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Palacký University in Olomouc, Czechia
Paterne Angelot Agre,
International Institute of Tropical Agriculture
(IITA), Nigeria
Athanasios Mavromatis,
Aristotle University of Thessaloniki, Greece

*CORRESPONDENCE

Dejan Sokolović
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4Área de Mejora Vegetal y Biotecnologı́a, The Andalusian Institute of Agricultural and Fisheries
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Faba bean (Vicia faba L.) is an important pulse crop traditionally used for human

nutrition and animal feeding. With a high protein content ranging from 24% to

35% of seed dry matter, considerable amounts of globulins, essential amino acids

and minerals, faba bean is today an important source meeting the growing global

demand for nutritious food. The objective of study was to investigate the

variability of nine phenological, phenotypical and yield related traits in 220 faba

bean accessions in multi-location trials across four representative European

regions. Nine field trials were carried out from 2018 till 2020 in four

representative European locations (Spain, Finland, Belgium and Serbia) using an

augmented p-rep design containing 20 replicated checks. Significant differences

among genotypes and environments were detected, being the genotype x

environment interaction (GEI) the major source of variation in five of the nine

evaluated traits. The “which-won-where” analyses identified two mega-

environment namely South European mega environment (SE-ME) and North

European mega environment (NE-ME), while the best performing and most

stable genotypes according to the nine traits were identified using “means vs

stability” analyses. According to the highest trait value in each mega environment

several winning genotypes were identified showing better performances than

some commercial varieties (controls) or checks. Our results suggest that the

geographical locations falling into each mega-environment can be used as faba

bean test locations. The genotype ranking for the multi-trait stability index (MTSI)

revealed that the most stable and best ranking genotypes in SE-ME are G018,

G086, G081, G170 and G015 while in the north mega-environment are G091,

G171, G177 (Merkur), G029 and G027. Hierarchical cluster analysis and principal

component analyses showed a clear correlation between the traits analysed and

the botanical type. These findings indicate that botanical type is one of the most

significant factors affecting development in any environment, and it must be

taken into account in faba bean breeding activities. The information derived from
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this study provides a chance for breeding new resilient faba bean cultivars

adapted to different agroecological European regions, a critical point for

addressing Europe’s reliance on protein imports and enhancing sustainable

agriculture practices.
KEYWORDS

faba bean, genotype x environment interaction, mega-environments, botanical types,
multi-trait stability index, grain legume
1 Introduction

Legumes are crucial for sustainable agriculture and provide

essential plant-based proteins for both human and animal diets.

There is an increasing protein demand worldwide higher than 200

million tonnes/year (Henchion et al., 2017) especially in Europe and

Asia which are dependent on protein imports. During the last few

decades, Europe has imported about 65% of its protein (De Visser

et al., 2014) and is now exploring possibilities to further develop

protein production in an economically and environmentally sound

way (https://eur-lex.europa.eu)1.

Faba bean (Vicia faba L.) is a major food and feed legume with

high protein content (24–30%) (Crépon et al., 2010) well adapted to

most climatic areas. With a global harvested area of 2.68 million

hectares and a production over 6.14 million metric tons per year

(FAOSTAT, 2022) faba bean is today the fourth grain legume in the

world just behind pea, chickpea and lentil. Despite the severe

decline in the faba bean cultivation witnessed in Europe

throughout the 20th century, statistical data shows that figures

have started to recover and nowadays represents almost 30% of

world faba bean production. Similarly, in China, the largest faba

bean worldwide producer (more than 32%), after constant and

long-lasting reduction of areas and production, figures started to

grow in recent years (FAOSTAT, 2021).

Faba bean is a diploid species (2n=2x=12 chromosomes) with

one of the largest genomes among legumes of approximately 13,000

Mb (Johnson et al., 1999; Jayakodi et al., 2023) and a partially

allogamous mating system. The percentage of outcrossing varies

from about few percent to almost total allogamy (85%) depending

on the genotype, the environmental conditions, the pollinator

species and their activity at the flowering time (Suso et al., 1999;

Maalouf et al., 2002). The evolution of the domesticated faba bean

ran along with the proliferation of different seed sizes and shapes,

various levels of allogamy and differential winter tolerance.

According to the seed size there are four main faba bean

botanical types: major (> 800 mg), equina (500–800 mg), minor

(< 500 mg) and paucijuga (< 250 mg) (Pietrzak et al., 2016;
T/HTML/?uri=CELEX

02
Stoddard, 2017).The crop is regularly sown in spring, in northern

latitudes and in winter in warmer climates, covering a latitudinal

range from about 50°N to 40°S and altitudes from the sea level up to

3000 m (Gnanasambandam et al., 2012).

Thanks to genetic improvement strategies, especially in disease

and parasites tolerance, the world average faba bean yield per ha has

largely improved today up to 2.1 tha-1 in comparison with the 0.9

tha-1 in the past five decades (FAOSTAT, 2021). Moreover, the use of

faba bean in cropping systems reduces weeds and enhances different

soil organic and physical properties (Salahin et al., 2013; Adekiya

et al., 2017). By symbiosis with Rhizobium, faba bean may fix up to

200 kg N ha-1 (Neugschwandtner et al., 2015) thus, improving yield

performance of the subsequent crops (Duc et al., 2015). Moreover,

intercropping faba bean and cereals has been shown to reduce the

incidence of different diseases and pests in the legume crop

(Hauggaard-Nielsen et al., 2008; Fernandez-Aparicio et al., 2007).

Despite these well recognized benefits, one of the major faba bean

challenges, common with many other legumes, is yield stability

whose variation is attributed to genotype by environment

interactions (GEI). GEI is an important bottleneck in crop breeding

programs as it decreases the heritability and the correlation between

phenotypic and genotypic values, slowing down selection progress

(Alghamdi et al., 2012; Flores et al., 2013; Abebe et al., 2015). Final

yields are a consequence of environmental-dependent losses such as

biotic and abiotic stresses (Temesgen et al., 2015; Lyu et al., 2021),

adequate plant symbiosis with Rhizobium, as well as on the stable

wild bees’ population to ensure both optimal seed set and outcrossing

rates (O’Sullivan and Angra, 2016).Unraveling the potential of the

crop requires the availability of the high-performing varieties across

environments but large GEI can reduce selection gains and make

identifying superior cultivars more difficult. Therefore, identifying

GEI patterns is essential to determine whether a genotype has a wide

or a specific adaptation and for creating high-yielding and adaptable

cultivars (Gela et al., 2023).

To identify the best faba bean accessions for a given

environment requires the assessment of their performance and

stability in multi-environment trials (MET) across locations and

years whose interpretation can be complex. The additive main

effects and multiplicative interaction (AMMI) reported by Gauch

and Zobel (1996) and the genotype main effect and GEI interaction

(GGE biplot) developed by Gabriel (1971) are the main statistical
frontiersin.org

https://eur-lex.europa.eu
https://eur-lex.europa.eu/legalcontent/EN/TXT/HTML/?uri=CELEX%3A52018DC0757
https://eur-lex.europa.eu/legalcontent/EN/TXT/HTML/?uri=CELEX%3A52018DC0757
https://doi.org/10.3389/fpls.2024.1480110
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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methods used for analyzing plant yield stability (Greveniotis et al.,

2023). Both are frequently utilized together to define mega-

environments as well as genotypes with best performances in

each mega-environment (Taleghani et al., 2023). Unpredictable

weather conditions affect the identification of repeatable GEIs

which affect the definition of mega-environments. The definition

of mega-environments (ME) for a specific crop within a crop

growing area positively affects breeding and selection efficiency,

maximizes crop production and facilitates selection of superior

cultivars (Yan et al., 2023).

This is overcome by repeating the experiment more than one year

and selecting an adequate and experimental design. Partially

replicated and randomized complete block augmented designs are

some of the solutions to separate interaction and residual error (Elias

et al., 2016). A main drawback of utilizing augmented designs is that

it may result in inaccurate genotype estimate and ranking, as these

rely on the check genotypes (Moehring et al., 2014). On the other

hand, with a limited amount of seed, these designs allow the use of a

maximum of environments in multi-environmental trials (METs).

The GGE biplot is considered to be more effective than the AMMI

analysis since it eliminates the statistical effect of the environment and

concentrates on genotype evaluation and traits stability (Yan et al.,

2007). Besides the above mentioned methods, best linear unbiased

predictions (BLUP), has been used to analyze mega-environments

and to estimate the mean yield of genotypes and estimating genotypic

values in mixed models (Smith et al., 2005; Nardino et al., 2016).

Since the introduction of GGE biplot numerous applications of the

method have been reported to evaluate GEI and yield stability in

several legume crops, such as common bean (Zanella et al., 2019;

Souza et al., 2023), cowpea (Haisirikul et al., 2020), winged bean

(Akinyosoye et al., 2023) or faba bean (Gurmu et al., 2012; Koç et al.,

2018; Greveniotis et al., 2023). However, there is little information on

using the GGE biplot method to examine the GxE and stability of

traits in large faba bean collections.

In addition to the genotype stability there is a demand for cultivars

that perform well in different environments (Memon et al., 2023).

Thus, the ideal genotype will be the one that achieves the optimal level
Frontiers in Plant Science 03
of each trait, balancing the negative effect of trait correlations and

demonstrating suitable yield across different environments. This

prerequisite can be met by the multi-trait stability index (MTSI)

recently proposed by Olivoto et al. (2019). This tool is highly efficient

in selecting stable genotypes in multi-environment experiments based

on multiple traits. Considering the correlation structure among traits,

the index implements a selection process for multiple traits that has

proven to be useful in different breeding programs (Hassani et al.,

2023). Superior, regionally adapted genotypes require fewer resources

and lower inputs to maximize production, which is in alignment with

the global needs of sustainability.

