and therefore seemed sufficient for this type of 
study.

In terms of r2, the overall LD measured in our sample was 
very low (0.016). However, the estimates of LD in the cur-
rent study are based on a limited number of SNP markers, 
none positioned on a cassava consensus map. Therefore, our 
estimates do not provide a high resolution view of the distri-
bution of LD across the cassava genome. A higher density 
of markers would provide for a more accurate calculation of 
LD. Nevertheless, the number of SNPs used to understand 
the genetic variability of cassava seems to be non-redundant 
once the level of markers with LD > 0.25 was low.

Genetic structure

The main challenges in the analysis of any set of genetic 
data are related to the identification and separation of 
homogeneous groups and the identification of quantitative 
data that support the presence of these clusters (Patterson 
et al. 2006). Using SNP markers, the level of genetic dif-
ferentiation, population structure and relationship patterns 
between a diversified set of the cassava germplasm were 
investigated using a model based on the analysis of popula-
tion structure and DAPC. These different methods showed 
many possible diversity groups, although it was not possi-
ble to establish a relationship between the clusters formed 
based on SNPs and agronomic information of economic 
importance such as fresh root yield, dry matter content, 
disease resistance, and adaptation to specific environments 
due to the lack of information for all of the 1,280 cassava 
accessions. However, results from other species demon-
strate the lack of a clear grouping pattern of the germplasm 
based on phenotypic data alone (Xia et  al. 2004, 2005; 
Semagn et al. 2012).

Cassava germplasm collections in Brazil are mainly 
constituted by landraces, and characterization studies 
have focused on the analysis of morphological descriptors 
and in the content of cyanogenic compounds in the roots 
to classify the genotypes as bitter or sweet (Fukuda and 
Alves 1987). However, the use of morphological descrip-
tors seems insufficient to allow a clear distinction between 
the cassava accessions due to the limited capacity of dis-
crimination (Benesi et al. 2010; Kawuki et al. 2011). The 
simplicity of use, color, central lobe shape and growth habit 
characteristics, enable a clear distinction between many 
cassava accessions and therefore are used by producers to 
identify cassava varieties. However, although the charac-
teristics of color may play an important role in the differ-
entiation of cassava varieties, genotypes that are morpho-
logically similar may be classified erroneously (Elías et al. 
2001).

Furthermore, the lack of detailed records about the ped-
igree of the cassava accessions preserved at the Embrapa 
Cassava and Fruits and the lack of complete passport 
information with precise georeferenced data increase the 
difficulty in understanding the genetic variation of the 
germplasm of this species. In contrast, the molecular char-
acterization of the accessions of the collection using SNP 
markers provides a powerful alternative to determine the 
accurate representation of the genetic diversity of the spe-
cies, to identify gaps in the collection that may be filled and 
to better understand the complexities of the relationships 
between cultivars and landraces despite limited passport 
information.

In general, some characteristics intrinsic to cassavas pre-
sent difficulties for the development of new cultivars such 

Table 2   Probability of attributions of the 1,280 cassava accessions in 
different groups based on the DA of principal components (K = 30)

Cluster Probability of attribution (a-score)

>0.91 0.71–0.90 0.51–0.70 0.31–0.50 <0.30

1 7 1 0 0 0

2 27 0 0 0 0

3 36 70 45 7 0

4 0 0 4 1 0

5 41 2 1 0 0

6 2 7 16 6 0

7 1 3 6 14 0

8 80 5 1 0 0

9 20 0 0 0 0

10 8 1 0 0 0

11 56 0 0 1 0

12 34 10 3 0 0

13 13 13 1 5 0

14 3 6 3 3 0

15 42 0 0 1 0

16 60 9 3 7 0

17 39 4 2 3 0

18 17 1 0 1 0

19 3 27 18 10 1

20 1 2 19 25 2

21 84 1 0 0 0

22 19 0 0 0 0

23 27 28 20 14 0

24 3 0 0 0 0

25 84 1 0 0 0

26 19 0 0 0 0

27 30 3 3 2 0

28 13 5 9 5 0

29 0 1 14 1 0

30 28 3 3 0 0
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Table 3   Distribution of genotypes present in the group defined by the Bayesian analysis in the cluster formed by the DAPC

