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® ABSTRACT: A major challenge in breeding programs is the efficient selection of genotypes in the
early stages. The efficiency of selection in these phases is critical for the program targets, since,
due to the particularity of sugarcane, the genotypes selected in the early stages will be assessed
in later stages. The objective of this study was to compare selection by linear discriminant
analysis with family selection based on estimates of the variable tons of cane per hectare (TCHe),
defined by the indirect traits number of stalks, stalk diameter and stalk height, as alternatives to
the selection of promising sugarcane families. Also simulations were considered in order to
augment the training observations before analysis. Five different simulation scenarios were
considered: without simulation and with 500, 750, 1000, or 2000 families simulated. The
methods were compared and evaluated by the apparent error rate (AER). Linear discriminant
analysis indicated a high concordance with the selection based on the measured, or real, TCH
(TCHr) and can be used for early selection of sugarcane families. In the simulated scenarios,
results from selection based on linear discriminant analysis were better than those of selection
for TCHe. The AER is minimized when 1,000 families are simulated to augment the training
observations.
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1 Introduction

Introduced in the colonial period, sugarcane (Saccharum spp.) went on to become
one of the most important crops for the Brazilian economy. Brazil is the world’s largest
producer of sugar and ethanol and is constantly expanding to more foreign markets, due to
the use of biofuels as alternative energy (BARBOSA and SILVEIRA, 2010).

According to Waclawovsky et al. (2010), the world average yield of sugarcane is
about80 t/ha and the theoretical maximum yield 380 t/ha. In the growing season
2014/2015, the nation-wide mean yield was 72.444 t/ha (CONAB, 2014). Therefore,
Brazilian cultivars produce far less than the genetic potential of the crop, indicating the
need for breeding.

A major challenge in sugarcane breeding programs is the selection of genotypes in
early stages. Efficient selection in these stages is extremely relevant for the goals of these
programs, since the selected genotypes are tested in later stages.
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Most commonly, mass selection is used for early selection in sugarcane breeding
programs. This method can be summarized as the individual visual selection of clones for
traits correlated with sugarcane yield and health (BARBOSA and SILVEIRA, 2010).

Stringer et al. (2011) proposed the selection of families instead of that of individual
clones, followed by selection of the best genotypes within the best families, so that the
heritability of yield- related traits in families is higher than in individual plants. Thus, it is
preferable to prioritize the selection of promising families followed by individual
selection of clones in the best families.

The statistical methods used in the early stages of sugarcane selection are the BLUP
individual (Best Linear Unbiased Predictor) (BLUPI) (RESENDE, 2002) and individual
simulated BLUP (BLUPIS) methods (RESENDE and BARBOSA, 2006). In the case of
balanced data, as in this study, selection for the main variable can be simplified. In this
case, only families with better performance than the overall mean for the actual or
measured, tons of cane per hectare (TCHr) have to be taken into consideration.

The drawback of these methods is the need to weigh all main plots to determine
TCHr, representing a major operational problem.

A common alternative to circumvent the problem of weighing in the field is to
estimate the variable tons of cane per hectare (TCH), to select those with TCH above the
overall mean. This estimate is obtained by the indirect traits number of stalks (NS), stalk
diameter (SD) and stalk height (SH), commonly used to evaluate sugarcane yield
(CHANG and MILLIGAN, 1992).

Another technique to avoid the problem of weighing sugarcane is discriminant
analysis. This has been widely used in breeding programs for classification (NOGUEIRA
et al., 2008; SUDRE et al., 2006). The method consists of functions established to
classify an observation x, based on measurements of a number p of traits of this

observation, in one of several populationsH,. , with differenti = 1,2,...,n (KHATTREE

and NAIK, 2000).

In this context, the variables NS, SD and SH of some selected and unselected
families can be provided, based on TCHr selection, and a linear discriminant function can
be established to include new observations in one of these groups. This would reduce the
field work, optimizing the process of selecting the best families.

