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ABSTRACT: The geminivirus complex known as cassava mosaic disease (CMD) is one of the 
most devastating viruses for cassava (Manihot esculenta Crantz). The aim of this study was to 
use molecular-assisted selection (MAS) to identify CMD-resistant accessions and ascertain prom-
ising crosses with elite Brazilian varieties. One thousand two hundred twenty-four accessions 
were genotyped using five molecular markers (NS169, NS158, SSRY028, SSRY040 and RME1) 
that were associated with resistance to CMD, along with 402 SNPs (single-nucleotide polymor-
phism). The promising crosses were identified using a discriminant analysis of main component 
(DAPC), and the matrix of genomic relationship was estimated with SNP markers. The CMD1 
gene, previously described in M. glaziovii, was not found in M. esculenta. In contrast, the CMD2 
gene was found in 5, 4 and 5 % of cassava accessions, with flanking markers NS169+RME1, 
NS158+RME1 and SSRY28+RME1, respectively. Only seven accessions presented all markers 
linked to the CMD resistance. The DAPC of the seven accessions along with 17 elite cassava 
varieties led to the formation of three divergent clusters. Potential sources of resistance to CMD 
were divided into two groups, while the elite varieties were distributed into three groups. The low 
estimates of the genomic relationship (ranging from -0.167 to 0.681 with an average of 0.076) 
contributed to the success in identifying contrasting genotypes. The use of MAS in countries 
where CMD is a quarantine disease constitutes a successful strategy not only for identifying the 
resistant accessions but also for determining the promising crosses. 
Keywords: Manihot esculenta, breeding, disease, virus

identify CMD resistance sources. In addition, because 
the disease is controlled by just a few dominant effect 
genes, it is possible to implement marker-assisted selec-
tion (MAS) aimed at the indirect selection of resistant 
genotypes (Okogbenin et al., 2007). 

The first markers to be associated with CMD were 
reported by Fregene and Puonti-Kaerlas (2002), who 
described one microsatellite linked to the CMD1 gene. 
Subsequently, other markers were identified flanking the 
CMD2 gene (Akano et al., 2002; Lokko et al., 2005; Fre-
gene et al., 2006; Okogbenin et al., 2007). Faced with the 
prospect of this disease arriving and taking hold in Bra-
zil, there is a pressing need to direct efforts towards the 
preventive identification of resistance sources, similar to 
what is being done in Africa where CMD is an endemic 
disease that causes significant economic loss. The aim of 
this study was to identify CMD resistance sources in the 
cassava germplasm from Latin America using molecular 
markers that are associated with the disease, in addition 
to suggesting contrasting crosses with elite varieties to 
generate segregating populations. 

Materials and Methods

Plant material 
The identification of CMD-resistance sources was 

performed using 1,274 germplasm accessions belonging 
to the Cassava Germplasm Bank (CGB) (Cruz das Almas, 
Brazil) derived from several ecosystems in Brazil, as 
well as Colombia, Venezuela and Nigeria. This bank was 
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Introduction

Among the major global cassava (Manihot esculenta 
Crantz) diseases, particularly in Africa, there are the vi-
ruses known as Cassava Mosaic Disease - CMD (Legg 
and Thresh, 2000; Legg and Fauquet, 2004). CMD is 
transmitted by Bemisia tabaci (Genn) biotype B at differ-
ent stages, as well as by the use of infected propagation 
material and cutting tools that are commonly used in 
cassava cultivation (De Bruyn et al., 2012). The damage 
that is caused by this disease can reach 100 % of the crop 
(Thresh et al., 1994), with estimated production losses of 
approximately $ 440 million annually in Africa (Thresh 
et al., 1997). 

Among the main measures for controling CMD, 
the use of resistant varieties is the most effective solu-
tion because it reduces both production losses that are 
caused by the disease and the inoculum source in crops, 
especially in varieties that suppress virus accumulation 
(Rabbi et al., 2014). The CMG (Cassava Mosaic Gemi-
niviruses) complex that is related to CMD has not been 
reported in the Americas, although the insect vector 
is present in this region (Herrera Campo et al., 2011). 
Therefore, while not a current problem in Brazil, the in-
tense exchange of propagative materials between coun-
tries and favorable conditions for the establishment of 
the virus in Brazil justify the targeting of research activi-
ties that are related to preventive control. However, the 
quarantine ban in Brazil prevents artificial inoculations, 
whether under controlled conditions or in the field to 
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constructed with local and improved varieties resulting 
from conventional breeding procedures, such as cross-
ing and selection, as well as the selection of local variet-
ies with high yield potential as identified by farmers or 
research institutions. 