DAPC Clusters Clusters of the Bayesian analysis

1a 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 – – – – – – – – – – – – – – – 16.7 3.3

2 – – – – – 85.7 – – – – – – – – – 10.0 –

3 – 84.4 – – 33.3 – 2.9 – – – – – 16.0 23.5 – – 3.3

4 – – – – – – – – – – – – 12.0 – – – –

5 – – – – – – – – – – – – – – – – –

6 1.8 5.2 5.9 – – – – – 9.8 – – – – 2.9 – – 3.3

7 2.8 – – – – – – – – – – – 4.0 – – – –

8 15.6 – – – – – – – – – – – – – – – –

9 – – – – – – – – – – – – – – – – –

10 – – – – – – – – – – – – – – – – –

11 – 1.7 – – – – – – – – – – – – – – 57.6

12 – – – – – 14.3 – – 82.9 – – – – – – 6.7 –

13 – 0.9 – – – – – – 2.4 – – – – – – – 2.2

14 0.9 – – – – – – – – – – – – – – – –

15 – – – – – – – – – – – – – – – – –

16 – – – – – – – – 2.4 63.0 – 1.8 – – 100.0 – –

17 – 1.7 – – – – 2.9 – – – – – – 14.7 – – 28.3

18 – 0.9 5.9 – – – – – – – – – – – – – –

19 0.9 – – – – – – – – – – – 4.0 – – – –

20 – – 17.7 – – – – – – – – – 4.0 – – – –

21 78.0 – – – – – – – – – – – – – – – –

22 – – – – – – – 100.0 – – – – – – – – –

23 – – 41.2 – 66.7 – – – – 22.2 – – – 55.9 – 3.3 –

24 – 0.9 – – – – – – – – 9.1 – – – – – –

25 – – 23.5 100.0 – – – – 2.4 11.1 90.9 98.3 – – – – –

26 – – – – – – – – – – – – – – – 63.3 –

27 – 0.9 – – – – – – – – – – 4.0 – – – 1.1

28 – 2.6 – – – – 2.9 – – – – – 56.0 2.9 – – –

29 – – 5.9 – – – – – – 3.7 – – – – – – –

30 – 0.9 – – – – 91.4 – – – – – – – – – 1.1

DAPC Clusters Clusters of the Bayesian analysis

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

1 – – – – – – – – – – – – – – – – –

2 – – – – – – – – – – – – – – – – –

3 – – – – 4.2 – – – – 12.5 – 76.0 – – – – 4.7

4 – – – – 4.2 – – – – – – – – – – – –

5 – – – – – – – – – – – – – – – 39.6 –

6 2.1 – 2.1 – 4.2 8.0 – – – – – 8.0 – – – – 9.3

7 2.1 – 12.8 – 2.1 – 6.3 7.1 2.4 12.5 21.1 – – 15.4 – – –

8 – – – 100.0 – – – – – – – – – – – 56.8 –

9 – – – – – – – – – – – – – – 100.0 – –

10 – – – – – – – – – 12.5 – – – – – 0.9 16.3

11 – – – – – – – – – – – 4.0 – – – – –

12 – – – – – – – – – 25.0 – – – – – 2.7 4.7

13 – – 4.3 – 4.2 4.0 3.1 – – 12.5 – – – – – – 48.8

14 – – 2.1 – – – 34.4 – 2.4 – – 2.0 – – – – –
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as long productive cycles, high level of genetic load in the 
varieties used in crosses, lack of clearly defined cassava 
populations hindering the efficient modification of allelic 
frequencies and the highly heterozygotic nature of the crop 
such that the dominance effects largely contribute to the 
performance of the genotypes under evaluation, which has 
led to much effort being put into the production of seeds in 
controlled crosses. However, the need for the quick expan-
sion of the cassava crop has led breeders to register some 
landraces as varieties after a series of evaluations of the 
productive potential and stability in different cassava-pro-
ducing regions. Therefore, one of the hypotheses that may 

explain the lack of clusters with clear distinction between 
improved cassava varieties and landraces in Brazil is the 
fact that many landraces are considered improved geno-
types, and at the same time, many cultivars were unduly 
introduced into the germplasm banks at many institutions.

