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Abstract: This study aimed to estimate genetic parameters and correlations between morphological,
agronomic and root quality traits of cassava plants, as well as to study cause and effect relationships through
path analysis. A total of 814 genotypes were evaluated from 2011 to 2015. The joint analysis of the data
was performed by the mixed models approach. The predicted genetic values of the genotypes were used
to estimate the genetic correlations among as well the path analysis. The estimates of heritability of the
genotype means ranged from 0.31 (commercial fresh root yield — CRY) to 0.62 (plant height - PLH). The
highest genetic correlation coefficient estimates were observed for starch yield (STY) X total fresh root
yield (FRY) (0.97). The results of the path analysis showed that FRY had the highest direct effect on STY,
but the indirect selection based on FRY was not efficient to improve the gain of STY.
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INTRODUCTION

The selection of superior cassava clones (Manihot esculenta Crantz) is generally carried out based on
phenotypic (Ceballos et al. 2013) or genotypic estimates of certain traits (Oliveira et al. 2014). These authors
mention that heritability of some agronomic traits of cassava have low magnitude, which can directly
influence the gain obtained from selection. In contrast, there are increasing demands to phenotype large
numbers of genotypes in germplasm banks and breeding programs with high speed and accuracy but low
cost. Therefore, alternative methods such as indirect selection can improve genetic gains, since existence of
tightly correlated traits allows eliminating the trait with difficult measurement, thus allowing evaluation of a
larger number of genotypes in each stage of selection. For this purpose, knowledge of the level of association
between traits is essential to prioritize the selection process.
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The traits related to cassava root quality, such as contents of amylose, cyanogenic compounds,
carotenoids, dry matter and starch, have low genetic correlations (Esuma et al. 2016, Oliveira et al.
2014). Therefore, indirect selection may not be a suitable strategy in breeding programs. In contrast, when
analyzing morphological and productivity traits, the estimates of genetic correlations are of medium to high
magnitude (Gomes et al. 2007, Lenis et al. 2006, Mulualem and Ayenew 2012, Ojulong et al. 2010), which
makes it possible to obtain good genetic progress using indirect selection. Nevertheless, studies to identify
correlations of morphological, production and root quality traits are still incipient for cassava, so additional
research into the use of these traits for indirect selection in breeding programs is necessary.

Although correlation coefficients have good applicability in breeding programs, the estimates of these
parameters on their own do not shed light on the cause and effect relationships, as well as the relative
importance of direct and indirect effects among the traits (Cruz et al. 2012). In contrast, correlation
coefficients can be partitioned via path analysis, which provides detailed knowledge of influences of traits in
a previously established diagram. By path analysis, it is possible to estimate the existence of correlation and
the cause and effect relationship between secondary traits of a main variable. These estimates help breeders
to make decisions about what strategies to follow during selection cycles to maximize genetic gains from
indirect selection. Path analysis has been used in studies with cassava to exploit the relationship between
traits in the selection of superior clones (Gomes et al. 2007, Mulualem and Ayenew 2012).

According to Gomes et al. (2007), indirect selection for the development of high-yield cassava clones
should take into account plants with higher number of roots and greater shoot weight. In addition, Mulualem
and Ayenew (2012) evaluated 35 cassava accessions collected in different regions of Ethiopia and concluded
that plant height, shoot diameter and root diameter can be used to select accessions with higher fresh root
weight. Regardless the trait, the efficiency of indirect selection has been demonstrated when the estimate of
the heritability of the main variable has low magnitude in relation to the secondary traits, with high values
of the correlation between the two traits (Falconer and Mackay 1996). Another fact that justifies the use of
indirect selection is the high cost and time-consuming work to measure the main trait directly.

