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Abstract: Alfalfa (Medicago sativa L.) is used to support livestock. A stability study was carried out
over three years. The stability indices for yield and main quality characteristics such as plant height,
number of nodes, the yield of green mass and dry matter, crude protein and fiber (%), and ash (%),
were examined. Statistical analysis revealed significant differences that indicated the presence of high
genotype—year interactions. Heritability was higher in the case of qualitative traits than quantitative
traits. The most intriguing correlation was between green mass yield and crude protein content
because positive correlations may lead to indirect and simultaneous selection. According to the
statistical biplot models AMMI and GGE, the best genotypes for almost all traits to use, regardless of
the environment and cultivation type, were the G8 (Population 2) followed by cultivar G3 (Yliki).
Despite the high index values shown by the parameter number of nodes, the latter and yield showed
low heritability.

Keywords: yield; stability index; selection; adaptability; AMMI; GGE

1. Introduction

The crop alfalfa (Medicago sativa L.) supports livestock in many places in the world;
thus, its yield and quality are of great importance to the farmers who use it as an animal
feed [1,2]. In addition, it adds nitrogen to the soil, improving the productivity of following
crops, while its biomass contributes to the productivity of animals [3]. The genetic and
phenotypic variability in alfalfa cultivars [4] allows its cultivation in various environments.
The cultivars and populations of alfalfa that have been developed after an intense selection
resulted in resistance to diseases, drought, or cold [5]. Undeniably, alfalfa represents a
significant crop for farming in many places of the world [6]. Alfalfa is rich in protein,
diverse nutrients, minerals, and numerous vitamins [6,7]. Other reports state that dry
matter contains organic materials, fibers, proteins and fats, and anti-inflammatory and
immunostimulatory agents, much more than other grass species [8,9].

Fahad et al. [10], Kebede et al. [11], Odeseye et al. [12], Wayu and Atsbha [13], and
Atumo et al. [3] reported different behavior in yields across years and areas of cultivation,
and in other words, different response to environments. Alfalfa exhibits broad adaptation
capability in different environments [14]. A breeder has to propose alfalfa varieties suit-
able for different environments, whereas farmers must introduce this valuable crop into
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cultivation in order to support livestock [6,15]. Selection in a breeding program is based
mainly on yield stability and high quality [16]. Experimental populations are the first step
in breeding programs aiming at designing new varieties of a rich gene pool [17-19]. Seiam
and El-Nahrawy [20] performed modified mass selection to select profitable genotypes in
alfalfa. They managed to improve yield and many qualitative characteristics and reported
that protein content is of primary concern since it contributes to the quality of animal feed.
Their results showed sufficient genotypic variation among selected families useful for their
breeding program. Unal et al. [21] reported successful mass selection concerning green
forage and dry matter yields during the breeding procedure of alfalfa genetic materials.
Furthermore, they concluded that some promising genetic materials may exhibit high and
stable yield performance, with good quality. Also, Acharya et al. [22] reported a high and
stable improvement of dry matter yield in alfalfa genetic materials that may be utilized
in order to develop high performing and well-adopted alfalfa cultivars. Eren et al. [23]
analyzed alfalfa genetic diversity and local population structure by molecular markers.
They concluded that the iPBS molecular markers can be a helpful tool in identifying parents
with high genetic diversity in alfalfa breeding.

As it is known, yield is strongly affected by factors such as genotype (G), environment
(E), and genotype x environment interaction (GEI) [24-27], but, among them, GEI leads
genotypes to respond differently in different environments [28]. The literature reports that
the cultivation year significantly influences green mass and dry matter yield, as well as
the protein content (%) in some species [29]. Differences in the genotype adaptability in
various environmental conditions result in problems concerning the choice of cultivar [30].
It was observed that due to the GEI, some premium cultivars of alfalfa are dependent on the
environment [31]. As a solution for the GEI, Ceccarelli [32] proposed cultivars of specific
adaptation for use in certain environments.

The literature reports different statistical techniques to analyze and explain GEI [33,34].
Two statistical analysis methods, the additive main effect and multiplicative interaction
(AMMI) [35] and the genotype-by-environment (GGE) biplot [36], are mostly utilized since
they can provide easy to read graphical tools that can give valuable insights about GEIL
Especially, the GGE biplot allows the analysis of the genotype for two parameters at the
same time (i.e., stability and yielding ability) and, thus, is considered a powerful tool for
efficiently examining the multi-environment data in breeding [37].

