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ABSTRACT.: The objective of this study was to compare different graphical dispersion
analysis techniques in two- or three-dimensional planes. In this study, the data from
different published works were used in order to determine the best methodology for
analyzing the genetic diversity of different species. In this study, efficiency is measured by
the amount of original distance absorbed by the projection of distances technique, which
in the case of major components is equal to the amount of total variation originally
available and retained by the principal components used for dispersion purposes.
The projection of dissimilarity measurement technique, principal component analysis
(PCA), and principal coordinate analysis (PCoA) were used. Considering the analysis
by means of three orthogonal axes, the graphical dispersion efficiency was 82.22 for
PCA, 87.22 for PCoA, and 85.25 for the projection of distances technique. For the 2D
analysis, considering the two main axes, the mean dispersion efficiency was 69.90 for
the PCA, 75.06 for the projection technique, and 78.16 for PCoA. Considering the
studies carried out with experimental data of six different species, it is concluded that
the principal coordinate analysis is superior.

Keywords: adaptive methods, dissimilarity, multivariate, crops, statistical.
Introduction

Studies regarding the discrimination of plant and animal populations
are of great importance for the development of breeding programs
and biodiversity conservation. Analysis of genetic diversity, through
phenotypic characteristics, has guided the selection of suitable parents
at the early stages of breeding programs, leading to the optimization
of selective gains. In addition, analysis of genetic diversity has allowed
the quantification of variability and has facilitated the management
of germplasm banks, saving time and resources (Cruz, Ferreira, &
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Pessoni, 2011). Currently, there are several methodologies available for
the quantification and evaluation of diversity in population studies,
either from phenotypic information or genotypic data. However, due
to the wide variety of information and given the particularities of each
biological material, the choice and the application of the most appropriate
methodology are important to obtain reliable results (Mohammadi &
Prasana, 2003).

Generally, individual information is lost with clustering, and only
information referring to the group means remains. However, when
working with many individuals, the numbers obtained for similarity/
dissimilarity estimates are relatively large, making it difhicult to recognize
homogeneous groups (Cruz et al., 2011). The choice falls on individual
clusterings based on dispersions in relation to Cartesian axes obtained
by the principal components, principal coordinate and projection of
distance techniques.

Representation in plane, in a smaller number of dimensions, proves
to be helpful for the identification of related genotypic groups (Cruz
et al,, 2011). Several studies used principal coordinates to demonstrate
the divergence between genotypes using molecular data (Aitken et
al., 2018; El-Esawi et al., 2018; Guzmdn, Segura, Aradhya, & Potter,
2018; Taglioti et al., 2018;Wu et al., 2018; Ferreira et al., 2016; Zaher
et al,, 2011; Van Inghelandt, Melchinger, Lebreton, & Stich, 2010).
Other studies were based on principal component analyses (Muller et
al., 2018; Valcércel, Peird, Pérez-de-Castro, & Diez, 2018; Osawaru,
Ogwu, & Dania-Ogbe, 2013; Santi et al., 2012; Jombart, Devillard, &
Balloux, 2010). Additionally, studies have been conducted that used the
projection of distance technique in a two or three-dimensional plane
(Nicky, Carvalho, Assis, & Carvalho, 2008; Sant'Anna & Cruz, 2015).

With regard to plants, in addition to enabling the study of the
genetic diversity of a group of accessions, principal component analysis
has the advantage of allowing the evaluation of the importance of
each characteristic studied based on the total variation available among
genotypes. The interest in this evaluation lies in the possibility of
discarding traits that contribute little to the discrimination of the
evaluated genotypes, reducing the labor, time and costs necessary for
agricultural experimentation.

The principal component analysis (PCA) is based only on the
individual information of each accession, without the need for replicated
data, and it has been frequently used in many multivariate procedures
whose purposes are not restricted to the study of genetic diversity.
However, a criticism of this technique is related to its association in terms
of graphical dispersion by the Euclidean distance. Thus, according to Cruz
et al. (2011), variance explained by the first two principal components
corresponds to the complement of the statistical stress. This stress is
measured by the ratio of the sum of the square of the Euclidean distance
estimated from the principal component scores and the square of the
Euclidean distance estimated from the original variables.
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In some cases, the investigator has reasons not to adopt the Euclidean
distance as the dissimilarity measure; consequently, he or she will have the
same reasons not to adopt the technique of principal components as the
best graphical representation of the distance in the evaluated accessions.
A common situation in genetics and breeding, in which the Euclidean
distance has not been recommended, refers to studies by molecular
markers with dominant expression in which a pattern of agreement of
band absence should not be counted as similarity between accessions.
Moreover, in this case, measures such as the arithmetic complement of
the Jaccard index similarity index and Nei and Li distances have been
preferred (Jaccard, 1908; Nei & Li, 1979).

