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ABSTRACT

In an asexually reproducing hybrid such as banana (Musa spp.), the assessment of clones
in the short term is limited because replications are frequently unavailable in the proper
number. The aim of this work is to propose the Multiple Factor Analysis of Mixed Data
(MFAmix) as a tool for establishing objective criteria to identify banana clones that preserve
variability for qualitative and quantitative variables. In the long term, the aim is the
development of a banana germplasm bank. MFAmix was applied on a population composed
of 124 banana clones collected from different farmers’ fields and four controls. Two groups
of variables related to the agronomic aptitude of the clones were evaluated, one composed
of nine quantitative variables, and the other, composed of three dichotomous qualitative
variables. A Selection Index (SI) was built from the MFAmix coordinates in order to rank the
clones and select a subset that allows to preserve the existing genetic variability. The first
two axes of MFAmix explained a 49.47% of the total data variability. The set of the banana
clones was successfully characterized based on quantitative and qualitative variables. In
the long term, the creation of a banana germplasm bank should consider the height and
diameter of the plant, the rachis bunch weight and the hands weight, and the qualitative
variable plant leafiness.

Key words: asexual hybrid, collection of germplasm, multivariate analysis, Musaceae.

RESUMEN

En un hibrido de reproduccién asexual como banana (Musa spp.), la evaluacion de los clones
en el corto plazo es limitada debido a que generalmente no se cuenta con el nimero adecuado
de repeticiones. El objetivo de este trabajo es aplicar la técnica de Analisis Factorial Maltiple
de Datos Mixtos (AFMmix) como una herramienta para establecer criterios objetivos de
manera de identificar clones de banana que preserven la variabilidad de los caracteres
cualitativos y cuantitativos. Alargo plazo, el objetivo es desarrollar un banco de germoplasma
de banana. Se aplicé el AFMmix a una poblacién de 124 clones de banana recolectados de
diferentes campos de productores y cuatro testigos comerciales. Se evaluaron dos grupos de
variables relacionadas con la aptitud agronémica de los clones, uno compuesto por nueve
caracteres cuantitativos, y el otro, por tres caracteres cualitativos dicotémicos. Se construy6
un Indice de Seleccién (IS) a partir de las coordenadas del AFMmix de manera de ordenar
a los clones de banana para seleccionar un subconjunto de ellos que permita conservar la
variabilidad genética existente. Los dos primeros ejes del AFMmix explicaron un 49,47% de
la variabilidad total de los datos. Se caracteriz6 satisfactoriamente al conjunto de clones de
banana a través de las variables cuantitativas y cualitativas. A largo plazo, en la creacién de
un banco de germoplasma de banana se debe considerar a la altura y didmetro de la planta, al
peso del raquis y peso de las manos, y al caracter cualitativo frondosidad de la planta.

palabras clave: hibrido asexual, coleccidon de germoplasma, andlisis multivariado, Musaceae.
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INTRODUCTION

Banana (Musa spp.) is a crop of fundamental importance
for the economies of many developing countries. In
terms of gross production value, it is the fourth most
important food crop in the world, after rice, wheat and
maize (Arias et al., 2004). In northern Argentina, a sub-
tropical area, the banana crop suffers from suboptimal
climate conditions, affecting diversity. Thus, there are
genotypes which are adapted to environments which
are less favorable for traditional production. Therefore,
in Argentina there is a crop diversity which is unique in
the world (Ermini et al., 2013, 2016). The banana is an
asexual reproduction hybrid, the selection of clones
in the short term, is limited due to the lack of the
appropriate number of repetitions.

A germplasm bank is a collection of live plant material
which aims to preserve the genetic variability existing in
one or more species of interest. Germplasm banks are the
main means to protect the plant diversity of the different
crop species, and identify accessions for breeding
programs, basic researches, and production. Agronomy
problems derived from the excessive uniformity of the
crops can be solved by introducing local varieties. Hence
both the conservation and use of the genetic variability
available in germplasm banks are presently revaluated
(Defacio, 2009).