The objective of this study was to perform a multi-environment

and multi-year trial using the GGE biplot and the MTSI methods to

evaluate the stability and adaptability of 220 faba bean accessions in

order to identify superior genotypes based on key traits related to

phenology, morphology and yield components. Field assessment

was performed over three years in four representative European

agroecological areas to: а) evaluate the diversity and stability of

these traits in a worldwide faba bean collection and, b) to identify

high yielding and stable genotypes suitable for each agroecological

environment across Europe.
2 Materials and methods

2.1 Faba bean diversity panel

A collection of 220 faba bean accessions defined within the Eucleg

project was selected for the study. Accessions are conserved in five

institutions: Centro Nacional de Recursos Fitogenéticos (ESP004);

IFAPA (ESP046); UMR1347 Agroecology, Plant Biology and

Breeding, INRAE Dijon (FRA043) and Nordic Genetic Resource

Center (SWE054), International Center for Agricultural Research in

the Dry Areas ICARDA (SYR002). The accessions were categorized

in the four basic botanical types according to seed characteristics:

major, minor, equina and paucijuga as well as in four transitional

forms: equina-major, equina-minor, major-equina and minor-
FIGURE 1

The map displays in blue the origin of the 220 faba bean accessions. The countries providing more than five accessions are indicated with labels.
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paucijuga. The 220 accessions originated from 42 countries. (Figure 1;

Supplementary Table S1).
2.2 Experiment locations and designs

The maps in Figures 1, 2 were generated using packages

rnaturalearth (v0.3.2 Massicotte and South, 2023), Eurostat

(v.3.8.2. Lahti et al., 2017).

The experiment was conducted in three years (2018 - 2020) in

the network of four field testing sites, covering 4 representative

European biogeographic regions: continental, Mediterranean,

Atlantic and boreal (https://www.eea.europa.eu/data-and-maps/

figures/biogeographical-regions-in-urope-1)2. These four fields

were located in Spain, Serbia, Belgium and Finland (Table 1).

Nine assays were conducted, three in Serbia during 2018, 2019

and 2020 and two in Spain, Belgium and Finland during 2018 and

2019. Each combination of location and year was treated as a unique

single environment and named with the acronym of the center

involved and the year of the evaluation (in Serbia: IFC18, IFC19 and

IFC20, in Spain: AG18 and AG19, in Belgium: GU18 and GU19 and

in Finland: BO18 and BO19) (Table 2). In all nine trails 220

genotypes (entries) were tested (Supplementary Table S1). Each

single trail described as environment with specific acronym, had

100 genotypes set-up using augmented p-rep experimental design

(Cullis et al., 2006) in row by column arrangement (14 x 10) and

140 plots. And each trail had 15 checks that were repeated 2 times, 5

standards (cultivars - Mistral, Merkur, Merlin, Fanfare and Baraca)

were repeated 6 times and other 80 entries one time. The checks

were chosen according to their adaptation to some of the

agroecological areas where the assays were performed. Each plot

consisted of 4 rows with 0.5-0.7 row spacing and 77-80 seeds

(Table 2). The example of one field trail layout is illustrated in

Figure 3. Testing early generations with a limited amount of seeds

across multiple locations (four in our experiment) is one of the

main advantages of using an augmented p-rep design. Since not all

the entries are repeated equally, they are not compared with the

same precision. Nevertheless, check plots enable the estimation of

block effects, error variances and a connection of otherwise

unconnected multi-environment trials (Moehring et al., 2014).

The agronomic treatments (fertilizers, insecticides, and

herbicides) were applied following common local practices. Trials

were sown in spring and harvested in summer, except in southern

Spain, where the growing season was from November to June

(Supplementary Tables S2A, B).
2.3 Phenotyping

Plants were measured for nine traits related to: phenology - days

to full flowering (DTF, recorded as the date when 50% of plant have

flowered) and days to full maturity (DTM, date when of pods have
2 https://www.eea.europa.eu/data-and-maps/figures/biogeographical-

regions-ineurope-1.
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ripened); morphology - plant height (PH, measured near maturity,

from the ground to the top of the plant, in cm), plant branching

(NOB, number of branches from basal nodes), height at which the

first pod appears (HFP, in cm); and seed yield components affecting

the final yield and therefore relevant for faba bean breeding -

number of pods per node (PPN, mean value of five nodes from

the main stem), number of pods per flower (PPF, number of pods

per node divided by the number of flowers per node), pod length

(PL, in cm, measured on 10 pods from the main stem) and number

of seed per pod (SPP, mean of seeds from the previous pods)

(Supplementary Tables S3A, B). All data were collected from plants

in the two central rows of the plot and given as average values.

Genotypes were categorized in four main and four transitional

botanical types (Supplementary Table S1): Paucijuga, Minor-

Paucijuga, Minor, Equina-Minor, Equina, Major-Equina, Major,

and Equina-Major. In the final analysis, transitional seed types were

merged with adequate main types and presented as four

groups (Table 3).
2.4 Statistical analysis

Data analyses were performed using R software (R Core Team,

2022) and the Progeno© (Progeno, 2020) software framework

(https://www.progeno.net). Data were checked for homogeneity of

the variances in each environment with box plots, histograms,

scatter plots and heat maps.

The standardized BLUP (Best Linear Unbiased Prediction)

values of genotype effects for the nine traits, which takes into

account known or estimated variances (Liu et al., 2008) were

generated by the Progeno© (Progeno, 2020) database and the

software package.
FIGURE 2

Experiment locations indicated by blue circles: AG (Agrovegetal) –
Spain; IFC (Institute for forage crops Kruševac) – Serbia; GU (Gent
University) – Belgium; BO (Boreal) – Finland.
frontiersin.org

https://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-in-urope-1
https://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-in-urope-1
https://www.progeno.net
https://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-ineurope-1
https://www.eea.europa.eu/data-and-maps/figures/biogeographical-regions-ineurope-1
https://doi.org/10.3389/fpls.2024.1480110
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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Descriptive statistics: For each of nine traits, data was

summarized using the following descriptive statistics parameters:

mean, standard deviation, standard error, coefficient of variation,

minimum, maximum, and range. Descriptive parameters were

calculated for each environment and each trait separately

(Supplementary Table S4).

Estimation of variance: To evaluate the genotypes stability

across the environments, multi-environment trials (METs) data

were subjected to a multi-trial linear mixed model analysis in

Progeno© (Progeno, 2020). The multi-trial analysis always

performs a trial connectivity analysis based on the use of

common accessions (checks) within and among trials. The

variance parameters were estimated by restricted maximum

likelihood (REML) assuming genotype and GEI as random effects.

The most commonly used approaches for estimation of variance

components in linear mixed models (LMM) are maximum

likelihood (ML), restricted maximum likelihood (REML), and

minimum norm quadratic unbiased estimation (MINQUE). ML

and REML approaches are integrated into R package lme4, which
Frontiers in Plant Science 05
we used to perform LMM. REML is commonly used in linear mixed

models in which the variance components of the random effects

need to be estimated, while ML is commonly used when the goal is

to estimate both fixed and random effects. In this paper, our main

goal was to estimate variance components for the genotype, which is

a random effect, hence we selected the REML approach. It has to be

indicated that under a multi-trial linear mixed model the likelihood

has converged and that the variance estimation procedure has

finished normally.

Heritability calculation: The coefficient of generalized

heritability (H2) was calculated using the method of Cullis et al.,

2006, where the H2 is a function of the reliability of the BLUPs

(vblup - the average standard error of differences between BLUPs

squared), and the genotypic variance (var_g). This method is used

in unbalanced dataset where all genotypes are not equally observed

in every trial.

H2 = 1 −
vblup

2   *   varg
TABLE 2 Single trails description; environmental acronyms begin with two or three letters identifying the trail location (AG- Agrovegetal Spain, IFC
Institute for forage crops Kruševac Serbia, BO – Boreal Finland, and GU –Ghent Belgium) followed by the year.

Environments AG18 AG19 IFC18 IFC19 IFC20 BO18 BO19 GU18 GU19

Number of accessions

1 plot 80 80 79 79 79 80 78 80 77

2 plots 15 15 15 15 15 15 15 15 15

6 plots 5 5 5 5 5 5 5 5 5

In total 100 100 99 99 99 100 98 100 97

Number of plots 140 140 139 139 139 140 138 140 137

Rows x Columns 14x10 14x10 14x10 14x10 14x10 14x10 14x10 14x10 14x10

Plot size 2m x 2.1m 2m x 2.1m 2m x 2.8m 2m x 2.8m 2m x 2.8m 2m x 2m 2m x 2m 2m x 2m 2m x 2m

Number of rows per plot 4 4 4 4 4 3 3 4 4

Distance between rows within plots 0.7 m 0.7 m 0.7m 0.7m 0.7m 0.7m 0.7m 0.5m 0.5m

Distance between rows between plots 1.5 m 1.5 m 0.7 m 0.7 m 0.7 m 0.7m 0.7m 0.5m 0.5m

Sowing depth (in cm) 3 cm 3 cm 3 cm 3 cm 3 cm 6 cm 6 cm 5 cm 5 cm

Sowing density (seeds m2) 20 20 14 14 14 12 12 14 14

Sowing date
2018-
11-16

2019-
11-16

2018-
04-25

2019-
03-27

2020-
03-03

2018-
06-02

2019-
06-02

2018-
0418

2019-
04-04
fro
TABLE 1 Information on the partners and acronyms, experimental locations and countries, GPS positions, time frame and soil characteristics.

Partner Trial Location Country Latitude Longitude
Altitude
(m asl)

Type of soil

Agrovegetal (AG) Escacena del Campo Spain 37°27’18.3”N 37°27’18.3”N 67
Heavy clay (45% clay, 30% silt,

25% sand)

Boreal (BO) Jokioinen Finland 6°21’47.9”W 6°21’47.9”W 39 Clay (55% clay, 10% silt, 35% sand)

Gent University (GU) Melle Belgium 60°49’16.4”N 60°49’16.4”N 11
Loamy sand (80% sand, 12% silt,

8% clay)

Institute for forage crops
Krusěvac (IFK)

Globoder, Krusěvac Serbia 23°29’58.1”E 23°29’58.1”E 149
Clay loam (32% clay, 29% silt,

39% sand)
ntiersin.org
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To obtain the BLUPs values we used a linear mixed model fitted

by REML using the function ‘lmer’ from ‘lme4’ R package (v1.1.31;

Bates et al., 2015) where we considered the variable genotype (G) as

random effects and the variable environment (E) as fixed effects.