The TME-14 variety from Nigeria (passport data 
available at http://genebank.iita.org/), previously report-
ed as highly resistant to CMD, was used as a control for 
the presence of fragments. 

Genomic DNA 
Genomic DNA was extracted according to the 

CTAB protocol (cetyltrimethylammonium bromide) fol-
lowing the methodology of Doyle and Doyle (1987). 
Aiming to evaluate DNA integrity and standardize its 
concentration, 1 % (w/v) agarose gels were stained with 
ethidium bromide (1.0 mg L−1) by visual comparison 
with a series of DNA phage Lambda concentrations. 

Assisted molecular marker 
The molecular markers that were used in MAS to 

identify potential resistance sources included an RME1 
marker (Fregene et al., 2006), SCAR (Sequence-Charac-
terized Amplified Region) and the four microsatellites 
NS158 (Fregene et al., 2006), NS169 (Okogbenin et al., 
2012), SSRY28 (Akano et al., 2002) and SSRY40 (Mba et 
al., 2001) (Table 1), while the linkage map for the mark-
ers that were associated with CMD2 is presented in Fig-
ure 1. 

Polymerase Chain Reaction (PCR) was done in a 
final volume of 15 μL, containing 10 ng DNA, Taq poly-
merase buffer (50 mM KCl, 10 mM Tris–HCl [pH 8.8], 
and 1 % Nonidet P40), 1.5 to 2.5 mM MgCl2, 0.2 mM 
of each dNTP, 0.2 μM of each primer, and 1.0 U of Taq 
DNA Polymerase. The amplification program consisted 
of one cycle at 94 °C for 5 min; 27 to 30 cycles at 94 °C 
for 40 s, 55, 56 or 58 °C for 40 s, 72 °C for 60 s; and a 
final extension at 72 °C for 5 min in a 96-well thermo-
cycler. The amplified products were subjected to electro-
phoresis in 2 % w/v agarose for the RME1 markers and 
in 3 % w/v agarose 1000 gels for the SSRY28, SSRY40, 

NS169 and NS158 markers. Electrophoresis was per-
formed in 0.5 × TBE buffer (45 mM Tris-borate, 1.0 mM 
EDTA), and fragment visualization was performed using 
ethidium bromide (1.0 mg L−1) and a photodocumentor. 
The size of the fragments was determined visually with 
50-bp and 100-bp molecular weight markers. 

The cassava accessions were classified as having 
alleles that were associated with CMD resistance (con-
sidered resistant - R) or holding other amplified alleles 
(considered susceptible - S) according to the presence or 
absence, respectively, of the disease-associated allele. 

Identification of contrasts to generate segregating 
populations 

The accessions of germplasm-containing alleles 
that were associated with CMD resistance, as identified 
when using MAS, along with two elite hybrids (9624-
09 and 98150-06), nine improved varieties (BRS Aipim 
Brazil, BRS Caipira, BRS Formosa, BRS Guaíra, BRS 
Kiriris, BRS Mulatinha, BRS Tapioqueira, BRS Verdinha 
and Equador 72) and six local varieties (Baianinha, Ci-
dade Rica, Irará, Lagoa, Mani Branca and Sergipe), were 
analyzed with data from a previous genotyping of 402 
SNP-like markers (Single Nucleotide polymorphism) that 
were obtained by Oliveira et al. (2014). 

The SNP marker information was used for group-
ing the accessions that were potentially resistant to 

Table 1 − List and sequence of the primers that were used in assisted selection for resistance to Cassava Mosaic Disease (CMD), together with 
their location on the genome and expected allele size (EAS). 