Some authors reported the use of Principal
Components Analysis (PCA) (Defacio, 2009) and
Generalized Procrustes Analysis (GPA) (Bramardi,
2005) to identify varieties to conserve in a germplasm
bank. The disadvantages of using these methodologies
are as follows. Through PCA, it is not possible to analyze
qualitative variables as active variables; i.e. they can
only be introduced as supplementary variables, not
intervening in calculating the coordinates of individuals
and variables. Through GPA, it is possible to work with
the synthetic variables resulting from applying PCA
on the quantitative variables and Principal Coordinate
Analysis (PCoA) on the qualitative variables. On this
occasion, it is not possible to determine which variables
are the ones which contribute the most to the formation
of the axes or factors, making it difficult to characterize
the cultivars through the evaluated variables. There is a
relatively newmethodology, the Multiple Factor Analysis
of Mixed Data (MFAmix) (Pages, 2002, 2014 ) that allows
the characterization of the cultivars according to the
quantitative and qualitative variables simultaneously
and determines which variables mostly contribute to
the total variability. MFAmix provides equations that
are linear combinations of the original variables and
form axes of highest variation that allow to differentiate
cultivars. Therefore, the aim of this report was to propose
the MFAmix as a tool for establishing objective criteria
to identify banana clones that preserve variability for
qualitative and quantitative variables. In the long term,
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the objective is to form a banana germplasm bank
representing most of the plant diversity available in the
northeastern region of Argentina.

MATERIALS AND METHODS
Plant material

The study population was composed of 124 banana
clones collected from different producers’ fields in the
province of Formosa, Argentina (Ermini et al., 2018)
and four commercial varieties extensively used in the
world production that were the experimental controls:
Williams (Control 1), Jaffa (Control 2), Gal Azul (Control
3) and Gran Enanao (Control 4) (Figure 1).

an
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Figure 1. Trees and bunches of banana fruit that correspond to clones
collected from different farmers' fields.

An augmented block design (Cotes and Nustez, 2001)
was carried out with 15 blocks of 14 plants each, where
only the controls have repetitions. It was accomplished at
the experimental field of INTA Formosa which is located
in northern Argentina (26°11’31.8”S, 58°12’22.4”"W),
during the 2016-2017 crop season.

Two groups of phenotypic variables related to the
agronomic aptitude of the clones were evaluated, one
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composed of nine continuous quantitative variables, and
the other, composed of three dichotomous qualitative
variables.

The quantitative variables were plant height (m),
plant diameter (cm), rachis bunch weight (kg), hands
weight (kg), second hand diameter (cm), last hand
diameter (cm), second hand length (cm), last hand
length (cm) and peel thickness (mm). In a previous
communication (Del Medico et al., 2018a), the existence
of genetic variability for these quantitative variables
was verified by a method originally developed to take
into account the lack of genotypic replications for clones
due to the experimental design used. The qualitative
variables were plant leafiness (low or high), bunch size
(small or big) and prolificity of tier bunch (low or high).

Statistical methodology

The MFAmix (Pages, 2002, 2014) was applied. This
methodology allows the analysis of data tables in which
the same group of individuals is described through a
group of variables, evaluated in different conditions,
moments or places. Variables can be quantitative or
qualitative, with the only restriction that the nature of
these variables must be the same within each group.
MFAmix provides a similar weighting to both kinds
of variables. In general terms, the MFAmix algorithm
consists of two stages. The preliminary stage (separate
analysis), in which each group of variables is analyzed
separately, in the case of quantitative variables set,
through a PCA and for qualitative variables set, through
a Multiple Correspondence Analysis (MCA). The first
eigenvalue from each of these analyses will be used in
the subsequent step. The main stage (global analysis)
consists in performing a PCA on the whole data resulting
from the juxtaposition of the configurations obtained in
the separate analysis, which are weighted by the inverse
of the corresponding first eigenvalue. This weighting
maintains the structure of each matrix and manages
to balance the influence of the different groups of
variables. The objective of the MFAmix technique is to
highlight the main variability of individuals, the latter
being balanced by the various groups of variables.

A global measurement of the relation between the
configurations of both groups of variables defined for
the same individuals could be calculated through the RV
coefficient (Abdi, 2007). The RV coefficient takes values
between zero (the configurations are orthogonal) and
one (the configurations are homothetic).

ASelection Index (SI) was built from the coordinates of
the quantitative variables obtained through MFAmix. SI
is a linear combination of the standardized quantitative
variables whose weights are their coordinates obtained
through MFAmix, multiplied by the inertia explained
in that factor. The quantitative variables involved in
its construction were those whose contribution to each
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factor exceeded 2/3 of the corresponding maximum
coefficient in absolute value. The construction of this SI
was based on Del Medico et al. (2018b). The FactoMineR
package of R statistical software was used to accomplish
this analysis.