This study aims to assess three-year environmental conditions and genotypes, to
determine how year effects affect alfalfa genotypes” behaviors, and to suggest the best
genotypes based on the stability, using the tool of the stability index [38] for alfalfa yield
and main quality traits. The genotypes utilized for this study were six Greek cultivars and
four populations derived from Greek ecotypes in western Macedonia by the application of
the mass selection method.

2. Materials and Methods
2.1. Plant Material, Environment, and Experimental Design

All the experiments were conducted in Trikala, central Greece, for three years, which
we consider to be different environmental conditions. Figure 1 shows meteorological data
for the three years of experimentation, including mean air temperature (°C) and total
monthly rainfall (mm). The sowing was completed within one day on 18 March 2007.

Six alfalfa varieties, namely G1: Florina, G2: Dolichi, G3: Yliki, G4: Ypati 84, G5:
Chaironia, and G6: Chloi, as well as four alfalfa experimental populations—G7: Population
1, G8: Population 2, G9: Population 3, and G10: Population 4—created by Stylianos
Zotis were the genetic materials used in the present study. Five varieties (G1 to G5)
were obtained from the Institute of Industrial and Forage Crops (Hellenic Agricultural
Organization Demeter, Greece). Chloi (G6) was developed by Zouliamis Nikolaos (Servia,
Kozani, Greece). Ypati 84 is the first place in the preferences of Greek producers, with high
yield and adaptability in various climate. Chloi and Yliki varieties are mid-early, long-lived,
and productive with excellent establishment capacity and adaptability in all regions of
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Greece. Dolihi and Haironia varieties are long-lived, with excellent establishment capacity
and are recommended for the warmer regions of the country where they re-grow even in
the winter, while Florina is resilient to cold and dry conditions. The G7 to G10 populations
were created by applying the mass selection method to Greek ecotypes of the region of
western Macedonia.
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Figure 1. Meteorological data for the alfalfa period of cultivation (2007-2009).

The chosen experimental design was a randomized complete block, according to
Steel et al. [39], in four replications. Each plot consisted of five rows 8 m long, 0.25 m apart,
and plant density was as usual for forage grasses (seeding rate was 18 Kg ha™!). The total
experimental plot area was 10 m?.

The cultivation techniques were the usual ones followed by all local farmers. P,O5
(0-46-0) was added as a fertilizer (annually 90 Kg ha™1), incorporated into the soil before

sowing in the first year, and surface spread every January for the two following years.

2.2. Experimental Measurements

The experimental measurements were performed randomly on ten main stems (one
for each crown) in each plot. The following agronomic characteristics were measured just
before the harvest:

(a) Plant height: the measurement in centimeters between the top of the stem and the soil.
(b) The number of nodes, expressed as the total number of main stem nodes.

The harvest of the plots was performed mechanically at the onset of flowering
(BBCH 60, Enriquez-Hidalgo et al. [40]). A total of eighteen cuts were made during
the first to third year of the plant’s life to evaluate populations and cultivars: five in 2007;
seven in 2008; and six in 2009. The whole plot area was cut to a height of 5 cm, and the cut
was then weighed to determine the green forage yield.

Subsamples of about 500 g of green biomass were obtained from the center of each
plot just before cutting and used to measure dry matter yield after drying (at 105 °C, 48 h).
The results were expressed in tons per hectare (t ha—1). The sum of the annual cuts was
used to calculate the annual forage yields.

The advised official methods [41] were used to assess the chemical composition of the
samples. The samples obtained after every cut of the second season were dried at 70 °C
before analysis. The crude protein (%) was determined using the Kjeldahl method using the
conversion factor of 6.25 (AOAC, 2005) [42]. Crude fiber (%) was determined according to
the AOAC method 978.10, which consists of digestions (under acidic and basic conditions),
followed by the gravimetrical determination of the remaining residue (AOAC, 2005) [42].
Ash (%) was determined by the incineration of the sample at 600 °C in a furnace for two
hours as recommended by the AOAC 942.05 method [42].
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2.3. Data Elaboration