The H2 was also calculated for each environment, where we

considered the variable genotype (G) as random effects.

Botanical types: The effect of the botanical types on the nine

response variables was analyzed using a linear mixed effect model

with ‘lmer’ function from ‘lme4’ R package (v1.1.31; Bates et al.,

2015). We considered the botanical types (paucijuga, minor, equina

and major) as fixed effects and Environment (E) and Genotype (G)

as random effects. For each response variable the model intercept

corresponded to the botanical type paucijuga. The R package
Frontiers in Plant Science 06
‘lmerTest’ (v3.1.3; Kuznetsova et al., 2017) was used to

approximate degrees of freedom and calculate p-values for the

fixed effects.

Correlations: The Pearson correlation coefficients among traits

and environments were estimated using the ‘rcorr’ function of ‘Hmisc’

R package (v5.0.1; Harrell, 2023). Correlations were visualized using

the ‘ggcorrplot’ R package (v0.1.4; Kassambara, 2022).

GGE Biplot model: The biplot is a popular data visualization

tool introduced by Gabriel (1971), that allows to understand the

GxE effects and to detect genotypes particularly adapted to specific

environments. Observations and variables are represented in a

single graph allowing the detection of groups within the

observations while also showing the dispersion and correlations
TABLE 3 Percentage of botanical types (paucijuga, minor, equina and major) in each subcluster and in the whole collection.

Subcluster A B C D E F G
Whole
collection

Paucijuga 12 1 0 0 4 0 7 5

Minor 18 21 0 4 65 17 72 24

Equina 48 48 32 50 19 33 14 41

Major 11 10 47 46 4 17 0 17

Unknown 11 20 21 0 8 33 7 13
FIGURE 3

Example of trail design at one location in Serbia (Environments IFC18, IFC19, IFC20). Figure present design 10 columns x 14 rows. One hundred
genotypes were distributed in 140 plots, 80 genotypes (white color plots) were repeated once, 5 checks (pink color) were repeated 6 times and 15
checks (yellow color) were repeated two times. Small picture is one single plot with 80 plants distributed evenly in 4 rows.
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between variables or columns (Hongyu et al., 2014; Gauch, 2006).

GGE Biplot analysis (Yan et al., 2000) displays both the genotype

main effects (G) and the GEI effects from multi-environment trials

(MET). Plant breeders have found GGE Biplots very useful in

mega-environment analysis (Flores et al., 2013; Rubiales et al.,

2014) and genotype evaluation (Araújo et al., 2022; Lal et al.,

2022). Although the GGE biplot does not separate genotype effect

(G) from the GEI (Araújo et al., 2022) it was concluded that the

GGE is equal to or superior to the AMMI proposed by (Gauch,

2006) in three main aspects of genotype by environment data

(GED) analysis: mega-environment analysis, genotype evaluation,

and test-environment evaluation.

The GGE Biplot is based on decomposing the data matrix Y

(which contains g rows representing genotypes and e columns

representing environments) by singular value decomposition

(SVD) into p principal components with p   ≤   (e  , g − 1) as:

Yij − mj = l1ai1gj1 +  …   +ltaitgjt + eij  

where Yij is the mean performance of genotype i in

environment j, mj is the mean value of environment j, and t is the

number of principal components. ½aij� is genotype scores matrix,

½gij� is the environment scores matrix, lt are singular values. The

model constraints are: (i) l1 ≥ l2 ≥ … ≥ lt ≥ 0, (ii) matrices ½aij�
and ½gij� are orthonormal (Araujo et al., 2022).

The GGE Biplot is constructed using the first two PCs. The

genotype coordinates are (lf
1  ai1,     l

f
2  ai2   )   while the coordinates

of environments are (l1−f
1  ai1,     l

1−f
2  ai2   ). The exponent f , with

0 ≤ f ≤ 1 is used to rescale the genotype and environment scores to

enhance the visual interpretation of the biplot. “Cultivar focused”

scaling has f = 1, the “environment focused” scaling has f = 0 and for

f = 0:5 we have “symmetric scaling” (Yan and Hunt, 2002).
2.4.1 Mega-environment analysis
A mega-environment is a group of locations that constantly

share the best set of genotypes across years (Yan and Rajcan, 2002).

For the identification of the best genotypes among the faba bean

panel, we conducted a mega-environment analysis (“which-won-

where” view of the GGE model) and a genotype evaluation (“mean

vs. stability” pattern of the GGE model) based on the scores of the

nine traits in the nine environments. The mega-environment

analysis consists of an irregular polygon and a set of lines drawn

from the biplot origin intersecting each of the sides at right angles.

The genotypes at the vertices are the ones located farthest from the

biplot origin in various directions. The polygon contains the rest of

the entries, and the lines starting at the origin and intercepting

perpendicularly the polygon side represent hypothetical

environments in which two genotypes at the end of the

corresponding side perform equally. The lines radiating from the

origin divide the biplot into sections and there is a vertex (genotype)

for each section that had the best yield performance in the

environments contained in that section, which is called a mega-

environment (Flores et al., 2013). If the environments are located in

different sectors, this means that different genotypes won in

different environments, so the original set of environments can be

divided into two or more mega – environments.
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2.4.2 Genotype evaluation
The genotype evaluation was performed for each mega-

environment separately using the Average Environment

Coordination (AEC) view of the GGE Biplot (Yan, 2001), also

called “Mean vs. Stability” view. The abscissa, or average

environment axes (AEA), passes through a biplot origin and an

average environment point, which is located at the mean of PCA1

and PCA2 scores. It has a single arrow that is pointing toward a

greater mean performance for a selected trial. The genotype

performance is ranged according to its projection on the AEA.

The average environment axes represent the main effect of a

genotype (G contribution to the G + GE model).

The second (ordinate) axis passes through the origin and is

perpendicular to the abscissa. The ordinate represents the stability

of genotypes across all environments. Stable genotypes tend to have

smaller projection lengths on the ordinate, so they are closer to the

average environment axes. The ideal genotype has the highest

performance and it is absolutely stable as it is located on the AEC

abscissa (Yan and Kang, 2003). All other genotypes are ranked

based on their distance from the ideal genotype.

Genotype as main effect and GEI were analyzed and visualized

by GGE biplots for all investigated traits separately as described by

Yan and Kang (2003). Results are presented in “which won where”

biplots (Yan et al., 2007), an effective graphic tool in mega-

environment analysis and by the Average environment

coordination (AEC) GGE view (Yan et al., 2000) that analyzes

both performance and stability within each mega-environment.

MTSI: The multi-trait stability index (MTSI) was calculated for

phenotypic (PH, NOB, HFP) and seed yield-related traits (PPF, PL,

PPN, SPP). For PH, PPF, and PL, where only one mega-

environment was detected, all environments were included into

the analysis. For the remaining traits (NOB, HFP, PPN, and SPP),

we performed two multi-trait stability analyses, one for each of two

mega environments detected.

Prior to the MTSI evaluation, we defined the ideotype. The

ideotype values for PPF and SPP were maximum values obtained

for these two traits, 1 and 8.33, respectively. For the other traits, the

ideotypes were established as follows: PH = 93 cm, PL = 9 cm, NOB

= 4.9, HFP = 10 cm, and PPN = 4.12.

For each trait X, phenotypic data were transformed using the

following formula:

Yi =
I + Xi − Ij j   :     I < Xmin+Xmax

2

I − Xi − Ij j   :   I ≥ Xmin+Xmax
2  

       

(

Where I is the ideotype value for a selected trait, Xmin and Xmax

are the minimum and maximum values for the trait, respectively,

and Xi is the original phenotypic value. After this transformation,

the most desired value is either the largest or smallest for each trait;

furthermore, all Yi values are greater than zero.

The simultaneous selection for mean performance and stability

was performed by using the WAASBY index, which allows

weighting between stability (WASSB) and performance (Y). Y is

the matrix of the response variables, where rows are genotypes and

columns are traits. WAASB is the weighted average of absolute

scores from the singular value decomposition (SVD) of the best
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linear unbiased prediction matrix for the GE interaction effect. To

compute the WAASB index, we used the function waasb() of the

metan R package (Olivoto and Lúcio, 2020).

The WASSBY index for i-th genotype was calculated as:

WAASBYi =
rYi   *  QY + rWi   *  QS

QY +QS

where QY and QS are the weights for the response variable and

the WAASB index, respectively. In this paper, we added a higher

weight for mean performance (QY = 70) than for stability (QS = 30).

This weighting prioritized performance over stability to avoid

selecting highly stable genotypes with low performance. rYi and r

Wi are rescaled values for the response variable and WAASB,

respectively.

rYi = rWi =
a − b

Omax − Omin
(Oi − Omax) + a

Oi is the original value for response variable (or WAASB) for i-

th genotype. Omin and Omax are minimum and maximum values for

the original variable. The values a   and b were chosen such that

a = 100 and b = 0, when the highest values are desirable and when

the lowest values are desirable, a = 0 and b = 100. After rescaling, in

both, response and WAASB matrices, the columns will range from

0 to 100. The best genotypes will have a score of 100, while in the

worst ones the score is 0. Hence, the most stable genotypes have

quite the same values as ideotype (100), while the most unstable

have a score of 0. The ideotype has a score of 100 for each trait.

The MTSI is computed based on factor analysis considering a

selection intensity of 15%. The genotype ranking is based on

Euclidean distance between genotype and ideotype. The formula

for evaluating MTSI for i-th genotype is:

MTSIi =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o
f

j=1
(Fij − Fj)

2

vuut
where MTSI is the multi-trait stability index for the i-th

genotype, F is the (g x f ) matrix with the factorial scores (g is the

number of genotypes and f is the number of retained factors), Fij is

the jth factorial score of the ith genotype, and Fj is the jth score of

the ideotype. Factorial scores were calculated based on factor

analysis for genotypes and traits using the WAASBY matrix,

matrix of canonical loadings and correlation matrix between traits.

The genotypes with low MTSI score are more similar to the

ideotype and hence have a high mean performance and stability for all

traits under study. To compute the multi-trait stability index, we used

the function mtsi() of the metan R package (Olivoto and Lúcio, 2020).

