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Genetic divergence among accessions of cassava (Manihot esculenta

Crantz) sampled in the Tapajos region, State of Para, using
agronomic characters and microsatellite markers

Divergéncia genética entre acessos de mandioca (Manihot esculenta
Crantz) coletados na regiao do Tapajos, Estado do Para, por meio de

caracteres agronomicos e marcadores microssatélites

Rodrigo de Souza Silva'; Elisa Ferreira Moura®*; Jodo Tomé de Farias Neto?;

Nelcimar Reis Sousa’; Moénika Fecury Moura*; José Edson Sampaio’

Abstract

The aim of this work was to estimate the genetic divergence among accessions of cassava sampled in the
Tapajos region in the State of Para, Brazil, and conserved at the Regional Germplasm Bank of Eastern
Amazon, using agronomic descriptors and molecular markers. Twenty-two accessions of cassava were
evaluated in the field for two successive years, based on six agronomic descriptors in twelve-months-old
plants without a specific experimental design. Accessions were also evaluated with eleven microsatellite
loci in an automatic DNA analyser. Descriptive and multivariate statistical analyses were applied. Based
on principal components analysis, the character weight of the aerial portion of the plant contributed
most to the phenotypical variation. The six traits were used in the analysis of genetic dissimilarity
between accessions, and the correlation between matrices generated by morphological and molecular
data was estimated. The matrices of genetic dissimilarity were used in the construction of dendrograms
using the UPGMA method. We observed a high variation of agronomical descriptors and molecular
markers evaluated, which were capable to separate the accessions into distinct groups. A weak positive
correlation was detected among the two matrices of genetic distances, which indicates the possibility
to explore the genetic diversity using crossings and accessions Amarelinha 36 and Olho roxo 13 are
divergent and potentially promising for the generation of heterotic hybrids.

Key words: Genetic distance. Multivariate analysis. Manihot esculenta.

Resumo

O objetivo deste trabalho foi estimar a divergéncia genética entre acessos de mandioca coletados na regiao
do Tapajos no Estado do Para e conservados no Banco Regional de Germoplasma da Amazonia Oriental
por meio de descritores agronémicos ¢ marcadores moleculares. Vinte e dois acessos de mandioca
foram avaliados a campo por dois anos consecutivos com base em seis descritores agronémicos em
plantas com doze meses de idade, sem o uso de delineamento experimental especifico. Os acessos foram
também avaliados com onze locos microssatélites em analisador de DNA automatico. Foram realizadas
as seguintes analises estatisticas: descritiva e multivariada. Com base na analise de componentes
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principais, o carater peso da parte aérea da planta foi o que mais contribuiu para a variagdo fenotipica. Os
seis caracteres foram utilizados nas analises de dissimilaridade genética e agrupamento, ¢ foi estimada
a correlagdo entre as matrizes geradas. As matrizes foram utilizadas para construgdo de dendrogramas
pelo método UPGMA. Foi evidenciada ampla varia¢ao tanto dos descritores agronomicos quanto dos
marcadores moleculares avaliados, os quais foram capazes de separar os acessos em grupos distintos.
Foi encontrada fraca correlagdo entre as matrizes de distancias genéticas, o que indicou a possibilidade
de exploracdo da diversidade genética por meio de cruzamentos, sendo os acessos Amarelinha 36 e
Olho roxo 13 divergentes ¢ potencialmente promissores pare serem utilizados na gerag@o de hibridos

heterdsticos.

Palavras-chave: Analise multivariada. Distancia genética. Manihot esculenta.

Introduction

Cassava root (Manihot esculenta Crantz) is
an important source of carbohydrates for almost
one billion people in more than 100 tropical and
subtropical countries (FAO, 2013). The species
originated from South America, with Brazil as
its probable centre of origin and domestication
(LEOTARD et al., 2009; OLSEN, 2004). The
Amazon region is a reservoir of genetic resources
of cassava. In Brazil, cassava is grown in all regions
due to its capacity of edaphoclimatic adaptation.
The state of Para is the main producer of cassava,
representing 21% of the national production; with
the city of Santarém as the main root producer of
the state (IBGE, 2013, 2015). Apart from studies
about the genetic diversity of the species, very few
efforts have been made to develop more productive
varieties for the Northern region of Brazil, which
may have contributed to the low cassava yield in
this region, which is around 14900 kg ha™' per year
(IBGE, 2015). Thus, one option to explore the
available germplasm of cassava is to estimate the
genetic divergence to predict promising crossings
(KRISHNAMURTHY et al., 2013), which can be
achieved using morphological, agronomic, and
molecular markers.