The objective of this study was to use discriminant analysis to classify families in
selected or unselected families, based on the indirect traits NS, SD and SH, and to
compare this with TCHe selection. Additionally, the use of simulation to augment the
training population will be evaluated as a way to reduce the apparent error rate.

2 Material and methods

2.1 Plant material and data set

The data used were the results of five experiments, carried out at the Center for
Research and Improvement of sugarcane (ECSC), of the Federal University of Vicosa,
located in the municipality of Oratory, Minas Gerais (20°25'S, 42°48'W, 494 m in
altitude). The experiments were set up in a randomized block design with 5 replications
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and 22 families each. The experimental units consisted of 20 plants in two 5-m long rows,
spaced 1.40 m apart.

The following traits were evaluated: stalk height (SH) in meters, of one stalk per
stool, from the base to the first visible dewlap; stalk diameter (SD) in centimeters,
measured with a digital caliper at the third internode, counted from the base of the stalk to
the apex; total number of stalks per plot (NS) and real tons of cane per hectare (TCHr),
measured by weighing the stalks of each plot.

The best families, with a TCHr above the overall experimental mean, were selected
by weighing all families of each of the five experiments.

Thus, the data set contained values of SD, SH and NS and the result of selection for
TCHr in five different scenarios: no simulation, and simulation of values for 500, 750,
100 and 2000 families.

2.2 Simulation

Since 110 families could be insufficient to estimate discriminant functions with wide
generalization ability, values of NS, SH, SD and TCHr, with a multivariate normal
distribution for 500, 750, 1000 and 2000 families were simulated. Simulations were based
on the structure of means and covariance obtained from the 22 families of experiment 1.

To perform the simulation data, a vector of means and a matrix of covariances were
obtained for each variable from experiment 1. Simulation was performed using the
Cholesky decomposition in the correlation matrix of the variables NS, SD, SH, and TCHr.
This method is widely used for simulation with multiple correlated variables (HAINING,
2005; CRESSIE, 1993; SANTOS and FERREIRA, 2003).

2.3 Selection for estimated tons of cane per hectare

For scenarios modeled by linear discriminant analysis, selection of the best families
was also performed, selecting those with higher estimated tons of cane per hectare (TCH)
than the overall mean.

The variable TCH was estimated by the following expression (FERREIRA et al.,
2007):

2
SD 1
TCHe =d XwX NSXSH X| — | X— ey
2 100X ps
where:
d is the specific stalk density; Chang and Milligan (1992) proposed a valued of 1000
kg m'3;

ps 1is the plot size in m?; here ps =18 m.

2.4 Selection by linear discriminant analysis

For the classification of selected and unselected families by discriminant analysis,
two sets are needed, one to estimate and the other to test the functions.

These sets are determined by the researcher. In this study, the set used to estimate
the discriminant functions was taken from experiment 1, scenario 1, and from experiment
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1 plus the simulated values for 500, 750, 1000 and 2000 families in the respective
scenarios 2,3,4, and 5. These research scenarios involved data simulations to enhance the
estimation model (scenarios 2, 3, 4 and 5, according to the increasing number of simulated
families) or involved only the original data (without simulation). For all scenarios, the test
set for the functions was taken from the experiments 2, 3, 4 and 5, resulting in a total of
88 families (Table 1).

Consider II, the groups and W, and X, the multivariate means vectors and

covariance matrix, respectively, of these groups, with i=1,2, since there are two

classes: selected and unselected families.

It can be shown that the linear function that produces maximum separation between
these populations or groups is called Fisher's linear discriminant function (FERREIRA,
2011) is written as:

DX)=[p, —p,/ Z'X.
Assuming m = é [D(u 1 )+ D(u2 )] as the midpoint between the two univariate

population means D(p 1 ) and D(p 2 ) , the following classification rule was established:
XeIl,if DX)=[p, —p,|Z'X >m
Xe[Lif DX)=[pn, -, ="' X<m.

In practice, the mean vectors and covariance matrices are unknown. Thus, the
estimators of p; and 2 had to be obtained (FERREIRA, 2011).