Clustering: Best linear unbiased predictors (BLUP) obtained

for all the traits are used to perform Hierarchical Cluster Analysis.

The genotypic distance matrix, based on a scaled matrix of BLUP-s

with 220 rows (genotypes) and 9 columns (trials), was constructed

using Euclidean distance measure. The phenotypic distance matrix

for the nine traits was constructed based on the Pearson correlation

coefficient. We used Euclidean distance to measure average cluster

diameter and the complete linkage method to measure distance

between clusters. Two dendrograms, based on the genotypic and

phenotypic distance matrix, were constructed using the complete
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linkage method with the ‘dendextend’ R package (v1.17.1; Galili,

2015). Hierarchical Cluster Analysis Heatmaps were created using

the ‘heatmap.2’ function from ‘gplots’ R package (v3.1.3; Warnes

et al., 2022). Average interclass and intraclass distances were

computed using the ‘clv’ R package (v0.3.2.2; Nieweglowski, 2020).

PCA: We performed principal component analysis (PCA)

based on BLUPS to visualize the relationships between the nine

phenotypic traits and the 220 genotypes. Also, the PCA was used to

further examine the results obtained by the Hierarchical Clustering

Method in section 3.6. In order to visualize differences between the

four botanical types, we conducted a PCA analysis based on

standardized BLUPS of those genotypes for which the botanical

type was known. All PCA analyses were done using the ‘prcom’

function from ‘Stats’ R Package.
3 Results

3.1 Descriptive statistical analysis of
phenotypic traits

All trails, except in Spain, were established in the spring of 2018,

2019, and 2020. Because of the different climatic conditions in Spain

(environments AG18 and AG19), sowing occurred in the autumn

and the trials were completed in the spring (June) of the following

year. The number of days to full flowering (DTF) at the different

environments ranged from 28 days (IFC20) to 108 days (AG18)

with a mean of 80 days, while full maturity (DTM) varied by almost

116 days between the earliest genotypes (68 days in IFC19) and the

latest genotypes (184 days in AG18). As a result of the autumn

sowing, Spain required a longer average time than other

environments for full flowering (80.2 - 90.4 days) and ripening

(156 - 166 days). The Serbian location in season 2019 (IFC19), was

the earliest environment and all accessions mature after an average

of 78 days (Supplementary Table S3B).

The CV (coefficient of variation) of days to full flowering (DTF)

exceeded 13% in the five environments (max values 18.1 in BO19),

whereas the day to mature variability was obviously higher across

environments (CVs below 10%).

The maximum plant height (PH) value (154 cm) was recorded

in environment AG19 which also showed the highest average values

for this trait (93.3 cm). The shortest plants were detected in BO19,

reaching only 34.4 cm in average due to unfavorable weather

conditions during the growing season. The variability of this trait

was high in all environments exceeding 17.4% for coefficient of

variation. The average value of the number of branches (NOB) was

very low in GU18 (1.78) and BO19 (2.02). Although branching was

quite low in BO19, this environment showed the highest variability

(CV close to 60%). Single plants in Spain (AG18) even reached to

develop 13 branches and revealed the highest mean value (4.9). The

height of the first pod (HFP) showed the highest mean and

maximum value in AG18 (34.4 cm and 79 cm, respectively).

BO19 recorded the lowest value of HFP (4 cm) and a mean of

16.1 cm. The number of pods per node (PPN), measured on the

central part of the main stems, was quite low. Mean values in each

environment ranged from 0.47 (BO19 and highest CV of 55.1), to
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1.92 (IFC19). Concerning the number of pods per flower (PPF), the

lowest mean values were in Spain (AG18, AG19) and BO19. The

most productive environments were BO18 with a maximum of 0.85

and IFC18 with 0.94 pods per flower. For some accessions in GU19

almost every flower in the central nodes developed a pod (1.0). Pod

length (PL) mean values ranged between 5.39 cm (BO18) and 9.0

cm (AG19). The longest pods were developed in Spain, measuring

18.4 cm (AG18) and 17.7 cm (AG19). Finally, the number of seeds

per pod (SPP) ranged between 2.27 and 3.71 in different

environments. Some accessions in AG19 and IFC20 showed more

than eight seeds per pod in average and very long pods, more than

twice longer than the average pod length for all environments (6.83)

(Supplementary Table S4). Seeds per pod (SSP) and pod length (PL)

are traits regularly highly correlated, since longer pods have more

seed beds for possible seed development than the shorter ones.
3.2 Estimation of variance components

The mixed model analysis of the nine trials in different

environments revealed full trial connectivity for all the traits. The

REML ANOVA for estimating the variance parameters indicated

that the likelihood converged, meaning that the estimation

procedure finished normally and that the resulting variance

components effectively maximize the likelihood function. The

estimation of variance components with multi-trial mixed models

revealed that the variances of the genotypes or their interactions

with the environments in most of the traits were higher than the

variances originating from unidentifiable effects (residuals)

(Table 4). The highest genotypic variances percentages were

detected for DTF (42.3%), PH (54.3%), HFP (45.9%) and PL

(61.8%). GxE interaction variances were very high for all traits

and especially for DTM (47.0%), NOB (34.2%), PPN (46.6%), PPF

(44.9%) and SPP (31.2%) while row and column variances were

quite low (lower than 5.6%). SPP was the only trait in which the
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residual variance was higher than both the genotypic and the GxE

variance. We calculated broad sense heritability for all nine traits

(Table 4) and independently in each of the nine environments

(Supplementary Table S5). The trait heritability exceeded 0.7, with

the highest values being 0.914 for plant height and 0.932 for pod

length, which correspond to genotypic variance values. The

influence of environment on heritability reached values above 0.5

and the Serbian environments were the highest.
3.3 Botanical types

The results of the linear mixed model for each trait are shown in

Table 5. The intercept in the model corresponds to the botanical

type paucijuga and the results explain the effect of the botanical type

on the nine traits.

The traits most significantly affected by the botanical type were

number of branches (NOB), pod length (PL), pods per node (PPN)

and number of seeds per pod (SPP) (Table 5). In the case of days to

mature (DTM) and height of first pod (HFP) the effect of the

botanical type minor was statistically significant and positive in

comparison with paucijuga. For plant height (PH), the major type

was statistically significant and negative, meaning that in all

environments genotypes with major seeds produced shorter

plants compared with the paucijuga type. The effect of the fixed

factor, botanical type, had no significant effect on DTF and PPF.

The seven traits affected by the botanical type are presented in

boxplots (Supplementary Figure S1). Minor types (green boxplots)

for days to mature (DTM) were in the higher positions suggesting

that these genotypes took a longer period to mature in all

environments. A similar boxplot display was observed for height

of the first pod (HFP) and plant height (PH). Paucijuga types in

IFC18 needed a similar period for ripening and developed the first

pod higher on average. Compared to paucijuga, all the botanical

types revealed statistically significant positive effects on the number
TABLE 4 Variance and broad sense heritability estimation of multi-environment trial data by Multi-trial linear mixed model analysis of variance.

Variances Genotypic variance
Genotype x
environment
variance

Row and
column variance

Residual variance
Heritability
in broad
sense

Traits % % % %

1 DTF 16.7 42.3 9.91 25.1 2.19 5.6 10.6 27.0 0.876

2 DTM 12.3 28.4 20.4 47.0 2.17 5.0 8.49 19.6 0.809

3 PH 127 54.3 56.2 23.9 6.07 2.60 45.1 19.2 0.914

4 NOB 0.60 33.1 0.62 34.2 0.03 1.80 0.56 30.9 0.844

5 HFP 33.9 45.9 13.8 18.6 2.02 2.70 24.2 32.7 0.882

6 PPN 0.04 19.2 0.01 46.6 0.01 2.90 0.06 31.3 0.744

7 PPF 0.01 27.4 0.01 44.9 0.00 0.32 0.01 27.4 0.813

8 PL 1.91 61.8 0.57 17.6 0.03 0.9 0.64 19.8 0.932

9 SPP 0.12 28.1 0.13 31.2 0.01 0.6 0.16 40.2 0.813
DTF, days to flower; DTM, days to mature; PH, plant height; NOB, number of branches per plant; HFP, height of first pod; PPF, number of pods per flower; PPN, number of pods per node;
PL, pod length; SPP, number of seeds per pod.
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of branches (NOB) and pod length (PL) while the effect of botanical

types were negative for pods per node (PPN) and number of seeds

per pod (SPP).

3.4 Correlations

As shown in Figure 4, most of the evaluated traits showed

positive correlations among them (blue color) and only five of them

were not statistically significant. Strongest correlations were

observed between days to flowering (DTF) and days to mature

(DTM) (r = 0.93, p<0.01), followed by correlation between plant

height (PH) and height of the first pod (HFP) (r = 0.56, p< 0.01).

Plant height (PH) was positively correlated with all traits except

with the number of pods per flower (PPF) (r = -0.29, p<0.01).

Height of the first pod (HFP) was moderately correlated with
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phenotypic traits for DTF (r = 0.43) and DTM (r = 0.42). The

highest positive correlation of number of branches per plant (NOB)

was with DTM (r = 0.39). Phenological traits (DTM and DTF) were

moderately negatively correlated with number of pods per node

(PPN) and per flower (PPF) as well as with number of seeds per pod

(SPP). Positive correlation was also observed for pod length (PL)

and number of seeds per node (SPP) (r = 0.43).

Days to mature (DTM) along with days to flower (DTF) were

negatively correlated with pods per flower (PPF) and pods per node

(PPN) respectively, where r ranged from -0.44 to -0.31. The

remaining negative correlations were lower or negligible (-0.3< r< 0).

We also conducted pairwise correlation analyses among

environments for each trait (Figure 5). All statistically significant

correlations were positive except between BO19 and IFC18 for PPN

where we observed a moderate negative correlation (r = -0.53, p< 0.01).
FIGURE 4

Correlation between nine traits (PH, Plant height; HFP, Height of first pod; NOB, Number of branches; DTF, Days to flower; DTM, Days to mature;
PPF, Pods per flower; PPN, Pods per node; SPP, Seeds per pod). The values represent statistically significant correlations at p< 0.01. Blank spaces
represent insignificant correlations.
TABLE 5 Results from the linear mixed model showing the effects of the botanical type (minor, equina and major) on the nine evaluated traits.