Phenotypic traits are frequently used in the
estimation of genetic divergence in cassava
(AFONSO, 2013; NICK et al., 2008; VIEIRA et al.,
2011). Among the phenotypic descriptors, the ones
withagronomicimportancearemostinfluencedbythe
environment; however, they help to identify adapted
accessions with productive potential (VIEIRA et al.,

2013). Molecular markers are also frequently used
in the estimation of genetic divergence in cassava
(ASARE et al.,, 2011; FERREIRA et al., 2008;
SIQUEIRA et al., 2010), since they are not affected
by the environment and are efficient in the detection
of a large number of differences among accessions
(KRISHNAMURTHY et al., 2013). However,
they have the disadvantage of accessing all the
genome and not only the regions expressing traits
of agronomic importance (VIEIRA et al., 2011).

Currently, several marker techniques
available with several proposites, with the potential
to be applied in various crops. Microsatellites, or
SSR (simple sequence repeats) molecular markers,
are co-dominant and highly polymorphic markers
(SIQUEIRA et al., 2010) with a high abundance in
plants (MBA et al., 2001); they are used in studies

of genetic divergence.

arc

The genetic cassava breeding program of
Embrapa Eastern Amazon is based on activities
carried out mostly in the state of Para, with the aim
to maintain accessions in the germplasm bank and
to characterise and evaluate the accessions using
different phenotypic and molecular characters. The
estimative of genetic variability for a certain region
allows to identify possible centres of diversity and
to provide information about previously adapted
genotypes in this region. Thus, the aim of this work
was to estimate the genetic divergence among
accessions of cassava sampled in the Tapajos region,
Para, and maintained in the Regional Germplasm
Bank of the Eastern Amazon, using agronomic
descriptors and molecular markers.
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Material and Methods

We used data obtained from phenotypic and
molecular characterisation of 22 accessions of
cassava sampled in the cities of Santarém and
Belterra, Para, and conserved in the Regional
Germplasm Bank of Embrapa Eastern Amazon
(Table 1). The bank is situated in the head-office
of Embrapa Eastern Amazon, in the city of Belém,
Para (01°27°S latitude, and 48°30’W longitude).
The average annual temperature of the region is
28°C, average relative humidity 80%, with an

annual average precipitation of 2800 mm (INMET,

2009). The accessions were disposed in simple lines
of nine plants, without an experimental design and
a between-line and between-plant spacing of 1.0 m.
Accessions were regenerated when they reached
an age of 12 to 14 months and cultured according
to the recommendations of Souza et al. (20006).
Phenotypic characterisation was performed using
six quantitative agronomic traits measured for two
consecutive years in the plants of each accession
without borders, when plants were 12-months-old.
The number of evaluated plants in the experimental
plot, per accession and per year, varied from two to
five (Table 1).

Table 1. List of the cassava (Manihot esculenta) accessions sampled in the Tapajos region in the State of Para, Brazil,
and conserved at the Regional Germplasm Bank of Eastern Amazon, with respective germplasm bank code, common
name, municipality/state, and numbers of plants evaluated in the experimental plot.

Number Germplasm bank code Common name Municipality/State k1" k2
1 CPATU 304 Abacatinha 3 Santarém, PA 3 2
2 CPATU 331 Achada preta 50 Santarém, PA 5 3
3 CPATU 317 Amarelinha 36 Belterra, PA 3 2
4 CPATU 332 Amarelinha 47 Santarém, PA 5 5
5 CPATU 333 Belterra 53 Santarém, PA 5 5
6 CPATU 305 Bentivi 17 Santarém, PA 5 5
7 CPATU 351 Bentivi 71 Santarém, PA 5 5
8 CPATU 334 Boi branco 54 Santarém, PA 5 5
9 CPATU 306 Boiao Santarém, PA 5 5
10 CPATU 335 Caratinga 1 Santarém, PA 5 5
11 CPATU 319 Guia roxa 33 Santarém, PA 5 5
12 CPATU 337 Inanu 46 Santarém, PA 5 5
13 CPATU 338 Jararaca 59 Santarém, PA 5 5
14 CPATU 200 M. Agua Morna 10 Santarém, PA 5 5
15 CPATU 314 Olho roxo 13 Santarém, PA 5 3
16 CPATU 325 QOuricuri 37 Belterra, PA 4 4
17 CPATU 347 Passarinhdo grande 51 Santarém, PA 5 5
18 CPATU 348 Roxinha 58 Santarém, PA 5 5
19 CPATU 355 Saracurinha 69 Santarém, PA 5 5
20 CPATU 356 6 meses 70 Santarém, PA 5 5
21 CPATU 349 Surubim 41 Santarém, PA 5 5
22 CPATU 329 Tapajos 38 Belterra, PA 5 5

*=kI and k2: number of plants evaluated per useful experimental plot in the first and second years, respectively.

The following agronomical descriptors were
evaluated, according to Fukuda and Guevara (1998):
stem weight (SWP, kg), average root weight per
plant (RWP, kg), number of roots per plant (NRP),
number of rot roots per plant (NRRP), harvest index

(HI, %), which refers to the value obtained after
the ratio total root weight per total plant weight,
according to Kawano (1990), and percentage
of starch in the roots (PSR, %), determined by
hydrostatic balance, described by Grossman and
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Freitas (1950). The values obtained for SWP,
RWP, NRP, NRRP, HI, and PSR were estimated
based on the useful experimental plot for each
evaluation year. The obtained data were analysed
using descriptive statistical methods. Specifically,
minimum and maximum values, average, amplitude
of variation, and normality were estimated to
describe the variability of agronomic descriptors.
We used Shapiro-Wilk test at 5% probability.

