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Introduction

In this chapter we address several biometric and statistic principles which
allow the researcher to analyze experimental data and to generate useful
information for an alfalfa breeding program. The use of these procedures in the
several stages of a program of such nature will be illustrated and subdivided
into three phases: start, in which the goal is to form a base population with
broad genetic variability, with characteristics of agricultural interest and
good adaptability; middle, in which there is concern about the conduction
of segregating families which allow maximizing direct gains, indirect gains or
simultaneous gains in important traits; and end, in which the improved genetic
material is already available and the aim is to recommend it for broad regions
or or specic regions, which makes studies on genotypes x environment
interaction essential, as well as studies on adaptability and stability.

Base population formation

One of the main stages of the breeding program is the choice of parents
which, after interbreeding, will form the base population in which the
researcher will invest eorts searching or productive genetic material, with
quality and good adaptation. Several criteria can be applied to choose the
parents, especially the performance regarding characteristics of agricultural
interest, combination capability and adaptability. Another key factor is the
diversity among the group of parents, evaluated with the goal of identifying the
hybrid combinations o greatest heterotic eect and greatest heterozygosity,
so that in its segregating generations there is greater possibility of recovering
superior genotypes. The formation of the base population is very important in
the context of management and conservation of alfalfa germplasm, since it
provides information on the available resources and helps the localization and
interchange of such resources.

Genetic diversity has been evaluated through biometric techniques based
on the quantication o heterosis, or through prediction processes. Among the
methods based on biometric models, aiming at evaluating parental diversity,
the diallel analyses are cited (Cruz, 2005).

Diallel analysis

Diallel analyses are designed for quantifying the genetic variability of the
trait and or evaluating the genetic value o parents and the specic capability
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and heterosis maniested in specic crossings. In diallels, it is necessary to
evaluate the hybrid combinations between the parents. Diallel analysis has
been routinely used in genetic improvement to evaluate a small number of
parents (around ten). However, when a large number of potential parents is
available to use in crossings to form a base population, obtaining experimental
material can be impracticable and the study, impossible.

For diallels including only the hybrid combinations, the following statistic
model has been adopted:

Yij = m + gi + gj + sij + εij,

where
Yij : mean value of hybrid ij (i, j = 1, 2, ... p, i < j)
m: general mean
gi, gj: eects o the general combination capability (GCC) in the i-th and j-th
parents, respectively
sij: eect o the specic combination capability (SCC) or crossings between
parents of orders i and j and
εij: average experimental error

Considering, as illustration, an outline involving four parents, we then
have the diallel scheme presented in Table 1.

Table 1. Diallel scheme including hybrids F1 of four parents.

Parent 1 2 3 4

1 – Y12 Y13 Y14

2 – Y23 Y24

3 – Y34

4 –

The eects can be estimated through the ollowing ormulas:

m̂ =
2

Y..p(p – 1)

ĝi =
1

[Yi.– (p – 1)m̂] =
1

Yi. –
2
Y.. =

1
[pYi. – 2Y..](p – 2) (p – 2) p p(p – 2)

ŝij = Yij – (m̂ + ĝi + ĝj) = Yij –
1

(Yi. + Y.j) +
2

Y..(p – 2) (p – 1)(p – 2)
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and the variance analysis is carried out as the scheme presented in Table 2.

Table 2. Variance analysis scheme for balanced diallels involving only F1 hybrids,
according to the methodology proposed by Gring (1956).

FV GL QM
F E(QM)

Steady Random Steady Random

GCC(1) p-1 QMG QMG/QMR QMG/QMS σ2
ε + (p – 2)ϕg σ2

ε + σ2
s + (p – 2)σ2

s

SCC(2) p(p-3)/2 QMS QMS/QMR QMS/QMR σ2
ε + ϕs σ2

ε + σ2
s

Residue f QMR σ2
ε σ2

ε

(1) GCC = general combination capability. (2) SCC = specic combination capability.

The sum of squares (SS) will be given by

SS(GCC) = ∑ĝ iYi. =
1

∑Yi.
2 –

4
Y..

2 and
(p – 2) p(p – 2)

SS(SCC) = ∑
i
∑
<j
ŝijYij = ∑

i
∑
<j
Yij

2 –
1

∑
i
∑
<j
Yij

2 (Yi. + Y.j) +
2

Y..
2

(p – 2) (p – 1)(p – 2)

Based on this analysis, it is possible to evaluate the relative importance
o additional genetic eects, expressed by the eects linked to GCC, as well as
the ones due to dominance deviations, linked to SCC. This information is useful
or establishing the best breeding strategy. When additional eects are marked,
greater gains will be predicted, even when simpler breeding strategies are
used. The results are also useful to point the parents with best performance
and greatest genetic complementarity to be interbred.

Diallel crossings can also be used to obtain the heterotic potential of
certain crossings. Madril et al. (2008) evaluated hybrids and parents of nine
alfalfa germplasms which have been displaying importance in the formation
of North American cultivars. After the hybrids were obtained, the existence of
hybrid strength and great potential for continuous gains from recombining the
elite materials used were veried.

Bolanõs-Aguilar et al. (2001) obtained a 7 x 7 diallel including the reciprocal
in alfalfa to evaluate production of seeds and their components. In the analysis,
the methodology described by Gring (1956) was used. It was veried that GCC
explained most o the evaluated traits, while SCC was only signicant or the
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trait “seed weight”. The large eect o the signicance o GCC ound by the
authors suggests that gains can be obtained with successive breeding cycles.
The absence o signicance o the reciprocal or most characteristics indicated
lack o maternal eect, except on the characteristic “seed production per
plant”, in which the eect o the reciprocal was signicant.

Genetic diversity

When a high number of parents are available, previous studies of predictive
nature are recommendable, orienting the number and type of crossings in
which to concentrate greater eort to obtain hybrids. Since they dispense the
previous obtainment of hybrid combinations, predictive methods of diversity
among parents have deserved considerable emphasis. Predictive methods are
the ones based on dierences – morphological, physiological, etc. – shown
by parents or determining diversity, which is usually quantied through
a dissimilarity measure (for instance, Euclidean distance and Mahalanobis
distance). Inferring based on ecogeographical diversity is also an example of a
predictive method for heterosis.