DTF DTM PH NOB HFP PPF PPN PL SPP

Intercept 54.4** 108** 71.28** 2.76** 24.1** 0.35** 1.65** 5.01** 3.23**

Minor 1.56 4.17* 5.45 0.23* 5.61* -0.070 -0.07 1.03** -0.08

Equina -0.97 1.14 -5.96 1.05** 1.65 0.027 -0.29** 1.83** -0.37**

Major -0.89 1.63 -8.36* 1.31** 1.24 0.015 -0.43** 3.21** -0.36*
DTF, days to flower; DTM, days to mature; PH, plant height; NOB, number of branches per plant; HFP, height of first pod; PPF, number of pods per flower; PPN, number of pods per node; PL,
pod length; SPP, number of seeds per pod. *p< 0.05, **p< 0.01
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3.5 GGE Biplot

3.5.1 Which - won - where pattern
The which-won-where pattern of the GGE biplot polygon view

based on 220 genotypes and nine environments for the nine

evaluated traits is shown in Figure 6 and as a Supplementary

Figures S2A–I. The first two principal components (PC1 and

PC2) of the GGE Biplot explained 46.2%, 39.2%, 52.8%, 46.8%,

48.1%, 41.1%, 40.6%, 52.1% and 37.4% of the variation for DTF,

DTM, PH, NOB, HFP, PPF, PPN, PL and SPP, respectively.
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The polygon view revealed which group of locations consistently

shared the best set of genotypes across years. Therefore it was

determined that for days to flower (DTF), number of branches

(NOB), height of the first pod (HFP), pods per node (PPN) and

seeds per pod (SPP) all nine environments can be divided into two

different mega-environments. The first included the three assays from

Serbia (IFC18, IFC19 and IFC20) and the two from Spain (AG18 and

AG19) and may be referred to as the South European Mega

Environment (SE-ME). On the other hand, the two environments

from Belgium (GU18 and GU19) and the two from Finland (BO18
FIGURE 5

Pearson pairwise correlation coefficient between nine environments in nine trials. environmental acronyms begin with two or three letters identifying
the trail location (AG, Agrovegetal Spain; IFC, Institute for forage crops Kruševac Serbia; BO, Boreal Finland; and GU,Ghent Belgium) followed by the
year. PH, Plant height; HFP, Height of first pod; NOB, Number of branches; DTF, Days to flower; DTM, Days to mature; PPF, Pods per flower; PPN,
Pods per node; SPP, Seeds per pod. Only significant correlations are displayed (p< 0.01).
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and BO19) were grouped into a secondmega-environment, which can

be referred to as the North European Mega-Environment (NE-

ME) (Figure 6).

Days to flower (DTF) was divided into six sectors delimited by

the perpendicular lines to each side of the polygon (Figure 6A), and

two sectors or mega-environments. In the first mega-environment

(SE-ME) the best genotype was G131, followed by G115, G199,

G100 and cultivars Mistral, while in the second mega-environment

(NE-ME) the winning genotype was G126. Between these two

sectors, G114 located in the vertex of a small sector was the

highest yielding line in both mega-environments. For the number
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of branches (NOB) (Figure 6D), the winning genotypes were G051

and G063 in SE-ME and NE-ME, respectively. The biplot was

divided into six sectors, among which the two larger ones were

representing mega-environments. The genotype with lower number

of branches in both environments was G171 as well as four of the

checks used in the augmented p-rep design (Merlin, Fanfare,

Mistral and Merkur). The biplot for height of the first pod (HFP)

identified eight sectors. The highest yielding genotype in SE-ME

was G100 followed by G115. In NE-ME the best genotype was

G126, along with G058, G099, G088 and G114 (Figure 6E).

Genotype G098 showed the greater height of the first pod in both
FIGURE 6

“Which-won-where” pattern of GGE biplot polygon view displaying the G + GE effect for days to flower (A), days to mature (B), plant height (C), number of
branches (D), height first pod (E), pods per flower (F), pods per node (G), pod length (H), and seeds per pod (I) of 220 faba bean genotypes in nine
environments (environmental acronyms begin with two or three letters identifying the trail location (AG- Agrovegetal Spain, IFC Institute for forage crops
Kruševac Serbia, BO – Boreal Finland, and GU –Ghent Belgium) followed by the year). The biplots were based on centering = 0, SVP = 2, and scaling = 0.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1480110
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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mega-environments. Concerning pods per node (PPN), the highest

number in the SE-ME was detected in G171, while G029 was the

best in the NE-ME (Figure 6G). Standard cultivars like Merkur also

showed a high number of pods per node in all environments. The

best genotype for seeds per pod (SPP) in SE-ME was G048, while

the winner for the second mega-environment was G151 (Figure 6I).

Plant height (PH), pods per flower (PPF), pod length (PL) and

days to mature (DTM) did not show repeatability over the years, so the

target environment could not be divided into two or more mega-

environments. In the case of PH (Figure 6C), environments from Spain

and Belgium (AG and GU) were in the same sector and the best

performer was the cultivarMerkur. The environments from Serbia and

especially Finland (IFC and BO) were mixed up and did not show a

clear year-to-year pattern. Winning genotypes in these environments

were G171 and G098. For PPF (Figure 6F), we detected 10 sectors, four

of which contained one or more environments. G057 was the best in

Spain, Belgium and in Finland 2019. In case of PL (Figure 6H), G116

was the winner all the years in Serbia, while the best for the rest of the

locations were G032 and G064. Finally, for DTM (Figure 6B) nine

different sectors were detected and the winning genotype was the check

Mistral in all environments except in BO18, BO19 and AG18 which

were distributed in different sectors.

3.5.2 Mean vs. stability pattern
For each mega-environment, we constructed the ‘mean vs.

stability’ (Average Environment Coordinate (AEC) view of a GGE

model that helps to simplify the genotype assessment based on the
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mean performance and stability under each mega-environment.

The AEC abscissa is the line that passes through the average

environment and the biplot origin with an arrow that ranks the

genotypes in increasing order with respect to mean performance.

The AEC ordinate or stability axis, is a line perpendicular to the X-

axis that passes through the plot origin. The effect of the

environment increases with the distance from the ordinate axis

indicating lower stability in both directions.

The results obtained for the ‘mean vs. stability’ pattern of GGE

biplot revealed 69.8% (SE-ME) and 69.2% (NE-ME) for days to

flower (DTF) (Figures 7A, A1, A2); 59.7% (SE-ME) and 78.2% (NE-

ME) for number of branches (NOB) (Figures 7A, B1, B2); 63.2% (SE-

ME) and 80.6% (NE-ME) for height first pod (HFP) (Figures 7A, C1,

C2); 61.1% (SE-ME) and 70.6% (NE-ME) for pods per node (PPN)

(Figures 7B, D1, D2) and 52.7% (SE-ME) and 70.1% (NE-ME) for

seeds per pod (SPP) of G + G x E variation, respectively.

The higher number of days to flower in SE-ME was detected in

G131, followed by G199, G115, G100, G168 and Mistral, but these

genotypes showed low stability due to their far position from the AEC

abscissa line. Genotypes G170, G164 and G162 were the ones more

stable and early flowering in SE-ME. In the mega-environment NE-

ME, the latest flowering genotypes were G126, G114, G109 being

G146 the most stable and early flowering accession. The highest

number of branches (NOB) in SE-ME was recorded in genotypes

G051, G174, G115, and G013 while G093 andG121 showed the lower

number of branches (Figure 7A, B1). In NE-ME, G063, G114 and

G126 were the genotypes with higher number of branches while G171
FIGURE 7

(A) “Mean vs. stability” pattern in two mega-environments of 220 faba bean genotypes for days to flower (A1, A2), number of branches (B1, B2) and height
first pod (C1, C2). The biplots were based on centering = 0, SVP = 2, and scaling = 0. 7 (B) “Mean vs. stability” pattern in two mega-environments based
on 220 faba bean genotypes for pods per node (D1, D2) and seeds per pod (E1, E2). The biplots were based on centering = 0, SVP = 2 and scaling = 0.
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and the varieties Merkur, Merlin, Mistral and Fanfare revealed the

smallest number of branches (Figure 7A, B2). For height of the first

pod (HFP) and in both mega-environments the genotypes showed

less stability. G100, G098 and G126 showed higher HFP in SE-ME

(Figure 7A, C1) while G100, G298, G115 displayed the highest values

in NE-ME (Figure 7A, C2).

The greatest number of pods per node (PPN) in the SE-ME was

recorded in G171, G168 and G372 (Figure 7B, D1) while in NE-ME

genotypes G029, Merkur and G171 were the most productive although

unstable accessions (Figure 7B, D2). G116 and G076 yielded the lower

number of PPN in SE-ME whereas G167, G126 and G165 were the

least productive in NE-ME. The last trait with a repeatable pattern

across years was seed number per pod (SPP). In SE-ME the genotype

G025 was highly stable and productive followed by G048 and G023

that were less stable (Figure 7B, E1). On the other hand, G151, G091

and G029 were the most productive in NE-ME (Figure 7B, E2).
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For days to mature (DTM), plant height (PH), pods per flower

(PPF) and pod length (PL), there was only one mega-environment

since no patterns were repeatable across years. Unlike other late

genotypes, cultivars Mistral, Merlin and Merkur take the longest

period to mature (Figure 8A) being very stable. On the other hand,

G170, G173, G162, G164 were highly stable and the first to

mature (Figure 8A).

In case of plant height (PH), Merkur, Merlin, Mistral, Fanfare

and G171 were highly stable and showed the tallest genotypes. The

genotypes G164, along with G192, G173 and Baraca had the

shortest plants (Figure 8B). The ranking of genotypes in case of

pods per flower (PPF) (Figure 8C) were G164 > G163 > G391 >

G308 > G057, showing the last three genotypes low stability.