The stability index was calculated using, as follows, [24-27,38,43-47] (xX/ s)z, where ¥
represents the mean value of each parameter examined for every genetic material utilized
in this study and s the respective standard deviation. ANOVA was used to assess the data
across environments to reveal significant differences for each measured parameter. The
following growth seasons were defined as environments: 2007 was Environment 1 (E1),
2008 was Environment 2 (E2), and 2009 was Environment 3 (E3). The data from all harvests
within a year were averaged for the statistical analysis. The data were analyzed using
a mixed model and two-way analysis of variance (ANOVA), where genotypes were the
fixed variable and environment was the random effect [39]. Correlation between traits
was analyzed and measured by the Pearson coefficient as suggested in the literature [39].
A level of significance of less than 0.05 was used in all statistical tests performed. All
statistical analyses were performed using the software SPSS 25 (International Business
Machines—IBM Corporation, Chicago, IL, USA).

The variance was computed using the mean-squared values of the genotypes, genotype
environment, error, and replicates, as recommended in the literature [48]. This allowed the
establishment of the genetic parameters for the attributes under study. The heritability in a
broad sense (Hz) was computed based on literature suggestions [49,50], as follows:

2
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For each evaluated attribute, the phenotypic coefficient of variation (PCV) and geno-
typic coefficient of variation (GCV) were calculated based on the following equations [51]:

V%%
GCV(%) = x 100

o2
P

X
where the genotypic variance, phenotypic variance, genotype X environment variance,
residual variance (error), number of replications, number of environments, and overall
mean for every examined attribute are, in turn, denoted by (Té,z, (7%, (Té,zxe, (T,ze, r, e, and

X, respectively.

2.4. Biplot Models
There are two widely used biplot models:

AMMI biplot = the additive main effects and multiplicative interaction and,

GGE biplot = genotype + genotype x environment.

The analysis of variance of the genotype and environment main effects with the PCA
of the GEI generates the AMMI model, while the AMMI or GEI biplot is performed based
on the SVD of a double-centered G x E table [52,53].

The AMMI analysis was used to depict the genotype x environment interaction
via software using multi-environment data for analysis. The AMMI produces two-way
tables, and the estimated least-squares are used to extract a two-way ANOVA for studying
the factor’s main effects. In this manner, a value showing the residual interaction is
estimated [54]. Besides the adaptation figure map, AMMI can generate a biplot with the
factor and Principal Component 1 (PC1) projected on the X and Y axes, respectively. When
the PC1 value is low, the genotype is placed near the X axis, suggesting that it is the more
stable among all environments.
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The concept of the biplot was first developed by Gabriel [55]. It is a scatter plot that
graphically displays both the entries (e.g., cultivars) and the testers (e.g., environments) of
two-way data (http:/ /www.ggebiplot.com/concept.htm, accessed on 13 February 2024).

In breeding and genetics data, testers can also be traits, genetic markers, etc. GGE
analyses simultaneously genotype main effect (G) with genotype by environment interac-
tion (GEI), revealing the main portion of the variance. The GGE matrix includes genotype
by environment (G x E) data without environment means. The generated biplot depicts
the GGE of a genotype affected by the environment [36,37].

GGE biplots reveal that the most stable and desirable environments are those placed
near the average and ideal environment and the genotypes with high desirability are
located close to the ideal genotype.

Statistical analysis was performed using the PB tools v.1.4. (free version) software of
the International Rice Research Institute (IRRI, Laguna, Philippines).

2.5. Exploratory Data Analysis

Exploratory data analysis was based on cluster analysis and heat tables. Ward’s
method was used to process the data mathematically in hierarchical cluster analysis (HCA).
JMP 14 (SAS Institute Inc., Cary, NC, USA) was used to conduct the HCA analysis. A
dendrogram is used to display the cluster analysis results.

Also, a scaled principal components analysis (PCA) was performed in order to explain
the variability and the contribution of the characteristics studied. A two-stage technique
was used.

3. Results
3.1. Variation in the Stability Indices
Table 1 reports ANOVA results for the yield and quality traits of alfalfa. Statistically

significant differences were observed at the 0.05 level for all the parameters studied, except
for all G x Y interactions (GEI) that were significant at the p < 0.01 level.

Table 1. Mean squares (m.s.) from an ANOVA for the evaluated attributes across years and genotypes.

