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Abstract – The purpose of this article is to show how quantitative genetics has contributed to the huge genetic progress obtained in 
plant breeding in Brazil in the last forty years. The information obtained through quantitative genetics has given Brazilian breeders 
the possibility of responding to innumerable questions in their work in a much more informative way, such as the use or not of hybrid 
cultivars, which segregating population to use, which breeding method to employ, alternatives for improving the efficiency of selec-
tion programs, and how to handle the data of progeny and/or cultivars evaluations to identify the most stable ones and thus improve 
recommendations.
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INTRODUCTION
Plant breeding has been conceptualized in different 

manners throughout its history. In the concept proposed by 
Kempthorne (1957) “plant breeding is applied quantitative 
genetics.” Considering that he was a biometrician, it is easy 
to understand the importance directed to quantitative genetics 
in the context of plant breeding. In contrast, for Allard (1999), 
an evolutionist, plant (or animal) breeding is: “the controlled 
evolution of plant and animals by humans with the goal of 
producing populations that have superior agricultural and 
economic characteristics.” A broader concept was presented 
by Bernardo (2010): “plant breeding is the science, art, and 
business of improving plants for human benefit.” In this last 
description, it is explicit that the breeding that involves art (the 
ability of individual in creating a desired model of plant) was 
mainly used during the domestication of cultivated species.

Breeding also involves science, which began as of the 
rediscovery of Mendel’s work in 1900. The accumulation of 
knowledge of the 20th Century was responsible for reaching 
high levels of productivity and meeting the great demand for 
grains, fruit and fibers of the planet’s population. Bernardo 
(2010) also emphasizes that the breeder must be a manager 
and, thus, should make the most effective/efficient decisions. 
In terms of plant breeding the decisions to be made require 
good knowledge of quantitative genetics because most of 
the interest traits are quantitative.

Therefore, this article was written up with the purpose of 
commenting some of the innumerable aspects of quantitative 
genetics in Brazil that contributed to decision-making of 
breeders, creating good managers and, above all, showing 
that in recent decades, many decisions of Brazilian breeders 
have been based on knowledge from quantitative genetics.

HISTORY OF QUANTITATIVE GENETICS IN 
BRAZIL

Plant breeding in Brazil began with the introduction of 
plants by immigrants at the beginning of the 20th Century 
and made for considerable advances; however, still as an art 
(Hunnicutt 1924). The creation of the Instituto Agronômico 
de Campinas (Agronomy Institute of Campinas), and of 
some agronomy schools in the same period, was decisive 
for its development in the country.

One of the important facts for the study of genetics in 
Brazil was the arrival of professor Friedrich Gustav Brieger 
from Germany in 1936. He was the precursor of the Genetics 
Institute of the Escola Superior de Agricultura “Luiz de Queiroz” 
(ESALQ) (“Luiz de Queiroz” College of Agriculture), where 
he created, in 1964, the first academic program in genetics 
and plant breeding in Brazil. As of that time, professors with 
qualification in quantitative genetics came to be part of that 
department who began their research advising many under-
graduate and graduate students in plant breeding as a science.
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The ESALQ academic program qualified professors 
from other brazilian universities, such as the following: 
Universidade Federal de Viçosa, Universidade Federal de 
Lavras, Universidade Federal de Goiás and others, and also 
researchers from public and private companies that had 
breeding programs. This allowed graduation of a core group 
with knowledge of quantitative genetics for other regions, 
with new academic programs in genetics and breeding being 
created, as a rule, by former ESALQ students. Making an 
analogy with the pedigree method, it is like having an F2  
population at ESALQ, in which an expressive number of 
specialists in quantitative genetics were qualified.

Around in the last four decades, with greater availability of 
qualified professionals, associated to the sciences development 
and computational advances, the quantity of useful informa-
tion for plant breeding has grown enormously. Some of these 
contributions will be briefly commented below. A description of 
various methods of quantitative genetics of interest to breeders, 
accompanied by illustrative examples, is given by Vencovsky 
and Barriga (1992), Cruz et al. (2001), Resende (2002), Hal-
lauer et al. (2010) and Ramalho et al. (2012).