Previous studies carried out with cassavas were not able to 
identify any relationship between the genetic structure esti-
mated with AFLP markers and the classification of the acces-
sions in sweet and bitter cassavas, which is most likely due 
to the polygenic nature of cyanogenic compounds, which is 
strongly influenced by genetic and environmental effects 
(Benesi et al. 2010). In addition, when a small portion of the 

a  Percentage of distribution (%) of cassava accessions in the 30 DAPC groups. For example, 1.8, 2.8, 15.6, 0.9, 0.9 and 78.0 % of the accessions 
grouped in cluster 1 of the Bayesian analysis were allocated in clusters 6, 7, 8, 14, 19 and 21 of the DACP, respectively

Table 3   continued

DAPC Clusters Clusters of the Bayesian analysis

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

15 87.2 9.1 – – – – – – – – – – – – – – –

16 – 18.2 – – – – – – – – – 2.0 – – – – –

17 – 27.3 – – 4.2 – 12.5 – – 12.5 – 2.0 – – – – –

18 – – – – – 64.0 – – – – – – – – – – 2.3

19 – 13.6 40.4 – 2.1 – – 71.4 17.1 – 15.8 – 6.7 23.1 – – –

20 – 22.7 17.0 – – – 21.9 17.9 7.3 – 47.4 4.0 13.3 30.8 – – –

21 – – – – – – – – – – – – – – – – –

22 – – – – – – – – – – – – – – – – –

23 2.1 9.1 10.6 – – – 15.6 3.6 68.3 – – – 13.3 30.8 – – 9.3

24 – – – – – – – – – 12.5 – – – – – – –

25 – – – – – 24.0 – – 2.4 – – – – – – – –

26 – – – – – – – – – – – – – – – – –

27 – – – – 72.9 – – – – – – – – – – – –

28 6.4 – 8.5 – 2.1 – 3.1 – – – 5.3 2.0 – – – – 4.7

29 – – 2.1 – – – 3.1 – – – 10.5 – 66.7 – – – –

30 – – – – – – – – – – – – – – – – –

Table 4   AMOVA considering: (a) two groups: improved varie-
ties and landraces; (b) nine groups with respective geographic ori-
gins: Brazil (midwest, northeast, north, southeast regions and south, 

unknown region), Colombia, Nigeria and Venezuela; (c) thirty-four 
groups according to structure; and (d) thirty groups according to 
DAPC

Source of variation Improved varieties and landraces Geographic origins

Degree of freedomMean square % of variation Degree of freedomMean square % of variation

Between populations 1 376.49 0.12 8 480.98 1.13

Within populations 1,278 138.08 51.61 1,271 136.11 50.60

Within individuals 1,280 128.94 48.27 1,280 128.94 48.27

Source of variation Structure groups DAPC groups

Degree of freedomMean square % of variation Degree of freedomMean square % of variation

Between populations 33 173.286 0.01 29 192.161 0.02

Within populations 1,246 72.800 0.08 1,250 72.684 0.07

Within individuals 1,280 62.630 0.91 1,280 62.630 0.91
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cassava germplasm (94 accessions) at Embrapa Cassava and 
Fruits was assessed, Carvalho and Schaal (2001) did not iden-
tify a high correlation in the clusters formed from the analy-
sis using morphological descriptors and RAPD markers and 
SSR-primed PCR; this could be related to the low genetic 
variability of the accessions analyzed. Furthermore, this small 
sample size may not have reflected the real cassava diversity.