Specifically, starch yield is a trait in cassava breeding that is hard to measure, although it is the main
desired attribute of cassava varieties used for industrial purposes because the farmer’s payment is based on
starch content in the roots. Starch yield is indirectly determined by the root dry matter content and fresh root
yield. The heritability estimate of starch yield has low magnitude in breeding experiments of new sexually
generated clones (single row plots). Oliveira et al. (2014) reported starch yield has correlations of 0.36
and 0.46 with the dry matter and amylose content. However, these two traits are also slow and difficult to
measure, so they are not recommended for indirect selection. Information on associations of starch yield with
other traits is scarce, so it is not possible to infer whether indirect selection would be a feasible alternative
to adopt in cassava breeding programs. The objectives of this work were to estimate genetic parameters and
correlations between morphological, agronomic and root quality traits, to better understand the cause and
effect through path analysis, in order to elucidate the relationship between starch yield and other important
traits in cassava using historic data from different genotypes.

MATERIALS AND METHODS
GENOTYPES AND EXPERIMENTAL AREA

Cassava accessions (landraces and improved varieties) from the Cassava Germplasm Bank of the Embrapa
Mandioca e Fruticultura were evaluated as part of the cassava breeding program. The experiments were set
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up in two locations in Babhia state (Brazil), Cruz das Almas, and Laje, located at 13°10°56” S and 39°25°30”
W, respectively, both with altitude of 190 m. The climate according to the classification of Képpen is tropical,
hot and humid (Aw to Am). The combination of site and season was called environment to undertake the
statistical analysis.

EXPERIMENTAL DESIGN AND EXPERIMENTS

A total of 814 cassava accessions were evaluated in 21 experiments conducted from 2011 to 2015. The
experiments were carried out in a completely randomized block design for two environments in 2011
and one environment in 2015, while for the other 18 environments, the genotypes were evaluated in an
augmented block design, using local and improved varieties as checks for all 18 environments. Some of the
814 accessions were not evaluated in all environments.

Each experiment was established by plating 20 cm cuttings, which were distributed in a row with about
10 cm depth. The plots were constituted of 16 plants spaced 0.80 m apart and 0.90 m between rows. Crop
management as well as additional water supply via sprinkler irrigation was performed when necessary.

MEASURED TRAITS

The traits evaluated were: plant vigor (VIG) — measured in the fourth month after planting, using a scale
from 1 to 4, in which 1 designates plants with poor development and low vigor, with the canopy 20 cm
diameter; 2 designates plants with intermediate vigor and development, with the canopy having 22 cm to
30 cm diameter; 3 designates plants with high vigor and good development, with having 32 cm to 40 cm
diameter; and 4 designates plants with excellent vigor and development, with canopy having diameter from
42 cm to 60 cm.

The harvest was carried out 12 months after planting and the following traits were measured: plant
height (PLH — in meters); commercial fresh root yield (CRY — in t ha™); total fresh root yield (FRY — in
t ha'l); above-ground yield (AGY — in t ha'!); dry matter content in the roots (DMC — in %), measured
using the specific gravimetric method (Kawano et al. 1987); starch yield (STY —in t ha'l), estimated by
the multiplication of FRY and STY (DMC — 4.65); leaf retention (LFR), evaluated using a scale where 1
designates plants with leaf retention less than 10% of the plant height with leaves; 2 denotes plants with leaf
retention from 11% to 25% of the plant height with leaves; 3 is assigned to plants with leaf retention about
26% to 50% of the plant height with leaves; 4 pertains to plants with leaf retention about 51% to 75% of
the plant height with leaves; and 5 denotes leaf retention superior to 75% of the plant height with leaves.
For all the traits but PLH, all the plants in the plot were measured. Plant height was measured in five plants
per plot.

DATA ANALYSIS

The joint analysis of the data for the 21 environments was performed using the linear mixed model for
incomplete block design in several locations: y = Xr+Zg+ Wb+ Ti+e, in which y is the data vector; » is
the vector of fixed effects of replication in all environments added to the overall average; g is the vector
of random genetic effects; b is the vector of random effects of blocks; i is the vector of random genotypes
by environments’ interaction; e is the vector of random errors; and X, Z, W and T are incidence matrices
that associate the the effects of 7, g, b and i, respectively, to the data vector y. Since the combined analysis
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was performed considering experiments with different designs, two fixed effects related to the designs were
created and adjusted according to Resende (2016) to increase the accuracy of the prediction of genetic values.
The effect of replication was replaced by the effect of the design, so that according to Resende (2016) the
effect of the block was adjusted within each design used.