The use of projection of distances and principal coordinate (PCoA)
techniques has been recommended to graphically represent any
dissimilarity measure that properly represents the standard and the
particularity of the studied data. However, there is no information on the
effectiveness of one technique over the other, and these techniques are
often arbitrarily chosen by the researcher. For this reason, it is important
to carefully choose the methodology that has greater adaptability in order
to ensure that the result is not an artifact of the technique. Thus, the
objective of this study was to compare different techniques of graphical
dispersion analysis in two and three-dimensional planes to determine the
best method in order to assist in further genetic diversity analyses based
on the analyses of different crops.

Material and methods

The present study was carried out in the Bioinformatics Laboratory
of the Institute of Biotechnology Applied to Agriculture (BIOAGRO)
of the Federal University of Vigosa, through the software Genes (Cruz,
2013) and R (R Core Team, 2018). Thus, phenotypic data from
previously published studies were used. Analyses were carried out for six
plant species: Brachiara, coffee, cassava, Commom bean, eucalyptus, and
soybeans (Table 1).

Table 1

Description of the researches carried out by different authors, showing the studied

crop, number of considered variables and number of genotypes in each work.

Crop Variables Number of genotypes Author
Brachiaria spp. 18 6 (Assis, Euclydes, Cruz, & Do Valle, 2003)
Coffee 14 40 unpublished data
Eucalyptus saligna 18 3 unpublished data
Eucalyptus saligna 14 3 unpublished data
Common Bean 15 25 unpublished data
Commoen Bean 10 23 unpublished data
Common Bean 15 3 unpublished data
Cassava 8 [ (Gomes, Carvalho, Jesus, & Custodio, 2007)
Soybean 6 2 unpublished data
Soybean 6 2 unpublished data
Soybean 6 2 unpublished data
Soybean 10 11 unpublished data
Soybean 6 5 unpublished data
Soybean 6 2 unpublished data
Soybean 10 11 unpublished data
Soybean 6 2 unpublished data
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*In the Brachiaria study, 301 accessions of Brachiaria species were evaluated: 150 B. brizantha,
46 B. decumbens, 36 B. humidicola, 31 B. jubata, 28 B. ruziziensis, and 10 B. dictyoneura.

Species were used only to provide datasets with different numbers of
accessions and traits, which were evaluated using different experimental
accuracies. The hypothesis considered that the superiority of a particular
technique used in the 17 experimental sets could be indicative of its
potentiality and of the possibility of a generalized recommendation of its
use. These works were chosen for being fairly complete, for having been
carried out over one or more evaluation years, and for being crops that are
widely used in breeding programs. Traits used in this study are described
(Suplementar Material).

For the genetic diversity analyses carried out by the principal
coordinate analysis and the projection of distances on the plane, the
dissimilarity matrix was used, the elements of which were given by the
Euclidean distance mean. For the principal component analysis, the
means of the accessions available in the referred studies were used.

Principal components

The principal component analysis consists of converting an original set
of variables to another set of equivalent dimensions but with important
properties that are of great interest in some improvement studies. Each
principal component is a linear combination of the original variables.
Moreover, they are independent and are estimated in order to retain, in an
estimate order, the maximum information in terms of the total variance
contained in the original data.

Projection of distances

In this procedure, dissimilarity measures are converted into scores of
two or three variables, which, when represented in dispersion graphics,
will reflect distances originally obtained from the v-dimensional space (v
= number of traits used for obtaining distances) in the two- or three-
dimensional space.