Fregene et  al. (2003) argue that from the time of the 
dispersion of cassavas to the rest of the world, there were 
many founding events with concomitant effects resulting in 
the reduction of diversity and an increase in genetic differ-
entiation. In fact, the reproduction system (asexual) of the 
species itself may favor reduction of the genetic diversity 
over time due to systemic accumulation of pathogens and 
preference of cassava producers for specific types of varie-
ties with characteristics of agronomic importance such as 
content of cyanogenic compounds, (sweet and bitter cas-
savas), maturation period, root quality for fresh consump-
tion and processing, resistance to diseases, drought toler-
ance and fitness for intercropping with other crops; these 
qualities are especially important for the semi-arid regions 
in the northeast region of Brazil. However, the heterozy-
gotic state and the allogamous nature of cassavas has led 
to a large number of seeds being produced in commercial 
farms, which in turn results in voluntary seedlings with a 
completely different genotypic constitution from the origi-
nal landraces. If there is any competitive advantage of these 

new genotypes, natural and human selection may produce 
new varieties, which artificially maintains a high level of 
genetic diversity (Doyle et  al. 2001). Furthermore, the 
accumulation of somatic mutations and the transmission 
of these mutations to subsequent generations by vegetative 
propagation is a multiplication factor of genetic polymor-
phisms (Elías et al. 2001; Sardos et al. 2008). All of these 
influences may act in favor of maintaining and creating 
genetic variability in cassavas as proven by the high inter- 
and intravarietal diversity observed in the areas of cassava 
producers (Elías et al. 2000).

The population structure analysis of the Brazilian cassava 
germplasm using SNP markers showed that regardless of 
the methodology used to determine the diversity, most clus-
ters presented a high percentage of plants (53 and 22 % in 
the Bayesian and DAPC analysis, respectively) with ances-
try in more than one cluster. This reflects the large genetic 
variability of the species, which could be due to the genera-
tion of voluntary seedlings in producer areas and a signifi-
cant exchange of germplasm, which certainly occurred dur-
ing the long process of domestication of cassavas in Brazil 
when cassava producers exchanged germplasms.

Bayesian analysis and multivariate ordination

The Bayesian and DAPC analysis presented consist-
ent results regarding the detection of a complex genetic 

Table 5   Genetic differentiation (FST) of cassava accessions according to a priori information (breeding pattern and geographic origin) and a 
posteriori information based on the DAPC and Bayesian analysis using the Structure v.2.3. software

A priori cluster A posteriori cluster

Breeding pattern FST Geographic origin FST K = 30 (DACP) K = 34 (Bayesian analysis)