In the prediction of genetic diversity, several multivariate methods can be
applied. Among them, we can quote principal components analysis and canonical
variables analysis, and the agglomerative methods. The choice of the most
adequate method has been determined based on the precision the researcher
desires, on how easy the analysis is and on the way the data were obtained.

The methods based on principal components or in canonical variables
allow studying the diversity in dispersion graphs, in which, usually, two cartesian
axes are considered. In these studies, several characteristics are evaluated in a
set of genotypes which, through statistical procedures, are summarized in few
components (or canonical variables) and given by linear combinations of the
original traits, independent of each other and with decreasing discrimination
capacity, so that the rst components (or canonical variables) explain the
maximum of the variation existing in the original data.

Agglomerative methods dier rom the others because they depend
fundamentally on previously estimated dissimilaritymeasures, such as Euclidean
distance or the generalized Mahalanobis distance, among others.

Grouping analysis

Grouping analysis aims at assorting, through some classication criterium,
the parents (or any other type of sampling unit) in several groups, so that
there is homogeneity within the group and heterogeneity between groups.
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Alternatively, grouping analysis techniques have the goal of dividing an original
group of observations into several groups, according to some similarity or
dissimilarity criterium (Cruz et al., 2004).

In grouping analysis, several issues emerge. Thus, the nal number o groups
desired is questioned, as well as the adequacy of the participation achieved and
the type of similarity measure to use. Regarding the number of groups desired,
what is usually done is using several numbers of groups and, by some optimization
criterium, selecting the most convenient one. To evaluate partition adequacy, it is
common to use discriminant analysis and, regarding similarity measures, several
are cited, but the most commonly employed in improvement are Euclidean and
Mahalanobis distances for quantitative variables and Jaccard or Nei and Li indices
for binary variables resulting from molecular markers studies.

The grouping process comprises basically two stages. The rst one is
related to estimating the similarity (or dissimilarity) measure between the
parents and the second, to the adoption of the grouping technique for formation
of the groups.

Dissimilarity measures

Genetic diversity studies aiming at identifying parents for hybridization
have been carried out based on information on quantitative traits or on
molecular markers.

In the case of quantitative traits, Average Euclidean distance (dii’) or
generalized Mahalanobis distance (D2

ii’) has been used to express genetic diversity.
Although the latter is preferred, it can only be estimated when the residual
covariances matrix is available, structured based on experimental assays with
repetitions.

Generally, if Xij is the observation in the i-th parent (i = 1, 2, ..., p),
referring to the j-th trait (j = 1, 2, ..., n) studied, the Euclidean distance
between two parents i and i’ is dened through the expression

dii’ = √∑j (Xij – Xi’j)
2

The generalized Mahalanobis distance is dened through

D2
ii’ = δ’ Σ-1δ,

where

δ: vector of deviations between the average values of parents in relation to the
variances studies and
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Σ: residual variances and covariances matrix, obtained from previous analyses,
according to an appropriate statistical model.

To illustrate the example involving the evaluation of 20 cultivars will
be considered regarding seven traits: height, dry matter production, dry
matter percentage, crude protein, neutral detergent insoluble ber, in vitro
digestibility o dry matter and crude ber, whose data are presented in Table 3.

Table 3. Evaluation of 20 alfalfa cultivars regarding seven phenotypic traits.

Genotype Block HEI(1) DMP DM CP NDF IVD CF

1 1 80.0 4,164.75 96.30 25.57 63.81 74.32 1.81

1 2 88.6 4,312.50 96.19 28.46 64.15 75.36 1.89

2 1 88.6 4,057.75 94.65 20.43 45.68 65.94 1.72

2 2 85.4 4,929.17 95.81 19.07 52.50 66.09 1.80

3 1 82.4 4,701.58 92.15 20.61 65.23 76.92 1.82

3 2 78.4 4,426.33 94.22 20.25 64.19 76.80 1.78

4 1 66.0 2,967.00 92.12 19.74 49.78 65.49 0.94

4 2 64.6 2,672.58 92.98 16.41 68.59 63.25 0.97

5 1 66.6 2,362.92 94.23 18.06 48.21 66.82 1.34

5 2 61.2 2,754.25 93.01 19.25 53.10 62.91 0.87

6 1 63.8 3,180.75 91.93 19.03 54.15 62.40 1.02

6 2 66.8 2,797.67 94.51 20.53 48.98 72.63 0.84

7 1 57.0 1,697.25 93.16 17.81 51.36 68.22 0.94

7 2 51.4 2,393.42 93.18 18.13 60.79 63.91 0.96

8 1 61.8 2,475.83 96.36 20.69 47.69 62.54 1.18

8 2 60.2 1,889.42 94.40 22.08 42.31 68.08 0.69

9 1 61.4 2,921.33 94.58 19.86 49.37 65.28 1.08

9 2 62.0 3,757.33 93.91 19.68 51.04 65.56 1.04

10 1 70.0 2,506.75 92.18 19.68 47.60 65.83 0.97

10 2 58.2 2,640.50 94.01 20.75 50.26 69.73 1.00

11 1 61.8 3,305.42 95.55 22.44 46.82 65.07 0.93

Continued…
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To study genetic diversity it is necessary, preliminarily, to obtain the
estimates of the residual variances and covariances matrix, through variance
analyses. Once we have the average values and the Σ matrix, we obtain the
20 x 20 dissimilarity matrix, which can be later subjected to the grouping
analysis. This will allow inferring the similar groups and the dissimilar groups.