Otherwise, the cultivar Mistral (which was very stable), followed

by Merlin, Fanfare, Merkur and G256, presented the smaller

number of pods per flower. For pod length (PL), the best
FIGURE 8

“Mean vs. stability” pattern of GGE biplot based of 220 Faba Bean genotypes in nine environments in four locations for days to mature (A), plant
height (B), pods per flower (C) and pod length (D). The biplots were based on centering = 0, SVP = 2, and scaling = 0.
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Sokolović et al. 10.3389/fpls.2024.1480110
genotypes were G064 followed by G032, G291, G062 and G165 that

showed the longest pods although low stability (Figure 8D).

The genotype ranking for the multi-trait stability index (MTSI)

is displayed in Supplementary Table S6. Two traits were excluded

from the analysis: day to full flowering and day to full maturity.

These two traits have an excessively broad range of values, which

covers up the other seven traits and leads to a low genotype ranking.

Our ideotype was characterized by the following values: PH - 93.3

cm, NOB - 4.9, PL - 9.0 cm, HFP - 10 cm, PPN - 4.12, SPP - 8.33

and, PPF - 1. The genotypes that are most similar to the ideotype are

highlighted in red in the Supplementary Table S6. Genotypes were

chosen using a 15% selection intensity. Three analyses were

conducted: the first ranked genotypes in the southern mega-

environment, the second in the northern mega-environment

applied on four traits (NOB, HFP, PPN, SPP) and the third

included three traits (PH, PPF, PL) that had no effect on the

separation of the mega-environments. Out of the 179 evaluated

accessions in the SE-ME and NE-ME, 27 were selected with a 15%

selection intensity for each environment. The most stable and best
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ranking genotypes in SE-ME are G018, G086, G081, G170 and

G015 while in the north mega-environment are G091, G171, G177

(Merkur), G029 and G027. To select the best genotypes in a single

mega-environment we used the information of three traits: PH, PPF

and PL. As a result 33 out of 220 accessions were the ones closest to

the ideotype. The best genotypes were G192, G039, G199, G175

and G075.
3.6 Cluster analysis

Hierarchical cluster analysis (HCA) was performed to group the

genotypes sharing similar phenotypic traits (Figure 9). The 220

genotypes were grouped into two major clusters, where cluster (I)

contained four subclusters: A, B, C and D, and the second major

cluster (II), three subclusters: E, F and G. Subcluster B showed the

maximum number of accessions (71), followed by subclusters A (56),

C (28), E (26), D (19), G (14) and F (6) with the lowest number of

accessions. The two major clusters are distinguished by four traits:
FIGURE 9

Dendrogram of the hierarchical clustering of 220 genotypes based on BLUP-s, using Euclidean distance and showing the phenotypic traits: DTF,
days to flower; HFP, height of first pod; DTM, days to mature; PH, plant height; PPN, pods per node; SPP, seeds per pod; NOB, number of branches;
PPF, Pods per flower; PL, pod length). The color scale is based on the value of the normalized mean for each trait: magenta (low) to green (high).
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days to flower (DTF), height of first pod (HFP), days to mature

(DTM) and plant height (PH), such that cluster (I) is characterized by

lower values for these four traits. Subclusters A and B gather

accessions with the earliest flowering, and maturity date and

smallest height of the first pod. On the other hand, subcluster C

contains genotypes with the largest number of branches (NOB) and

pods per flower (PPF), and subcluster D the longest pods (PL). The

second major cluster, containing three sub-clusters (E, F and G), is

characterized by high values for DTF, DTM, HFP and PH. Cluster F

showed the largest values for DTF and HFP, while cluster G displayed

the genotypes with later maturity. Subcluster E contains genotypes

with highest plants (PH), largest number of pods per node (PPN) and

largest number of seeds per pod (SPP). On the other hand, cluster G

recorded the smallest number of PPF, cluster F had the smallest PL

and SPP values and cluster E had the smallest number of branches

(Supplementary Table S7).

The average diameter distance showed that the most diverse

cluster was A (dist = 3.22) and the most compact was C (d = 2.92).

The average linkage distance showed that the maximum inter-

cluster distance was between clusters D and F (d = 5.87). The

smallest inter-cluster distance in major cluster I was between A and

B (dist = 3.45) while in major cluster II was between E and G (dist =

3.90) (Supplementary Table S8).

The complete collection was split into four groups based on the

proportion of botanical types; however, part of the accessions was not

characterized, so that this data is indicated as unknown (Table 3).
Frontiers in Plant Science 16
Though all botanical types are presented in most subclusters, their

relative abundance varies. Within subcluster A, which is distinguished

by early flowering and smaller plant height, the equina type is the most

prevalent (48%), as well as in subclusters B (48%) and D (50%), which

share the same botanical type. The subclusters E and G are

distinguished by the occurrence of minor types (65% and 72%

respectively). In sub-cluster C, that includes the genotypes with the

longest pods, the seeds are large and belong to the major and equina

types. Equina is the most common seed type accounting for 41% of the

genotypes. Minor accounts for 24%, followed bymajor types (17%) and

only 5% of the collection were paucijuga types (Table 3).
3.7 Principal components analysis

The principal component analysis revealed that the first two

PCs explained 56.4% of the phenotypic variation among the 220

genotypes (Figure 10). The eigenvalues and proportion of the

variation explained by the first three PCA loadings are shown

in Table 6.

PC1 accounted for nearly 37% of the total variance observed. It

was strongly related to plant height (PH), days to mature (DTM),

height of first pod (HFP) and days to flowering (DTF) and was

inversely related to pods per flower (PPF) and pod length (PL). PC2

(which accounted for 19.8% of the variance) was positively related

to seeds per pod (SPP) and negatively related to the number of
FIGURE 10

Principal component analysis of the 220 faba bean genotypes and nine phenotypic traits (days to flower, height of first pod, days to mature, plant
height, pods per node, seeds per pod, number of branches, pods per flower and pod length). Genotypes were represented either with their names
or with dots.
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branches (NOB). PC3 explained 13.7% of the variation and was

positively loaded by pods per flower (PPF) and pods per node

(PPN) and negatively loaded by pod length (PL).

We used principal component analysis (Figure 11) to confirm

and further explain the results obtained in the hierarchical

clustering analysis (section 3.6). Figure 11A shows that the first

PCA clearly separates the first two major clusters containing

subclusters A, B, C and D from the second major cluster

containing subclusters E, F and G. Subcluster G contains late

genotypes with greater height of the first pod while subcluster E
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includes taller plants with larger number of pods per node.

Subclusters A and B contain early and shorter genotypes, while

subcluster C is characterized by a large number of branches. The

third PCA axis (Figure 11B) separates cluster D (genotypes with

large pod length), from clusters A, B and C.

We also used the principal component analysis to visualize the

relationship between the nine phenotypic traits and the four

botanical types (Figure 12); 37% of the variability is explained by

the first principal component, and 21.3% by the second. The

analysis distinguished the genotypes with longer flowering and

maturation periods, larger plant heights, and higher first pods

from the accessions with longer pod lengths and more pods per

flower. The second component splits the collection primarily based

on two characteristics: the number of seeds per pod and the number

of branches.
4 Discussion

Faba bean is a low input protein crop that can adapt to a broad

range of environmental conditions (Singh et al., 2013), however due to

its high inter annual yield variability it is also recognized as an unstable

crop (Link et al., 1995; Arbaoui et al., 2008; Cernay et al., 2015). In this

study, a collection of 220 faba bean accessions was studied across four

representative European regions and nine environments to evaluate

the stability of yield components and to identify high yielding and

stable genotypes suitable for each agroecological environment. The

whole collection was evaluated for nine traits related to phenology,

morphology, seed yield components, and botanical type using an

augmented p-rep experimental design. To our knowledge, this is the

largest faba bean collection analyzed so far, coveringmultiple locations

and years to assess the magnitude of GEI and identify high yielding,

and stable genotypes across a wide range of environments.
TABLE 6 The first three principal component scores for the nine
agronomic traits.

PC1 PC2 PC3

Eigenvalue 1.82 1.34 1.111

Proportion of variation 36.6 19.8 13.7

Component loadings

DTF 0.38 -0.36 0.09

DTM 0.44 -0.16 -0.22

PH 0.47 0.12 -0.07

NOB -0.19 -0.57 0.01

HFP 0.44 -0.31 -0.03

PPF -0.30 -0.16 0.46

PPN 0.25 0.34 0.51

PL -0.21 -0.01 -0.66

SPP 0.08 0.52 -0.20
DTF, days to flower; HFP, height of first pod; DTM, days to mature; PH, plant height; PPN,
pods per node; SPP, seeds per pod; NOB, number of branches; PPF, Pods per flower; PL,
pod length.
FIGURE 11

Principal component analysis of 220 faba bean genotypes and nine phenotypic traits (days to flower, height of first pod, days to mature, plant height,
pods per node, seeds per pod, number of branches, pods per flower and pod length) based on the hierarchical clustering analysis. Subcluster names
are as in section 3.6.
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Faba bean is an open-field crop whose development, and seed

yield is particularly susceptible to adverse weather conditions. As a

drought-sensitive species (Parvin et al., 2019), in the Mediterranean

region (Spain in our experiment) it is typically established in

autumn (Link et al., 2010), while in the rest of European

countries (Serbia, Belgium, Finland) it is sown in spring. Because

of unpredictable climate changes (Milenković et al., 2023), the

performances in the same location may vary year to year. The

examples are environments IFC19 and IFC18 that had similar

temperatures but IFC19 had lower levels of precipitation

(Supplementary Table S2B) and as a consequence shorter

ripening period. In Spain, where the ripening period is twice as

long as in the other locations, the extended growing season resulted

in a higher number of lateral branches (Supplementary Table S4).

The combination of extended growing season and the high

precipitation in AG19 (473.40 mm) (Supplementary Table S2A)

resulted in the highest mean PH value (of 93 cm) with a maximum

plant height of 154 cm, three times higher than the maximum value

in BO19 (48 cm). Such noticeable development of the aerial parts,

did not result in a positive effect on yield components. Thus, AG18

and AG19 together with BO19 were the environments with the

lowest values in number of pods per flower and pods per node,

while the number of seeds per pod had similar values in all the

localities. These outcomes are in agreement with Pilbeam et al.