Estimates of the coefficients of the individual broad-sense heritability of the block and the heritability
of the mean genotype values, the selective accuracy and the overall phenotypic mean were obtained as
described in Oliveira et al. (2014). From the predicted genetic values of the genotypes, estimates of genetic
correlations among the traits were obtained using the “corrgram” package of the R v.3.3.1 program (R
Development Core Team 2016).

For the path analysis, the matrices of genetic correlations involving all traits were tested for
multicollinearity using the condition number test (NC), proposed by Montgomery et al. (2012), which
consists of the ratio between the largest and the smallest eigenvalue of the correlation matrix. The
multicollinearity (9.7) was considered weak. Path analysis was performed considering starch yield as the
basic variable (main dependent), and the other seven traits were considered as independent or explanatory
variables, using the GENES software (Cruz 2013). The relation between the correlated response and the gain
from direct selection was also estimated through the equation proposed by Falconer and Mackay (1996):
[RC](y(x))/(GS)y, where [RC](y(x)) is the correlated response of the total fresh root yield (X) on the starch

yield (Y), which can be expressed by <ix X h% XT (ny)) ; (GS)y 1s the gain of the direct selection for starch

yield (Y), as expressed by (iy X h%); ix and iy are the values of the selection intensity for total fresh root

yield and starch yield, respectively; h% and h% are the estimates of heritability for total fresh root yield and
starch yield; and r (Pyy) is the genetic correlation between these two traits.

RESULTS AND DISCUSSION
GENETIC PARAMETERS OF CASSAVA GERMPLASM

The selective accuracy values (Tgg) ranged from 0.55 to 0.65 for CRY, FRY, AGY and STY (Table I), which
are considered to be in the moderate accuracy range, whereas for VIG, LFR, PLH and DMC the values
were higher than 0.70, and were considered of high accuracy according to Resende and Duarte (2007). High
values of selective accuracy for dry matter content (0.90) and starch yield (0.92) were also reported by
Oliveira et al. (2014) in evaluating 471 cassava accessions. The smaller selective accuracy observed in the
present work may be due to the greater magnitude of the prediction error variance as well as the magnitude
of the genetic variance, both used to estimate the selective accuracy of the random effects of accessions
(Resende and Duarte 2007). Moreover, we evaluated almost twice as many accessions in a larger number of
environments, so these results were consistent with what was expected for traits that can be influenced by
several genes and the environment.

The coefficients of the individual broad-sense heritability ( hiz) were low for all the traits, ranging
between 0.11 and 0.24 (Table I). The high error variance might have influenced the low values of h12 since
this component presented high magnitude when compared to the genotypic variance. The high estimate of the
error variance might have been due to the augmented block design used in most environments to evaluate
the genotypes, associated with the fact that some genotypes were evaluated in only one environment. In
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TABLE I
Genetic and phenotypic parameters estimated for plant vigor (VIG), leaf retention (LFR), commercial fresh root yield
(CRY), total fresh root yield (FRY), above-ground yield (AGY), plant height (PLH),
dry matter content (DMC) and starch yield (STY) of 814 cassava accessions.