Cluster FST Cluster FST Cluster FST Cluster FST

Improved 0.20 Brazil/midwest 0.19 1 0.39 18 0.54 1 0.41 18 0.49

Landraces 0.15 Brazil/northeast 0.18 2 0.54 19 0.36 2 0.42 19 0.31

Brazil/northeast 0.18 3 0.47 20 0.54 3 0.49 20 0.44

Brazil/southeast 0.23 4 0.53 21 0.39 4 0.48 21 0.53

Brazil/south 0.13 5 0.52 22 0.41 5 0.42 22 0.52

Brazil/unknown 0.53 6 0.28 23 0.47 6 0.49 23 0.55

Colombia 0.39 7 0.51 24 0.53 7 0.49 24 0.58

Nigeria 0.25 8 0.45 25 0.40 8 0.50 25 0.51

Venezuela 0.01 9 0.52 26 0.46 9 0.43 26 0.35

10 0.36 27 0.36 10 0.50 27 0.29

11 0.53 28 0.39 11 0.53 28 0.40

12 0.38 29 0.39 12 0.53 29 0.29

13 0.55 30 0.52 13 0.46 30 0.54

14 0.40 14 0.48 31 0.35

15 0.54 15 0.46 32 0.54

16 0.42 16 0.48 33 0.46

17 0.58 17 0.51 34 0.47
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structure between the cassava accessions using SNP mark-
ers. However, there is discrepancy in the indication of 
the number of diversity groups, which could be related to 
the approach of the method. According to Jombart et  al. 
(2010), the type of population structure influences the pre-
cision of the method as to the definition of the number of 
clusters, whereas the inferences in structured populations 
in the island model are more precise than in continuous 
populations, which seems to be the case for the cassava 
germplasm. Nevertheless, even when the real K value is 
not identified, the number of clusters usually inferred is 
very close to the real value. However, discrepancies as to 
the number of clusters identified with these methodolo-
gies seem to be common. In a recent study analyzing weed 
beets, Arnaud et al. (2011) found the adequate number of 
groups required to represent the genetic variability of this 
species to be K = 3 based on Bayesian analysis and K = 5 
based on DAPC analysis.

Some discrepancies were also observed regarding the 
clustering of the cassava accessions using both method-
ologies. This was especially true for accessions with low 
ancestry in a certain cluster. However, the cluster sug-
gested by the DAPC analysis seemed to be more consistent 
for presenting greater probability of the allocation of the 
accessions within the clusters (a-score) (Table 3). In addi-
tion, the analysis of the population structure of the cassava 
germplasm involves samples from genotypes from differ-
ent genetic origins in different and unknown proportions, 
which leads to linkage disequilibrium between non-linked 
loci (Ersoz et  al. 2007). Consequently, this may increase 
the rate of false-positives, which are statistically associ-
ated to the characteristics analyzed without actually being 
involved in the phenotypic variation. Furthermore, Jom-
bart (2008) have suggested that the cluster calculated by 
Bayesian analysis may be inappropriate when the popula-
tions are structured by the cline. In these cases, the DAPC 
may identify different genetic structures including clines 
without having to meet the assumptions of the Bayesian 
approaches.

Semagn et  al. (2012) evaluated the diversity in corn 
germplasm at CIMMYT and the relationships between the 
elite genotypes using SNP markers and different methodo-
logical approaches for the classification of the genotypes 
[models based on structural analysis, principal components 
analysis, cluster neighbor-joining and discriminating analy-
sis (DA)]. All of these approaches indicated the presence of 
three major clusters, which is in agreement with the pedi-
gree information. However, the cluster analysis showed low 
agreement with the other methods as to the attribution of 
genotypes to their respective groups, but according to these 
authors, the clustering pattern of the principal components 
of the models based in the analysis of the structure and DA 

was more reliable in the attribution of genotypes to specific 
clusters.

The clear definition of the number of clusters in the 
cassava germplasm using the DAPC strategy consists of a 
methodological advance, and until now, only hierarchical 
methods or analysis of principal components have been 
used for genetic studies in cassava. Therefore, the forma-
tion of clusters has always been performed empirically 
without defined criteria for the classification and ordination 
of genotypes.

This type of analysis is more advantageous in com-
parison to other classical approaches such as Bayesian 
approaches that are implemented in the Structure soft-
ware (Pritchard et al. 2000) for the following reasons: (a) 
exploratory characters do not require adaptations to the 
genetic structure such as Hardy–Weinberg equilibrium or 
the absence of linkage disequilibrium, (b) PCA is not com-
putationally intensive and can be used for a large number 
of data sets, and (c) PCA allows one to approach complex 
questions such as the identification of adaptation and the 
association of genetic variability to specific environmen-
tal conditions (Jombart et  al. 2009). However, PCA does 
not allow one to infer the formation of groups of diversity 
and thus requires an a priori definition to study the popu-
lation structure. Furthermore, PCA is not appropriate for 
providing a clear image of the variation between popula-
tions. These shortcomings can be overcome by DA, which 
defines a model in which synthetic variables with the par-
titioned genetic variation within and between clusters are 
created to maximize genetic variation within clusters (Jom-
bart et al. 2010).

