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Genetics/ Original Article

Similarity networks for the
classification of rice genotypes
as to adaptability and stability

Abstract — The objective of this work was to evaluate the similarity network
graphic methodology for the classification of flood-irrigated rice (Orzya
sativa) genotypes regarding their adaptability and stability. Two statistical
measures were used to represent the proximity of the behavior (based on
Pearson’s correlation) or values (based on Gower’s distance) between pairs
of genotypes or between genotype and environment. Productivity data of
18 genotypes were evaluated in three locations in the state of Minas Gerais,
Brazil, in the harvests of 2012/2013, 2013/2014, 2014/2015, and 2015/2016, in
arandomized complete block design. The genotypes were previously assessed
for adaptability and stability by the Eberhart & Russell and centroid methods.
The graphical representations provided by the similarity networks allowed
to better identify the pattern of the genotype x environment interaction,
overcoming the interpretation difficulties due to the disagreements between
the results obtained by the Eberhart & Russell and centroid methods. The
similarity networks improve genotype X environment interaction studies.

Index terms: Orzya sativa, flood-irrigated rice, genotype X environment
interaction, graphic analysis, similarity.

Redes de similaridade para a classificagao
de gendtipos de arroz quanto a sua
adaptabilidade e estabilidade

Resumo — O objetivo deste trabalho foi avaliar o método grafico de rede de
similaridade na classificagdo de gendtipos de arroz (Orzya sativa) irrigado
quanto a sua adaptabilidade e estabilidade. Duas medidas estatisticas foram
utilizadas para representar a proximidade de comportamento (basecada na
correlagdo de Pearson) ou de valores (baseada na distancia de Gower) entre
pares de genotipos ou entre genodtipo e ambiente. Foram avaliados dados
de produtividade de 18 genoétipos de arroz irrigado em trés locais de Minas
Gerais, nas safras de 2012/2013, 2013/2014, 2014/2015 e 2015/2016, em
delineamento em blocos ao acaso. Os genotipos foram previamente avaliados
quanto a adaptabilidade e a estabilidade pelos métodos de Eberhart & Russell
e centroide. As representagdes graficas fornecidas pelas redes de similaridade
facilitaram o reconhecimento do padrdo de intera¢do gendtipo x ambiente, o
que permitiu superar as dificuldades de interpretagdo devido a discordancia
entre os resultados obtidos com os métodos de Eberhart & Russell e centroide.
As redes de similaridade facilitam os estudos de interagdo gendtipo x
ambiente.

Termos para indexacdo: Orzya sativa, arroz irrigado, interagdo genotipo x
ambiente, analises graficas, similaridade.
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Introduction

Rice (Oryza sativa L.) represents the most important
commodity worldwide, standing out as the second
most cultivated and one of the most consumed grains,
providing over 70 and 65% of the Asian and world
population meals, respectively (Santos et al., 2006). In
Mercosul, Brazil occupies the first position in harvested
area and rice production (Acompanhamento..., 2017).

In general, the greatest challenge for breeding
programs for grains and agricultural species has
been to select genotypes that are stable and have
high productivity in several environments (Reginato
Neto et al., 2013). In this context, the evaluation of
the genotype x environment (GXE) interaction is of
special importance. For this, several methodologies
have been proposed, following the analysis of variance
principles, environmental stratification (Lin & Binns,
1988), or adaptability and stability analyses based on
simple, multiple, and nonparametric linear regressions
(Eberhart & Russell, 1966; Rocha et al., 2005).

Although widely used, those methodologies have
some limitations when individually applied. For
example, they usually do not report specific GxE
interactions, besides being difficult to interpret
(Malosetti et al., 2013). Another problem faced by
GxE interaction studies is the classification mismatch
between different methodologies, which makes it
even more difficult for the breeder to interpret data
and make decisions. Aiming to overcome difficulties
of interpretation, several authors have proposed
the simultaneous use of traditional and graphic
methodologies, such as additive main effects and
multiplicative interaction (AMMI) (Zobel et al., 1988),
GGE biplot (Yan et al., 2000), and restricted maximum
likelihood/best linear unbiased prediction (REML/
BLUP) (Resende, 2002), useful for zoning purposes
and specific indications in studies with a wide range of
environments. Faria et al. (2017) used the Eberhart &
Russell, centroid, AMMI, and mixed model methods
to evaluate the adaptability and stability of commercial
corn (Zea mays L.) hybrids. The authors observed
that the studied methods diverged in the indication
of hybrids with specific adaptability to favorable and
unfavorable environments, concluding that the use
of more than one evaluation method allows a more
reliable recommendation.