Gene Primer Location (Scaffold) Primer sequence EAS (bp)

CM
D1 SSRY40 06352*

TGCATCATGGTCCACTCACT
293

CATTCTTTTTCGGCATTCCAT

CM
D2

NS158 06906**
GTGCGAAATGGAAATCAATG

166
TGAAATAGTGATACATGCAAAAGGA

NS169 06906**
GTGCGAAATGGAAATCAATG

319
GCCTTCTCAGCATATGGAGC

SSRY28 05214**
TTGACATGAGTGATATTTTCTTGAG

180
GCTGCGTGCAAAACTAAAAT

RME1 Not located
ATGTTAATGTAATGAAAGAGC

700
AGAAGAGGGTAGGAGTTATGT

*According to Whankaew et al. (2011); **According to Rabbi et al. (2014).

Figure 1 − Linkage map of the CMD2-associated markers, adapted 
from Akano et al. (2002), Fregene et al. (2006) and Mohan et al. 
(2013); The numbers above refer to the genetic distances in cM 
= centiMorgan.
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CMD, along with elite varieties with high yield potential, 
starch quality, appropriate plant size for the mechanized 
cultivation system, and resistance to foliar diseases, such 
as anthracnose and bacteriosis. This grouping aims to 
identify the most contrasting parental combinations that 
will generate segregating populations for the develop-
ment of domestic varieties with the above agronomic 
characteristics. 

The discriminant analysis of main components 
(DAPC) that was available in the adegenet package for 
R, version 3.0.1 (R Development Core Team 2013) was 
used to define the clusters of cassava hybrids and elite 
varieties because this technique does not require the 
prior definition of genetic groups (Jombart et al., 2010). 
Successive clustering with the K-means and the Bayes-
ian Information Criterion (BIC) method was used to set 
the number of groups, where the K with the lowest BIC 
value is the most likely element of the data set under 
analysis. K values from 1 to 10 were tested, with 10 runs 
for each K. After defining the number of groups, the 
main component analysis axes that explained more than 
80 % of the total variance were retained.

The matrix of genomic relatedness between the 
cassava genotypes was obtained according to VanRaden 
(2008), wherein

U
ZZ

p pi i

=
′

∑ −( )2 1
, 

where: Z = M – P , with M being the matrix of the mark-
ers and P the matrix for the allele frequencies as ex-
pressed by 2(pi – 0.5). Estimates of genomic relatedness 
were obtained using the kin function from the synbreed 
package (Wimmer et al., 2012) in the R platform, ver-
sion 3.0.1 (R Development Core Team, 2013). These data 
were used as an auxiliary strategy to indicate the most 
contrasting crosses. 

Results and Discussion

MAS Implementation for CMD resistance 
No CMD1-related allele or SSRY40-associated 

marker was found in the Brazilian cassava accessions. 
This result indicates no homology of the CMD1 gene in 
the genome of M. esculenta, considering that this gene 
was originally found in M. glaziovii (Okogbenin et al., 
2012). According to these authors, the genetic resis-
tance that was derived from M. glaziovii is polygenic, 
with recessive inheritance and a heritability of 0.60. Hy-
brids resulting from a cross between M. esculenta and 
M. glaziovii, known as Tropical Manihot Species (TMS), 
have been used as a CMD resistance source in Africa 
(Legg and Fauquet, 2004; Thresh and Cooter, 2005), al-
though the results of this introgression in cultivated spe-
cies have not shown great success in recent years (Rabbi 
et al., 2014). 

Due to the absence of genotypes bearing the CMD1 
gene, efforts in this work aimed at identifying accessions 

bearing the CMD2 gene. SSRY28 was the first codomi-
nant inheritance marker to be mapped next to the CMD2 
allele (9 cM) using a mapping population that originated 
from the cross between the local variety TMe-3 (resis-
tant) and the hybrid TMS30555 (susceptible) (Akano et 
al., 2002). The TMe-3 variety is the original source of 
resistance to CMD, but this study used the TMe-14 vari-
ety, which is considered a duplicate of the TMe-3 source 
(Rabbi et al., 2014), whose genotyping results confirmed 
the size of the alleles as related to the CMD2 gene for all 
of the markers. 

An individual analysis of the presence of the al-
leles that were associated with CMD2 for the NS169, 
NS158, SSRY28 and RME1 markers showed that 19, 16, 
23, and 27 % of the cassava accessions had alleles associ-
ated with CMD resistance (Table 2), respectively. In ad-
dition, the genotypic coincidence of cassava accessions 
for CMD resistance was variable according to the mark-
ers used (Table 3). 