Alterations in the molecular variance

Partitioning of AMOVA demonstrates variations within and 
between the germplasm components. AMOVA analysis 
showed that most of the diversity in the cassava accessions 
exists within the populations and individuals. Only 0.12 and 
1.13 % of the molecular variance is due to differentiation of 
the germplasm based on the a priori classification of breed-
ing patterns and geographic origins, respectively. In con-
trast, the theoretical cluster formed by the DAPC and the 
Bayesian analysis allowed the maximization of the genetic 
differentiation between the clusters (average FST =  0.46). 
Comments of the same nature related to low genetic dif-
ferentiation with a priori information were observed in 
other crops. In corn, Semagn et al. (2012) reported low FST 
(0.012) values between two heterotic groups defined a pri-
ori based on the knowledge of the combination capacity in 
field experiments. However, considering the defined popu-
lation structure based on a posteriori analysis using SNP 
markers, the FST values were much higher contributing 
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to the maximization of differences between the groups 
(FST = 0.113 for K = 2 and 0.118 for K = 3).

A greater differentiation of the groups (FST ranging 
from 0.28 to 0.58 for DAPC and from 0.29 to 0.58 in the 
Bayesian analysis), considering the clusters based on a 
posteriori information, were observed. Even though bi-
allelic markers such as SNPs were used, the estimation of 
genetic differentiation of the Brazilian cassava germplasm 
is higher than those reported from Africa and the Ameri-
cas (FST = 0.09—Fregene et al. 2003; FST = 0.12—Lokko 
et  al. 2006; FST  =  0.03—Montero-Rojas et  al. 2011), 
with estimations based on microsatellite markers. Futher-
more, Fregene et al. (2003) reported a large variation in the 
genetic differentiation of the germplasm due to its origin, 
once estimations higher than FST (0.27) were observed 
between accessions from Nigeria and Guatemala; geno-
types with different evolutionary histories. However, the 
use of different markers and germplasm accessions may 
lead to discrepancies in the results as to the estimation of 
genetic differentiation between populations. Using AFLP 
and microsatellites to analyze a collection of African cas-
sava landraces and elite cultivars, Raji et al. (2009a) found 
a high FST in the landrace population for SSR (0.746) and 
AFLP markers (0.656). This high genetic differentiation 
between landraces and elite cultivars suggest that geo-
graphical or regional variation could be responsible for 
most of the genetic differentiation observed.

In general, considering only the effects of the molecu-
lar markers, some works have indicated greater power of 
detection of genetic differentiation between populations 
using SNPs in comparison to microsatellite markers. In 
citrus, Garcia-Lor et  al. (2013) investigated the average 
molecular differentiation between ‘true citrus fruit trees’ 
using three types of markers (SSRs, SNPs, indels). The FST 
estimates between the eight basic taxa confirmed the high 
degree of stratification in differentiated taxa. However, the 
levels of diversity revealed by the three types of markers 
were quite different (0.596, 0.644 and 0.392 for indel, SNP 
and microsatellites markers, respectively). In Populous 
tremula the genetic differentiation across populations using 
206 SNPs was 0.017, which is very close to estimates based 
on microsatellite data (FST = 0.015) (Hall et al. 2007; Ma 
et al. 2010).

Many authors have tried to establish an association 
between geographic origin and genetic divergence in cas-
savas; however, the results seem to be quite contradictory. 
Devi et  al. (2009) did not find any pattern of distribution 
of cassava accessions according to different eco-geographic 
regions of collection, indicating that the geographic and 
genetic diversities were not related. Observations of the 
same nature were reported by Ferguson et al. (2012) when 
53 cassava accessions were analyzed using SNP mark-
ers, and no structuralization was observed based on the 

geographic origin, which was particularly evident in the 
accessions from the neotropical regions and Africa; how-
ever, substructures between germplasms from southeast, 
southwest and central and western Africa, were observed. 
This indicates a strong international exchange of germ-
plasm whose geographic origins need to be preserved to 
understand the genetic variation of the species and how 
the genotype flow occurred in different countries. The 
similarity of Asian and African cassava accessions with 
the American germplasm especially from Latin America 
reflects the movement of germplasm from South America 
to these regions (Kawuki et al. 2009). Benesi et al. (2010) 
demonstrated the potential use of AFLP markers in group-
ing most cassava accessions according to their geographic 
region. However, the low number of accessions used (78) 
and the regional adaptations within the accessions certainly 
contributed to this type of structure.