Grouping techniques
Since it is desirable to have information regarding each pair of parents

in the grouping process, the number of estimates of dissimilarity measures

Genotype Block HEI(1) DMP DM CP NDF IVD CF

11 2 60.4 3,625.92 92.51 18.59 63.14 28.92 1.03

12 1 54.0 2,679.75 91.50 21.79 45.99 65.83 0.69

12 2 59.2 3,021.58 93.21 19.16 63.78 65.37 1.23

13 1 59.4 2,253.42 96.14 18.15 47.20 60.52 1.29

13 2 64.8 3,225.17 94.42 20.37 50.72 68.64 0.87

14 1 68.6 3,245.33 95.05 20.48 50.13 62.36 1.82

14 2 63.4 2,907.92 92.99 16.74 50.56 68.57 1.26

15 1 63.6 3,622.42 94.87 18.21 53.00 61.74 0.98

15 2 60.2 3,189.08 91.52 19.51 65.62 62.94 1.05

16 1 64.2 2,567.33 93.94 19.58 43.23 65.75 1.03

16 2 60.4 2,664.50 93.63 18.78 49.47 62.80 1.50

17 1 66.6 2,690.75 92.8 17.37 53.02 64.52 1.22

17 2 67.2 2,880.50 95.03 18.60 50.26 62.36 1.02

18 1 67.2 1,520.83 91.67 19.50 48.92 60.54 0.85

18 2 62.8 1,830.50 94.16 19.72 46.58 60.48 0.96

19 1 67.2 2,751.08 96.16 15.15 48.77 60.99 1.31

19 2 63.4 2,942.50 92.64 14.09 59.25 66.55 1.12

20 1 44.8 1,986.00 90.22 12.37 50.12 62.06 1.09

20 2 48.8 1,610.67 90.72 13.69 43.26 70.26 0.69
(1) HEI = height; DMP = dry matter production; DM = dry matter percentage; CP = crude protein; NDF =
neutral detergent insoluble ber; IVD = in vitro digestion o dry matter; and CF = stem/lea.

Table 3. Continued.
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is rather large, and that makes it impracticable to recognize homogeneous
groups through the simple visual examination of those estimates. To perform
this task, grouping methods are used.

Among the grouping methods most commonly used in plant breeding, we
can quote the hierarchical ones and the optimization ones. Their description is
presented as follows.

a) Hierarchical methods

In hierarchical methods, parents are grouped through a process which is
repeated in several levels, until the dendrogram or tree diagram is established.
In this case, there is no concern for the optimal number of groups, since the
greatest interest is in the “tree” and in the branches obtained. Delimitations
can be established by visual examination of the dendrogram, in which high
level change points are evaluated, usually taking them as delimiters of the
number of parents for a given group.

Hierarchical methods are also divided into agglomeration methods
and divisive methods. Among agglomerative methods, we can quote the
single linkage method; the complete linkage method; the average linkage or
unweighted pair group method with arithmetic mean (UPGMA), weighed or
not; the centroid method, also weighed of not; and the one proposed by Ward
(1963). Among the divisive methods, the Edwards and Cavalli-Sforza (1965) is
the most commonly known.

For the example being considered, grouping was carried out through
UPGMA, based on the Mahalanobis generalized distance, achieving the result
shown in Figure 1.

Touil et al. (2008) used the hierarchical method to classify 29 alfalfa
populations from the Mediterranean, to evaluate the genetic diversity among
these populations, using ISSR (inter simple sequence repeat) molecular markers.
To calculate the genetic diversity among the various populations, the authors
used the index by Rogers and Tanimoto. After the grouping analyses, four groups
were formed and related to the origin of the evaluated populations.

In another study aiming at evaluating genetic diversity among alfalfa
populations, Segovia-Lerma et al. (2003), through the UPGMA grouping
technique were able to separate 30 genotypes belonging to nine groups with
well recognized germplasm based on their geographical origin, using 34 AFLP
primers for it.

b) Optimization methods

In optimization methods, the set of parents is parted into non-empty
and mutually exclusive subgroups through the maximization of some previously
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Figure 1. Dendrogram generated through the UPGMA grouping method, based on the
Mahalanobis generalized distance.
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set measure. One of the optimization methods most commonly employed in
genetic improvement is the one proposed by Tocher, cited by Rao (1952).

In the Tocher method, the criterium adopted is that the average of the
dissimilarity measures within each group must be smaller than the average
distance between any groups. The method requires obtaining the dissimilarity
matrix, upon which the most similar pair o parents is identied. These parents
will form the initial group. From that, the possibility of including new parents
is evaluated, adopting the criterium mentioned above.

For the example being considered, grouping was performed by the
Tocher proposal, based on the generalized Mahalanobis distance, and the result
obtained is indicated in Table 4.

We nd the ormation o our groups and that cultivars 1, 2, 3 and 20 are
the most diverging ones in relation to the others. There is a group that diers
in relation to these cultivars, but which still shows genetic diversity. The choice
of cultivars to interbreed must consider the potential regarding the evaluated
characteristics and the diversity. In this case, it is recommended to cross good
cultivars belonging to dierent diversity groups.

Canonical variables analysis

This type o analysis requires more rened knowledge about multivariate
statistical procedures, but it is easy to interpret and very useful in genetic
diversity studies. It is based on generating new variables (named canonical

Table 4. Groups formed by Tocher methodology in an evaluation of 20 alfalfa cultivars.

Group Cultivar

Ia 5 10 13 6 17 9 4 15 12 16

Ib 8 18

Ic 7

Id 11

Ie 14

IF 19

II 2 3

III 1

IV 20
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variables), in which the information of the original measured variables is
represented. These canonical variables are independent of each other and
estimated so that the most variation is retained in descending order.

Thus, for the example being considered, the analyses allow concluding
that with only two canonical variables (CV1 and CV2) it is possible to explain
81.2% o the variation ound in the original data. These variables are dened
through the following equations:

CV1 = 0.177HEI + 0.001DMP + 0.039DM + 0.266CP + 0.063NDF + 0.029IVD + 0.981CF
CV2 = 0.072HEI + 0.001DMP + 0.522DM - 0.855CP - 0.247NDF + 0.072IVD + 4.267CF.