The genotypic coincidence, in relation to the al-
leged behavior of cassava accessions, was higher (0.74) 
for the NS158 × NS169 and NS158 × SSRY28 mark-
ers. The efficiency of MAS depends on the proximity of 
the tag to the gene of interest, where distances are es-
timated by genetic recombination analysis. In fact, the 
distance between the NS158 × SSRY28 and NS158 × 
NS169 markers is relatively small, i.e., 2 cM (Mohan et 
al., 2013) and 9 cM (Fregene et al., 2006), respectively 
(Figure 1), which certainly contributes to providing a 
lower recombination rate between these markers. In ad-
dition, the NS158 and NS169 markers are anchored in 

Table 2 − Number of accessions from the Active Cassava 
Germplasm Bank that present marks that are linked to CMD2 gene 
that attributes resistance to Cassava Mosaic Disease (CMD). 

Markers
Genotypes simultaneously containing 

resistance related alleles 
Total %

NS169 206 19
NS158 173 16
SSRY28 236 23
RME1 267 27
NS169 + RME1 61 5
NS158 + RME1 44 4
SSRY28 + RME1 62 5
NS169 + NS158 + RME1 9 1
NS158 + SSRY28 + RME1 16 1
NS169 + NS158 + SSRY28 + RME1 7 1

Table 3 − Coincidence of genotypes for the presence of markers 
that are linked to Cassava Mosaic Disease (CMD) resistance in 
accessions in the Active Cassava Germplasm Bank. 

Markers NS169 NS158 SSRY28
NS158 0.74
SSRY28 0.70 0.74
RME1 0.72 0.71 0.68
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the gene of interest can boost the selection of resistant 
genotypes in countries such as Brazil, where CMD is a 
quarantine disease. 

When assessing the BC1 progenies that derived 
from crosses with CMD resistance sources, Ribeiro et 
al. (2012) identified 82 % of individuals with at least one 
allele for RME1, SSRY28 and NS158 markers, but only 
62 subjects (28 %) had three allele markers that were as-
sociated with the CMD2 gene. Clearly, the high percent-
age of CMD-resistant individuals in this BC1 population 
occurs because these populations are improved. 

The identification of resistance in 2,490 genotypes 
using RME1 and NS158 markers and the further eval-
uation under field conditions in an area that is highly 
affected by the disease in Nigeria revealed that the ac-
curacy of selection based on these two markers ranged 
from 70 to 80 %, depending on the progeny analyzed 
(Blair et al., 2007). In another study, Okogbenin et al. 
(2007) made   a first introduction of the germplasm from 
Latin America in Africa with materials from crosses 
between elite parental from breeding programs and a 
second introduction of material that was selected based 
on MAS (two microsatellites and six SCARs) and a subse-
quent evaluation of genotypes under natural conditions 
in a field that was infested with CMD in Nigeria. In the 
first set of entries, there was a devastating effect of the 
disease, infecting 100 % of the plants one month after 
planting. However, the results of the second introduc-
tion indicated that an introgression of the CMD2 gene 
in the cassava germplasm from Latin America via MAS 
provided high resistance under field conditions, with 67 
% of the genotypes showing grades 1 to 2 (grading score 
in which 1 = resistant plants and 5 = highly suscep-
tible plants). Therefore, the MAS that is used can pres-
ent a high level of efficiency in the indication of cassava 
genotypes with proven resistance under field conditions, 
which is clearly due to the CMD2 gene’s dominant na-
ture and its efficacy against a broad range of viral strains. 

In fact, the introduction of the CMD2 gene into 
various germplasm seems to be the most effective strat-
egy in CMD control, as the incorporation of the CMD1 
gene into exotic germplasm and subsequent field test-
ing in Africa indicated that the incorporation of CMD1 
has not been effective because this is a gene of minor 
quantitative effect (Fregene et al., 2006; Okogbenin et 
al., 2007). Moreover, the use of the dominant CMD2 
gene has been successful in transferring gene resistance 
genotypes originally from Latin America (Okogbenin et 
al., 2007). 