Many studies using microsatellite markers are in 
agreement as to the weak relationship between the diver-
sity and the genetic origin of cassavas. Using 67 SSR 
loci and 283 cassava landraces from Africa (Tanzania 
and Nigeria) and the neotropical region of Brazil (Bra-
zil, Colombia, Peru, Venezuela, Guatemala, Mexico and 
Argentina), Fregene et  al. (2003) reported low levels of 
differentiation between the samples from each country; 
however, the authors observed enough differentiation to 
reveal an accentuated substructure of the African lan-
draces to allow the separation of the African from the 
neotropical landraces.

The known natural and artificial selection of cassava 
seedlings generated spontaneously in agricultural farms 
leads to the establishment of new cassava landraces (Elías 
et al. 2000, 2001). Furthermore, another agricultural prac-
tice that increases genetic diversity is the exchange of 
planting material between producers (Elías et  al. 2000). 
This activity certainly occurred and still occurs in many 
Brazilian states due to (a) different cycles of the expansion 
of the crop and (b) a lack of propagative material in cer-
tain regions due to diseases or even stakes due to intense 
drought, which often occurs in the northeast region of 
Brazil and forces producers to purchase propagative mate-
rial from other regions. Consequently, name changes of 
the imported variety are common, which leads to confu-
sion of synonyms of the same material or leads to a single 
genotype with different names or different genotypes with 
the same name. This practice makes the attribution of the 
geographic origin of the material very difficult when col-
lections occur. Therefore, the intense movement of stakes 
in the national territory and changes in names of landraces 
and varieties may contribute to fact that the clusters formed 
by the Bayesian and DAPC analyses do not show any cor-
relation with the geographic origin of the accessions from 
the germplasm at Embrapa Cassava and Fruits.
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Future perspectives

The studies elucidating the characterization of this crop 
need to be intensified especially considering the fact that 
the germplasm is the basic raw material used by the breeder 
to introduce new genes and important economic and agro-
nomic attributes for the development of new cassava culti-
vars for better growth potential. The discovery of the high 
genetic diversity and structure of the cassava germplasm 
will be extremely useful in genetic breeding because it will 
allow for the following: (1) assisting the selection of paren-
tal combinations for crosses and development of segregat-
ing populations aimed at the development of genotypes 
with maximum genetic variability for genetic mapping or 
other types of selection, (2) describing heterotic groups, (3) 
determining the level of genetic variability in certain sub-
groups of selected germplasms for specific characteristics, 
and (4) estimating the possible loss of genetic diversity 
during programs of selection or germplasm conservation.

Depending on the objective of the genetic breeding pro-
gram, to select the best parents for crosses and to attribute 
genotypes to certain heterotic groups, breeders use differ-
ent data, especially phenotypic and pedigree information. 
However, considering that such data are not available for 
all accessions from the germplasm bank at Embrapa Cas-
sava and Fruits, the SNP markers is the only information 
available for the classification of the cassava germplasm 
into heterotic groups.

In the near future, the acquisition of information regard-
ing phenotypic data on characteristics of interest in the 
entire cassava germplasm may lead to a better classifica-
tion of this germplasm. Together with the structure of the 
cassava germplasm bank in 30 diversity groups based on 
DACP analysis (Fig.  6), this phenotypic and molecular 
information will open new opportunities for the exploration 
of the heterotic effects between the groups formed. In this 
case, progenitors with high genetic diversity within groups 
may be used in diallelic crosses aimed at the implemen-
tation of backcross selection or even for maximizing the 
potential to develop superior populations for clonal com-
petition tests.
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