In practice, the breeder is interested in knowing if a
genotype is able to thrive in more than one environment.
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The consistency of this response pattern can be
determined by measuring correlations or distances
regarding the performance of pairs of genotypes in
environments; the performance of a genotype in pairs of
environments; and the relationship between genotypes
and environments (Cruz et al., 2014). With these data,
it is possible to obtain a matrix of correlations or
distances. Although similarity measures have already
been successfully used in clustering methods (Cruz et
al., 2011), few studies currently adopt correlation or
distance measurements to aid in the classification of
genotypes as to adaptability and stability (Silva et al.,
2019).

In the present study, a new methodology is proposed,
based on the similarity analysis of the behavior of
genotypes and environments, which represents a
very useful and easily interpreted alternative for GXE
interaction studies. The technique was built in analogy
to the correlation network plots used by several authors
(Kumar & Deo, 2012; Saba et al., 2014; Monforte et
al., 2015; Silva et al., 2016) to represent and explore
— by nodes and lines — the similarity pattern among
genotypes and/or environments (Epskamp et al., 2012).
This graphical analysis allows the organization, by
zoning, of the evaluated environments, adding to them
information about the adaptation of a genotype to
specific regions.

The objective of this work was to evaluate the
similarity network graphic methodology for the
classification of flood-irrigated rice genotypes
regarding their adaptability and stability.

Materials and Methods

Eighteen flood-irrigated rice genotypes were
evaluated for grain yield (kg ha') in multi-location
value for cultivation and use (VCU) trials. Of these
genotypes, 13 are elite lines and 5 are commercial
cultivars — Rio Grande, BRS Ourominas, BRSMG
Seleta, BRSMG Predileta, and BRSMG Rubelita
(Table 1).

The experiment was conducted in a randomized
complete block design, during the harvests of
2012/2013, 2013/2014, 2014/2015, and 2015/2016, in
three locations in Brazil: the Gorutuba experimental
farm, in the municipality of Nova Porteirinha, in the
state of Minas Gerais (15°48'0.77"S, 43°17'59"W, at
533.77 m altitude); the experimental farm of Embrapa
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Arroz e Feijao, in the municipality of Goiania, in
the state of Goias (21°58'11"S, 45°20'60"W, at 887.55
m altitude); and the experimental farm of Empresa
de Pesquisa Agropecudria de Minas Gerais, in the
municipality of Leopoldina, in the state of Minas
Gerais (21°31'48"S, 42°38'24"W, at 257.29 m altitude).
The experimental trials in all locations were performed
within each harvest year, totaling 12 environments
(Table 1).

First, individual analyses of variance were
performed and, then, the joint analysis of all sources of
variations was carried out based on a simple factorial
arrangement, considering the genotypes as fixed and
the environments as random (Ramalho et al., 2000).
The statistical model used was: Yix = p + B/Ey + G;
+ E; + GE; + &, where Yy is the observation in the
k-th block, evaluated in the i-th genotype and j-th
environment; 1 is the general mean of the experiments;
BJ/E; is the effect of block k within environment j; G;
is the effect of the i-th genotype considered as fixed;
E; is the effect of the j-th environment considered as
random; GEj; is the random effect of the interaction
between genotype i and environment j; and g, is the
random error associated with observation Yi.

To better assess the interactions between genotypes
and environments, the genotypes were previously
classified as to adaptability and stability by the
Eberhart & Russell (1966) and centroid (Rocha et al.,
2005) methods. These classifications were applied in
the graphical analyses using the similarity network
and distance projection methods proposed in the
present study.