Median values of the two consecutive evaluation
years (Table 2) were used for analysis of phenotypic
correlation and application of principal components
analysis and clustering. The phenotypic correlation
among descriptors was estimated by the Spearman’s
correlation coefficient due to non-normalisation of

data. We used the original values and a significance
level with a 1% probability. The data of respective
means were standardised because of different units
of measurements of the descriptors, where the
original mean X, obtained for the i-eth accession
(1 = 1,2,...p) referred to the j-ieth descriptor (j =
1,2,...,n) was divided by the standard deviation of
the j-ieth descriptor (j = 1,2,...,n), to generate the
reduced mean Z;; of unique variance. The analyses
were carried using the program R 3.2.2 (R CORE
TEAM, 2013). Since evaluations did not follow
any experimental design, determination of genetic
distance among the 22 accessions was obtained with
the mean Euclidean distance, using the software
package GENES 5.1 (CRUZ, 2006).

Table 2. Non-standardised mean values of the descriptors stem weight (SWP), average root weight per plant (RWP),
number of roots per plant (NRP), number of rot roots per plant (NRRP), harvest index (HI), and percentage of starch in
the roots (PSR), evaluated for two successive years in cassava (Manihot esculenta) accessions sampled in the Tapajos
region in the State of Para, Brazil, and conserved at the Regional Germplasm Bank of Eastern Amazon.

Agronomic descriptors

Number Accession SWP RWP NRP NRRP HI PSR
Kg Kg ---- Unit —-- % %
1 Abacatinha 3 2.27 3.60 6.00 0.00 60.85 29.71
2 Achada preta 50 2.26 5.51 8.50 0.00 67.30 31.68
3 Amarelinha 36 6.13 6.47 10.84 1.00 58.50 30.55
4 Amarelinha 47 2.78 2.94 5.40 0.00 56.79 29.43
5 Belterra 53 4.68 2.56 7.10 0.00 36.93 27.45
6 Bentivi 17 1.62 5.02 8.00 0.30 76.22 28.86
7 Bentivi 71 3.70 2.24 4.40 2.20 40.09 29.71
8 Boi branco 54 2.08 3.31 7.00 0.20 63.15 27.45
9 Boido 3.44 4.16 8.10 0.00 58.24 30.84
10 Caratinga 1 2.92 2.86 7.40 0.00 52.51 29.14
11 Guia roxa 33 5.06 4.70 8.60 0.00 56.08 26.89
12 Inanu 46 2.68 2.86 8.30 0.00 53.00 27.17
13 Jararaca 59 4.28 3.86 7.40 0.00 51.80 28.58
14 M. Agua Morna 10 0.78 2.39 6.10 0.00 74.51 30.84
15 Olho roxo 13 5.39 5.03 15.00 0.00 56.40 26.61
16 Ouricuri 37 0.65 1.48 4.63 0.00 71.94 26.89
17 Passarinhdo grande 51 5.02 3.00 9.20 0.00 42.44 30.27
18 Roxinha 58 2.60 2.96 8.00 0.20 59.21 29.43
19 Saracurinha 69 4.84 3.44 12.50 0.00 46.13 27.17
20 6 meses 70 2.90 2.28 7.20 0.00 48.00 25.20
21 Surubim 41 4.06 3.38 9.90 0.10 49.37 26.32
22 Tapajos 38 2.96 3.28 7.20 0.00 53.47 29.99
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Total genomic DNA was extracted according
to the procedure similar to the (DOYLE; DOYLE,
1990) described in Moura et al. (2013). DNA was
quantified on 1% agarose gel using lambda phage
DNA at different concentrations (50, 100, and 200
ng ul!) as a pattern. DNA was then diluted to 10 ng
ul .

Accessions were genotyped with 11 microsatellite
loci (Table 2): SSRY89, SSRY93, and SSRY 164
developed by Mba et al. (2001) and GAS, GA12,
GA21, GA126, GA131, GA134, GA136, and
GA140 developed by Chavarriaga-Aguirre et al.

(1998), described in Table 3. Amplification reagents
contained 10ng of DNA, 100uM of each dNTP,
0.2 uM of each primer, and 1.25U Taq polymerase
(Invitrogen, Sdo Paulo, Brazil) in 1X PCR buffer
(50mM KCI; 10 mM Tris-HCI, pH 8.8, 0.1 % Triton
X-100; 1.5mM MgCl,) at a total volume of 15 pl.
Amplifications were conducted using a GeneAmp
9600 thermocycler (Applied Biosystems, Foster
City, CA, USA) with the following program: an
initial cycle of 94°C for 3min, followed by 40
cycles at 94°C for 30s, annealing temperature of
each primer (Table 2) for 30s and 72°C for 30 s,
and 72°C for 30 min for the final extension.