Then, the parameters W,, [, and X were replaced by the respective estimators, X,

X, andS . Thus we define the Fisher's sample linear discriminant function as:

D(x)=[x, -X,]|'S,'x

Taking m=%(D(il)+ D(i2 ))as the midpoint between the two univariate

sample means, a sample-based classification rule can be established. This rule was applied

for the classification in selected (II,) and unselected families (I1,) ,by:
Xe[litDX) =[x, -X,]'S, ' X >m
Xe[LitDX)=[X, -X,[S, ' X <m,

where Xis a vector of observations containing NS, SD and SH family means to be
classified.

Discriminant analysis was performed using the “l1da” function of the package
MASS (VENABLES and RIPLEY, 2002) in R computing environment (R Core Team,
2013).
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2.5 Evaluation and comparison of the methods

To evaluate the methods - discriminant analysis and TCHe - the apparent error rate
(AER) was used. This rate, according to Cruz and Carneiro (2006), can be written as
follows:

1 &
AER=—>"e,
N Jj=1
where:
e ; is the number of families in population IT ; that were misclassified;

£ the number of groups or populations; and

N the total number of families.

3 Results and discussion

As shown (Table 1), the results of discriminant analysis were good. The higher
apparent error rate by discriminant analysis (0.19318), in scenario 1, without simulation,
can be considered a low value, since it corresponds to a concordance rate of 80.682%
with the family selection method for TCHr. By modeling with discriminant analysis,
concordance rates reached 85.227% in scenarios 4 and 5, with simulated values for 1000
and 2000families, respectively.

Table 1 - Apparent error rate for discriminant analysis (AER-AD) and for estimated tons
of cane per hectare (TCHe) in five scenarios

Scenarios  Simulation Estimation exp. Test exp AER-SD AER-TCHe
1 0 1 2,345 0.19318  0.17045
2 500 1 2,345 0.17045  0.17045
3 750 1 2,345 0.15909  0.17045
4 1000 1 2,345 0.14773  0.17045
5 2000 1 2,345 0.14773  0.17045

*Estimation exp. = Experiment to estimate the discriminant functions; Test exp.= Experiments to test the
discriminant functions.

The great advantage of using discriminant functions to classify selected or
unselected families is that only a small part of the material would have to be weighed. In
this study, when weighing the harvest of only one of the five experiments (Experiment 1),
the generalization for the other four experiments (Experiments 2, 3, 4 and 5) was
excellent. This clearly shows that this strategy could considerably reduce the field work,
optimizing the selection process.
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The results of family selection for estimated tons of cane per hectare (TCH) were
also good. The apparent error rate (0.17045) represents a concordance rate of 82.955%
with selection for TCHr (Table 1). It is worth mentioning that the simulation does not
interfere with TCHe selection, since original data were used.

Comparatively, the apparent error rate for discriminant analysis (AER-AD) was
lower than or equal to the apparent error rate for estimated tons of cane per hectare in
scenarios with simulation (scenarios 2, 3, 4 and 5) and highest in scenario 1 with
simulation (Table 1). This result is best seen in Figure 1.

0.20

AER 0.1Q

Scenarios

Figure 1 - Apparent error rate (AER) for discriminant analysis in five scenarios (1: No simulation,
2: simulation of 500 families, 3: simulation of 750 families; 4: simulation of 1000
families, 5: simulation of 2000 families) and the apparent error rate for estimated tons
of cane per hectare indicated by the dashed line.

In addition, a decrease in the apparent error rate can be observed with increasing
number of simulated families, stabilizing in scenario 4 when SN, SD, SH, and TCHr
values were simulated for 1000 families (Figure 1).

Simulation is important because the original data set to estimate the discriminant
functions is very small, affecting the discrimination ability of the functions. In studies of
adaptability and stability in alfalfa genotypes, Barroso et al. (2013) also applied
simulation to compose a data set to estimate discriminant functions, with good results.

