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Introduction 
Since the publication of the founding experiments of Gregor Mendel in 1866, the 

interpretation of genetic data has constituted a stimulus for the proposal, development 
and adaptation of statistical theories and techniques. Genetics and Biometrics have evolved 
together during the 20th century and have faced new challenges in data analysis since the 
beginning of the 21st century.

Figure 1: Flowchart of a germplasm bank.

Every day local varieties are no longer cultivated and even become extinct as they are 
replaced by new ones that are generally better adapted to modern agriculture and, above all, 
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Abstract
The main purpose of Germplasm Banks is to secure a wide diversity of crop plants, including their wild 
relatives and lesser-used species, in accessible conservation systems. They also aim to increase the 
possibilities of plant breeding and seed supply worldwide in order to meet the challenges of climate 
change and food demand. In this way, the continuous availability of plant genetic resources for research, 
technological development, reproduction and improvement of the seed supply for a sustainable 
agricultural system is ensured. For the analysis of these databases, a large number of statistical 
methods are available, which are not all known and do not always respond to the researcher’s needs. 
This article reviews the main methods of Three-Way Multivariate Analysis, presenting its advantages 
and disadvantages depending on the study situation. These results are based on research projects and 
postgraduate theses supervised from the Department of Statistics of the National University of Comahue, 
Patagonia Argentina.
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more profitable. Over the years this has caused a process of erosion 
of genetic diversity that today wants to be reversed. To this end, 
Germplasm Banks have been established where native populations 
of most plant species used by man and their related species are 
preserved. So that these Germplasm Banks do not become simple 
reservoirs of material, it must be duly evaluated and characterized 
for its use by geneticists in the search for material for plant 
improvement processes (Figure 1).

Four key stages are presented in a process of characterization 
of a Germplasm Bank in which the classic methods of Multivariate 
Analysis apply to matrices of “n” individuals by “p” variables, that is, 
with “two-way” data of order “n x p”, which are no longer enough to 
explore the estructure of these databases:

A. In the study of phenotypic, morphological and agronomic 
descriptors on which the influence of environmental factors is 
feasible, forcing the registration of characters to be repeated over 
time and in different environments.

B. In the joint characterization of agro-morphological and 
molecular characters.

C. In the unification in a single analysis of the results from 
different characterization trials in which the material from a 
germplasm bank is subdivided, generally in the order of thousands, 
to make it experimentally manageable and finally.

D. When it is desired to establish relationships between the 
characterization of plant material and the geographical and/or 
ecological-environmental place from which they come.

In all these situations, the observations of the variables have 
been made under different modalities or moments in time or space, 

that is, in “q” different conditions, that are called ‘three-way’ data. 
In some cases, there is a two-way data table for each situation 
or moment; therefore, the information can be represented by q 
matrices of order “n x p”. As it is also possible to concentrate the 
information coming from the different tables in a single matrix of 
order “n x p x q” where each element represents the observation 
originated by three completely crossed modes: individuals, 
variables and conditions. Thus, a cubic matrix or table of three 
entries is constituted, whose generic element is {xijk} with i = 1,... 
, n; j = 1,...,p and k = 1,...,q. In these cases, the three-way data is 
called Three-Mode Data [1] (Figure 2). On the other hand, one of 
the ways can be made up of different data sets; for example, that 
in each condition different groups of variables are recorded for the 
same individuals, or that in each condition the same variables are 
measured for different groups of individuals. These structures are 
called Multiway Set of Data (Figure 3). 

Figure 2: Three-mode data structure.

Figure 3: Multiway set of data structure.
a) in each condition different groups of variables are recorded for the same individuals.
b) in each condition the same variables are measured for different groups of individuals.
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The extra mode in these designs requires an extension of the 
classical techniques for its analysis. It is possible, of course, to 
model the data in the simple “two-way” format, rearranging it into 
rectangular arrays, but this implies losing a part of the information 
that could be very important to understand the organization of the 
data as a whole. In many cases, it is also insufficient to resort to a 
measure of distance or similarity common to all the variables on 
which to apply an appropriate ordering or classification method, 
such as the Gower General Similarity Coefficient [2] or the Escofier 
Discretization [3].

The objective of this article is to briefly report the experience 
of interdisciplinary and inter-institutional work developed by the 
Department of Statistics of the National University of Comahue 
using these techniques applied to the treatment of empirical 
and simulated data corresponding to the characterization of 
Plant Genetic Resources in Banks of Germplasm and comparing 
them with the classical techniques used by geneticists, as well as 
highlighting their virtues and disadvantages.