The graphic analysis of the scores of the cultivars can be performed based
on Figure 2. Again we note that cultivars 1, 2, 3 and 20 are the most diverging
ones among the others.

Figure 2. Graphic dispersion of scores of canonical variables obtained based on the
linear combination of seven traits evaluated in alfalfa cultivars.
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Conducting segregating populations

Predicting gains from selection

One of the great contributions of Quantitative Genetics is the evaluation
of gains to be obtained through a given selection strategy. This information
allows leading breeding programs, predicting their success, choosing or
discarding populations and concentrating eorts in measuring traits o greater
importance and greater gain potentiality. In this chapter, we address the
prediction of gains obtained from selection in recurrent selection, in which
selected individuals from an original population are tested and, themselves or
others related to them, are recombined to obtain a new improved population
in equilibrium.

To predict the gain from selection (GS), we use the expression

GS = pσ̂g hi,

where
p: parental control
σ̂g: genetic-additive standard deviation among test unities – normally
corresponding to a fraction of the additive variance
h: heritability square root or accuracy of the selection process and
i: selection intensity

Some determinant factors of the gain from selection are: selection
dierential, selection intensity, parental control, genetic variability,
environmental variance and genotypes x environments interaction.

Si ii  i iiy. One way to increase the
gain from selection is to apply a higher intensity of selection, however, in very
intense selection the population can present problems inherent to inbreeding,
which is the consequence of crossing related individuals and is closely linked to
the reduced size of samples.

Parental control. Parental control denes the similarity between test
unities and the improved unities and, consequently, alters genetic covariance
and the gain from selection.

Eberhart (1970) reported that parental control in a recurrent selection
process can be dened by a unction o the kinship relation between the
selection unity used to identify superior individuals and the recombination
unity used to obtain the improved population.
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Genetic variability. Success of the breeding program depends on the

existence of variability in the population. There is the concern to ensure wide

variability in the work population, through the choice of diverging parents

used in interbreedings to orm the base population and through high specic

capacity of combination.

Genetic variability is kept through adequate matings and proper samplings,

so that the eective size o the population is not reduced.

Environmental variation. Phenotypic variation will be close to the

genotypic variation when environmental variations are minimal. Thus, the

environmental variation inuences one o the main determining actors o the

gain rom selection, that is heritability. This coecient is directly proportional

to the additive genetic variability available in the population and inversely

proportional to the phenotypic variation.

Genotypes x environments interaction. The existence of genotypes x

environments interactions inuences the gain to be achieved rom selection.

When the breeding program is restricted to a given environmental condition,

this interaction is capitalized and, consequently, the fraction of used for

predicting the gain is conused with the interaction σ2ga.

To illustrate, it will be considered that the 20 genotypes described in Table

3 constitute, instead of cultivars, half-sibling families derived from a breeding

population. The gain achieved from selection of 30% of the best families can be

estimated based on the information indicated in Table 5.

Based on the values o the means, o the average squares signicance,

o the variation coecients and o the heritability (Table 5), the researcher

can infer the genetic potential of the populations, the available variability,

the experimental precision and the accuracy of the selective process. In this

example, there is no possibility of gains in DM and IVD, since the genetic

variability available through the half-sibling families is null. Increasing the

genetic variability is recommended, by including new genotypes, by sampling

another type o amily or by better controlling the environmental inuences,

among other measures.

It is found that the experimental precision was adequate, that the

greatest variation coecient obtained reached 18% or CF and that there was

signicant genetic variance to be explored by selection in ve out o the seven

traits evaluated.

The averages of the evaluated families are presented in Table 6.
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Table 5. Results of the variance analysis of seven agricultural traits evaluated in 20
half-sibling families of alfalfa.

FV GL
QM

HEI(1) DMP DM CP NDF IVD CF

Block 1 19.04 197.86 0.16 0.17 195.67 0.09 0.05

Treatment 19 177.51** 1,280.33** 3.24ns 14.41** 63.17* 64.44ns 0.19**

Residue 19 11.51 109.93 2.01 1.98 30.31 45.13 0.04

Mean 65.06 2,953.24 93.71 19.26 52.71 65.11 1.16

VC (%) 5.21 11.23 1.51 7.31 10.44 10.32 18.0

h2 (%) 93.51 91.41 37.96 86.23 52.00 29.96 77.7
(1) HEI = height, DMP = dry matter production, DM = dry matter percentage, CP = crude protein, NDF =
neutral detergent insoluble ber, IVD = in vitro digestibility of dry matter and CF = stem/leaf, VC = variation
coecient, h2 = heritability.
ns,**,* Non-signicant and signicant, at 1% and 5% probability, by the F test, respectively.

Table 6. Average values of seven characteristics evaluated in 20 alfalfa half-sibling
families.

Family HEI(1) DMP DM CP NDF IVD CF

1 84.3* 4,238.63* 96.25 27.02* 63.98* 74.84 1.85*

2 87.0* 4,493.46* 95.23 19.75 49.09 66.02 1.76*

3 80.4* 4,563.96* 93.19 20.43* 64.71* 376.86 1.80*

4 65.3* 2,819.79 92.55 18.08 59.19* 64.37 0.96

5 63.9 2,558.59 93.62 18.66 50.66 64.87 1.11

6 65.3 2,989.21 93.22 19.78 51.57 67.52 0.93

7 54.2 2,045.34 93.17 17.97 56.08* 66.07 0.95

8 61.0 2,182.63 95.38 21.39* 45.00 65.31 0.94

9 61.7 3,339.33* 94.25 19.77 50.21 65.42 1.06

10 64.1 2,573.63 93.10 20.22* 48.93 67.78 0.99

11 61.1 3,465.67* 94.03 20.52* 54.98* 47.00 0.98

12 56.6 2,850.67 92.36 20.48* 54.89 65.6 0.96

13 62.1 2,739.30 95.28 19.26 48.96 64.58 1.08

14 66.0* 3,076.63 94.02 18.61 50.35 65.47 1.54*

Continued…
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The estimates of the gain from selection, considering a breeding method

in which the recombination only involves pollen from selected (parental

control = 1), for the characteristic HEI, are the following:

σ̂g
2 =

QMG – QMR
=
177.51 – 11.51

= 83.00 and
r 2

h2 =
σ̂g

2

=
83.00

= 0.9351
(QMG/r) (177.51/2)

For the selected percentage of 30%, we have i = 1.159 (Cruz, 2005).