RESULTS
Multiple Factor Analysis of Mixed Data

The first PCA factor was moderately correlated with the
first MCA factor (-0.61.) The rest of the correlations
between the factors of the separate analyzes were
low (Table 1). These correlation coefficients indicated
that the intensity of the relationship between the
two analyses was slight, being only linked on the first
factor. Two factors were retained from the MFAmix,
which explain 49.47% of the total data inertia (Table 2).
No rotation method was used. The first two factors of
the MFAmix were quite close to the factors of the same
rank in the separate analyses, except the second factor
of the quantitative group. Therefore, the use of MFAmix
properly balanced the contribution of these two types of
variables (Figure 2). The quantitative attributes which
most contributed to the formation of the first factor
were hands weight, rachis bunch weight, and diameter,
width and height of the plant. In the second factor, no
considerable contributions from the quantitative values
were observed (Table 3).

The qualitative variables mostly contributing to the
first factor were bunch size and prolificity of tier bunch.
On the second factor, the largest contribution was made
by the qualitative variable plant leafiness, followed
by bunch size (Table 3). In the representation of both
groups of variables on the first factor plane, there were
no observable differences on the first derived factor.
However, both groups showed differences on the second
factor (Figure 3).

Table 1. Correlations between factors obtained in the preliminary
stage (separate analysis) of Multiple Factorial Analysis of Mixed Data.
The study population was composed of 124 banana clones and four
controls. Two groups of variables related to the agronomic aptitude
of the clones were evaluated, one composed of nine quantitative
variables, and the other, composed of three dichotomous qualitative
variables. Each group of variables was analyzed separately through
a Principal Components Analysis (PCA) or Multiple Correspondence
Analysis (MCA) as appropriate.

Group 1 (PCA)

Factor1  Factor2 Factor 3
Factor1 -0.61 0.28 0.30
Group 2 (MCA) Factor2  0.00 -0.06 -0.09
Factor 3 0.16 0.06 0.01
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Figure 2. Factors of the separate analyzes on the first two axes

of Multiple Factorial Analysis of Mixed Data (MFAmIx). The study
population was composed of 124 banana clones and four controls. Two
groups of variables related to the agronomic aptitude of the clones
were evaluated, one composed of nine quantitative variables, and the
other composed of three dichotomous qualitative variables. Dim 1 and
Dim 2 correspond to the Factor 1 and 2, respectively, obtained in the
MFAMIX.

Table 2. Decomposition of total inertia by factor obtained through
Multiple Factor Analysis of Mixed Data. The study population was
composed of 124 banana clones and four controls. Two groups

of variables related to the agronomic aptitude of the clones were
evaluated, one composed of nine quantitative variables, and the other,
composed of three dichotomous qualitative variables.

Factor1 Factor 2 Factor 3 Factor 4 Factor 5
Inertia % 34.89 14.58 12.46 8.45 8.24
Eigenvalues 1.64 0.69 0.59 0.40 0.39

TheRVcalculatedbetweenboth groupsof variableswas
equal to 0.30, indicating that the relationship between
the configurations corresponding to both groups of
variables under study was low, i.e., its information
regarding total variability was complimentary.
Considering that the RV obtained was low, that the
discrepancies between the groups of variables appeared
on the second factor, and that the evaluated variable
which mostly contributes to the construction of such
a factor was the qualitative variable plant leafiness,
the banana clones were classified according to the
aforementioned variable. Hence, two groups of clones
were formed, one composed of Control 3, and four clones
corresponding to plants with low plant leafiness, and the
other one composed of Control 1, Control 2 and Control
4, and 78 clones corresponding to plants with high plant
leafiness. For this reason, individuals were represented
in the first principal plane of MFAmix, according to the
qualitative variable plant leafiness.
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Figure 3. Representation of the groups on the first two factors of
Multiple Factorial Analysis of Mixed Data (MFAmix). The study population
was composed of 124 banana clones and four controls. Two groups

of variables related to the agronomic aptitude of the clones were
evaluated, one composed of nine quantitative variables, and the other
composed of three dichotomous qualitative variables. Dim 1 and Dim 2
correspond to the Factor 1 and 2, respectively, obtained in the MFAmMIx.

The first factor orders the individuals according to the
quantitative variables. The second factor separates the
individuals according to the qualitative variable plant
leafiness. The clones corresponding to plants with high
plant leafiness were found in the superior part (in red)
and plants with low plant leafiness in the inferior part
(in green) (Figure 4).