Parameters” VIG LFR CRY FRY AGY PLH DMC STY
csé 0.10 0.32 229.14 333.87 237.24 0.04 33.24 32.98

(S% 0.06 0.23 731.40 600.32 712.97 0.03 52.24 59.70

0]-2 0.09 0.24 609.81 678.90 601.57 0.04 27.87 59.09

o2 0.38 0.49 496.32 567.52 532.51 0.06 32.83 53.76

h12 0.16+0.02  0.25+0.03  0.11+0.01  0.15+0.01 0.11+0.01  0.24+0.01  0.23+0.01  0.16+0.01

hi, 0.54 0.50 0.31 0.42 0.33 0.62 0.50 0.43

Teg 0.73 0.71 0.56 0.65 0.57 0.79 0.71 0.66

X 2.25 1.80 16.01 20.52 23.63 2.00 35.67 6.47

# Gé: genotypic variance; cg : environmental variance between blocks; cizz variance of genotype x environment interaction;
Gg: error variance; hiz: individual broad-sense heritability; hy, : heritability of the genotype means; Ty, : selective accuracy; X:
overall mean.

contrast, low magnitude of hi2 is common for quantitative traits, and as a rule leads to moderate or high
magnitudes of heritability of the genotype means ( hrzn ).

The increases in the estimates of hlzn when compared to those for h12 were of the order of 0.38 for VIG,
0.25 (LFR), 0.20 (CRY), 0.27 (FRY), 0.22 (AGY), 0.38 (PLH), 0.27 (DMC) and 0.27 for STY (Table I).
Therefore, the estimates of hIZ]r1 were of median magnitude for most of the traits, ranging from 0.31 to 0.62
(Table I). For VIG and PLH, the estimates of 0.54 and 0.62 (Table I) imply less complexity, so the selection
of the phenotypic values can lead to moderate gains in the different breeding phases. Vigor is an important
trait to consider in the selection cycle because it is associated with the rapid development of plants and
consequent coverage of the area, which reduces the incidence of light on the ground as well as the emergence
and weeds. Thus, a selection of plants with greater vigor may favor cassava crop development. For PLH and
VIG, selection based on the phenotype may be favorable to obtain improved populations with higher plant
height. Cassava plant height is associated with the plant’s ability to generate propagation material for new
plantings. Therefore, disregarding plant architecture, greater plant height can be a success factor for new
cassava cultivars.

The magnitude of 0.50 for LFR (Table I) allows inferring that 50% of the observed phenotypic variation
between the accessions can be inherited by the offspring. Similar results were reported by Lenis et al. (2006),
who obtained a value of 0.55 for the coefficient of heritability in a preliminary evaluation of 110 cassava
clones under normal water supply and under water stress. According to these authors, LFR has a direct
relation with both dry matter content in the roots and fresh root yield. It is also important for the development
of cultivars that are fit for animal diets, where a large amount of biomass is needed.

Among the traits associated with the above-ground part of the plant, AGY presented the lowest estimate
of hrzn (0.33) (Table I). The means that most of the variation observed among accessions was probably due
to environmental effects, so the selection gain may be small. For cassava accessions, there is great genetic
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variability for several traits, among them characteristics important for the development and establishment of
the crop, such as vigor, architecture and height. On the other hand, interference from neighboring plants may
be a factor directly associated with the low consistency of performance of the genotypes in the evaluated
environments, increasing the error variance and reducing the heritability values. Moreover, plants with
rapid development and branching typically have a larger canopy diameter, increasing competition for solar
radiation with nearby plants. In this sense, Tokatlidis (2017) emphasized that performance depends not
only on the growth of the plant itself in the environment, considering competition for resources, but also
on the competitive influence of neighboring plants. For cassava, few studies have evaluated the effects
of neighboring plot competition on the performance of genotypes. However, knowledge of the effects
of neighboring plot competition is essential for adequate agronomic experimentation methods and data
analysis. The inclusion of this information as covariate in the model to predict the genetic values of genotypes
should improve selection accuracy.