(1990), who reported that lateral branches are reproductively

inferior compared to main stems; while other studies (Tuttobene

et al, 1995; Barry and Storey, 1979) state that pods drop at high

density due to competition for resources between vegetative and
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reproductive sinks (Pate and Armstrong, 1996). In the Nordic

regions early maturation is a desired faba bean trait although very

often is negatively correlated with seed yield (Skovbjerg et al., 2020).

Similarly, significant negative correlations between DTF and DTM

with seed yield components (PPF, PPN, SPP) were detected

(Figure 4). Both phenological traits showed the lowest CV across

all environments (DTF below 20% and DTM below 10%).

Developing environmentally resilient faba bean cultivars will

depend on the genetic diversity available in the crop collections

(Karkanis et al., 2018). The multi trial mixed model variances

revealed that in our study the main variations were genotypic,

particularly for morphological traits such as plant height (PH),

height of the first pod (HFP), and pod length (PL). GEI affected

most of the traits studied (Table 4), especially the period of

maturation (DTM, 47.0%) and in traits representing pods setting

(PPN, PPF and SPP), were the variance explained reached 46.6%

44.9% and 31.2%, respectively. This high GEI complicates

significantly the faba bean breeding process. Hadou el hadj et al.

(2022) revealed a high GEI effect on 15 productive, morphological,

and phenological traits ranging from 74.08% to 83.21% while

Skovbjerg et al. (2020) found that location and year effects

accounted for 89% of the total seed yield variation while GEI was

were small (2.4%). As mentioned above, in our collection, seed yield

components were highly influenced by the environment. Broad-

sense heritability (H2) is very often calculated by plant breeders to

quantify the precision of MET (Covarrubias-Pazaran, 2021). In our

multi-trail experiment, H2 for all nine traits was high, above 0.7 and

for plant height and pod length above 0.9.
FIGURE 12

Principal component analysis based on 191 faba bean genotypes shows the relations between nine phenotypic traits (days to flower, height of first
pod, days to mature, plant height, pods per node, seeds per pod, number of branches, pods per flower and pod length) and four botanical types
(paucijuga, minor, equina, major). The analysis included genotypes with known botanical types.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1480110
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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Plant height was affected not only by the different environments

but also by the botanical types. In agreement with Link et al. (1995),

minor types were the tallest genotypes, not only in Spain but in

all environments.

Considering the seed size, it was noticeable that NOB and PL

average values were significantly and positively different for minor,

equina and major types in comparison with paucijuga lines. It was

also observed that plants with larger seeds increased the number of

branches and the length of its pods. In addition, PPN and SPP were

significant and negatively affected by the seed size. (Table 5). This

statement was also evident in the PCA analysis (Figure 12) which

grouped larger seed genotypes according to pod length (PL),

number of pods per flower (PPF) and number of branches (NB).

Minor types were considerably later in maturity and showed higher

HFP than paucijuga types. Similarly, equina and major types were

slightly earlier in flowering than paucijuga and minor types.

Correlations showed that DTF and DTM followed by PH and

HFP were the highest and positive correlated traits (Figure 4).

Considering the indeterminate faba bean growth habit (Ostberg,

2021), this result indicates that a longer vegetative period leads to an

increase in these morphological traits. Similar findings were also

described by Sharifi and Aminpana (2014) and Kumar et al. (2017)

while other scientists have not reported these relationships. On the

other hand, the yield related traits number of pods per flower (PPF),

number of pods per node (PPN) and number of seed per pod (SPP)

were negatively correlated with DTF and DTM. This outcome is in

agreement with Alghamdi (2007). Finally, the positive correlation

found between PH, PPN, PL and SPP was consistent with different

studies (Maalouf et al., 2015; Papastylianou et al., 2021).

The correlation analyses across the nine environments were

consistent for all the traits revealing significant positive correlations

for all of them, except for PPN between BO19 and IFC18. PH was

the most highly positively correlated trait between environments

(excluding BO19). In contrast, PPN and SPP were the traits

showing less statistically significant correlations between

environments meaning that there was a high variability among

genotypes and considerable GxE effects (Figure 5).

The use of a wide range of environments allows breeders to

distinguish mega-environments and identify materials with broad

adaptability or adapted to specific areas. Several statistical methods

have been developed for evaluating genotypes stability with

consistent performance across environments. Among them,

multivariate techniques such as GGE biplots are one of the most

popular and powerful tools for extracting patterns of interactions in

multi-environment trials (Yan and Tinker, 2005; Dardanellia et al.,

2006; Gauch et al., 2008) and has been widely used in different faba

bean analyses of adaptability and stability (Gurmu et al., 2012;

Tadele et al., 2020; Papastylianou et al., 2021; Abou-Khater et al.,

2022; Greveniotis et al., 2023).

In our study the “which-won-where” plots revealed which groups

of locations consistently shared the best set of genotypes across years.

DTF, NOB, HFP, PPN and SPP allowed a clear differentiation in two

mega environments namely South European mega environment (SE-

ME) and North European mega environment (NE-ME).

In the case of DTF, G131 was the later flowering genotype in the

SE-ME all the years, especially in Serbia while G126 was the later in
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NE-ME (especially in Belgium). G114 located in the polygon vertex

and belonging to a small sector between mega-environments, was

the latest flowering line in both mega environments.

The best lines in SE-ME were small seeded types while the winning

genotypes in NE-ME were larger (major or equina types). The “which-

won-where” biplot for NOB was divided into six sectors and also two

mega environments were clearly defined. G051 was the winning

genotype in SE-ME, or more precisely in the three IFC environments

and G063 won in NE-ME while G115 and G114 were the most stable

in each of these mega-environments. The standard cultivars Merkur,

Fanfare and Mistral, as well as line G171 were the winning genotypes

with fewer branches. In the case of height of first pod (HFP) the

winning genotype in SE-ME was the minor-paucijuga genotype G100

while in NE-ME the best genotype was G126. G098 was the winner in

both mega-environments. The genotype G171 was the best for PPN in

SE-ME. Similarly, G029 was the winner in the NE-ME. Finally, G048

had the best performance for SPP in SE-ME, while in the secondmega-

environment was G151. The which-won-where biplots for DTM and

DTF clearly differed in patterns and were especially affected by the

climate in each location. No mega-environments were discernible as

some of the environments were mixed. Cultivars Mistral in

environment AG19 and Merkur in GU18 were the accessions with

longer periods for maturation. Based on the definition of mega-

environments, the geographical locations falling into each mega-

environment can be used as test locations having high discriminating

ability and representativeness for a specific morphological,

phenological or yield related trait. According to our results DTF,

NOB, HFP, PPN and SPP, are the traits for which the best

performing genotypes can be selected in both the SE-ME and NE-

ME. The repeatable patterns identified have important practical

implications in faba bean breeding. Using ME-specific cultivars will

convert the repeatable GE into genotypic main effect within ME,

thereby improving heritability and selection gain and maximizing

regional and overall productivity (Yan et al., 2023).

One of the main targets in faba bean breeding is to achieve yield

stability under different environmental conditions (Bodner et al.,

2018). To do so, yield and stability related traits must be considered

simultaneously in multi-environment trials. Using the “mean vs.

stability” view, the genotypes were arranged along the “average

environment-axis” based on their average performance in all

environments, with the arrow pointing to the highest value

(Figures 7A, B). The most favorable accessions for early flowering

were G164 and G146 in SE-ME and NE-ME, respectively while for

late flowering were G131, G115 and G199 or G126 and G114 in SE-

ME and NE-ME, respectively. Concerning number of branches

(NOB) the best ones were G051 (in SE-ME) and G114 (in NE-

ME). In case of height offirst pod (HFP) all genotypes revealed a high

instability in both mega-environments being G100 and G126 the

ones with the highest values and G171 and G099 the most stable,

respectively. The highest and most stable value for number of seeds

per pod (SPP) in SE-ME was detected in G025 followed by G048,

G023, G165 all belonging to equina or major types, the last ones

known to be well adapted to Mediterranean conditions (Link et al.,

1995). In the north mega-environment NE-ME, G151 was the

accession with the highest seed per pod (SPP) value followed

by G091.
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Regarding plant height (PH), number of pods per flower (PPF),

pod length (PL) and days number to full maturity (DTM), only one

mega-environment was detected, since none of the locations

(environments) shared the best set of genotypes across years (Yan

and Rajcan, 2002). The latest genotypes for DTM were the standard

cultivars Mistral, Merlin, Merkur and Fanfare and, except Merkur,

all were stable. The same cultivars together with G171 were the most

favorable lines for PH in all environments. G164 was the shortest in

the whole collection and together with G163, revealed the highest

number of pods per flower (PPF) while the standard cultivars

showed the lowest number of PPF.

Our results suggest that some genotypes (e.g. G114 and G115) had

quite stable performance based onmore than one trait (DTF andNOB)

in a wide range of climatic conditions. Additionally, G114 was the best

line with wider adaptation to both mega-environments and could be

recommended for wider production in similar regions. Similarly, G100

and G126, although less stable, revealed high performance for DTF and

HFP in the SE-ME and the NE-ME, respectively. Similar outcomes

were reported in faba bean studies by Milioli et al. (2018) and Abou-

Khater et al. (2022) or Greveniotis et al. (2023), indicating that more

than one trait should be used to characterize the performance of

genotypes across environments and enable more reliable selection and

recommendation of genotypes.

The architecture modifications in the European faba bean

breeding programs are, in general, directed toward a compact

ideotype with synchrony in the reproductive development and

reduced vegetative growth. Thus, taller plants with an excessive

number of branches (high NOB and PH) are not desired since it

results in lodging problems. Concerning HFP, the ideal plants have a

continuous podding starting at 10-15 cm from the ground to avoid

losses with the mechanical harvesting. Obviously, plants with the

highest PPN, SPP and PPF values are the best as they will produce the

highest yields. Finally, the ideal pod length (PL) will depend on the

region and use of these pods (human consumption or animal feeding).