Analysis of parental diversity available for breeding 
The seven cassava accessions (BGM0268, 

BGM0270, BGM0281, BGM0284, BGM0358, BGM0359 
and BGM1370) containing alleles related to CMD2 for 
four markers are local varieties with adaptations restrict-
ed to their place of origin; therefore, populations seg-
regated from crosses of these CMD resistance sources 
to national elite varieties must be generated to develop 

the same scaffold (Rabbi et al., 2014), which reinforces 
the physical connection between these markers in the 
M. esculenta genome. 

The RME1 × SSRY28 combinations presented the 
lowest genotypic coincidence (0.68), while the NS169 × 
SSRY28, NS169 × RME1, and NS158 × RME1 combina-
tions showed intermediate coincidences (ranging from 
0.70 to 0.72) (Table 3). In addition, the greatest genetic 
distance between the NS169 × RME1 markers (20 cM - 
Figure 1) tended to result in less genotypic coincidence 
between these two accessions due to the possibility of 
historical occurrence of crossing over between these 
markers, but the results showed a median genotypic co-
incidence (Table 3). 

Still considering the analysis of individual mark-
ers, Ribeiro et al. (2012) used the strategies of hybridiza-
tion, marker-assisted selection and severity assessment 
for CMD under field conditions in the cassava genetic 
breeding program in Ghana. These authors demonstrat-
ed that selection based on the NS158 marker resulted in 
the identification of a greater number of resistant prog-
eny compared to selection based on SSRY28 and RME1.

Although Okogbenin et al. (2007) indicated that 
the cassava germplasm from Latin America is quite sus-
ceptible to CMD, the results of this study indicate that 
the percentage of accessions with possible resistance 
to CMD can reach more than 20 %, depending on the 
marker. This result is certainly in line with the high 
genetic variability of the national cassava germplasm, 
considering that Brazil is its center of origin (Olsen and 
Schaal, 2001). 

Additionally, greater accuracy in the use of the 
MAS can be obtained using markers flanking the gene of 
interest, considering the lower chance of recombination 
between the markers and the gene of interest (Collard et 
al., 2005; Collard and MacKill, 2008). Thus, considering 
the genetic distances (Figure 1) and the simultaneous se-
lection of accessions strategy based on flanking markers, 
i.e., RME1 and other markers, the selection accuracy is 
0.987, 0.993 and 0.994 for RME1 × NS169, RME1 × 
SSRY28 and RME1 × NS158, respectively (Collard and 
MacKill, 2008).

Using this strategy, a reduction of more than three 
times the number of cassava accessions containing the 
markers that were associated with CMD2, i.e., 5, 4 and 
5 % of accessions that were considered resistant to the 
NS169 + RME1, NS158 + RME1 and SSRY28 + RME1 
combinations, respectively, was observed. In addition, 
the percentage of accessions containing three marks was 
even lower, i.e., 0.71 to 1 % for NS169 + NS158 + RME1 
and NS158 + SSRY28 + RME1, respectively. Finally, the 
presence of all four markers was observed in seven cas-
sava accessions only (Table 2). The genotypes containing 
markers that were related to CMD2 were resistant when 
evaluated under natural conditions in fields that were 
infested with the pathogen in Africa (Bi et al., 2010; Ok-
ogbenin et al., 2012; Ribeiro et al., 2012); therefore, the 
use of accessions with more than one marker linked to 
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according to the representation of the first two linear 
functions (Figure 2). CMD resistance sources were allo-
cated in Groups 1 (BGM0284, BGM0268 and BGM1370) 
and 2 (BGM0268, BGM0270, BGM0358 and BGM0359). 
Although Rabbi et al. (2014) suggested that all sources 
of monogenic resistance in cassava are derived from a 
single common ancestor, some authors suggest the exis-
tence of other genes for CMD resistance (Bi et al., 2010; 
Okogbenin et al., 2012). The seven resistance sources 
that were found in this study were clearly allocated to 
different divergence groups and, therefore, indicate the 
existence of genetic variability in these genotypes is not 
associated with resistance loci, which may contribute to 
the generation of transgressive individuals from crosses 
with the elite varieties. However, it is not possible to 
determine whether these resistance sources are different 
from those that are grown in Africa. 