CONTRIBUTIONS OF QUANTITATIVE 
GENETICS TO DECISION-MAKING BY 
PLANT BREEDERS

It has already been mentioned that breeders are managers 
and, in this work, they must often make decisions. For many 
of these decisions, scientific knowledge is fundamental. As 
an example of decisions/questioning, we have:

a) Whether or not to use hybrid cultivars?
b) Which segregating population to use?
c) Which breeding method should be used?
d) How is it possible to increase the efficiency of breeding 
programs?
e) Can the cultivar obtained be recommended for all regions?

These and many other questions may be answered based 
on the information provided by quantitative genetics, as 
will be shown below:

a) Whether or not to use hybrid cultivars?
The question of whether or not to use hybrid cultivars 

is strictly related to the magnitude of heterosis of impor-
tant traits. Heterosis may be defined as superiority of the 
hybrid in relation to the mean value of the parents and it 
is a phenomenon known for more than 100 years (Shull 
1908). Without a doubt, heterosis led to the development 
of the entire seed industry, which is responsible for various 
billions of dollars annually.

Heterosis (h) is dependent on the existence of dominance 
(δ), epistasis interactions and genetic divergence between 
parents (y). As given by Falconer and Mackay (1996), h=δy². 
Thus is true for the cross between two inbred lines as well 
as for intervarietal crosses.

Considering random mating populations or arbitrary F2 
generations derived from inbred lines, the mean value of a 
trait for such materials can be expressed as Y͞ = m + a + d, 
ignoring experimental error and epistasis. In this expression 
a and d are the contribution of homozygotes and heterozy-
gotes, respectively. After one generations of self-fertilization 
the mean becomes Y͞1 = m + a + (½) d and the contribu-
tion of d is reduced by ½ for every additional generation 
of selfing without selection. At the limit, as the inbreeding 
coefficient approaches F = 1, the mean tends to ͞Y∞= m + a. 
This quantity is estimable and corresponds to the mean of 
all possible pure lines obtained from the population. It can, 
therefore, be used as criterion for the choice of the most 
adequate population as source of inbred lines.

In Brazil, estimates of m + a and d have been obtained 
for some crop species. Table 1 shows estimates of the 
dominance component of population mean (d ). Since this 
component is a consequence of the level of heterozigosity 
and of dominance effects it is closely related with heterosis. 
It may be observed (Table 1) that for maize the contribu-
tion of d is quite expressive. For common bean, clearly the 
opposite occurs. Thus, it is easy to understand why hybrid 
cultivars are used for maize and not for common bean.

b) Which segregating population to use?
This theme has been one of the most frequent. For that 

reason, it was one of the main challenges to overcome by 
geneticists/breeders. This lead to developping methods that 
aid in decision-making in regard to which population(s) 
deserve(s) greater attention from breeders. For that reason, 
various methods have been proposed. Undoubtedly, the major 
among them are diallel design both in breeding of self and 
cross-pollination species. The procedures for analysis of dial-
lels were developed in the 1950s and 1960s (Griffing 1956, 
Gardner and Eberhart 1966). In Brazil, they were greatly used 
and improved (Miranda Filho and Geraldi 1984). Diallels 
were used not only for understanding heterosis, but also for 
the estimation of variance components and of general and 
specific combining abilities (Hallauer et al. 2010).

Other methods were also used, such as the estimate of 
m + a to predict beforehand the mean performance of n dif-
ferent lines in a segregating population (Vianna et al. 1982). 
This procedure was associated with the magnitude of d as a 
measure to compare two or more populations in relation to 
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the number of segregating loci and thus foresee the genetic 
variability of these population. Abreu et al. (2002) compared 
four segregating populations of common bean and estimated 
m + a and d in parents, F1 and F2 generations, and in F5:7 
progenies, simultaneously evaluated. The results are shown 
in Table 2. The high estimate of the association between the 
estimates of m + a and the mean values of the F5:7 progenies 
shows that m + a reflected the mean values of the progenies in 
F∞ since in F5:7 most of the loci are already in homozygosis. 
Large agreement was also observed among the estimate of 
d and the genetic variance between F5:7 progenies, showing 
that the estimate of d allows making inferences in respect to 
genetic variation in future generations.

c) Which breeding method should be used?
Another frequent question is which breeding method 

to use. In cross-pollination species, one may make use 
of intra or interpopulation recurrent selection (reciprocal 
recurrent selection). The first aims is to increase the mean 
value per se of the segregating population, while the second 
aims to improve heterosis of the cross among two parental 
populations. The decision of which method to use is not 
easy and of course depends on the existence of heterosis 
in the cross between those populations. But what is the 
magnitude of heterosis?