We designed the ideal genotype based on these requirements and the

data obtained in the different field evaluations. Thus, for PPN, SSP and

PPF we considered the maximum values across all environments; for

HFP 10 cm; for NOB, PH and PL the highest mean values across all

the environments (Supplementary Table S4). The botanical type of the

accessions is provided in Supplementary Table S1, where we can

observe that the most stable genotypes in the southern environment

correspond to the equina botanical type, whereas the minor seed type

was the best in the northern mega-environment. When comparing the

MTSI results for the SE-ME and NE-ME, it was evident that the

genotypes tested in the south were more similar to the ideal genotype,

revealing lower MTSI values.

In order to facilitate machine harvesting minimizing yield loss, a

faba bean ideotype was developed in response to the demands of the

European agricultural sector. This is a theoretical plant model which

combines the most desirable characteristics and that, in principle, can

attain maximum yield within a given environment. However, the

agronomic practices together with abiotic and biotic factors may

greatly affect those traits (Carbajal-Friedrich and Burgess, 2024)

making it difficult to achieve. Our outcomes bring up the idea that

the concept of ideotype should not be considered as static, since it

needs to combine the available gene information controlling complex
Frontiers in Plant Science 20
traits with the knowledge on the G x E interactions affecting crop

performance. Nevertheless, the stability findings reported here may

help to build the ideotype in future faba bean breeding programs.

Moreover, strategies such as marker-assisted recurrent selection

(MARS) based on QTL analyses (Gutiérrez et al., 2013; Kaur et al.,

2014; Atienza et al., 2016; Catt et al., 2017; Ocaña-Moral et al., 2017;

Sudheesh et al., 2019; Gutiérrez and Torres, 2021; Aguilar-Benıt́ez et al.,

2022; Aguilar-Benitez et al., 2021), and GWAS-genome-wide

association studies (Gutiérrez et al., 2023, Gutiérrez and Torres,

2021; Maalouf et al., 2022; Ali et al., 2016; Skovbjerg et al., 2023;

Jayakodi et al., 2023) are valuable tools available today in this crop.

With this improved access to genetic markers, genomic selection

presents a powerful strategy to improve trait selection in future faba

bean breeding programmes.

The hierarchical cluster analysis (HCA) grouped the 220 faba bean

lines into two mega-clusters with seven subclusters. The first mega-

cluster (including subclusters A to D) was characterized by genotypes

with lower values in the phenological traits DTF and DTM, plant

height (PH) and height of first pod (HFP), most of these genotypes

were major and equina types (Table 3). The PCA analysis (Figure 10)

detected genotypes with high performances surpassing the checks.

Thus, apart from Merkur, Merlin and Mistral, genotypes G171, G089,

G249 and G099 achieved the best performances for PH and PPN.

Considering the phenological traits (DTF and DTM) and HFP,

genotypes G100, G199, G131 were the ones requiring more time for

development, although the performance in yield-related traits was quite

low. Conversely, G192, G164 and G025 were among the best genotypes

for PL and SPP. The comparison of the PCA analyses in Figures 10, 12

allowed us to infer the botanical type to which these genotypes belong.

Thus, in accordance with the cluster analysis, equina and major types

are mainly characterized by larger values of PL, PPF and NOB, while

minor types showed, in general, larger values for the remaining

six traits.

As previously stated, the hierarchical cluster analysis (HCA)

and the principal component analysis (PCA) grouped the genotypes

based on the nine evaluated traits. HCA identified seven subclusters

and the percentage of botanical types (paucijuga, minor, equina and

major) in each subcluster and in the whole collection are shown in

Table 3. Similarly, the PCA analyses, first separated the samples

according to the evaluated traits and then the accessions were

assigned to their botanical type (Figure 12). Results in both

analyses lead to the same conclusions, when the starting breeding

material is a minor type, with a high probability, we will obtain tall

plants. On the other hand, major types will produce short plants

with long pods and a large number of pods per flower (Figure 12).

Considering that the analysis included a set of 220 genotypes and

nine environments, we can argue that the selection of the botanical

type is a key starting point in faba bean breeding programs.

Finally, we would like to underline the advantages and

disadvantages of the experimental design used in this study. The

main advantage of augmented designs over complete block designs

(such as a completely randomized design and a randomized complete

block design) is that it requires less experimental resources (seeds,

manpower and management costs). If the researchers lack sufficient

seeds, and are interested in comparing new entries to the controls, an

augmented design would be a good choice. Thus, augmented design is
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especially useful when large numbers of genotypes are to be evaluated,

and should be used for selection in the early stages of breeding

programs (Aguade, 2011). The main disadvantage of augmented

design over complete block designs is that it has less precision for

comparing unreplicated treatments and relatively few degrees of

freedom for experimental error, which reduces the power to detect

differences among treatments. Some other disadvantages of using

augmented design is that missing data cannot be calculated, data

analysis is complex, and it can be used only in single-factor experiments

(Sewenet, 2019).
5 Conclusions

The analysis of 220 faba bean genotypes in four European

countries based on five traits (DTF, NOB, HFP, PPN and SPP)

distinguished two mega-environments (North European ME and

South European ME). Using the “which won where” biplot, winning

genotypes were identified in each mega-environment and using the

mean vs. stability plots, winning and several highest performing

genotypes were distinguished. The analyses identified genotypes with

better performances compared with commercial varieties and winning

genotypes according to the highest trait value in each environment. In

line with our results it is not possible to create cultivars suitable for both

ME with equally good performances. Both ME are suitable as a region

to perform faba bean test locations. The augmented p-rep design

showed to be effective for multi-location trials with a large number of

genotypes and the MTSI index emerged as a reliable method for

identifying genotypes with high stability and performance across

multiple traits. Hierarchical cluster analysis and principal component

analyses showed a clear correlation between the traits analyzed and the

botanical type. These findings indicate that botanical type is one of the

most significant seed traits affecting development in each environment,

and it must be taken into account in faba bean breeding activities.

Collecting data from 220 genotypes across nine environments was a

very time and labor-intensive effort where high-throughput

phenotyping would be an advantageous alternative to validate

findings, particularly for phenological features. The information

derived from this study provides a chance for breeding new resilient

faba bean cultivars adapted to different agroecological European

regions, a critical point for addressing our reliance on protein

imports, to enhance sustainable agricultural practices and to increase

the production of protein-rich crops within Europe.
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Duc, G., Aleksić, J. M., Marget, P., Mikic, A., Paull, J., Redden, R. J., et al. (2015). Faba
bean. Grain legumes. New York: Springer, 141–178. doi: 10.1007/978-1-4939-2797-5_5

Elias, A. A., Robbins, K. R., Doerge, R. W., and Tuinstra, M. R. (2016). Half a century
of studying genotype × Environment interactions in plant breeding experiments. Crop
Sci. 56, 2090. doi: 10.2135/cropsci2015.01.0061
Frontiers in Plant Science 22
FAOSTAT (2021). World food and agriculture - statistical yearbook 2021 (Rome:
Food and Agriculture Organization of the United Nations). Available at: https://www.
fao.org/3/cb4477en/cb4477en.pdf. doi: 10.4060/cb4477en

FAOSTAT (2022). World food and agriculture – statistical yearbook 2022. Available
online at: https://www.fao.org/3/cc2211en/cc2211en.pdf.

Fernandez-Aparicio, M., Sillero, J. C., and Rubiales, D. (2007). Intercropping with
cereals reduces infection by Orobanche crenata in legumes. Crop Prot. 26, 1166–1172.
doi: 10.1016/j.cropro.2006.10.012

Flores, F., Hybl, M., Knudsen, J. C., Marget, P., Muel, F., Nadal, S., et al. (2013).
Adaptation of spring faba bean types across European climates. Field Crops Res. 145, 1–
9. doi: 10.1016/j.fcr.2013.01.022

Gabriel, K. R. (1971). The biplot graphic display of matrices with application to
principal component analysis. Biometrika 58, 453–467. doi: 10.1093/biomet/58.3.453

Galili, T. (2015). Dendextend: an R package for visualizing, adjusting and comparing
trees of hierarchical clustering. Bioinformatics 31, 3718–3720. doi: 10.1093/
bioinformatics/btv428

Gauch, H. G. (2006). Statistical analysis of yield trials by AMMI and GGE. Crop Sci.
46, 1488–1500. doi: 10.2135/cropsci2005.07-0193

Gauch, H. G., Piepho, H. P., and Annicchiarico, P. (2008). Statistical analysis of yield
trials by AMMI and GGE: further considerations. Crop Sci. 48, 866–889. doi: 10.2135/
cropsci2007.09.0513

Gauch, H. G., and Zobel, R. W. (1996). “AMMI analysis of yield trials,” in Genotype-
by-environment interaction. Eds. M. S. Kang and H. G. Gauch (CRC Press, Boca Raton),
85–122. doi: 10.1201/9781420049374.ch4

Gela, T. S., Khazaei, H., Podder, R., and Vandenberg, A. (2023). Dissection of
genotype-by-environment interaction and simultaneous selection for grain yield and
stability in faba bean (Vicia faba L.). Agron. J. 115, 474–488. doi: 10.1002/agj2.21268

Gnanasambandam, A., Paull, J., Torres, A., Kaur, S., Leonforte, T., Li, H., et al.
(2012). Impact of molecular technologies on faba bean (Vicia faba L.) breeding
strategies. Agronomy 2, 132–166. doi: 10.3390/agronomy2030132

Greveniotis, V., Bouloumpasi, E., Zotis, S., Korkovelos, A., Kantas, D., and Ipsilandis,
C. G. (2023). Genotype-by-environment interaction analysis for quantity and quality
traits in faba beans using AMMI, GGE models, and stability indices. Plants 12, 3769.
doi: 10.3390/plants12213769

Gurmu, F., Lire, E., Asfaw, A., Alemayehu, F., Rezene, Y., and Ambachew, D. (2012).
GGE-biplot analysis of grain yield of faba bean genotypes in southern Ethiopia.
Electronic J. Plant Breed. 3, 898–907.

Gutiérrez, N., Palomino, C., Satovic, Z., Ruiz-Rodrıǵuez, M. D., Vitale, S., Gutiérrez, M. V.,
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