Basic Concepts
The problem of analyzing this type of data has been faced by 

two different schools. The French-Spanish school with the STATIS 
method (Structuration de Tableaux A Trois Indices de la Statisque) 
[4,5], Multiple Factor Analysis (MFA) [6] and Meta Biplot [7], to 
name the most representative. On the other hand, in the Anglo-
Saxon school we find Three-Mode Principal Components Analysis 
(ACP-3mode) [8] and Generalized Procrustes Analysis (GPA) [9] as 
its main exponents. The theoretical foundations of these methods 
are dissimilar, as are their mathematical properties and procedures 
for their application. However, almost all present a stage of analysis 
of the interrelationships of the three ways, and then to culminate 
the treatment of the data with some form of construction of a 
consensus or compromise structure of the individuals. To obtain 
this consensus configuration, most of the methods are based on the 
Singular Value Decomposition (SVD) of a rectangular data table. 
Some use the Two Way DVS by juxtaposing or collapsing the initial 
weighted matrices and treating them as if they were two ways, 
this is the case of the STATIS method and Multiple Factor Analysis. 
Other methods use a Two-Way DVS in each of the q initial tables and 
integrate the resulting configurations, such as Meta-Biplots. Finally, 
there are the methods that use the Three-Way DVS, concatenating the 
cross-product matrices corresponding to the initial configurations. 
As a classic example of this methodology, it can be mentioned 
the Three-Mode Principal Component Analysis. The Generalized 
Procrustes Analysis deserves a separate mention, since it is an 
entirely geometric technique that proposes the harmonization 
of different configurations of the same set of individuals through 
a series of iterative steps that include translation, rotation, and 
scaling of the data under two criteria: that the distances between 
individuals in the original configurations be maintained and that 
the sum of squares between analogous points be minimized, that is, 
corresponding to the same element in the different configurations.

Conclusions
Regarding the quantitative morphological and agronomic 

characterization of a set of populations in different environments, it 
is important to highlight that if the objective is to find the ‘average’ 
relationships between accessions, studies of empirical and 
simulated data have shown that performing a Principal Component 
Analysis on the mean of the environments gives similar results to 
the use of three-mode methods such as PGA, PCA-3modes or MFA 
[10-13], even when there is a moderate genotype-environment 
interaction. But if the intention is also to study this genotype-
environment interaction, the three-mode methods are widely 
advantageous. The PGA allows to clearly visualize the genotype-
environment interaction and quantify it at the individual level 
through an ANOVA. The MFA also analyzes the variable-environment 
interaction, that is, discriminating which variables are responsible 
for the genotype-environment interaction. Both methods are found 
in several statistical packages and in particular the FactoMineR 
[14] R library, which is free to access and easy to implement. The 
PCA-3modes performs a very detailed analysis of the interaction. 
There are even authors who have called it a multivariate extension 
of the Additive Main effects and Multiplicative Interactions (AMMI) 
models [15]. But its interpretation is not easy [16], and there is few 
software that do this, among them the R package tuckerR.mmgg 
[17]. The Escoufier Vectorial Correlation Coefficient (Rv) [18], 
which determines whether two configurations (scalar products) 
provide a similar image of individuals, taking values between 
zero (no similarity between the configurations) and one (the 
configurations are homothetic), can be used to quantify the degree 
of multivariate genotype-environment interaction [13].

For the simultaneous agro-morphological and molecular 
characterization, the APG is an excellent alternative since, depending 
on the molecular marker used, it allows resorting to the most 
appropriate distance measure for that situation. The subsequent 
ANOVA makes it easier to analyze the discrepancy between both 
characterizations at the individual level, beyond the widely used 
Mantel test [19], which measures the degree of general association 
between the two configurations. We have used a simpler method to 
obtain the divergence between two analogous points: to calculate 
the Euclidean distance between the pairs of points obtained from 
both ordinations [20]. This option can also be used with FMA in 
case the chi-square distance could be applied to the coding of the 
molecular markers.

In field evaluation of large germplasm collections, the 
experimental material must be divided into manageable 
experimental trials. In each trial, a set of entries is evaluated by 
several descriptors. The sets of individuals are different between 
trials, but an important characteristic of this design is the presence 
of a certain number of entries involved in all trials, which are used 
as connections between them (Figure 4). 
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Figure 4: Connected incomplete trials structure (in red, control populations of connection).

The information obtained from these trials is presented by 
incomplete matrices, because not all individuals are evaluated in 
all the conditions (trials) [21]. Traditionally, a mixed lineal model 
is fitted that considers the trial effect, environment effect, entries 
effect and their interactions. The variability provided by these 
effects is estimated and removed from the observed value for 
each entry by each variable, leaving only the effect due to different 
genotypes. Then, with the data free from the variability responsible 
for this particular way of approaching the experimental tests, they 
proceed to grouping the populations by their genetic similarities 
or differences using a classic multivariate analysis [22,23]. These 
models have a high degree of unbalance and empty cells in the 
interactions. This situation complicates the estimation of the 
effects and it is a univariate approach, which does not consider the 
structure of relationships between the variables in each dataset. 
Generalized Procrustes Analysis for Connected Incomplete Trials 
[21,24] solves these problems and allows the entire database to be 
studied jointly.

Finally, to quantify the relationship between agro-morphological 
and/or molecular characterization with geographic dispersion, the 
Mantel test is usually used between the Euclidean distances of the 
individuals in the configuration resulting from the characterization 
and the geographic distances between the places where they were 

collected. The PGA will be able to give a more detailed visualization 
of the discrepancies or similarities between both configurations at 
the accession level.
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