Hence, the gain from selection is estimated by

GS = i ph σ̂g = (1.159) × 1 × √0.9351 × 83.00 = 10.21

In percentage terms, we have

GS (%) =
GS × 100

=
10.21 × 100

= 15.70%
average 65.06

An alternative way to estimate the gain from selection is by the formula

GS = h2DS = h2 (Xs – Xo) = 0.9351 (74.98 – 65.06) = 9.28

Family HEI(1) DMP DM CP NDF IVD CF

15 61.9 3,405.75* 93.20 18.86 59.31* 62.34 1.02

16 62.3 2,615.92 93.79 19.18 46.35 64.28 1.27*

17 66.9* 2,785.63 93.92 17.99 51.64 63.44 1.12

18 65.0 1,675.67 92.92 19.61 47.75 60.51 0.91

19 65.3 2,846.79 94.40 14.62 54.01 63.77 1.22*

20 46.8 1,798.34 90.47 13.03 46.69 66.16 0.89

Xo 65.06 2,953.24 93.71 19.26 52.71 65.11 1.16

Xs
(2) 74.98 3,917.79 – 21.67 59.70 - 1.57

(1) HEI = height; DMP = dry matter production; DM = dry matter percentage; CP = crude protein; NDF = neutral
detergent insoluble ber; IVD = in vitro digestibility o dry matter; and CF = stem/lea.
(2) Average of the six superior families.

Table 6. Continued.
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In percentage terms, we have

GS (%) =
9.28 × 100

= 14.26%
65.06

In Table 7, the estimates of genetic parameters are presented, as well as
the predicted gain for variables HEI, DMP, CP, NDF and CF.

The gains from selection range between 6.9% and 29.9%. The two GS
estimators, based on selection intensity or on the selection dierential, provide
similar estimates. It must be highlighted that the expression of GS based on
the selection dierential requires knowledge o the means o all the evaluated
individuals, while the formula based on the knowledge of selection intensity
does not require that knowledge; however, it must only be applied when the
variable has normal distribution.

Direct and indirect selection of traits

As stated before, the success of a breeding program is primordially
based on the existence of genetic variability, which enables selection and,
consequently, the achievement of superior genetic materials to the breeder.
The ast and ecient utilization o this variability is essential and studies about
correlations constitute one o the paths to save time and to reduce eorts.

Estimating correlations is important to establish more adequate strategies
for the condition of a breeding program and to evaluate the indirect responses in
traits with low heritability or with problems o identication and measurement.

Table 7. Estimates of genetic parameters and predicted gain for the evaluated
variables.

Trait(1) Xo Xs h2 (%) GS = h2DS GS (%) GS = iσ̂g GS (%)

HEI 65.06 74.98 93.52 9.28 14.26 10.21 15.70

DMP 2,953.24 3,917.79 91.41 881.73 29.86 847.69 28.70

CP 19.25 21.67 86.23 2.08 10.80 2.68 13.93

NDF 52.71 59.71 52.00 3.63 6.90 3.30 6.43

CF 1.16 1.57 77.74 0.32 27.14 0.28 24.3
(1) HEI = height; DMP = dry matter production; CP = crude protein; NDF = neutral detergent insoluble ber;
IVD = in vitro digestibility of dry matter; and CF = stem/leaf.
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The correlations observed directly are phenotypic. It becomes necessary
to distinguish their two causes: genetic and environmental. Genetic correlations
are due mainly to pleiotropism and to the genetic changes in disequilibrium
situations. Pleiotropism is the phenomenon through which a gene aects
simultaneously two or more characteristics, so that if it is segregating it will
cause concomitant variation in the characteristics involved. The correlation
resulting rom pleiotropism expresses the total eect o the segregating genes.
Some pleiotropic eects can increase the characteristics, while others can
reduce them. In other cases, the eects can increase some characteristics and
reduce others, so that pleiotropism does not necessarily cause a correlation
that can be detected.

Genetic linkage disequilibrium is the temporary cause of correlation and
this can be altered in advanced generations due to breaks in the gene pools
resulting from crossovers.

Phenotypic correlations are the ones obtained based on the means of
the evaluated traits. When we consider the evaluation of two characteristics,
X and Y, in g genotypes evaluated in b random blocks, we have the following
statistical model:

Xij or Yij = μ + gi + bj + εij

The phenotypic correlation is obtained as follows:

rf =
Cov(X, Y)

√V(X) V(Y)
where X and Y are variables that express the means of the genotypes in relation
to traits X and Y, respectively.

To estimate the environmental correlations and the genotypic correlations,
we must perform variance analyses and obtain the values of the mean squares
(or variances). The mean products (covariances) are calculated using estimates
of the mean squares obtained by the variance analysis of the sum of the values
of X and Y, given by

Zij = Xij + Yij

The scheme of variance analyses of variables X, Y and X + Y with the mean
squares, indispensable for calculating the correlations, is presented in Table 8.

The mean products are obtained considering that

V(X + Y) = V(X) + V(Y) + 2 Cov(X + Y),
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so that

PMGx,y =
QMG(x + y) – QMGx – QMGy and

2

PMRx,y =
QMR(x + y) – QMRx – QMRy

2

The correlations can then be obtained as follows:

Environmental correlation:

ra =
PMRxy

√QMRx QMRy

Genotypic correlation:

rg =
σ̂g(x,y)

√σ̂2
gx σ̂

2
gy

where

σ̂g(x,y) =
PMGx,y – PMRx,y

r

σ̂2
gx =

QMGx – QMRx

r

σ̂2
gy =

QMGy – QMRy

r

Table 8. Scheme of variance analyses of traits X, Y and of the sum X + Y, evaluated in
random blocks involving g genotypes.