To create a graphical representation of similarity measures, the
coordinate of the most divergent measures is calculated. Then, the
coordinate of those that showed, in descending order, the greatest
diversity with the genotypes previously considered is calculated, as
described by (Cruz et al., 2011), where i and j are the most divergent
genotypes. It is arbitrarily considered that the coordinate of i is equal to
(0.0) and the coordinate ofj is equal to (dj;, 0). A third genotype k presents
the coordinates (Xy, Yi), and X are Y, mathematically estimated. The
other coordinates are established by statistical processes with allocation
error minimization.
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Principal Coordinates

Analyses carried out by principal coordinate techniques used the matrix
of genetic distances to produce a coordinate plot in which accessions
or populations are represented by points in the Cartesian plane (Gower
& Hand, 1966). Similar to the cluster analysis, this analysis allows clear
visualization of the genetic diversity level of accessions. In the present
study, the Euclidean distance mean was chosen for the dispersions carried
outin the 2D and 3D planes. The D'Center module was used to transform
the distance matrix in scalar products in order to allow the calculation
of the eigenvalues and eigenvectors used in the analysis of the principal
coordinates (Gower & Hand, 1966). During this transformation, all
elements of the triangular matrix (dij), except for the principal diagonal,

are replaced by -1/2 d? j- Afterwards, the mean for each line and the
mean of each column are subtracted from the value of each element,
and finally, the matrix mean is summed. Thus, the focusing matrix was
obtained. This matrix, through the EIGEN module, was used to calculate
the eigenvalues and eigenvectors, which allow the representation of the
principal coordinates in two and three dimensions. The consistency of the
results was evaluated by the percentage of total variance explained by the
first vectors of the principal coordinates.

In the present study, efficiency is a parameter that can be used to
evaluate the best technique. Thus, the efficiency of techniques is measured
by the quantity of the original distance absorbed by the graphical distance,
which, in the case of principal components, is equal to the quantity
of total variation originally available and retained by the principal
components used for graphical dispersion purposes.

Results and discussion
Comparison of techniques

In this study, three biometric techniques were used for graphical
representation of genetic diversity, and the choice of technique depends
on the type of the available data or the author’s preference without
adoptinga scientific criterion. This study clarified the situations in which
the available methodologies can be chosen so that experimental accuracy
is not compromised, and the results are the diversity quantification and
evaluation, considering the particularities of the biological material and
the program’s goals.

In the analyses carried out for 16 different crops with different numbers
of variables and genotypes, the principal coordinate technique was more
efficient in 93.75% and 70% of the analyses in two and three dimensions,
respectively. Additionally, the principal coordinate technique was equally
efficient in the analysis with two main axes in comparison with the
other methods in 18.75% of cases. In contrast, in most analyses, the
principal coordinate analysis was far superior to the other two methods
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(Table 2). The projection of distances technique was successfully used to
represent genetic diversity by Sant'/Anna and Cruz (2015), who found
that in simulated populations, this technique placed the parents and the
five backcross generations in the Cartesian plane, respecting the genetic
similarities, which ranged from 75% to 98%, exactly as expected by the
Mendelian principles. Nicky et al. (2008) also observed the projection
of distances technique’s efficiency when applying it together with other
genetic diversity methods in green pepper and pepper populations.

The principal coordinate analysis has been widely used to represent
genetic diversity in breeding programs in species such as maize (Van
Inghelandt et al., 2010), sweet sorghum (Murray, Rooney, Hamblin,
Mitchell, & Kresovich, 2009), rice (Choudhury et al., 2014; Roy et al.,
2015), sweet potato (Su et al., 2017), and barley (Ferreira et al., 2016),
among others. In all these works, associations among genotypes were
revealed with the principal coordinate analysis.

Table 2

Description of the works carried out by different authors, showing the studied crop,

the number of considered variables and the number of genotypes in each work, and

the results obtained by projection of distances, principal components and principal

coordinates in two and three orthogonal axes. The results are presented in distortion values.