Table 3. Microsatellite loci used in the analysis of cassava (Manihot esculenta) accessions sampled in the Tapajos
region in the State of Para, Brazil, and conserved at the Regional Germplasm Bank of Eastern Amazon, with respective

sequence and annealing temperature.

Locus Sequence (5°-37) Annealing temperature (°C)

RY93 F TTTGTTGCTCACATGAAAACG 56
R™: CAGATTTCTTGTGGTGCGTG

RY 164 F: TCAAACAAGAATTAGCAGAACTGG 60
R: TGAGATTTCGTAATATTCATTTCACTT

GAS F: AATGTCATCGTCGGCTTCG 60
R: GCTGATAGCACAGAACACAG

GA136 F: GTTGATAAAGTGGAAAGAGCA 59
R: ACTCCACTCCCGATGCTCGC

GA126 F: GTGGAAATAAGCCATGTGATG 60
R: CCCATAATTGATGCCAGGTT

RYS9 F: AGTTGAGAAAACCTTGCATGAG 53
R: GGCTGTTCGTGATCCTTATTAAC

GA131 F: TCCAGAAAGACTTCCGTTCA 59
R: CTCAACTACTGCACTGCACTC

GA21 F: GCTTCATCATGGAAAAACC 58
R: CAATGCTTTACGGAAGAGCC

GAL2 F: ATTCCTCTAGCAGTTAAGC 59
R: CGATGATGCTCTTCGGAGGG

GA134 F: CAATGTCCCAATTGGAGGA 53
R: ACCATGGATAGAGCTCACCG

GA140 F: TCAAGGAAGCCTTCAGCTC 53

R: GAGCCACATCTACTCGACACC

"F= forward primer; "R = reverse primer.

2993
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PCRs were performed independently. A total
of 1 ul PCR volume was mixed with 8.75 ul Hi-
Di formamide (Applied Biosystems) and 0.25 pl
of the marker of molecular size Liz-500 (Applied
Biosystems) at 8 nM. This allowed genotyping in
the DNA sequencer ABI PRISM 3500 (Applied
Biosystems). Data collection and analysis were
performed using GeneMapper v.4.1 (Applied
Biosystems). The following genetic parameters
were estimated: total (A) and average (A)
number of alleles, observed (H,) and expected
(Hp) heterozygosities, number of private alleles
(Ap), and coefficient of endogamy (F) (WEIR;
COCKERHAM, 1984) for each locus and for the
total of all loci. Analyses were carried out using
GenAlEx 6.4.1 (PEAKALL; SMOUSE, 2012). We
generated a matrix of genetic distances among each
pair of accessions, using the coefficient of shared-
alleles frequencies and the program PowerMarker
3.25 (LIU; MUSE, 2005).

Based on the genetic distances obtained with
phenotypic and molecular analyses, we generated
two dendrograms using the UPGMA method,
which was submitted to the cut point based on
the clustering analyses of package ‘NbClust’ of
program R 3.2.2 (R CORE TEAM, 2013), using the
procedure of Pseudot2 (CHARRAD et al., 2014).
The adjustment of matrixes of genetic distances of
the respective dendrograms was estimated by the
coefficient of cophenetic correlation, according to
Sokal and Rohlf (1962), and the correlation among

the dendrograms was carried out with the test of
Mantel based on 10,000 permutations (MANTEL,
1967), using program GENES 5.1 (CRUZ, 2006).

Results and Discussion

For each evaluation year, the interval of minimum
and maximum values for SWP varied from 0.25 to
11.80 among the evaluated traits. Stem production
is of particular importance since it indicates the
production potential of propagative seeds, besides
the use in animal feed (KVITSCHAL et al., 2003);
cassava leaves are source of minerals, vitamins, and
proteins (FREGENE et al., 2000; FAO, 2013). For
the descriptors RWP and PSR, which determine
the potential of starch production of the accessions
(VIEIRA et al., 2013), the interval of minimum
and maximum values varied from 0.80 to 12.0 and
from 24.64 to 31.96, respectively. NRP showed an
interval of 2.60 to 26.0, while NRRP showed an
interval of minimum and maximum values of 0.0
to 4.40, since part of the accessions showed null
values of rot roots in the experimental plot (Table
2), which leads to the possibility of finding sources
of tolerance to root rotting. However, NRRP is a
trait with a high phenotypic plasticity and should be
analysed carefully. HI, an important trait to evaluate
root obtention, showed an interval of minimum and
maximum values of 21.00 to 78.30, when there
is equilibrium between stem and root production
(Table 4).

Table 4. Minimum, maximum and mean values, mean amplitude and normality test of six agronomic traits of 22
accessions of cassava collected in the Tapajos region, Pard, Brazil and kept on a germplasm bank in Eastern Amazon.