The estimate of hrzn for CRY was 0.31, while for FRY it was 0.42 (Table I). Commercial cassava roots
must meet the standards demanded by the consumer market, such as shape, diameter and length. However,
there is no criterion defined in the literature for this purpose. At harvest time, roots used to quantify CRY
were visually separated by experienced workers based on a pattern established previously by the grower.
Accordingly, since in visual selection errors are likely to occur, the estimates of error variance increased,
while the magnitude of the estimates of h2, for CRY decreased. On the other hand, taking into consideration
FRY, all roots in the plot were quantified and weighed, with no selection, which may have resulted in a
higher estimate of h2, for FRY. The estimate of h2, for FRY can be considered moderate, which is expected
for quantitative traits. However, gains with selection can be obtained by the selection of accessions.

GENETIC CORRELATION COEFFICIENTS

The estimates of the genetic correlations between the agronomic traits had variable magnitudes, although
they all were positive and different from zero, except for the estimate between VIG and DMC, which can
assume a value of zero, being considered null (Figure 1). FRY and STY showed a positive and strong linear
association (0.97), which is consistent with the fact that on average, 25% of the weight of the fresh cassava
root is starch (Nuwamanya et al. 2009).

The association between VIG and other traits, with the exception of DMC, were all positive with
magnitudes ranging from 0.18 to 0.35 (Figure 1). Regarding the eight traits, plant vigor was the only one
measured in the first stages of development of the plants (around three to four months after planting). The
other traits were evaluated only at harvest time. Therefore, significant associations between plant vigor and
other traits are of interest, because this allows the use of indirect selection, in turn allowing early disregard
of genotypes, saving financial and human resources for the next stages of evaluation. However, VIG was
not a good predictor of the performance of the plants because of the low genetic correlation coefficients with
the main agronomic traits such as FRY and STY.

Leaf retention had a positive and non-zero linear association with all traits, with magnitudes varying
from 0.15 (LFR x DMC) to 0.39 (LFR x AGY) (Figure 1). LFR is a physiological advantage by which fresh
root yield increases with good management of water supply, so it was taken into account for the selection
of cassava clones in preliminary yield trails (Lenis et al. 2006). These authors reported estimates of genetic
correlation coefficients between leaf retention and plant height, fresh root yield, above-ground yield and
dry matter content of 0.12, 0.43, 0.48 and 0.45, respectively, higher than those found by us, except for LFR
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Figure 1 - Pairwise genotypic correlation coefficients between eight agronomic
traits evaluated in cassava genotypes. VIG: plant vigor; LFR: leaf retention;
AGY: above-ground yield; PLH: plant height; CRY: commercial fresh root
yield; DMC: dry matter content; FRY: total fresh root yield; STY: starch yield.

and PLH. These differences can be attributed to the greater accuracy reported by Lenis et al. (2006), who
evaluated only superior clones in trials with more replicates. In the present study, about 99% of the genotypes
evaluated were germplasm accessions and the remaining 1% were improved varieties.

PATH ANALYSIS

Path analysis was undertaken based on the genetic correlation matrix of the agronomic and productive traits
of cassava germplasm. The results showed that a large portion of the variation in STY is explained by the
effect of the measured traits (Table II). An important step in path analysis is the composition of the causal
diagram so that the relationship between traits can explain the expression of the basic variable. The seven
traits were responsible for more than 97% of the variation of STY and the residual variance was low, allowing
inferences about the composition of the causal diagram. In contrast, Mulualem and Ayenew (2012) reported
high estimates of residual variables, considering FRY as a basic variable, and suggested using other traits to
compose a diagram in future works.

The magnitudes of the direct effects of VIG, LFR, AGY, PLH and CRY on STY were lower than the
estimates of their respective genetic correlation coefficients (Table II), indicating a possibility that other
traits influence both the magnitude and direction of these correlations. According to Cruz et al. (2012), the
correlation can be the result of an indirect contribution of one or more traits. The path analysis showed that
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TABLE I1
Estimates of the direct (D) and indirect (I) effects of the independent variables on starch
yield (STY) through path analysis based on genetic correlations from the evaluation of 814
cassava genotypes.