In face of various selection methods available, it is often 
difficult to decide on which is better. Comparing them in 
practice is not a simple task, due to the time and resources 

necessary for obtaining reliable results. Quantitative genetics 
may be useful since the comparisons may be made through 
simulation or numerical evaluation. In this subject, com-
parison of the intrapopulation recurrent selection procedures 
were made by Ramalho (1977), based on half sib progenies, 
and also full sib progenies. The author observed that there 
was not a single method superior in all situations. The main 
conclusion was that half sib selection tends to be superior 
when the evaluation trials have better experimental precision. 
When precision is worse, as indicated by the coefficient of 
variation, the full sib method tends to be better.

Vencovsky (1987) and Resende (2002) comment on how 
to make such decisions in the case of reciprocal recurrent 
selection. For one locus, interpopulation genetic variance 
(VG) is a function of: VG = ½ (VA12 + VA21) + VD12, where VA12 
and VA21 are reciprocal additive genetic variances; the first one 
deals with additive variance of population 1 when crossed 
with 2; and VA21 is the additive variance of population 2 
when crossed with population 1. The ratio (VA12 + VA21)/(VA11 
+ VA22) when greater than 1 indicates that reciprocal recurrent 
selection is the best option; otherwise intrapopulation selec-
tion is recommended. It is shown that reciprocal recurrent 
selection will be advantageous when the frequency of the 
favorable allele (p) (considering p1 and p2 for populations 
1 and 2, respectively) are low, and when the sum of these 
frequencies is less than 1 (p1 + p2<1). Nevertheless, it should 
be emphasized that the degree of dominance may also have 
effect on this decision (Vencovsky 1987).

Table 1. Estimates of the dominance components (d) of populations means, in percentage of the mean value, for several species (grain yield)

Species Type of Material d (%) N2 References1

Maize Commercial hybrid populations
75.8
62.2
70.5

12
3
7

Cardoso (1999)
Lima (1999)
Souza Sobrinho (2001)

Common bean Hybrid populations
16.4
20.8
10.8

4
18
6

Abreu et al. (2002)
Mendonça et al. (2002)
Carneiro et al. (2002)

Soybeans Hybrid populations 30.8 6 Colombari Filho et al. (2010)
Rice Hybrid populations 25.6 14 Cutrim and Guimarães (1999)
Eucalyptus Clones 34.93 10 Bison et al. (2004)

1 Adapted from Ramalho et al. (2012)
2 Number of populations evaluated
3 Circumference at chest height.

Table 2. Mean values of grain yield of parents, F1 and F2 generations and F5:7 progenies. Estimates of m + a, d, genetic variances among F5:7 progenies 
and corresponding h² values. Data from four segregating populations1

Segregating populations
Mean (g plant-1)

m + a d FGF5:7
h² Mean value of the prog-

enies F5:7 (g plot-1)Parents F1 F2 

1 12.0 12.1 11.4 11.8 0.1 124.5 18.5 285.8
2 13.9 14.1 12.5 13.4 0.3 332.5 26.0 286.4
3 10.3 13.6 10.7 9.8 3.4 549.2 50.3 254.4
4 7.9 12.8 9.8 7.7 5.0 882.9 52.4 231.8

1 Adapted from Abreu et al. (2002).
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In self-pollination species, expertise in quantitative genet-
ics also aids in many researchers decisions. It is known that the 
genetic variance components related to the generation, varies 
according to the inbreeding coefficient (Souza Júnior 1989, 
Ramalho et al. 2012). In Table 3 the coefficients of VA and 
VD  in successive generations of self-pollination are shown. 
It may be observed that with inbreeding, additive variance 
(VA) increases, while dominance variance (VD) decreases. At 
the limit (F∞), it is twice the additive variance present in F2. 
In this generation, there are no loci in heterozygosis, thus 
there is no more dominance variance. With this knowledge, 
the breeder may make many decisions. For instance, using 
bulk within progenies, should this begin in F2 or F3? Using 
the F3 generation, 50% more of the VA found in F2 will be 
exploited, which is a considerable advantage. Another case 
is when one should open the bulk, in F4 or F5? It may be 
observed that the increase of additive variance from F5 to 
F4 is very small, which does not justify the postponement of 
one more generation, to begin the selective process. These 
and many other decisions are routinely made based on the 
data shown in Table 3.

d) How is it possible to increase the efficiency of 
breeding programs?