Descriptors Minimum Maximum  Mean Amplitude of Stapdgrd Norma;hty
means deviation test
Stem weight of the plant 0.25 11.80 3.32 11.55 3.00 0.84"
Average root weight per plant 0.80 12.00 3.52 11.20 2.46 0.87"
Number of roots per plant 2.60 26.00 8.04 23.40 5.13 0.86"
Number of rot roots per plant 0.00 4.40 0.18 4.40 0.72 0.27"
Harvest index 21.00 78.30 56.04 57.34 13.08 0.98s
Percentage of starch in the roots 24.64 31.96 28.70 7.32 1.99 0.95™

# = Shapiro-Wilk test for normal distribution, where: * = significant at 5% probability, indicates that the hypothesis for the normal

distribution is rejected; ™ =non-significant.
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Thus, values of amplitude of means were higher
than the values of means for all descriptors, except
for PSR, which highlights the high variability for
the agronomic descriptors (Table 4). Similar results
were found by Vieira et al. (2013) who evaluated 16
accessions of cassava in the Brazilian Cerrado. High
genetic variability in our study was expected, since
the accessions were collected in an area supporting
traditional culturein the state of Para. According to
LEOTARD et al. (2009), the domestication of M.
esculenta has occurred in the Amazon, which partly
explains the variability identified in this region. None
of the agronomic descriptors, except HI and PSR, did

show normal distribution, since the Shapiro-Wilk test
was significant at a 5% probability (Table 4).

Table 5 shows the values corresponding to
Spearman’s correlation among the six agronomical
descriptors. Descriptor NRP showed a medium,
positive and significant correlation with SWP (r =
0.61") and RWP (r=0.70""). These correlations were
expected, since the increase in root production is
related to an increased stem mass and a larger number
of roots (ALVES, 2006; ELIAS et al., 2001). On the
other hand, SWP showed a medium and significantly
negative correlation with HI (r =-0.70").

Table 5. Estimate of Spearman’s correlation among the traits: stem weight of the plant (SWP), average root weight
per plant (RWP), number of roots per plant (NRP), number of rot roots per plant (NRRP), harvest index (HI), and
percentage of starch in the roots (PSR) of 22 accessions of cassava (Manihot esculenta) sampled in the Tapajos region
in the State of Pard, Brazil, and conserved at the Regional Germplasm Bank of Eastern Amazon.

SWP RWP NRP NRRP HI
RWP 0.30
NRP 0.61™ 0.70™
NRRP -0.11™ 0.20™ 0.02™
HI -0.70™ 0.32n -0.12m 0.23ns
PSR -0.02" 0.09™ -0.16™ 0.05™ 0.12™

“=significant at 1% probability; ™= non-significant.

The results of principal components analyses
(PCA) are represented in Table 6 and Figure 1. PCA
was used in order to identify the most important

descriptors for the differentiation of accessions.
Figure 1 represents the relation between each
descriptor and the dispersal of cassava accessions,
based on the first two principal components.

Table 6. Factor loading of the principal components analysis of 22 accessions of cassava (Manihot esculenta) sampled
in the Tapajos region in the State of Pard, Brazil, and conserved at the Regional Germplasm Bank of Eastern Amazon,

using six agronomic descriptors.

Descriptors PC 1" PC2 PC3 PC4 PC5 PC6
Stem weight of the plant 0.63 0.12 -0.14 0.15 0.26 -0.68
Average root weight per plant 0.40 -0.60 -0.08 -0.18 0.53 0.42
Number of roots per plant 0.60 -0.21 0.29 -0.10 0.73 -0.12
Number of rot roots per plant 0.06 0.14 -0.75 -0.60 -0.22 0.01
Harvest index -0.35 -0.59 0.19 -0.40 -0.06 -0.57
Percentage of starch in the roots -0.12 -0.46 -0.54 -0.64 -0.27 -0.04

Eigenvalues: 2.26 1.59 1.32 0.56 0.20 0.06

% Variance 38.0 27.0 22.0 9.0 3.0 1.0

%Cumulative 38.0 64.0 86.0 96.0 99.0 100.0

" = principal component.
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It is important to highlight the lack of correlation
of the descriptor PSR with the descriptors directly
related to root production (Figure 1). This lack of
correlation based on phenotypic correlations is
also shown in Table 5 and may indicate that the
selection practiced by farmers of the Tapajos region

is prioritised for stem and root production. It is
worth noting that the city of Santarém represents
the productive chain of cassava in the state of Para.
Thus, the evaluation of these materials allows the
realisation of future genetic breeding efforts with
the aim to select accessions adapted to the site of
the culture.