Selection Index

Only the first factor was included in the construction
of the SI, given that the quantitative variables did
not present considerable contributions to the second
MFAmix factor (Table 4) Based on data presented in
Table 2 and Table 3, the SI constructed is:

SI =1.64 (0.62 plant height + 0.77 plant diameter +
+ 0.82 rachis bunch weigh+ 0.83 hands weight)

The banana clones were arranged according to this
SI in each of the two groups previously determined
according to the plant leafiness (high or low) (Table 4).

Highlighted numbers in Table 4 identify the clones
selected for the construction of the germplasm bank.
40 clones were selected to create the germplasm bank,
which represent approximately 30% of the total banana
clones studied in this research. The selected number of
clones in each group was proportional to their size. It is
recommended, in order to preserve the existing genetic

ARTICLE 4 - RESEARCH



BAG | Journal of Basic and Applied Genetics | Vol XXXII (1): 25-42; July 2021

=
-]
g Check.2.2 }{1412.8
‘; Check2 }{1.4138 14095 H14120 i
5 . 14031 314131 » 074 *x14106 Check.2 &
Checkaa %t et . ¥14007
Check.1 = filler ¥14118 ! ®14009
1 /-Check.1.11/' %14116 }{'14103 14105 }{14:114 %141923 14133 #14121
Check.1.3 14067 3140
¥14024 ,
¥14001 ChECMZmu Theck.2.8Chegk 1.8, 4808%¢1
S K14102 X14078 m eig41pd ) g
fill BC?{????QE quck.z.\s NAIZRIAEE T fiang
iller g = —e . : .
) e Chec/%g H140554 14008 014048 14 Plant leafiness
filler 1. 14070~ {1ad1a .
P A S CReskag T Checle 1 - 2414000 - #14058° 217 ST T e < * leafiness_high
Check 2.5 ><14DQD-" X14053 14036 filer B X14010-7K14] 140200 * leafiness_low
- y }{141081‘ X14049 = 4. 4124 %14
Check 187228 * 14064 1413877 .
Check 3.2 K14111 #14078 greckad epller 7 X140
- Check.1.8——;{-1413? 18033 14100 X14078 X14112 X14130
14066 ! K14135 %140 .
Check 12 yxtened heck.1 19071 S14051
-1 Check31 fller2% ey a GIECK 14088 /14043
. Checl1.10 filer.3 o filers s
fllerd oo N wdpiat, 14038 checkzi X14104 | e RTADATX14028
’ X14005° ?«4030 Check 2.8 /g-:(;hECk‘i<141151\}{14089 14061
%14035 ¥14027 1:4951 14013
®han1s X140
5 ¥14057
3 -2 1 i} 1 2

Dim 1 (34.89%)

Figure 4. Representation of banana clones on the first two factors of Multiple Factorial Analysis of Mixed Data (MFAmix), according to the qualitative
variable plant leafiness. The study population was composed of 124 banana clones and four controls. Two groups of variables related to the
agronomic aptitude of the clones were evaluated, one composed of nine quantitative variables, and the other composed of three dichotomous
qualitative variables. Dim 1 and Dim 2 correspond to the Factor 1 and 2, respectively, obtained in the MFAmMIx

variability, to select clones with high, moderate and low
SI inside each group.

DISCUSSION

Adequate classification and conservation of the
variability present in the crops and their relatives are
essential for the conformation of germplasm banks,
which results critical for future breeding programs
(Fundora Mayor et al., 2004). The abundance of material
to evaluate, the handling limitations and the fact that,
in general, many variables are studied jointly, make the
conformation of a germplasm bank more difficult.

The use of quantitative and qualitative variables
allows the characterization of crops in a different and
complementary manner. For this reason, it is important
to use an analysis technique which gets a consensus
between both types of variables (Defacio, 2009). For
example, Bramardi et al. (2005) evaluated cucumber
cultivars for agronomic variables of qualitative and
quantitative classes, using the GPA technique for
the joint analysis, and Defacio (2016) evaluated local
maize populations by GPA technique with the aim
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of simultaneously analyzing the quantitative and
qualitative variables. This methodology is used in order
to deal jointly with both kinds of variables. In those
cases, more numerous groups of cultivars were obtained
using each kind of variable separately. However, through
GPA, it is not possible to determine which variables
are the most contributing to the formation of the axes
or factors, which makes it difficult to characterize the
cultivars through the evaluated variables.