FV GL
X Y X + Y

QM E(QM) QM E(QM) QM E(QM)

Blocks r – 1

Genotypes G – 1 QMGx σ2
x + rσ2

gx QMGy σ2
y + rσ2

gy QMGx+y σ2
x+y + σ2

g(x+y)

Residue (r-1)(g-1) QMRx σ2
x QMRy σ2

y QMRx+y σ2
x+y
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Phenotypic correlation:

Phenotypic correlation can also be obtained based on the mean squares,
given by

rf =
PMGx,y

√QMGx QMGy

For the example being considered, the correlation estimates obtained
are shown in Table 9.

Correlated response to selection

The existence of genetic correlation between traits means that selection
in one characteristic causes changes in others. Evaluating the direction and

Table 9. Estimates of phenotypic and genotypic (in brackets) correlations, above the
diagonal, and environmental, bellow the diagonal, between the combinations of seven
characteristics evaluated in alfalfa.

Trait HEI(1) DMP DM CP NDF IVD CF

HEI 1 0.807** 0.608** 0.576** 0.416 0.424 0.852**
(0.868) - (0.616) (0.623) - (0.996)

DMP 0.059 1 0.463* 0.493* 0.601** 0.302 0.796**
- (0.554) (0.801) - (0.909)

DM 0.058 0.016 1 0.617** 0.056 0.080 0.509*
- - - -

CP 0.241 0.013 0.139 1 0.359 0.251 0.427
(0.518) - (0.580)

NDF -0.104 0.241 -0.318 -0.606 1 0.323 0.423
- (0.390)

IVD 0.125 -0.223 0.231 0.480 -0.516 1 0.536*

-

CF 0.023 0.215 0.301 -0.276 0.535 -0.350 1
(1) HEI = height; DMP = dry matter production; DM = dry matter percentage; CP = crude protein; NDF = neutral
detergent insoluble ber; IVD = in vitro digestibility o dry matter; and CF = stem/lea.

**, * Signicant, at 1% and 5% probability, by test t, respectively.
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dimension of these changes is essential to have, by the end of a breeding
program, geneticmaterials with superior behavior in a number of characteristics.

Response expected from a trait Y, when selection is applied to a trait X,
can be estimated by the following expression:

RY(X) = β̂g RX = β̂g β̂ DSX

where
RX : direct response in trait X, given by β̂DS;
β̂g: regression coecient that measures variation in genetic values o the trait
Y, calculated by

β̂g =
Cov(X, Y)

= rg
σ̂gy

σ̂2
gx σ̂gx

β̂: regression coecient that measures variation in the genetic values in the
improved population, regarding trait X, with changes caused by phenotypic
selection in test unities, calculated by

β̂ =
Covg(UMX , UTY)

σ2
fx

UM and UT are unities or individuals from the improved and from the test
populations, respectively.

Regarding trait Y, we can estimate the direct gains through the formula

RY = p iy hy σ̂gy

and the indirect gains through the formula

RY(X) = p ix hx σ̂gy rgxy

Thereore, the eciency o indirect selection in relation to direct
selection is given by the following ratio:

RY(X)
=
p ix hx σ̂gy rgxy

RY p iy hy σ̂gy

With the same selection intensity in traits X and Y, we have

RY(X)
=
hx rgxy

RY hy
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from which we conclude that RY(X) > RY if rg hx > hy. Thus, response from indirect
selection will be compensatory when the main trait (Y) has low heritability and
when an auxiliary trait (X) of easy measurement, high heritability and high
correlation to the main trait is available.

Based on the data presented in Table 5, we can obtain the correlated
responses shown bellow.

Correlated response in Y, by selection in X

Let’s consider the selection of 30% of the studied genotypes. Variable HEI
will be called X and variable DMP, Y. Based on the results of the variance anal-
ysis presented in Table 5, we have

σ̂gy = √585,198.8485 = 764.983;

h2
x =

σ̂ 2
gx = 83.00

= 0.9351 then hx = 0.9670 and rgxy = 0.8685
(QMTX)/r (177.5082/2)

For the selected percentage of 30%, the selection intensity (i) value
equals 1.159.

Thus, RY(X) = 1.159 × 0.9670 × 764.983 × (0.8685) = 744.6145 assuming
p = 1.

The direct response in Y is given by

RY = iy hy σ̂gy

where:

h2
y =

σ̂ 2
gy = 585,198.8485

= 0.9141 then hy = 0.9561
(QMTY)/r 1,280,331.3806/2

thus RY = 1.159 × 0.9561 × 764.983 = 847.6929.

An alternative way to obtain the direct and correlated response in trait Y
is by using the expressions based on selection dierentials, obtained based on
the means presented in Table 6.

Direct response is given by

RY = h2
Y DSY = h2

Y (YS – YO) = 0.9141 (3,917.7983 – 2,953.2437) = 881.7346

Indirect response is given by

RY(X) = h2
Y DSY(X) = h2

Y (Y(X) – YO), in which
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Y(X) is the mean o genotypes or trait Y, whose superiority was identied
through the good performance in trait X. For the example at issue, Y(X) is the
mean of progenies 1, 2, 3, 4, 14 and 17.

Hence, we have

Y(X) =
4,238.63 + 4,493.46 + 4,563.96 + 2,819.79 + 3,076.63 + 2,785.63 =

6

=
21,978.1

= 3,663.01
6

and thus

RY(X) = 0.9141 × (3663.013 – 2953.2437) = 648,8.

In some situations, the estimates of correlated responses obtained by the
two estimators mentioned present results showing a great deal of discrepancy,
disagreeing in dimension and, most surprisingly, in sign. Since the expression
based on selection dierentials is supported by just the ratio between two
traits of the selected genotypes, it seems to be a good option used in breeding
studies. In this example, we nd that

RX(Y) = iy hy σ̂gx rgxy = 1.159 × 0.9561 × √83.00 × (0.8685) = 8.768

and

RX(Y) = h2
X DSX(Y) = 7.1760.