Breeders should always seek to have the maximum 
genetic progress. How can this greater efficiency be 
obtained? Here also quantitative genetics has provided 
important contributions both in self and cross-pollination 
species. Actually, there are many publications of Brazilian 
geneticists providing these information in an applied and 
accessible way (Souza Júnior 1989, Vencovsky and Barriga 
1992, Cruz et al. 2001, Resende 2002, Ramalho et al. 2012).

The general expression of genetic gain (GS) is:

where:
i is the standardized selection intensity; a fixed value that de-
pends on the proportion of individuals and/or progenies selected 
(which may be used when the data are normally distributed);

c is the proportion of additive genetic variance used in the 
selection generation; in self-pollination species, it is related to 
the covariance between the generation in which selection was 
carried out and the F∞ generation. In cross-pollination species, 
the coefficient c depends on the type of progeny evaluated and 
the unit of recombination;
VA is the additive genetic variance and depends on the genetic 
variance of the population ignoring epistasis. For that reason, 
one should seek to identify the population that is segregating 
for a large number of loci; and
VF is the phenotypic variance of the selection unit.

In order to have expressive values of GS without com-
promising the future success of selection in the population, 
the greatest feasible number of individuals and/or progenies 
should be evaluated. This observation is particularly useful 
for perennial plants in which the selective cycle takes a long 
time and the greatest possible success must be sought for 
each cycle. Through the gain estimator, it becomes clear 
that success from selection may be increased by reduction 
of the phenotypic variance. In practice, when progenies are 
evaluated in experiments with k plants per plot, r replications, 
in a environments, phenotypic variance of these progenies, 
on a mean basis, contains:

In this expression, Vp is the genetic variance among 
progenies, Vpa is the variance of the progeny by environ-
ment interaction and Vw is the phenotypic variance between 
plants within plots. In most of the cases, Vw contains the 
genetic variance within progenies (Vgw ) and the envi-
ronmental variance among plants within plots (Vew ). The 
quantity Ve is the residual variance between plots that 
received the same progeny apart of the variations related 
to experimental design.

Therefore, to reduce VP, one of the alternatives is to 
increase the quantities a, r or k. Nevertheless, most of the 
phenotypic variance is a consequence of experimental 
precision. Thus, as mentioned before, precise trials in 
progenies/lines/hybrids evaluation should be an “obses-
sion”. Throughout time, diverse studies in the subject of 
biometrics/quantitative genetics have been performed with 
a view toward obtaining more precise data and they are 
being widely currently used (Resende and Duarte 2007).

In maize, estimates of genetic parameters that aid research-
ers have been accumulated. Vencosvsky et al. (1988) made a 
survey of some of the estimates obtained in the intrapopulation 
recurrent selection programs. These authors gathered data 
from 58 experiments for evaluation and selection of half sib 
progenies for grain yield (Table 4). It was observed that the 
estimates of additive genetic variance (mean value) were 

Table 3. Fractions of additive and dominance variance in successive 
generations of self-pollination species with allelic frequency equal to 0.5

Generation Inbreeding 
Coefficient VA VD

F2 0 1 1
F3 1/2 3/2 3/4
F4 3/4 7/4 7/16
F5 7/8 15/8 15/64
F6 15/16 31/16 31/256

... ... ... ...

F∞ 1 2 0
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relatively high; heritability for selection of individual plants 
was low (11%); even so, progress from progeny selection 
was on average 11.7g per cycle ([GS = 11.7/120]x100=10%). 
This success is due to reasonable experimental precision, as 
could be evaluated through the experimental coefficient of 
variation. It was pointed out that obtaining good experimental 
precision throughout a breeding program is a sine qua non 
condition for achieving a desired progress.

Many studies have been carried out in recent years aimed 
at evaluating genetic divergence of parents, either using 
morphological or molecular markers (Machado et al. 2002, 
Mendonça et al. 2002). In general, it was shown that the 
estimate of genetic divergence alone is not sufficient for the 
choice of parents. Evidence has been accumulated, especially in 
self-pollination species, indicating the need for crosses among 
adapted and agronomically superior parents - in “breeding 
language”, crossing good x good parents (Rasmusson and 
Phillips 1997). With adapted parents, the choice of the most 
divergent ones is the best strategy for success in selection.