According to Eberhart & Russell (1966), genotype
adaptability can be classified as: class I, general
adaptability; class II, adaptability to favorable

environments; class III, adaptability to unfavorable
environments; class I'V, restrictions to recommendation
(not adapted); and class V, not recommended (not
adapted). In the centroid method, four classes are
used: class I, wide adaptability; class 11, adaptability
to favorable environments; class III, adaptability to
unfavorable environments; and class IV, minimally
adapted (Rocha et al., 2005). Classes IV and V of the
Eberhart & Russell method and class IV of the centroid
method refer to disposable or poorly adapted material;
therefore, these classes are considered equivalent. All
analyses were performed using the Genes software
(Cruz, 2016).

The graphical representation of the similarity
networks was built in analogy to the correlation
network plots proposed by Epskamp et al. (2012). Each
line has a weight indicating correlation force or existing
similarity, depending on the similarity matrix used,
either based on Pearson’s correlation or on Gower’s
similarity. As the degree of relationship between two
variables gets stronger, the lines that connect them
get thicker in the network frame. The intensity of the
correlations and/or similarities also depends on the
length of the lines. According to Epskamp et al. (2012),
shorter lines indicate stronger relationships, allowing
to group different variables. The two-dimensional
network representation of a p-dimensional similarity
matrix, for example, allows the researcher to detect
important structures and complex statistical patterns
difficult to extract from a table (Silva et al., 2019).

Two different similarity matrices were generated,
with elements either representing the proximity of
the behavior (using the correlation principle) or of the
values (using the distance principle) between pairs of
genotypes or between genotype and environment.

Table 1. Identification of the 18 flood-irrigated rice (Orzya sativa) genotypes evaluated regarding their value for cultivation

and use (VCU) from 2012/2013 to 2015/2016.

Identification Genotype Identification Genotype Identification Genotype

Gl BRA 031001 G7 'BRSMG Seleta' GI3 BRA 02708
G2 BRA 041099 G8 'BRS Ourominas' Gl14 BRA 031006
G3 BRA 02691 G9 CNAI 9091 G15 BRA 01330
G4 'BRSMG Rubelita' G10 BRA 041230 Gl6 BRA 041236
G5 MGI 0607-1 Gll1 'BRSMG Predileta’ G17 BRA 031018
G6 BRA 02706 Gl12 MGI 0717-18 G18 'Rio Grande'

Pesq. agropec. bras., Brasilia, v.55, €01017, 2020
DOI: 10.1590/S1678-3921.pab2020.v55.01017



4 G.N. Silva et al.

Therefore, the similarity matrix was constructed
based on two principles: Pearson’s correlation (SN/t,)
and the complement of Gower’s distance (SN/G).
Similarity was structured in a matrix of (g + €) x (g
+ ¢) dimension, with two diagonal blocks (R, and
R.x) arranged on the main diagonal and the R,,. = R'¢y,
information, on the secondary diagonal.

For the similarity matrix based on Pearson’s
correlation, the main diagonal was composed
by Pearson’s correlations (rpeason). Therefore, the
information about the performance of the g genotype
in the e environment made up the data matrix (M),
from which the R,,, submatrix was generated, whose
elements represented the correlation between the M
matrix columns. Similarly, the M matrix transpose
(MT") allowed generating the R.,. submatrix, whose
elements represented the correlation between the MT
columns. The Ry, submatrix was obtained from a
transformation in the M matrix, which consisted in
converting the maximum and minimum values of each
column into 1 and 0, respectively; the other values
were interpolated within these limits. The addition
of the R,y; Rywet Rexe Rexe Submatrices generated the R
matrix for the similarity network analysis.