¢ Plant Height Number of Green Mass Dry Matter Crude Protein Crude Fiber Ash Content
%ou'rce': o (cm) Nodes Yield (t ha—1) Yield (t ha—1) (%DM) (%DM) (%DM)
ariation m.s m.s. m.s. m.s. m.s. m.s. m.s.
Year (Y) 22.584 ** 2.935 ** 693.313 ** 27.378 ** 0.075 ** 0.090 ** 0.074 **
Genotype (G) 49.930 ** 3.223 ** 79.110 ** 1.919 ** 7.520 ** 15.010 ** 1.983 **
Yeur DISPe essan 1.056 ** 13.738 ** 0324 % 0.454 ** 1433 0.142 %
Error 0.401 0.047 2.849 0.143 0.001 0.001 0.001

Probability values: * p < 0.05; ** p < 0.01.

Table 2 presents stability indices for all traits. Crude fiber (%) showed the highest
stability indices. Five genetic materials exceeded 10,000, whereas in the case of Population 3,
50,000 was exceeded, which is a very extreme value. Crude protein content (%) also showed
high values for three genetic materials (near or over 10,000 and up to 20,000). The third
qualitative trait, ash content, also showed high values (over 6000 in two cases). Plant height
is a quantitative trait with high values. Yield showed the lowest values, whereas variety
Dolichi and Population 4 showed the highest values for green mass. Ypati 84, Yliki, and
Dolichi showed the highest stability values for dry matter yield. Populations 2, 3, and 4
showed some encouraging results as potential sources of stability since some extreme
values were calculated (over 20,000 or even over 50,000) for the number of nodes, crude
protein content, and crude fiber content.
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Table 2. Stability index estimates for different traits, across years.

Plant Height =~ Number of Green Mass Dry Matter Crude Pro- Crude Fiber =~ Ash Content

Genotypes (cm) Nodes  Yield (thal) Yield (tha™!) tein(%DM)  (%DM) (%DM)
Florina 4691 734 154 233 5562 1812 4491
Dolichi 2187 331 166 270 4693 1836 6213

Yliki 3550 6791 133 329 2749 1983 5567
Ypati 84 1591 425 111 334 14,184 24,296 3314
Chaironia 2976 424 105 250 5250 2009 6166
Chloi 4418 1784 106 208 6393 10,000 4856
Population 1 3800 1069 106 206 4468 1963 4756
Population 2 1535 3970 161 101 20,209 13,695 4854
Population 3 2757 312 63 176 5002 50,025 5373
Population 4 1843 675 209 102 9448 11,233 5172
3.2. Heritability Estimations
Genetic parameters for every attribute are shown in Table 3. Based on the stability
index, all qualitative variables (protein, ash, and fiber content) displayed strong heritability
values greater than 90%. The heritability of the number of nodes was the lowest, at around
67%. The yield (green mass and dry matter) stability indices were at a satisfactory level
and heritability exceeded 80%.
Table 3. Genetic parameter estimates for different traits, across years.
Traits Min. Max. Mean sd oz o GCV (%)  PCV(%)  H2 (%)
Plant Height (cm) 62.93 72.34 68.36 2.345 3.587 4.161 2.770 2.984 86.21
Number of Nodes 11.77 14.70 12.92 0.699 0.181 0.269 3.288 4.010 67.24
Green Mass Yield (tha™') 35.63 55.67 44.88 4.676 5.448 6.592 5.201 5.721 82.63
Dry Matter Yield (t ha™!) 8.85 13.35 11.26 0.873 0.133 0.160 3.239 3.552 83.11
Crude Protein (%DM) 19.21 22.73 21.10 0.800 0.589 0.627 3.637 3.752 93.96
Crude Fiber (%DM) 26.02 29.86 28.19 1.164 1.131 1.251 3.773 3.967 90.45
Ash Content (%DM) 10.37 12.04 11.14 0.416 0.153 0.165 3.516 3.649 92.84
sd—standard deviation, Ug—genotypic variance, Uf,—phenotypic variance, GCV—genotypic coefficient of varia-
tion, PCV—phenotypic coefficient of variation, H>—broad-sense heritability (%).
3.3. Trait Correlations
The correlations between each attribute are shown in Table 4. The correlation between
the green mass yield and crude protein content is the most intriguing one, suggesting
that high yield stability may ensure high protein content stability, although the results
suggest a non-linear relationship under certain environmental conditions. Plant height
and the number of nodes have an almost moderate correlation (r = 0.391), while the
number of nodes correlates weakly to crude protein and crude fiber content (r = 0.203 and
0.335, respectively).
Table 4. Correlations between all traits, across years.
Plant Height Number of Green Mass Dry Matter Crude Pro- Crude Fiber
(cm) Nodes Yield (tha—1)  Yield (tha—1) tein (%DM) (%DM)
Number of Nodes 0.391 **
Green Mass Yield (tha~1) ~0.143 0.046
Dry Matter Yield (t ha~1) —0.130 0.066 0.795 **
Crude Protein (%DM) 0.118 0.203 * 0.181 * 0.107
Crude Fiber (%DM) 0.427 ** 0.335 ** 0.113 0.189 * —0.001
Ash Content (%DM) —0.294 ** —0.161 —0.054 0.063 0.137 —0.035