Regarding the elite cassava varieties, there was no 
tendency to cluster according to their degree of improve-
ment, as both the hybrids and improved varieties and 
landraces were divided into different groups. The BRS 
Aipim Brazil, BRS Kiriris and Ecuador 72 varieties were 
grouped into Group 1, while the hybrid 9624-09 and BRS 
Caipira, BRS Mulatinha and BRS Tapioqueira varieties 
were allocated to Group 2. The other hybrid (98150-06) 
and the BRS Verdinha, BRS Formosa, BRS Guaira, Baian-
inha, Mani Branca, Cidade Rica, Irará, Lagoa and Ser-
gipe varieties were placed in Group 3 (Figure 3, Table 4). 

varieties that are adapted to the major growing regions 
that bear traits of agronomic interest. To maximize the 
segregation of progeny, the selection of parents should 
combine contrasting characteristics that are often in-
ferred by genetic divergence. Therefore, analyzing the 
divergence of 24 genotypes based on a discriminant 
analysis of principal components (DAPC) and in the ge-
nomic relatedness matrices may indicate the most con-
trasting crosses.

The Bayesian information criterion (BIC), as im-
plemented in the DAPC using seven CMD resistance 
sources and 17 Brazilian elite varieties, indicated that 
three groups of diversity is the optimal number to de-
scribe the divergence of this set of materials (Figure 2). 
Thus, this number of groups was used in the subsequent 
analyses. The DAPC identifies complex population struc-
ture with the probabilistic assignment of individuals into 
specific groups without requiring assumptions about 
the Hardy-Weinberg equilibrium and linkage disequi-
librium between markers, thus minimizing the cluster 
variation (Jombart et al., 2010). The DAPC has been used 
for large data volumes, particularly generated by SNP 
markers. Recently, the DAPC was used to structure the 
germplasm of Carica papaya L. with microsatellite mark-
ers (Matos et al., 2013) and cassava with SNPs markers 
(Oliveira et al., 2014). 

The three diversity groups that were formed by 
DAPC are disparate, with a clear separation of groups 

Figure 2 − Scattergraph of the first and second main components 
of the discriminant analysis of principal components (DAPC) 
based on the analysis of 24 cassava genotypes with 402 Single-
Nucleotide Polymorphism (SNP)-type markers; Clusters are 
represented by numbers, and the accessions analyzed by different 
colors represent the analyzed accessions; the eigenvalues   of the 
principal component analysis (PCA) and discriminant analysis (DA) 
are also presented.

Figure 3 − Genomic relatedness heat map for 24 cassava genotypes 
based on an analysis of the 402 Single-Nucleotide Polymorphism 
(SNP)-type markers; the three groups that are formed by the 
discriminant analysis of main components are represented in the 
figure as G1, G2 and G3.



Carmo et al. Molecular-assisted selection for disease

525

Sci. Agric. v.72, n.6, p.520-527, November/December 2015

Table 4 − Estimates of genomic relatedness among the seven sources of Cassava Mosaic Disease (CMD) resistance and 17 elite cassava 
varieties. The selected crosses for each resistance source are shown in bold and underlined. 

Group Elite variety
CMD resistance source

Group 1 Group 2
BGM 0281 BGM 0284 BGM 1370 BGM 0268 BGM 0270 BGM 0358 BGM 0359

1
BRS Aipim Brazil -0.018 0.087 -0.102 0.192 0.163 -0.001 0.013

BRS Kiriris 0.036 0.125 -0.032 -0.034 -0.040 -0.059 -0.109
Ecuador72 0.000 0.210 0.037 0.034 0.045 -0.047 -0.048

2

9624-09 -0.092 -0.018 -0.063 -0.018 -0.007 0.069 0.052

BRS Caipira -0.089 -0.168 -0.117 -0.103 -0.084 -0.032 0.007
BRS Mulatinha -0.109 -0.131 -0.112 -0.034 -0.032 -0.035 -0.077