The similarity matrix based on Gower’s distance was
constructed equivalently to the one based on Pearson’s
correlation. From the M matrix, it was possible to
obtain the R,,, and R, submatrices, which represented
the diagonal blocks of the R matrix. The R, submatrix
was established identically to the one for the similarity
matrix based on Pearson’s correlation. The diagonal
blocks were composed by the similarity matrices
generated based on Gower’s algorithm, described by
Moura et al. (2010) as:

P
g - Zkzlwijksijk

i b 5
Zkzlwijk

where p is the number of variables (p = e to get Ry,
and p = g to get R.); Wi s the weight given to the
comparison, assigning 1 for valid comparisons and 0
for missing values; and s;; is the similarity between i
and j, which represent pairs of genotypes or pairs of
environments for variable k (0 < sy < ).

The classification of genotype and environment
into groups according to the Eberhart & Russell and
centroid methods was associated to the similarity
matrices. Therefore, a total of four scenarios were
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evaluated: similarity network using rpcuson (SN/1,) and
similarity network using Gower’s distance (SN/G) for
the GxE classification groups given by the Eberhart
& Russell method; and similarity network using r'pearson
(SN/r,) and similarity network using Gower’s distance
(SN/G) for the GxE classification groups obtained by
the centroid method.

Results and Discussion

The joint analysis of the experiments showed
that environment and GxE interaction effects were
significant (Table 2). Genotype mean, however, did
not differ significantly, which is explained by the
significance of the GXE interaction and by the advanced
breeding stage in which the lines were evaluated,
which makes it difficult to detect differences among
the general means of the lines.

The significant interaction between genotypes and
environments (Table 2) is indicative of the varying
behavior of the rice genotypes throughout the evaluated
environments. This justifies the need to perform
adaptability and stability studies to better assess
genotype performance in different environmental
conditions, also allowing to identify stable genotypes
(Cruz et al., 2014).

When the Eberhart & Russell and centroid methods
were used to classify the genotypes for adaptability
and stability, differences were observed in some line
rankings (Table 3). Assuming that classes IV and V
of the Eberhart & Russell method are equivalent to
class IV of the centroid method, a 50% agreement was
found between the classifications of the 18 assessed
genotypes. Both methods, for example, classified the

Table 2. Summary of the joint analysis of variance of flood-
irrigated rice (Orzya sativa) lines and cultivars evaluated
for grain yield in 12 environments.

Source of variation DF Grain yield (kg ha™) F-test
Blocks/environments 24 3,214,399.0

Genotypes (G) 17 1,954,786.0 1.28
Environments (E) 11 128,702,466.0 40.04**
GxE 148 1,516,798.0 1.69%*
Error 317 894,726.0

Mean 4,925 -

CV (%) 19.21 -

**Significant by the F-test, at 1% probability. “Nonsignificant.
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BRA 02691 (G3), MGI 0717-18 (G12), MGI 0607-1
(G5), and the control genotype 'BRS Ourominas' (GS8)
as of general adaptability, but differed regarding the
classification of other lines of interest.

The BRA 031001 (G1) genotype was classified as of
general adaptability (class I) by the Eberhart & Russell
method, since it presented Mi>M, B;;= 1, and R>>70%.
However, this same genotype was classified as poorly
adapted (class I'V) by the centroid method, because its
average productivity was not high compared with that of
MGI 0607-1 (G5). The classification of the BRA 02708
(G13) and BRA 041230 (G10) genotypes also differed:
both were classified as of general adaptability (class
I) by the Eberhart & Russell method, whereas BRA
02708 (G13) and BRA 041230 (G10) were classified as
of specific adaptability to unfavorable and favorable
environments, respectively, by the centroid method.

These discrepancies make the decision-making
process difficult for breeders. Several other authors
also reported differences in the classifications and
recommendations given by different methodologies of
adaptability and stability analyses (Peluzio et al., 2008;

Barroso et al., 2017; Silva et al., 2019). Therefore, each
method presents singularities when ranking lines, and
the choice of the best biometric technique should be
made carefully (Faria et al., 2017).