Effect  Trait VIG LFR AGY PLH CRY DMC FRY

D STY 0.0141  0.0105 -0.0070  0.0073  -0.0364  0.1835  0.9783

I VIG - 0.0025  0.0043  0.0052  0.0040  0.0004  0.0048
I LFR  0.0018 - 0.0041  0.0020 -0.0032  0.0016  0.0036
I AGY  -0.0022  -0.0027 - -0.0044  -0.0033  -0.0022  -0.0037
I PLH  0.0027 0.0014  0.0046 - 0.0025  0.0015  0.0027
I CRY  -0.0104 -0.0110 -0.0173 -0.0126 - -0.0034  -0.0336
I DMC  0.0058  0.0278  0.0572  0.0383  0.0175 - 0.0198
I FRY 03391 03403 05116 03666 09014  0.1058 -
RZ 09792
¥RVE  0.1438

*R2 — coefficient of determination; ¥*RVE — residual variance effect. VIG: plant vigor; LFR: leaf
retention; AGY: above-ground yield; PLH: plant height; CRY: commercial fresh root yield; DMC:
dry matter content; FRY: total fresh root yield.

FRY contributed indirectly to the estimates of those correlation coefficients. Therefore, the interpretation
based solely on the magnitude of the correlation coefficients might result in misconceptions in the process
of indirect selection of cassava genotypes for higher STY.

In the path analysis for VIG, LFR, AGY, PLH and CRY, the magnitude of the direct effect on STY was
smaller than the residual variance effect (Table II). This indicates that an association between the traits may
not be relevant, so that indirect selection considering these traits to increase STY will not result in genetic
gains. On the other hand, the use of shoot traits in an indirect selection process in cassava can increase fresh
root yield as well as starch yield (Gomes et al. 2007, Mulualem and Ayenew 2012). In addition, Lenis et
al. (2006) reported that plants with greater shoot development and greater leaf retention tend to produce
more photoassimilates, so there is an increase in the accumulation of dry matter content and consequently
the production of starch in the roots. Thus, plants with higher leaf retention during development had higher
harvest index and an average yield of 25% more roots compared to plants with lower leaf retention.

Commercial fresh root yield is an important trait to consider in the selection process when the objective
is to produce cassava clones for the in natura market. On the other hand, for industrial purposes, CRY has
little importance in comparison with the total fresh root yield. Although a high correlation was observed
between CRY and STY (Figure 1), its direct effect on STY was negative and of low magnitude (Table II).
Consequently, it can be affirmed that CRY is not a trait that should be used for indirect selection to increase
starch yield.

The dry matter content of the roots is an important trait for the selection of superior cassava clones
(Ceballos et al. 2016a, Freitas et al. 2016), and it has been associated to the root storage capacity. There was
a direct and significant positive effect between DMC and STY (0.18), whose estimate was lower than the
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genetic correlation between these traits (0.29) (Figure 1, Table II). Despite having larger magnitude than
the estimate of the residual variance effect, the indirect selection through DMC does not seem suitable to
increase STY, considering the low magnitude of its direct effect.

FRY had the greatest direct effect on STY (0.97), corroborating the high genetic correlation between
these two traits (Table II). In addition, the indirect effects of other traits on FRY were low. Therefore, the
indirect selection for STY can be efficient considering only FRY. From a practical point of view, indirect
selection can bring benefits due to the elimination of a trait that is difficult, expensive and time-consuming
to measure when evaluating and selecting superior genotypes, sparing physical and financial resources so
that more genotypes can be phenotyped in agronomic experiments.

CORRELATED RESPONSE

An important aspect in applying indirect selection in breeding programs is related to gain from direct
selection and correlated response. In the literature on indirect selection of cassava, no practical information
has been presented on its use (Gomes et al. 2007, Mulualem and Ayenew 2012, Ojulong et al. 2010).
Therefore, we estimated the correlated response and the gain with direct selection by using the estimator
proposed by Falconer and Mackay (1996). For this purpose, we used a selection intensity equal to 30% for
both correlated response and direct selection, along with values of hrzn for FRY (0.42) and for STY (0.43), as
presented in the Table I, and used the genetic correlation coefficient between the two traits (0.97), as shown
in the Figure 1. After applying these values, the ratio between the correlated response and the gain with
the direct selection was 0.95, indicating that direct selection based on STY is more efficient than indirect
selection through FRY to select genotypes with higher STY.