The question arises whether the results would be the same if another experiment,
different from 1, were used for simulation and to constitute the data set to estimate the
functions. However, the differences between the variables NS, SD, SH, and TCHr in the
five experiments were considerable (Figure 2).
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Figure 2 - Box plot for the variables number of stalks (NS), stalk diameter (SD), in centimeters,
stalk height (SH), in meters and real tons of cane per hectare (TCHr).

In fact, the results of a replicate of the same analysis for the best scenario
(Scenario 4), based on each of the five experiments separately for the simulation and to
compose the set for estimation of the functions, were similar (Table 2).

Despite the good results obtained by modeling with discriminant analysis, further
studies are needed to evaluate the real effectiveness of the technique. These studies would
clarify, for example, if modeling with discriminant analysis is more efficient than other
possible classification techniques, such as artificial neural networks and logistic
regression.

Another question that arises is whether the performance of the discriminant
functions would still be superior at lower selection rates. In this study, assuming normal
distribution, the selection rate was approximately 50%, since the TCHr of the selected
families was generally above the overall experimental mean.

Table 2 - Apparent error rate for discriminant analysis (AER-AD) and for estimated tons
of cane per hectare in scenario 4, using different situations for estimation and
testing of the discriminant functions.
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Scenario  Simulation Estimation exp. Test exp. AER-SD AER-TCHe

4 1000 1 2,345 0.14772 0.17045
4 1000 2 1,3,4,5 0.125 0.18182
4 1000 3 1,2,4,5 0.18182 0.14773
4 1000 4 1,2,3,5 0.14773 0.15909
4 1000 5 1,234 0.13636 0.15909

*Estimation exp. = Experiment to estimate the discriminant functions; Test exp.= Experiments to test the
discriminant functions.

Conclusions

The linear discriminant analysis based on the indirect traits NS, SD and SH
presented a high concordance with the selection based on TCHr.

Selection of families based on linear discriminant analysis has the advantage of
minimize the field labor because only part of the family plots should be weigh.

On the scenarios with simulation the family selection based on linear discriminant
analysis was better than the selection based on TCHe.

At least 1,000 simulations to augment the training population are recommended to
minimize the apparent error rate of selection when using the linear discriminant analysis.
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MOREIRA, E. F. A.; PETERNELLI, L. A.; Sele¢cao precoce entre familias de cana-de-
actcar via classificagdo por andlise discriminante linear. Rev. Bras. Biom., Sdo Paulo,
v.33, n.4, p.484-493, 2015.

® Resumo: Um dos grandes desafios nos programas de melhoramento genético de cana-de-agucar é
a selecdo eficiente de gendtipos nas fases iniciais. Uma selegdo eficiente nestas fases ¢ de suma
importancia para os objetivos do programa, uma vez que, devido 4 particularidade da cana-de-
aclcar, os materiais selecionados na fase inicial serdo avaliados nas etapas posteriores. O
objetivo deste trabalho é comparar a selecdo via andlise discriminante linear e a selecdo de
familias usando a varidvel tonelada de cana por hectare estimada (TCHe) com base nos
caracteres indiretos nimero de colmos, diAmetro de colmos e altura de colmos como alternativas
para selecdo de familias promissoras em cana-de-acticar. Também foi considerado o uso de
simulac@o para aumento do conjunto de treinamento previamente a andlise. As andlises foram
realizadas em cinco diferentes cendrios, definidos em fun¢@o do nimero de valores simulados:
sem simulagdo, com simulac@o de valores para 500, 750, 1000 e 2000 familias. Para comparagao
e avaliacdo dos métodos empregados foi utilizada a taxa de erro aparente (TEA). A andlise
discriminante linear apresenta alta concorddncia com a selecao via TCHr podendo ser utilizagao
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para selecdo precoce entre familias em cana-de-agticar. Nos cendrios onde houve simulacdo, a
andlise discriminante linear tem desempenho superior a selecdo via TCHe. A taxa de erro
aparente ¢ minimizada quando pelo menos 1.000 familias sdo utilizadas para o aumento da
populagdo de treinamento.

= PALAVRAS-CHAVE: Simula¢do; melhoramento de plantas; Saccharum spp.
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