The graphical representation of the similarity
networks based on Pearson’s correlation (SN/ I'yearson)s
using the groups given by the Eberhart & Russell
and centroid methods, showed that each methodology
supported the other in important aspects (Figure 1).
The exception were the divergent rankings for BRA
02708 (G13) and BRA 031018 (G17), when adopting
class I of Eberhart & Russell and class I1I of the centroid
method. These two lines had a strong correlation
with environment E3, classified as favorable, in both
graphs; however, BRA 02708 (G13) was classified as
of specific adaptability to unfavorable environments
by the centroid method, with similar probabilities of
belonging to classes I and III (Table 3). Therefore,
the proposed similarity network gives the researcher
greater security in classifying genotypes of general
adaptability and with a high correlation with favorable
environments. It also highlights the greater correlation

Table 3. Estimates of the adaptability and stability parameters, spatial probabilities [P(I) to P (IV)], and phenotypic
adaptability classification of flood-irrigated rice (Orzya sativa) genotypes according the Eberhart & Russell and centroid

methods.
Genotype Eberhart & Russell® Centroid
(identification) i Bii R2 (%) Class P(I) PI) P(IID) P(IV) Class
BRA 02691 (G3) 5.3020) 1.095 80.43 I 0.3311 0.205 0.2747 0.1892 I
MGI 0717-18 (G12) 52080  0.7644% 77.24 111 0.3187 0.1598 0.3574 0.1641 111
'BRS Ourominas' (G8) 52282  (.9852" 93.51 I 0.3143 0.2591 0.2248 0.2018 I
MGI 0607-1 (G5) 5.13@ 1.0079" 91.63 I 0.282 0.2428 0.2522 0.223 I
BRA 02708 (G13) 50279 0.9297 78.69 I 0.2544 0.239 0.2617 0.245 111
BRA 041230 (G10) 5.0082 1.0757 93.51 I 0.235 0.2977 0.2123 0.2551 11
BRA 031006 (G14) 4.987@ 0.7595% 76.31 111 0.2584 0.2362 0.2645 0.2409 111
BRA 031018 (G17) 4.98® 0.8902" 82.23 I 0.2538 0.2187 0.288 0.2395 111
BRA 031001 (G1) 4976® 09921 88.31 I 0.2442 0.2551 0.2449 0.2559 v
BRA 01330 (G15) 49652  0.9416™ 93.08 I 0.2461 0.2775 0.2264 0.2501 11
'BRSMG Seleta' (G7) 4.909 1.0259m 84.82 \% 0.2375 0.27 0.2313 0.2611 11
BRA 041099 (G2) 4.834 1.0305 90.49 \% 0.2125 0.31 0.2008 0.2768 11
'Rio Grande' (G18) 4831 1.1862* 93.39 \% 0.2176 0.3313 0.1925 0.2586 11
CNAI 9091 (G9) 4799 0.98221 84.82 \% 0.2261 0.2667 0.2315 0.2757 v
BRA 041236 (G16) 4.631 0.8235* 9278 \% 0.2067 0.2219 0.2678 0.3035 v
'BRSMG Rubelita' (G4) 4.618 1.2391* 8775 \Y% 0.1531 0.3671 0.15 0.3299 11
'BRSMG Predileta’ (G11) 4562 11368 89.91 \Y% 0.1803 0.2821 0.1937 0.344 v
BRA 02706 (G6) 4.56 11338 89.35 \% 0.1875 0.2603 0.2116 0.3406 v

1By, average yield of genotype i; ~By;, regression coefficient; and R?, coefficient of determination. ®Values above the general average. * and **Significant

by the t-test, at 5 and 1% probability, respectively. “Nonsignificant.
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between genotypes that have an average higher than
the general one. A similar response pattern was found
by Silva et al. (2019) when adopting strategies based
on the projection of dissimilarity measures.

Another discrepant result that had to be evaluated
with caution was the classification of the 'BRSMG
Rubelita' (G4) commercial line. It was classified as
not recommended (class V) by Eberhart & Russell
since its average was lower than that of the general
experiment, but showed specific adaptability to
favorable environments (class II) by the centroid
method (Table 3). The obtained graphs emphasized
a strong correlation between 'BRSMG Rubelita' (G4)
and environment E3 (Figure 1). It was noted that the
probability of this line not being recommended (class
IV) or of showing specific adaptability to favorable
environments (class II) was similar by the centroid
method, which caused confusion in its classification.
In this case, the graphical representation was
useful because it aided in the visualization of the
relationships between genotypes and environments.
Silva et al. (2019) also evaluated the 'BRSMG Rubelita’
(G4) commercial line, and found a strong correlation
between this genotype and environments classified

. Cutoff: 0.7 Maximum: 1

as favorable. According to the authors, the graphical
representation by projections of distances helped to
visualize the relationship between genotypes and
environments.