Figure 1. The first and two principal components showing the relationship among the traits stem weight of the plant
(SWP), average root weight per plant (RWP), number of roots per plant (NRP), number of rot roots per plant (NRRP),
harvest index (HI), and percentage of starch in the roots (PSR) from the 22 accessions of cassava (Manihot esculenta)
sampled in the Tapajos region in the State of Para, Brazil, and conserved at the Regional Germplasm Bank of Eastern

Amazon.
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The first two principal components explained
65% of the total variation in this study. The first
principal component explained 38% of total
variation, and the SWP showed high association
with this component; however, it was important
to discriminate the accessions Amarelinha 36 and
Olho roxo 13. The second principal component was
responsible for 27% of variation, and RWP showed
high association with the second component; it was
important to discriminate the accessions Amarelinha
36 and Achada preta 50. HI also showed high
association with the second principal component,
and it was important to discriminate the accessions
Bentivi 17, M. Agua morna, and Ouricuri 37. PSR
showed a higher association with the fourth principal
component, which explained a lower portion of total
variation (9%); it was important to discriminate the
accessions Achada preta 50, Boido, M. Agua morna
10, and Amarelinha 36 (Table 6 and Figure 1).

It is worth mentioning that the importance of
principal components decreases from the first
to the last component, and the most important
descriptors to measure genetic diversity are the
ones with the highest coefficients of ponderation
(eigenvector elements) in the components of higher
eigenvalues; the last principal component explains
a minimum fraction of total variation, showing the
lower coefficients of ponderation in the components
with a lower eigenvalue (JOLLIFFE, 1973). Thus,
SWP was the trait which contributed most to the
variability in this study. It had the highest coefficient
of ponderation (0.63) associated with the highest
eigenvalue of the first component (2.30), followed
by NRP and RWP, respectively (Table 6). A study
undertaken by Zuin et al. (2009) indicated that the
descriptors with the highest contribution to genetic
variability in cassava were average root size, petiole
size, and average number of roots per plant.

The lower genetic distance based on the mean

Euclidean distance was between accessions
Caratinga 1 and Tapajos 38 (dij =0.23), which were
grouped in the same cluster, and the most distant

accessions were Bentivi 71 and Olho roxo 13

(dij = 2.90) (Figures 1 and 2). Nick et al. (2008),
considering the graphical dispersion of 15 cassava
accessions based on seven quantitative morpho-
agronomic descriptors, found a high genetic
divergence among accessions. Based on the visual
analysis of the dendrogram (Figure 2), using the
Pseudot2 of ‘NbClust’” package of the R program,
the accessions were grouped into six clusters. The
first and largest cluster grouped 14 accessions, the
second cluster grouped three accessions; followed
by the third cluster with only two accessions and
the fourth, fifth, and sixth clusters contained only
one accession each: Amarelinha 36, Olho roxo 13
and Bentivi 71, respectively, representing the most
divergent accessions. Amarelinha 36 had the highest
means for SWP and RWP, the third highest mean for
NRP, a mean value above 50% for HI, and a mean
value above 29% for PSR, but showed the second
highest mean value for NRRP. Accession Olho roxo
13 had the highest mean value for NRP, the second
highest mean values for SWP and RWP, besides
a mean value above 50% for HI and zero mean
for NRRP. On the other hand, accession Bentivi
17 showed the highest mean value for NRRP, the
second lowest mean value for HI, and the lowest
mean value for NRP (Table 2).

The eleven loci amplified 67 alleles for the 22
accessions, with an average of 6.09 alleles per
locus (Table 7). All loci were polymorphic. There
was a variation of three (GAS and GA136) to 11
alleles (RY93) per locus. The mean expected
heterozygosity (H,) for all accessions was 0.65
and variation per locus ranged from 0.87 (RY93)
to 0.42 (GA134). This value is below what was
found in similar studies carried out in states of
the North region (ELIAS et al., 2004; PERONI et
al., 2007) and other regions of Brazil (SIQUEIRA
et al., 2010; COSTA et al., 2013). However, this
could be an effect of the number of accessions
evaluated when compared to the other studies,
where a higher number of accessions was analysed.
The mean observed heterozygosity (H.) was 0.61
and varied from 1.0 (GA126) to 0.09 (RY&9). The

Semina: Ciéncias Agrdrias, Londrina, v. 37, n. 5, p. 2989-3004, set./out. 2016

2997



2998

Silva, R. S. et al.

coefficient of endogamy was of 0.062 (Table 7).
Some studies on cassava samples collected in the
Brazilian Amazon also identified a small deficit of
observed heterozygotes when compared to H, with

a positive value for the coefficient of endogamy
(ALVES-PEREIRA et al., 2011; MUHLEN et al.,
2013). Alves-Pereira et al. (2011) argue that, since
cassava is asexually propagated and genotypes are
immediately fixed, it may restrict recombination.