When selecting trait Y, genotypes 1, 2, 3, 9, 11 and 15 were identied as
superior. Among these genotypes, only 9, 11 and 15 produce less than the mean of
trait X, while the others producemore, and genotypes 1, 2 and 3 were also selected
for good performance in both Y and X. Given these facts, we can expect that the
correlated response provides substantial gains in both characteristics evaluated.

Recommendation of cultivars

In a given environment, the phenotypic manifestation is the result of the
action o the genotype under inuence o the environment. However, when a
number of environments are considered, we detect, in addition to genetic and
environmental eects, an additional eect, given by the interaction between
these eects.

Evaluating the interaction of genotypes x environments becomes very
important to breeding because, in case it exists, there is the possibility for the
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best genotype in one environment not to be so in another. This act inuences
gain rom selection and makes it dicult to recommend cultivars with broad
adaptability. Because of the importance of this interaction, it is the breeder’s
job to assess its dimension and signicance, quantiy its eects in breeding
techniques and the technology diusion strategies, and to provide subsidies
which allow adopting procedures for to minimize or utilize it.

Even though studies on interactions of genotypes x environments have
great importance for breeding, they do not provide detailed information about
the behavior of each genotype faced with environmental variations. For this
purpose, adaptability and stability analyses are carried out, through which it
becomes possible to identify cultivars with predictable behavior and that are
responsive to environmental variations, in broad or specic conditions.

There are currently over ten methodologies of adaptability and stability
analysis aiming at evaluating groups of genotypic materials tested in a
number of environments. These methodologies are based on the existence of
interactions and dier rom the stability concepts adopted and rom certain
statistical principles employed. The choice of a method of analysis depends
on the experimental data, mainly the ones related to the number of available
environments, on the precision required and on the type of information desired.
It should also be understood that some methods are alternative, while others
are complementary and can be used together.

Eberhart and Russell (1966) suggested performing the adaptability and
stability analysis based on a simple linear regression model. By these authors’
proposal, the following equation is adopted:

Yij = β0i + β1i Ij + δij + εij

where

Yij: mean of genotype i in environment j

β0i: general mean of genotype i

β1i: linear regression coecient, that measures the response o the i-th genotype
to environmental variation

Ij: codied environmental index (∑j Ij = 0)
δij: regression deviation and

εij: average experimental error

By this methodology, both the regression coecients o phenotypic values
for each genotype in relation to the environmental index, and the deviations
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of such regression, would provide estimates of stability and adaptability
parameters. The concepts involved in this methodology, which are easier to
understand, are given bellow.

Adaptability. refers to thecapacityof genotypes toutilize theenvironmental
stimulus with advantage. As for adaptability, they are assorted into:

a) Genotypes with general or broad adaptability: in these, β1i equals 1.

b) Genotypes with adaptability specic to avorable environments: in
these, β1i is greater than 1.

c) Genotypes with adaptability specic to unavorable environments: in
these, β1i is lesser than 1.

Stability. refers to the capacity of genotypes to display a highly predictable
behavior due to the stimulus from the environment. It is evaluated by the
variance component attached to the regression deviations σ2

di. The following
types of genotypes are found:

a) Genotypes with high stability of predictability: in these, σ2
di equals 0.

b) Genotypes with low stability or predictability: in these, σ2
di is greater

than 0.

Eberhart and Russell (1966) considered that the ideal genotype is the
one which has a high production average, regression coecient equal to 1 and
regression deviations as small as possible.

Estimation of stability and adaptability parameters

Parameters β0i and β1i are estimated through the following expressions:

β̂0i = Yi. and V̂(β̂0i) =
1
σ̂ 2

ε and
a

β̂1i =
∑
j
Yij Ij

and V̂(β̂1i) =
1 σ̂ 2

ε

∑
j
I2j ∑

j
I2j

where

Ij =
1
∑
i
Yij –

1
∑
i
∑
j
Yij and

g ag

σ̂ 2
ε =

1
σ̂ 2 =

QMR
r r
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The hypothesis Ho : β1i = 1 versus Ha : β1i ≠ 1 is evaluated by the statistic
t, given by

t =
β̂1i – 1

√V̂(β̂1i)

The stability parameter σ2
di is estimated by the variance analysis method,

based on the mean square of the regression deviation for each genotype (MSDi)
and on the mean square of the residue, that is:

σ̂ 2
di = ∑

j
δ̂ 2

ij /(a – 2) =
MSDi – QMR

r

where

MSDi =
r

∑
j
Yij –

Y2
i –

(∑j Yij Ij)2
(valid for every i)

a – 2 a ∑
j
I 2j

Sometimes, it may occur that many genotypes with superior average of
yield are presented σ2

di statistically dierent than zero. However, selection
of a few genotypes from the group in which stability (or predictability) is low
may be necessary. In these cases, an auxiliary measure of comparison between
these genotypes is the determination o coecient Ri

2, given by

R2
i =

SS(Linear regression)i × 100
SS(A/Gi)