Relationships between genotypes, environments,
and GxE were expressed by Gower’s similarity
measure (Figure 2). By adopting this similarity matrix
over the previous one based on Pearson’s correlation,
it is possible to make inferences about genotypes and
environments based on the obtained values and not
on their general behavior. This is important because,
even when the correlation between two environments,
considering distinct genotypes, is high, the comparative
values between them may be as discrepant as if one
environment were favorable and the other unfavorable
(Cruz et al., 2014). Therefore, a distance measurement,
rather than a correlation measurement, would be able to
capture this and provide a new angle for the breeder’s
interpretation (Cruz et al., 2014; Epskamp et al., 2012).

Similarity networks based on the complement of
Gower’s distance (SN/G) also used the groups given
by the Eberhart & Russell and centroid methods
(Figure 2). The obtained graph evidenced the similarity
between environments belonging to a same favorable

General adaptability

Adapted to favorable enviromments
Adapted to unfavorable enviromments
Genotype not selected

Genotype not selected

Unfavorable enviromments

Favorable enviromments

Cce0o0@00

. Cutoff: 0.7 Maximum: 1

Figure 1. Similarity network based on Pearson’s correlation matrix and considering the genotypic and environmental
classes obtained by the Eberhart & Russell (A) and centroid (B) methods. G;, genotypes, i = 1, ..., 18; and E;, environments,

j=1, .., 12. The names of the genotypes are shown in Table 1.
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Maximum: 1

Cutoff: 0.7

Cutoff: 0.7

General adaptability

Adapted to favorable enviromments
Adapted to unfavorable enviromments
Genotype not selected

Genotype not selected

Unfavorable enviromments

Favorable enviromments

cO@o00@00

Maximum: 1

Figure 2. Similarity network based on Gower’s similarity matrix and considering the genotypic and environmental classes
obtained by the Eberhart & Russell (A) and centroid (B) methods. G;, genotypes, i = 1, ..., 18; and E;, environments, j = 1, ...,

12. The names of the genotypes are shown in Table 1.

or unfavorable class. A similar pattern of behavior
was verified for the BRA 02708 (G13) and BRA
031018 (G17) lines regarding favorable environments,
particularly E1 and E3.

The BRA 031001 (G1) line also resulted in a conflict
of interest for the breeder, since it presented a higher
average than the general one, but was classified as not
adapted (class IV) by the centroid method and as of
general adaptability (class I) by the Eberhart & Russell
method (Table 3). Applying the proposed similarity
networks (Figures 1 and 2), this line showed a high
correlation with genotypes classified as of general
adaptability and as adapted to favorable environments,
even for the networks constructed based on the centroid
classification (Figure 1 B). The same similarity
pattern was observed when the decision criterion
was based on Gower’s similarity, i.e., BRA 031001
(G1) also presented a great similarity with genotypes
classified as of general adaptability and as adapted to
favorable environments, as well as with the favorable
environment E1 (Figure 2 B).

Considering that the correlation network analysis
has been useful in plant breeding studies (Silva et al.,
2016), similarity networks showed an increase in the

effectiveness of genotype selection, assisting in the
decision-making process, especially for genotypes that
are difficult to classify (Silva et al., 2019).

Conclusions

1. Similarity = matrices  between  genotypes,
between environments, and between genotypes and
environments are effective for genotype x environment
interaction studies in flood-irrigated rice (Orzya
sativa).

2. The graphical evaluations provided by the
proposed similarity network methodology are useful
in the breeder’s decision-making process, when
evaluating lines classified by the Eberhart & Russell
and centroid methods.
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