Figure 2. Dendrogram of dissimilarity based on the mean Euclidean distance and UPGMA method of six agronomic
descriptors for 22 accessions of cassava (Manihot esculenta) sampled in the Tapajos region in the State of Pard, Brazil,
and conserved at the Regional Germplasm Bank of Eastern Amazon; coefficient of cophenetic correlation (r = 0.80).
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The most genetically close accessions were Boi
branco 54 and Jararaca 59 (dij = 5), which grouped
in the same cluster in the dendrogram, and the least
similar were Bentivi 17 and Bentivi 71 (dij = 31)
(Figure 3). When considering the Pseudot2 method
of package ‘NbClust’ (R program) as cut point, the
accessions were grouped in two major clusters, with
six distinct subclusters (Figure 3). The number of
accessions allocated in the subgroups varied from
one to seven, and the first subcluster was the largest
one with seven accessions, followed by the second,
third, and fifth subcluster with four accessions
each, the sixth subcluster with two accessions and

0.87 0.65

043 020 0

the fourth with only one accession: Olho roxo 13,
which had a high genetic divergence. It is worth
noticing that accession Olho roxo 13 was also
the most divergent one in the agronomic analysis
(Figure 2). Siqueira et al. (2010), when investigated
the structure and genetic diversity of 83 accessions
of cassava sampled in the Brazilian Cerrado using
nine microsatellite markers, they also identified
two major clusters using the UPGMA method with
well-defined subclusters of accessions. Asare et al.
(2011) found a similar result when they quantified
the genetic diversity of 43 accessions of cassava
using 20 SSR loci.
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Table 7. Genetic diversity parameters estimated based on the genotyping of 22 accessions of cassava (Manihot

esculenta) sampled in the Tapajos region in the State of Para, Brazil, and conserved at the Regional Germplasm Bank
of Eastern Amazon. Eleven microsatellite loci and their respective number of alleles (A); observed and expected

heterozygosity (H, and H,); and coefficient of endogamy (F).

Locus Amplitude of alleles (in base pairs) A H, H, F
RY93 265-287 11 0.874 0.909 -0.040
RY164 160-184 6 0.620 0.636 -0.027
GA5 114-123 3 0.434 0.550 -0.268
GA136 148-154 3 0.495 0.545 -0.102
GA126 176-214 10 0.861 1.000 -0.162
RY89 100-118 5 0.519 0.095 0.817
GA131 92-113 10 0.822 0.636 0.226
GA21 102-111 5 0.671 0.500 0.255
GAI12 132-142 5 0.771 0.579 0.250
GA134 307-327 4 0.422 0.524 -0.242
GA140 155-169 5 0.686 0.700 -0.020
Mean 0.61 0.062

Figure 3. Dendrogram obtained based on the shared-allele frequencies distance and UPGMA method of clustering
based on 11 microsatellite markers of 22 accessions of cassava (Manihot esculenta) sampled in the Tapajos region in
the State of Para, Brazil, and conserved at the Regional Germplasm Bank of Eastern Amazon; coefficient of cophenetic
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Molecular
similarity between the accessions Boi branco 54
and Jararaca 59, once they got allocated in the same
cluster on the dendrogram based on agronomic data,
cluster I, as well as the genetic dissimilarity among

analysis confirmed the genetic

the accessions Bentivi 17 and Bentivi 71, clusters
IT and VI on the dendrogram of agronomic data,
respectively. However, Tapajos 38 and Caratinga
1, the most genetically close accessions based on
agronomic data, on cluster I, were genetically
distant by molecular analysis, and allocated in
different sub clusters II and V, respectively, as well
as accessions M. Agua morna 10 and Ouricuri 37,
which were genetically close based on agronomic
data, in cluster III, but were genetically distant
considering molecular characterisation, and were
allocated in sub clusters V and VI, respectively
(Figures 2 and 3). Accessions genetically close,
based on the agronomic analysis, were genetically
distant based on molecular analysis. Vieira et al.
(2011) characterised 16 accessions of cassava of
the Germplasm Bank of Cerrado, using agronomic,
morphological and RAPD molecular markers, also
identified low genetic similarity of accessions by
molecular analysis when compared to agronomic
and morphological analyses.

Accession M. Agua morna 10 belongs to the class
of sweet cassavas, or ‘macaxeira’, which may justify
the molecular distinction from accession Ouricuri
37. However, the fact that the variation detected by
molecular markers is not the adaptive type and not
affected by natural or artificial selection (VIEIRA
et al., 2007), may have influenced the separation of
accessions by molecular analysis. Thus, the pressure
of artificial or natural selection used in the Tapajos
region may have influenced the genetic similarity
of accessions based on agronomic analysis. It is
important to mention that farmers realise recurrent
cultures for long periods using artificial selection
of the most promising materials, with the best
agronomic traits, mostly root production. Besides,
discrimination and selection of cassava plants

based on morphological traits in the field are very
common.

The coefficients of cophenetic correlation
of both dendrograms revealed fine adjustments
between the graphic representations of phenotypic
and molecular genetic distances and the matrixes
generated by the distances, confirming the inferences
based on graphic visualisations on Figures 2 (r =
0.80) and 3 (r = 0.76). Asare et al. (2011) identified
the following values of coefficients of cophenetic
correlation: r = 0.84 and r = 0.85, respectively. In
addition, Vieira et al. (2011) identified values of
coefficient of cophenetic correlation of 0.75 and
0.95, respectively. These authors used 66 markers

of the RAPD type.