3D D

Variables Genotypes Crop PCoA FD  PCA PCoA PD PCA
6 20 Soybean 5.83 6.7 6 11.78 1346 136
6 20 Soybean 2.76 0.03 3.8 l6.13 18.71 1.7
6 20 Soybean 4.77 5.12 5.84 9.31 10.23 1177
10 11 Soybean 7.46 1448 9.18 17.62 19.84 24,17
6 5 Soybean 3.83 9.45 5.48 14.12 18.41 18.2
6 20 Soybean 3.77 461 471 10.17 11.04 11.96
10 11 Soybean 8.35 10 9.4 19.42 21.09 2208
6 2 Soybean 7.46 8.3 932 18.03 8.3 2472
10 23 Common bean 35.11 30.1e  40.28 34.19 41.55 55.1
15 3 Common bean 33.05 3104 4323 34.71 4049 59.56
15 25 Common bean 11.21 26,66 33.16 32.2 3636 4741
18 6 Brachiaria 30.62 10,07 12.33 18.28 20,78 27.54
14 40 Coffee 19.57 2431 30.42 30.7 38.38 4893
3 9 Eucalyptus 14.64 18.43 19.87 26.72 32.86 3298
3 9 Eucalyptus 12.71 16.24 22.01 24.79 30.9 39.22
8 6 Cassava 4.87 36.25  30.61 31.31 36.23 4543
mean 12.89 15.75  17.98 21.84 2494 3110

Considering the analysis by means of three orthogonal axes, dispersion
graphical efficiency had a mean of 82.22 for the principal component
analysis, 87.22 for the principal coordinate analysis, and 85.25 for the
projection of distances technique. In the case of 2D analyses, considering
two main axes, dispersion efficiency was, on average, 69.9 for the principal
components analysis, 78.16 for the principal coordinate analysis, and
75.06 for the projection of distances technique. The three techniques
were successful when projected on three main axes. However, usually,
the principal component analysis cannot be used due to the necessity
of projecting distances, which are calculated considering the limitations
caused by biological and experimental conditions (Cruz et al., 2011).

However, the main components technique has the advantage of
evaluating the importance of each studied feature on the total available
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variation among the evaluated accesses, allowing fewer discriminating
characters to be discarded, since the characters are already correlated with
other variables redundant or by their invariance. For example, Valcarcel
etal. (2018) studied the morphological characterization of 206 cucumber
accessions using five plants per accession that were characterized with 17
qualitative and nine quantitative descriptors; eight of them referred to
plant traits, and 18 related to the fruit. According to the PCAs, the traits
related to the weight and the shape of the fruit are key to explain the
variability found among the accessions included in each group. Besides
that the morphological characterization allowed the selection of 67.2% of
the collection, eliminating the most similar accessions.

On the other hand, when the projection of distances and the principal
coordinates are considered, it is necessary to make a conscious choice
since both techniques can be calculated using the same types of data, and
researchers should base their choice on the most appropriate scientific
criteria.

Graphical analysis in the 2D plane

Individual clustering based on dispersions, with respect to Cartesian
axes obtained by the principal component analysis, principal coordinate
analysis and projection of distances technique, facilitates the visualization
of the genetic diversity of homogeneous groups without a great loss
of individual information. Therefore, these techniques are chosen over
others that also quantify genetic diversity (Cruz et al., 2011). Among
the results, the study of the coffee crop, including 40 genotypes and 14
agronomic characteristics, showed greater discrepancy in the comparison
between techniques. Therefore, these results were used to illustrate the
differences between the techniques in 2D graphical analyses (Figures 1, 2
and 3). Analysis by means of two main axes of the 40 coffee genotypes,
in which 14 characteristics were analyzed, presented a distortion of 38.58
for the projection of distances technique, while the principal components
and coordinates presented 46.93 and 30.70, respectively. It was observed
that individuals 17 and 35 as well as 12 and 13 are similar to each other
and divergent in relation to the others, and they remained more distant
from the other individuals.

This behavior is similar for the three techniques, with few differences.
However, there is a nearby group consisting of individuals 6, 7, 11, and
19. Although this group is observed in the three techniques, it is not very
different from the remaining individuals in the projection of distances
technique, similar to the principal main component and coordinate
techniques. Figures 1, 2, and 3 are quite similar when they are rotated.
However, it is up to the author to decide which technique best represents
the data, since the results obtained by the utilized technique, despite being
quite similar, present discrepancies that may be quite relevant. Thus, the
peculiarities of the material and the technique used in the study must be
considered. For example, if it is necessary to preserve the most divergent
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group, the projection of distance technique can provide three points
without any distortion (Cruz et al,, 2011).
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Figure 1