To select alfalfa genotypes by adaptability and stability of the “dry
matter” trait, Vasconcelos et al. (2008) evaluated 92 genotypes in two periods,
rain season and dry season. In this study, the traditional methodology cited
by Cruz et al. (2004) was used, in addition to the one by Eberhart and Russell
(1966) and the centroid one (Rocha et al., 2005). The result regarding data
analysis through the traditional method indicated that genotype WL 612, with
the smallest mean square value for environments within the genotype, was the
one with less variation in the mean of cuttings in the three environments and
with the greatest stability. However, this genotype had a low average of dry
matter production, in comparison to the others. According to Cruz et al. (2004),
it is very likely that genotypes with smaller mean square of environments within
genotypes had a reduced mean. The result of the adaptability and stability
analysis, by the Eberhart and Russel methodology, indicated that genotype LE
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N 4 was the one presenting a high value of β̂0 (or mean equal to 1,834.83 kg of

dry matter per cut per ha), and β̂1 equal to 1.015, but the estimated regression

deviation for this genotype was greater than zero, indicating the material

has low stability. Lédo et al. (2005) also found this behavior, reporting that,

according to Cruz et al. (2004), it may sometimes occur for several cultivars

with high average yield, to present regression deviations statistically dierent

than zero. In this case, cultivars from the group that showed reduced stability

can be selected, but using the value of R2 as an auxiliary measure. Vasconcelos

et al. (2008) also highlighted that the Eberhart and Russel methodology could

be more ecient i the number o environments was greater. Since the number

of environments was three, the number of points used for regression was also

three. By the centroid method, 36 out of the 92 genotypes were deemed as

having general adaptability, but among them the materials Crioula, LE N 4 and

P 30 showed the greatest probabilities (64%, 81% and 75%, respectively) of

belonging to class I, that is, of having general adaptability to the environments.

The genotypes with best behavior in rain environments were Rocio and Costera

SP INTA with 35.7% and 35.0% probabilities of belonging to that class. After

evaluation by the three methods, the authors concluded that genotype LE N 4

has general adaptability (centroid method) and high mean of production, and

that it is responsive to environmental improvement for dry matter production

(Eberhart and Russel method). Genotypes P 5715 and Bárbara SP INTA had, in

addition to good adaptability, stability in dry matter production (centroid

method). Genotype Bacana had the best adaptability to dry environments

(centroid method), with an acceptable mean of dry matter production and of

stability (traditional method), and thus constitutes a good option for forage

exploitation throughout the year.

When choosing a genotype, it is expected for its initial superiority to last

throughout its life. Similarly, it is also expected that the good performance

presented in certain structures or integral parts o the individual reects the

potential of the genotype to be used as a whole. The truth of this expectation

can be proved by the repeatability coecient o the characteristic studied.

The repeatability coecient can be obtained when the measurement o a

given trait is performed repeatedly to the same individual in time or in space.

Generally, this coecient is useul or breeding, because it allows evaluating

the number of necessary measurements to have a good prediction of the real

value of the individual. Also, repeatability represents the maximum value that

can be reached by heritability.
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Dierentmethodologies can be used to obtain the repeatability coecient.
The method presented bellow is based on the variance analysis, according to
the model:

Yij = μ + gi + aj + εij

where

Yij : observation regarding the i-th genotype in the j-th environment (time or
space)

μ : general mean

gi : random eect o the i-th genotype under inuence o the permanent
environment (i = 1, 2, ..., p)

aj : steady eect o the temporary environment on the j-th measurement (j =
1,2,..., η) and

εij : experimental error set by the temporary environmental eects on the j-th
measurement of the i-th genotype

The scheme of the variance analysis for the model with two variation
factors (g and a) is presented in Table 10.

When we evaluate p genotypes in η repeated measurements, we can
estimate the repeatability coecient by the intraclass correlation obtained
rom the variance analysis. The repeatability coecient is given by:

r = ρ̂ =
Côv(Yij , Yij’) =

σ̂ 2
g =

σ̂ 2
g

√V̂(Yij) V̂(Yij’) σ̂ 2
Y σ̂ 2 + σ̂ 2

g

The determination or the precision for predicting the real value of the
individual based on the mean of η evaluations is given by:

R2 =
ηρ

1 + ρ(η – 1)

Table 10. Scheme of the variance analysis for the model with two variation factors.

VF GL MS E(MS)

Genotypes p-1 MSG σ2 + ησ2
g

Environments a-1 MSE –

Residue (p-1)(a-1) MSR σ2
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Another interesting calculation is the prediction of the number of
measurements (η0) necessary to achieve a given level of precision (or
determination), in the comparison of genotypes, for a given characteristic
whose repeatability coecient r is known. The expression to obtain the number
of measurements is:

η0 =
R2(1 – r)
(1 – R2)r

Low value o repeatability coecient indicates that there has not been
regularity on the repetition of the trait from one measurement to the other;
with that we should not perform reductions in the number of measurements
performed to save time and labor.

In a study to obtain the repeatability estimates for dry matter production
in alfalfa, Souza-Sobrinho et al. (2004) used productivity data obtained in four
assays o evaluation o alala carried out in dierent regions o the state o
Minas Gerais. The authors estimated the repeatability coecient or each o
the assays, through the variance analysis method, the principal components
method based on the covariance and correlation matrix and through the
structural analysis based on the correlation matrix. The average repeatability
estimate for dry matter production in the four assays evaluated was 0.59, with
average determination coecient o 0.96. They also concluded that carrying
out an average of only four cuts was enough to learn the real genotypic value
of the cultivars tested, with 85% reliability.

Ferreiraetal. (1999) evaluated42cultivars andestimated the repeatability
coecient o the characteristics dry matter production, crude protein content
in leaves and in stem and disease tolerance, assessed in rain and dry seasons,
in six cuts. The authors ound that the repeatability coecient generally
showed low dimension estimates (under 0.4). As for dry matter production,
the repeatability coecient ranged between 0.3195 and 0.4270, the genotypic
determination was around 65% and the possibility of reaching prediction of the
real value was through seven to nine cuts.

Final considerations

The increase in agricultural productivity associated to nutritional quality
of alfalfa can be achieved through improvements in environmental conditions
or in the genetic potential of individuals or populations. In many situations,
genetic improvement is the only way to achieve this goal, in addition to the
advantage of promoting hereditary changes. Due to the existence of great
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genetic diversity in alfalfa, it becomes possible to select and recombine genetic

orms that are more adapted, more ecient and that have better quality.

Using biometrics during the stages of a breeding program for alfalfa

becomes an extremely useful tool for the researcher to make decisions, allowing

the gathering of the maximum information on the evaluated experiments. With

that, the strategies to conduct the next stages of the breeding program can be

planned, increasing the gains achieved and the success in improving the crop.
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