BRS Tapioqueira -0.094 -0.012 -0.065 -0.036 -0.025 0.123 0.106

3

98150-06 -0.022 -0.069 -0.074 -0.076 -0.106 -0.166 -0.143

Baianinha -0.062 -0.053 -0.202 0.036 0.023 -0.069 -0.038
BRS Formosa -0.074 -0.049 0.027 -0.104 -0.094 -0.049 -0.043
BRS Guaíra 0.028 -0.179 -0.007 -0.211 -0.176 -0.115 -0.092
Mani Branca -0.057 -0.160 -0.125 -0.039 -0.077 -0.177 -0.178
BRS Verdinha 0.018 -0.205 -0.114 -0.181 -0.162 -0.045 -0.055
Cidade Rica -0.052 -0.267 -0.023 -0.058 -0.047 -0.083 -0.109

Irará -0.013 -0.100 0.016 -0.179 -0.176 -0.100 -0.093
Lagoa -0.060 -0.283 -0.168 -0.186 -0.175 -0.115 -0.125

Sergipe 0.111 -0.168 0.004 -0.135 -0.109 -0.128 -0.146

Estimates of genomic kinship based on the SNP 
markers between all pairs of cassava genotypes showed 
variation of -0.167 to 0.681, averaging 0.076 (Figure 3). 
The negative values   indicate genomic kinship pairs of 
individuals that share few alleles compared to those ex-
pected based on the allelic frequencies, whereas posi-
tive values   represent the opposite. Therefore, these es-
timates indicate a low relatedness between individuals, 
which certainly contributes to the maximization of the 
expected gains with selection in the resulted segregated 
populations. 

According to Figure 3, the highest predicted ge-
nomic kinship was observed among CMD resistance 
sources: BGM0281 × BGM0284 (0.457) and BGM0284 
× BGM1370 (0.373); as well as among 9624-09 × BRS 
Caipira (0.334), 9624-09 × BRS Tapioqueira (0.666) and 
BRS Caipira × BRS Tapioqueira (0.324). This result is 
consistent with DAPC, as all of these genotype combina-
tions belong to the same group. Based on these results, 
crosses involving these genotypes would not be recom-
mended. 

The first separation of cassava accessions into 
three groups based on the DAPC of SNP markers indi-
cated a hierarchical level for use in targeting possible 
contrasting intersections based on molecular informa-
tion. Therefore, considering the groups that are formed 
by DAPC, the best crosses among the CMD resistance 
sources and the cassava elite varieties that are most fre-
quently planted in Brazil were selected considering the 
two most contrasting combinations regarding genomic 
relatedness (Table 4). 

For resistance sources BGM0284 and BGM1370 in 
Group 1, combinations of crosses with a lower kinship 

degree were found among varieties in Group 3 (Table 
4). For the BGM0281 accession, the two most contrast-
ing genotype combinations were those with the BRS 
Mulatinha (-0.109) and BRS Tapioqueira (-0.094) variet-
ies, both belonging to Group 2. However, for the source 
BGM0284, the lowest kinship estimates were obtained 
with the Cidade Rica (-0.267) and Lagoa (-0.283) variet-
ies, and for the source BGM1370, the best combinations 
were with the Baianinha (-0.202) and Lagoa (-0.168) va-
rieties. Even with a median kinship degree, the resis-
tance sources BGM0281 and BGM0284 showed a lower 
relatedness degree with different varieties, which can 
certainly help to increase the genetic variability in the 
populations carrying this highly divergent genetic back-
ground. 

For the CMD resistance sources from Group 2 
(BGM0268, BGM0270, BGM0358 and BGM0359), there 
was more complementarity (lower degree of genomic 
relatedness) with the varieties belonging to Group 3. 
The best combinations of crosses for source BGM0268 
were observed between BRS Guaira (-0.211) and Lagoa 
(-0.186), while for BGM0270, the best combinations 
were between BRS Guaira and Irará, both with the same 
degree of kinship (-0.176). For the source BGM0358, the 
best combinations were between the hybrid 98150-06 
(-0.166) and the Mani Branca variety (-0.177). Further-
more, the combinations with a lower relatedness degree 
with the source BGM0359 were Mani Branca (-0.178) 
and Sergipe (-0.146). 

The use of resistant genotypes is a good medium- 
and long-term strategy to address CMD. However, the 
development of new cassava varieties should not focus 
exclusively on the introduction of the CMD2 gene be-
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cause there is a strong preference of farmers for local 
or improved varieties that meet specific quality char-
acteristics and root flavor (when intended for in natura 
consumption), as well as those with high starch yields, 
which are intended for the starch industry. 