Several methods are available for the choice of the best 
segregating populations adequate for obtaining superior lines. 
It is the decision of breeders to concentrate efforts only on 
the most promising ones. Thus, plant breeding becomes 
more and more based on scientific knowledge.

e) Can the cultivar obtained be recommended for 
all growing regions?

Various studies have been carried out to develop new 
biometric tools to identify lines/hybrids with greater 
adaptability and stability (Duarte and Vencovsky 1999). 
For detecting agricultural zones or regions, these studies 
have contributed to make VCU (Valor de Cultivo e Uso) 
[Value for Cultivation and Use] experiments more efficient 
and, above all, to identify locations that most contribute to 
genotype by environment interaction (Bertoldo et al. 2009, 
Castro et al. 2010, Pereira et al. 2010).

The application of knowledge from the genotype by 
environment interaction (GE) is one of the greatest chal-
lenges of breeders. Especially in Brazil, due to the huge 

range of edaphoclimatic and crop management conditions. 
Quantitative genetics in Brazil has generated a great deal of 
information that has allowed mitigating the effects of GE 
interaction and providing information used for the benefit 
of breeding programs (Bertoldo et al. 2009, Castro et al. 
2010, Pereira et al. 2010).

One of the examples of the contribution of quantitative 
genetics in the study of the GE interaction was published 
by Bressiani et al. (2002). The study was carried out with 
sugarcane crop and involved two locations in São Paulo 
state, Brazil. Thirty-three families (clones) were evaluated 
in randomized complete blocks; various traits were con-
sidered, however only results on sugarcane yield in tons 
per hectare will be shown. The estimates of the genetic 
and phenotypic parameters obtained are shown in Table 
5. It was observed that most of the families by locations 
interaction was of a complex nature, and a low estimate of 
the genetic correlation between families between locations 
was found. Consequently, only a single superior family 
would be selected for both locations. Expected genetic 
gain reinforces these results (Table 6). It is observed that 
if selection is practiced in one of the locations (Piracicaba), 
the response in the other location (Jaú) is negative; selection 
in one location would imply a decrease of the mean in the 
other. In contrast, selection based on the average of the two 
locations led to gain in both, although always inferior to 
direct selection at the location. This is a situation in which 
interaction may be capitalized in favor of the breeder; in 
other words, practicing selection within each location and 
recommending the clones selected only for that region.

There are various other methods for survey the phenom-
enon of genotypes by environments interaction in addition 
to that described above. The most widely used, are based 
on regression procedures, with focus on the question of 
stability. Rosse and Vencovsky (2000) used segmented 
non-linear regression, which allows classifying common 
bean lines according to their pattern yield response in face 
of environmental variations between locations. The method 
used allowed identifying the superior lines for these two 
agronomic properties.

Table 4. Average estimates of maize ear yield parameters (g plant-1) from 
58 experiments for evaluation of half sib progenies conducted in Brazil1

Parameter Mean estimate

VA (g
2) 309 

h² (%) (individual plant basis) 11.0

GS (g) per cycle 11.7 

CVe (%) 16.3

Mean (g) per plant 120 
1 Adapted from Vencovsky et al. (1988).

Table 5. Estimates of genetic and phenotypic parameters of sugarcane 
yield (t ha-1) obtained in joint analysis of two locations1

Components Estimates
Genetic variance among families 48.52
Variance of families x locations interaction 28.05
 Simple interaction (%)  0.30
 Complex interaction (%) 99.70
Genetic correlation of family mean 
values between locations  0.20

Variance of error among plots 12.68
1Adapted from Bressiani et al. (2002).
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THE CONTRIBUTION OF PLANT 
BREEDING TO CROP SPECIES IN BRAZIL