The statistics of Mantel (r = 0.058) indicated
a weak correlation between matrixes with P>0.05
(Figure 4), which shows independence between
matrixes. Vieira et al. (2013) analysed accessions
of cassava using quantitative and qualitative
phenotypic descriptors and molecular markers;
they identified reduced or null correlations among
matrixes of genetic distances generated by individual
analyses. On the other hand, they found significant
correlations between the matrix of genetic distance
generated by the joint analysis with matrixes
generated by qualitative (r = 0.52") and molecular
0.75%). These authors showed the
possibility to use a joint dissimilarity index parallel

analyses (r =

to individual analyses of dissimilarities, which can
be an important tool in studies of conservation and
use of cassava germplasm. However, it is important
that molecular and phenotypic analyses are realised
independently in order to obtain a more complete
knowledge of the level of genetic divergence among
accessions (VIEIRA et al., 2007). In addition,
Krishnamurthy et al. (2013) evaluated 35 accessions
of pepper using morphological descriptors and
AFLP markers; they also identified low magnitude
correlations among the matrixes of genetic distances
(r=0.041; P>0.05).
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Figure 4. Scatter plot of the correlation between molecular distance matrix and phenotypic distance matrix of the 22
accessions of cassava (Manihot esculenta) sampled in the Tapajos region in the State of Para, Brazil, and conserved at

the Regional Germplasm Bank of Eastern Amazon.
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Thus, once there was a low Mantel correlation
and traits used for future selection efforts will be
the agronomic ones, it was given more emphasis to
the analyses using dissimilarity matrix generated
by the mean Euclidean distance (Figures 1 and
2). In the genetic breeding process, the heterosis
of importance is the one linked to the trait under
selection. Thus, based on the dendrogram generated
by the matrix of mean Euclidean distances (Figure
2), accessions Amarelinha 36 and Olho roxo 13
were the most promising ones for possible crossings
to explore heterosis; they were the most divergent
ones when compared to the other accessions. Granja
et al. (2009) and Nick et al. (2008) highlight that
accessions with higher levels of genetic divergence
may be used in hybridization programs, since the
trait under selection is present or superior in both
genitors.

We identified the following potential crossings:
Amarelinha 36 x Olhoroxo 13, Amarelinha 36 x Guia
roxa 33, and Olho roxo 13 x Achada preta 50. There
is also the possibility of introducing accessions with
high starch contents, as we identified average values
of starch in the roots above 29%, especially with
the crossings Amarelinha 36 x Achada preta 50 and
Amarelinha 36 x Boido (Table 2 and Figure 2). It is

396

Matrix 1

495 394 693 792 891 99

worth noting that, for amore reliable interpretation of
the genetic distances among the selected accessions,
new efforts of characterisation may be performed
in the field, considering the analyses per se of pairs
indicated for crossing. Krishnamurthy et al. (2013)
emphasise that the genetic diversity is necessary to
obtain significant levels of heterosis; however, this
is not enough to be successful. Thus, the selected
accessions may be divergent among each other, but
not necessarily complementary for desirable traits
(NICK et al., 2010).

It is important to highlight that both agronomic
traits and microsatellite markers were capable
into distinct clusters,
representing the genetic diversity among accessions
in the two analyses. Thus, low genetic similarity
was verified, which indicates differences of genetic

to separate accessions

origin among the evaluated accessions, even though
they were sampled in the same micro-region of the
state of Pard. This genetic diversity in the region is
probably a result of the reproduction system of the
species, which consists of spontaneous germination
of seeds, self-pollination, and mixed reproduction
(ELIAS et al., 2001; CEBALLOS et al., 2004),
besides gene flow generated by exchanges of
materials among farmers, specially made by asexual
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reproduction (FARALDO et al., 2000) and recurrent
culture of accessions with artificial selection.

Thus, this study estimates the genetic and
phenotypic identified for
conserved within a region which
traditionally grows cassava to produce ‘farinha’.
Besides, it represents new possibilities of genetic
breeding efforts for this particular region, using
potential crossings between already adapted
materials, with the aim to improve root productivity
and the incorporation of accessions with high starch
contents.

variability cassava

in farms

Conclusions

The 22 accessions of cassava sampled in the
Tapajos region, Para, and belonging to the Regional
Germplasm Bank of Eastern Amazon, have a wide
genetic variability considering the agronomic and
molecular traits evaluated.

Both agronomic and molecular descriptors allow
separation of accessions in distinct clusters and
identification of the accession Olho roxo 13 as the
most divergent one.

The weak correlation among the matrixes of
genetic distances (agronomic and molecular)
the
identification of crossings: Amarelinha 36 x
Olho roxo 13, Amarelinha 36 x Achada preta 50,
Amarelinha 36 x Boido, Amarelinha 36 x Guia roxa
33 and Olho roxo 13 x Achada preta 50 to be tested

on genetic breeding programs.

enabled, based on agronomic analysis,
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