Indirect selection can only be more efficient than direct selection if the hlzn of STY is much lower than
the h%] of FRY, which is not available for evaluating cassava accessions. However, the results of single-row
trials conducted by Embrapa Mandioca and Fruticultura, the estimate of heritability for FRY was superior
to that of STY (Freitas et al. 2018), which allows us to infer that in this case indirect selection could be
efficient. For the other phases of cassava breeding, such as preliminary yield trials, advanced yield trials and
uniform yield trials, which have similar estimates of the heritability coefficient for FRY and STY, indirect
selection based on FRY would not be an effective strategy for selecting clones with higher STY.

Considering that indirect selection of STY by FRY may be efficient in cassava, in theory the adoption
of a moderate selection intensity would increase the number of selected genotypes, without discarding the
best genotypes selected directly via STY. However, in the cassava breeding program, this efficiency has
little practical appeal, since STY is indirectly obtained by multiplying FRY and DMC that are evaluated
late crop (during harvested at the 12 MAP). The correlation between FRY and STY is high and positive,
whereas STY and DMC have low estimates of genetic correlation and low direct effect of DMC on STY. In
addition, there was low indirect effect of FRY on DMC. However, the DMC should be evaluated, especially
at advanced stages of the cassava breeding program because the Brazilian starch industries use this trait as
a criterion for farmers’ remuneration. Cassava root with high DMC implies can optimize can reduce the
transportation costs per ton of starch and therefore increase the net profit. In addition, the indirect selection
through FRY can also be compromised by the low correlation between FRY and DMC, since the selection
of genotypes with high FRY does not imply the selection of genotypes with high DMC.

The cassava breeding program of CIAT (International Center for Tropical Agriculture) has used indirect
selection based on the harvest index to select genotypes with higher total fresh root yield (Barandica et al.
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2016). This approach has been used by the breeders since 2000 due to the results published by Kawano et
al. (1998), which showed that higher genetic gains could be obtained through indirect selection. However,
Barandica et al. (2016) analyzed a dataset of the CIAT cassava breeding program containing information
from the experiments of all clonal evaluation phases from 2000 to 2013. They observed a low magnitude of
the estimated correlations between the harvest index and the total fresh root yield, mainly between single-row
trials and uniform yield trials. Based on these results, the authors concluded that indirect selection based on
the harvest index to increase total fresh root yield results in lower gains than selection based directly on total
fresh root yield. Therefore, the CIAT cassava breeders stopped using indirect selection and started measuring
the harvest index in single-row trials.

GENERAL CONSIDERATIONS

In cassava breeding programs, there is a need to evaluate a large number of clones in early stages of selection,
since the increase in the number of individuals per family raises the chances of identifying superior clones
(Ceballos et al. 2016b). This also increases the evaluation work and costs in each selection cycle. Indirect
selection can thus be a viable approach, since discarding variables that present low heritability and are
hard and costly to measure favors the selection of high performance clones. The findings in the present
study show that indirect selection to increase STY is not efficient if FRY is used as selection criterion.
However, the inclusion of other agronomic and morphological traits in path analysis as well as the use of
more accurate phenotyping methods can be incorporated into the routine of breeding programs to reduce
the number of traits evaluated in large populations as well as increase the precision of the indirect selection
process. Among new technologies, ground-penetrating radar has been used as a nondestructive technique to
predict the presence and number of roots in several plant species (Delgado et al. 2017), and it has enormous
potential of use to measure FRY and indirectly STY. However, the results presented here can guide plant
breeders in selecting cassava clones, as well as serve as a reference for future research.
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