One of the activities that is important and concerns all 
breeders is estimating the genetic progress obtained by their 
program. The most obvious manner of estimating progress 
is evaluating, in specific experiments, the cultivars that were 
obtained throughout the program, since its beginning. The 
drawback of this type of trial is the problem of not having 
seeds from the older cultivars/lines/hybrids. An alternative 
manner for estimating the progress achieved that does not 
require such specific trails was proposed by Vencovsky et al. 
(1988). This is based on the analysis of regional or national 
trials, gathering the data from various years. This method was 
later improved from the biometric point of view. Currently, 
estimates of the annual genetic progress in various species 
are available such as rice (Soares et al. 1999, Atroch and 
Nunes 2000), common bean (Fonseca Júnior 1997, Matos 
et al. 2007, Chiorato 2010), maize (Vencovsky 1988), soy-
beans (Lange and Federizzi 2009), oats (Barbosa Neto et 
al. 2000) and wheat (Cargnin et al. 2009), which attest to 
the success of the work of Brazilian breeders.

FINAL CONSIDERATIONS
It should be mentioned that with the development of 

computational resources, various statistical programs, 
including ones developed by Brazilian researchers, have 
permitted breeders to perform their analyses, without cost, 
in an easier and more accessible way (Resende 2007). With 
these computational resources, the use of mixed models 
came to be routine in breeding programs, especially for 
perennial plants (Resende 2002). More recently, quantitative 
geneticists have been envisioning the possibility of expand-
ing the success of selection through genome wide selection 
(Resende et al. 2008). Quantitative genetics is expected to 
provide the greatest contributions in this subject, not only 
providing the tools for data analyses, but evaluating their 
efficiency in selection programs.

In addition to computational resources, with the advent 
of molecular marker and genomic techniques, in the last two 
decades of the 20th Century, quantitative genetics allowed 
achieving a great effort in application of this important tool. 
The expected gain from marker assisted selection was the 
theme of various articles (Muro-Abad et al. 2005). The use 
of QTLs (quantitative trait loci) was also exhaustively studied 

(Mangolin et al. 2004, Sabatin et al. 2008, Santos et al. 2010).

Another aspect of quantitative genetics that has not been 
sufficiently mentioned is related to publications. There are 
ever growing requirements for professors/researchers to 
share their works in qualified and highly respected journals. 
Without having good published works, breeders have dif-
ficulties in getting resources from research sponsor sources 
in comparison with their peers Consequently they may have 
difficulties in maintaining their positions as professors in 
academic graduate programs, as well as, smaller activities 
in graduate students advisory. Publishing results of breed-
ing programs including quantitative genetics is therefore a 
good strategy for breeders.

As proof of this, a survey was made of the published 
studies (Table 7), in two journals related to plant breeding, 
namely, Pesquisa Agropecuária Brasileira (PAB) and Crop 
Breeding and Applied Biotecnology (CBAB). PAB is a 
diversified periodical that publishes articles on subjects of 
crop and livestock raising and, for that reason, only articles 
related to breeding were considered. The number of publica-
tions related to plant breeding in PAB in the last 12 years has 
been expressive, and most of them made use of knowledge 
of quantitative genetics with an emphasis on estimates of 
genetic parameters for obtaining information on inheritance 
of traits and of genotype by environment interaction. CBAB 
is a periodical restricted to plant breeding. In this journal, 
in the same period, more than 50% of the articles were 
related to the quantitative genetics and the distribution of 
themes was similar to PAB’s distribution. The trend is that 
publications on themes related to quantitative genetics in 
Brazil will increase in the coming years.
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Table 6. Expected genetic gain (%) of sugarcane yield (t ha-1) from family 
selection under different alternatives in two locations1

Selection location
Location of response to selection
Piracicaba Jaú

Piracicaba 15.90 -1.10
Jaú  0.80  8.70
Mean of the two locations  9.17  6.30

1Adapted from Bressiani et al. (2002).

Table 7. Number of articles related to quantitative genetics published in 
the journals Pesquisa Agropecuária Brasileira (PAB) and Crop Breeding 
and Aplied Biotechonology (CBAB) in the period from 2001 to 2011

Themes
Journals

PAB CBAB
Genotype by environment interaction 53 77
Estimate of genetic parameters 76 134
Choice of parents/diallels 17 41
Genetic divergence1 53 92
Correlation between traits 216 21
QTL mapping 8 17
Other subjects of breeding2 96 262
Total 332 644

¹ In estimates of parameters are included estimates of gain expected from selection, 
inheritance and the genotype by environment interaction.
² Other studies in breeding which, however, are not related to quantitative genetics.
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