The benefit of MFAmix over other existent
methodologies is that it assigns equal importance to
both groups of variables. Additionally, it allows the
characterization of the individuals according to the
quantitative and qualitative variables, and thus to form
a subset which presents the greater diversity.

The MFAmix is a technique that allows deciding a
selection criterion that involves variables of different
nature. Therefore, this methodology is an appropriate
tool for establishing objective criteria through the
construction of a SI for identifying banana clones that
represent the plant diversity available in the Argentinian
Northeast.
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Table 4. Selection Index (SI) of banana clones classified according to plant leafiness (high or low). Sl was built from the coordinates of the
quantitative variables obtained through Multiple Factorial Analysis of Mixed Data (MFAmix). Sl is a linear combination of the standardized quantitative

variables whose weights are their coordinates obtained through MFAmIx, multiplied by the inertia explained in that factor.

40

Plant Plant
leafiness Clone S leafiness Clone S

High 14040 -6.98 Low filler 5 -16.13
14031 -6.22 14073  -12.06
14119 -5.91 14020 -7.16
14024 -5.84 filler2  -7.07
14138 -5.45 14085 -5.59
Test 1 -5.41 14005 -5.45
filler 1 -4.77 Test 3 -5.21
14067 -4.18 14070 -5.18
Test 2 -4.18 filler9 -4.99
14131 -4.06 14013 -4.94
14090 -3.97 14053 -4.89
14001 -3.95 14111 -4.83
14036 -3.89 14108 -4.31
14007 -3.76 14035 -3.93
14019 -3.69 14030  -2.96
14102 -3.42 14038  -2.72
filler 7 -2.62 filler4 -2.51
14128 -2.29 filler3 -2.44
14105 -2.17 14064 -1.82
14118 -2.04 14027  -1.71
14116 -1.86 14066  -1.69
14136 -1.46 14081 -1.65
14056 -1.11 14060 -1.17
14103 -0.79 14137  -1.09
14133 -0.74 14015  -0.94
14095 -0.41 filler6  -0.72
14124 -0.15 14049  -0.72
14010 -0.10 14039  -0.07
14078 0.17 14079 0.06
14074 0.23 14014 0.54
14009 0.44 14029 0.81
14058 0.73 14104 1.03
14008 0.76 filler 8 1.16
14076 0.76 14068 1.19
14096 0.85 14004 1.38
14110 0.93 14071 1.62
14127 0.99 14115 1.85
14072 1.04 14043 2.25
14045 1.13 14057 2.57
14084 1.26 14089 2.63
14106 1.29 14061 2.70
14112 1.39 14041 3.03
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Table 4 (continue). Selection Index (SI) of banana clones classified according to plant leafiness (high or low). Sl was built from the coordinates of the
quantitative variables obtained through Multiple Factorial Analysis of Mixed Data (MFAmix). Sl is a linear combination of the standardized quantitative

variables whose weights are their coordinates obtained through MFAmIx, multiplied by the inertia explained in that factor.
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Plant Plant

leafiness Clone S leafiness Clone S
14107 1.42 14100 343
14025 1.45 14018 3.86
14048 1.58 14135 4.13
14120 1.70 14026 4.28
Test 4 1.74 14051 5.77
14117 2.02 - -
14011 2.23 - -
14114 2.24 - -
14021 2.28 - -
14109 2.34 - -
14130 2.41 - -
14003 2.45 - -
14094 2.81 - -
14050 3.03 - -
14059 3.08 - -
14121 3.11 - -
14062 3.17 - -
14054 3.66 - -
14099 3.68 - -
14101 3.78 - -
14097 3.82 - -
14016 3.92 - -
14091 4.00 - -
14037 4.15 - -
14123 4.34 - -
14080 4.35 - -
14034 4.36 - -
14012 4.66 - -
14002 4.67 - -
14113 4.82 - -
14140 5.11 - -
14032 5.31 - -
14023 5.55 - -
14017 5.61 - -
14083 5.79 - -
14098 5.97 - -
14129 6.74 - -
14092 8.01 - -
14134 8.02 - -
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CONCLUSION

In the present study, through the MFAmix technique,
associations between both groups of variables were
detected, and the characterization of banana clones
according to quantitative and qualitative variables was
successful. In the long term, the creation of a banana
germplasm bank should consider the quantitative
variables plant height and plant diameter, rachis bunch
weight and hands weight, as well as the qualitative
variable plant leafiness.
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