In fact, there are classic examples in Africa, in 
which CMD-resistant varieties were rejected by farmers 
in Uganda because they produced lower-quality roots 
compared to those of locally adapted varieties (Kawuki 
et al., 2011). The introgression of CMD resistance genes 
in varieties with desirable characteristics becomes cru-
cial for the adoption of new varieties, as performed by 
other authors (Okogbenin et al., 2007; Kawuki et al., 
2011; Ribeiro et al., 2012). 

Being a heterozygous species, there will surely be 
high segregation in F1 cassava progenies derived from 
the crosses suggested in this work, which will result in 
the generation of different parental genotypes. However, 
the recombination of genes that are present in the Bra-
zilian elite varieties that have already been planted by 
farmers, represents an important advance in breeding 
new varieties with different genetic backgrounds but 
with desirable characteristics that have already been ac-
cepted by both farmers and consumers. 

Prospects for cassava breeding aiming to improve 
CMD resistance 

Currently, CMD does not occur in the Americas, 
but the main insect vector (whitefly) has been reported 
in this region, while its alternative form, biotype B (B. 
argentifolia) is widespread, and according to Polston and 
Anderson (1997), its host range includes cassava. There-
fore, the prospect for the arrival of the disease in Brazil 
and the possible adaptation of biotype B for feeding on 
cassava require breeding programs to develop preven-
tion measures. The incorporation of CMD resistance 
in Brazilian varieties is one of the goals of the cassava 
breeding program in recent years. 

Because CMD is a quarantine disease in Brazil, 
MAS is one of the few ways to identify resistance sourc-
es in the absence of the pathogen. This need is especially 
true for long-cycled crops (> 12 months), such as cas-
sava, which require 8 to 12 years for the development 
of a variety using conventional procedures (Okogbenin 
et al., 2007; Oliveira et al., 2014). In the specific case of 
breeding cassava for CMD resistance, MAS was used for 
the initial identification of resistance sources, while SNP 
markers were used to estimate the relatedness of indi-
viduals seeking to guide the crossings. After obtaining 
F1 segregating populations, MAS will again be used for 
identifying segregating alleles with CMD resistance to 
reduce the number of plants to be evaluated at the seed-
ling stage and subsequent stages of the selection process. 
Additionally, using MAS shortens the detection period of 
CMD-resistant genotypes to only two years (from cross-
ing to obtaining the F1 plants) compared to eight years 
based on conventional breeding (from crossing to the 
completion of the advanced resistance and production 

tests). Thus, as cassava is cultured by vegetative propa-
gation, the use of MAS allows breeders to focus their ef-
forts just on the genotypes that are identified as resistant 
during the early stages of the breeding program, whose 
genotypes are fixed and can thus reduce the number of 
evaluation cycles. This strategy will reduce the selec-
tion cycles and, thus, the costs involved in the genotype 
evaluation under field conditions, similar to what has 
been accomplished in other programs (Blair et al., 2007; 
Okogbenin et al., 2007; 2012; Ribeiro et al., 2012). 

The genetic improvement of any crop relies on the 
extent of genetic variability that is present in the germ-
plasm, although cassava breeding programs have histori-
cally used few parental crosses, mainly due to the lack 
of familiarity with the agronomic potential and available 
genetic variation. In this sense, the results that were ob-
tained in this study regarding the identification of possible 
CMD resistance sources, together with the ascertainment 
of varieties with desirable traits, such as resistance to 
some foliar (BRS Caipira, BRS Mulatinha, BRS Tapioquei-
ra and BRS Formosa) and root diseases (BRS Kiriris, BRS 
Aipim Brazil and Mani Branca), resistance to mites and 
bedbugs (Ecuador72), high root and starch yield (9624-
09, 98150-06, Baianinha, Cidade Rica, Irará, Lagoa and 
Sergipe ) and tolerance to water deficit (BRS Guaíra, BRS 
Verdinha), constitute a major breakthrough in targeting 
specific crosses. Therefore, it is expected that the preven-
tive improvement strategies that have been implemented 
in breeding programs via MAS can help reduce the num-
ber of selection cycles that are required for the transfer of 
CMD-resistant alleles and the generation of new cassava 
varieties with characteristics that are desirable for indus-
try and for fresh consumption. 
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