* Correlations significant at the 0.05 level (2-tailed), ** Correlation is significant at the 0.01 level (2-tailed).
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3.4. AMMI and GGE Biplots

Figures 2—4 and S1-54 show the biplot data for AMMI and GGE. For AMMI analysis,
the X axis is the axis of the trait and the Y axis, the PC1, is the axis of stability. For the GGE
biplot, the GGE method, PC1 is related to the adaptability of the genotypes, and PC2 is

linked to the stability [28,56].
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Figure 2. Green mass yield (t ha™!) stability analysis, based on (a) AMMI adaptation map; (b) AMMI1
biplot; (¢) environmental stability GGE biplot; (d) genotypic stability GGE biplot; and (e) which-won-
where GGE biplot for specific adaptability of genotypes over environments. The genotypes closer to
the ideal genotype are the most desirable.
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Figure 3. Dry matter yield (t ha=1) stability analysis based on (a) the AMMI adaptation map; (b) the
AMMI1 biplot; (c) the environmental stability GGE biplot; (d) the genotypic stability GGE biplot; and
(e) the which-won-where GGE biplot for the specific adaptability of genotypes over environments.
The genotypes closer to the ideal genotype are the most desirable.
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The AMMI analysis (Figure Sla,b) for the trait of plant height revealed that the G7
(Population 1) was the most stable and desired genotype, since it was placed on the
right part of the X axis (the axis of trait) and had a low PC1 value, followed by the G5
(Chaironia), G2 (Dolichi), G4 (Ypati 84), and G1 (Florina). The variation captured by the
model for PC1 was 77.9% of the original total variation. The GGE biplot revealed that the
G7 (Population 1), G2 (Dolichi), G5 (Chaironia), G4 (Ypati 84), and G1 (Florina) genotypes
were the most desirable for stability, since they were placed in the concentric area of
stability and adaptability of the bipolot graphic (Figure S1d of biplot of genotypes view).
The GGE analysis explained about 98.8% of the total variability (PC1 89.2%, PC2 9.6%).
The G7 (Population 1), G5 (Chaironia), G2 (Dolichi), and G4 (Ypati 84) were adapted to
environments E1 (2007) and E3, and the which-won-where biplot (Figure Sle) showed that
the G7 (Population 1), G5 (Chaironia), G2 (Dolichi), and G4 (Ypati 84) were adapted to
environments E1 (2007) and E3 (2009), whereas the G1 (Florina) was adapted to E2 (2008).

AMMI analysis of the trait number of nodes (Figure S2a,b) showed that the variation
captured for PC1 (stability) was 68.4% of the total variation and the most stable genotypes
were the G4 (Ypati 84) followed by the G2 (Dolichi), G7 (Population 1), and G8 (Popu-
lation 2), since they were placed in the right part of the X axis combined with low PC1
values. The GGE analysis explained an 80.1% (PC1 65%, PC2 25.1%) of total variability.
The desirable genotypes over all environments were the G4 (Ypati 84), followed by the G2
(Dolichi) and G7 (Population 1), since they were placed in the concentric area of stability and
adaptability of the biplot (Figure S2d). All environments show high variability (Figure S2c).
The which-won-where biplot (Figure S2e) showed that the G1 (Florina) genotype seems to
be better adapted to the environment E1 (2007), whereas the G4 (Ypati 84), G7 (Population
1), and G2 (Dolichi) are better adapted in E2 (2008) and E3 (2009) environments.