Graphical dispersion of the 40 coffee genotypes in relation to the first and second
principal components, established by linear combination of 14 agronomic characteristics.
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Graphical dispersion of the 40 coffee genotypes in relation to the
Euclidean distance mean expressed in two-dimensional plane.
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The two-dimensional PCoA plots show the low percentage of the total genetic diversity.
3D plane graphical analysis

In situations in which the researcher does not find the expected
deviation for the data through projection techniques at a distortion
level below 20% (which is recommended by the literature) (Cruz et
al., 2011), it is recommended to use projection in three orthogonal
axes to ratify the obtained conclusions. However, when stress or
distortion is very high, above 20%, there might be no correlation between
the results obtained by projections in two or three orthogonal axes,
in relation to the divergence level found. Again, graphical analysis
by means of three orthogonal axes of the 40 coffee genotypes in
which 14 characteristics were analyzed presented distortion of only
19.57 principal coordinates, while a distortion of 30.62 and 24.31 for
the principal components and projection of distance techniques was
observed, respectively. Therefore, the relationships previously observed
are not found in Figures 4, 5, and 6. However, when distortions for the
2D planes are below that recommended by the literature, it is possible to
observe compatibility in the results. In the case of dispersions produced
by the three techniques, there were discrepancies between the results, but
all dispersions positioned individuals 12 and 13 near one another, which
is similar to what happened to the 2D plane. This suggests the need to
use other methods that evaluate genetic diversity so that the most suitable
technique is chosen.
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Figure 4
Graphical dispersion of the 40 coffee genotypes in relation to the first, second and third
principal components, established by linear combination of 14 agronomic characteristics.
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Figure 5
Graphical dispersion of the 40 coffee genotypes expressed
by the Euclidean distance mean in three-dimensional plane.
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Figure 6

The three-dimensional PCoA plots show the low percentage of the total genetic diversity.

Therefore, it is known that when there is no information regarding
the genetic relationship between most genotypes, it is not possible
to determine which clustering method is more accurate. Thus, when
comparing results from different methods, it is possible to avoid
erroneous inferences Cruz, Salgado & Bhering,(2014). The authors
points out that the use of more than one clustering method, due to
differences in the hierarchical classification, optimization and groups
ranking, is essential since it allows the complementation of results,
preventing erroneous inferences.

Additionally, the 2D projection of distances technique has the
property of representing three distances without any distortion, being
a technique of faithful reproduction of the most divergent genotypes.
In the case of the 3D projection technique, it can represent six
distances without distortion. Because of this, this technique is reliable
for the selection of relatives. In a different approach, the principal
coordinates analysis is a method to explore and to visualize similarities
or dissimilarities in the data in which individual or group differences
can be used to show outliers, represent patterns in the data, or separate
the accessions into subspecies or populations. On the other hand, the
principal component analysis offers an efficient criterion of selection, and
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once you have found patterns in the data, it can be used to reduce the
number of dimensions without much loss of information (Shlens, 2014).
This study presents the limitation of not having examined molecular
data. However, further studies will be carried out to indicate the best
method to be used for any type of data, regardless of phenotypic or
genotypic data. This is important because as verified by numerous studies,
both morphological and molecular markers are informative tools to
powerfully assess the genetic diversity in a breeding program. For example,
Wang et al. (2013) assessed the genetic diversity of 142 sweet sorghum
parent lines used in the hybrid breeding program of Heilongjiang
Academy of Agricultural Sciences (Harbin, China) based on agronomical
traits and simple sequence repeat (SSR) markers and concluded that both
tools should be considered simultaneously for the diversity analysis in
hybrid breeding programs. Studies have shown that it is better to analyze
genetic diversity both with morphological and molecular traits; however,
few studies have assessed genetic diversity using morphological traits
and molecular markers simultaneously. In the present work, the results
were very clear, and thus, it is concluded that the principal coordinates
technique is superior for this type of analysis, as shown in Table 1.

Conclusion

In this study three biometric techniques were used for graphical
representation of genetic diversity considering experimental data of six
different species, it is concluded that the principal coordinate analysis is
superior. In spite of that, the behavior is similar for the three techniquesin
many cases, with few differences. However, it is up to the author to decide
which technique best represents the data, since the results obtained by
the utilized technique, despite being quite similar, present discrepancies
that may be quite relevant. Thus, the peculiarities of the material and the
technique used in the study must be considered.
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