After the AMMI stability analysis involving the green mass yield (Figure 2a,b), results
showed that the most stable genotypes for all environments were the G8 (Population 2),
followed by G6 (Chloi), G5 (Chaironia), G4 (Ypati 84), and G3 (Yliki), since they were
placed in the right part of the X axis combined with low PC1 values. The PC1 was 69.6%,
quite high for acceptable results. Following the GE biplot (Figure 2d), the most stable
and productive genotypes were the G8 (Population 2) followed by G4 (Ypati 84). The
variability expressed by the GGE biplot analysis for stability and adaptability was 94.2%
(PC1 82.1% and PC2 12.1%). All mentioned genotypes were placed near the ideal genotype.
The environments expressed high variability (Figure 2c). Genotypes G4 (Ypati 84) and
G8 (Population 2) adapted better in E1 (2007) and E2 (2008) environments, and the G5
(Chaironia), G6 (Chloi), and G3 (Yliki) in the E3 (2009) environment (which-won-where
biplot Figure 2e).

AMMI analysis of dry matter yield (Figure 3) showed that the variation captured
was 90.6% of the original total variability, and the stable and desirable genotypes were G8
(Population 2), followed by G4 (Ypati 84), and G3 (Yliki). For the trait of dry matter, the G8
was the most productive and unstable, followed by more stable but less productive G4 and
G3 genotypes for both AMMI and GGE biplots.

However, we have to take into account that green mass and dry matter have a high
and significant coefficient of correlation of 0.795. For this instability, it is not clear why, but
it is commonly expected that high green mass also means high dry matter yield. Taking into
account all the above, the G8 population, even if it is unstable, is an interesting genotype
for selection, taking into account the performance of the other traits.

On the other hand, according to the GGE biplot, the stable genotypes for dry matter
were G8, followed by G4 (Ypati 84) and G3 (Yliki), since they were placed in and near the
concentric area of the desirable genotypes (Figure 3d). The variability for stability and
adaptability explained was 97.7% (PC1 76.7% and PC2 21%). The environments were quite
diverse as the diagram revealed in Figure 3e: G8 (Population 2) adapted to the E2 (2008)
environment, whereas the G3 (Yliki), G4 (Ypati 84), and G5 (Chaironia) adapted to the
E1 (2007) and E3 (2009) environments.
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Regarding the crude protein content trait (Figure 4a,b), the analysis on AMMI captured
66.5% of the total variation and classified genotypes based on their stability as follows: G5
(Chaironia), G8 (Population 2), G2 (Dolichi), and G6 (Chloi), since they were placed in the
right position of the X axis and had low PC1 values. The GGE biplot analysis revealed
that the desired genotypes were G6 (Chloi), G5 (Chaironia), and G8 (Population 2) since
they were placed in and near the concentric area of the desirable genotypes. The portion
of the total variability of stability and adaptability explained was 97.4% (PC1 60.6% and
PC2 6.8%—Figure 4c,d). The which-won-where biplot (Figure 4e) showed that the G6
(Chloi) adapted better to the E1 environment and the G5 (Chaironia), G2 (Dolichi), and G8
(Population 2) to E3 (2009).

The AMMI analysis captured 71.4% of the total variation for the crude fiber trait
(Figure S3) showing G3 (Yliki), G6 (Chloi), and G2 (Dolichi) (Figure S3a,b) as the most
desirable genotypes. The GGE biplot analysis explained about 96.4% of the total variability
(PC1 88.7% PC2 7.7%) and revealed G3 (Yliki), G6 (Chloi), and G2 (Dolichi) as the most
stable genotypes in all environments. The environments expressed quite low variability for
this trait. According to the which-won-where biplot (Figure S3e), the G3 (Yliki), G6 (Chloi),
and G2 (Dolichi) adapted better to E1 (2007) and E3 (2009) environments.

Regarding the ash content (Figure S4), the AMMI analysis showed that the PCA
captured 71.4% of the total variability, and both the adaptation map (Figure S4a) and
AMMII (Figure S4b) showed that the G3 (Yliki) genotype, followed by G6 (Chloi) and G2
(Dolichi), were the most stable and most productive for this trait since they were productive
combined with low PC1 values. The GGE biplot showed that the environments were
quite stable and the genotype view biplot (Figure S4d) showed that the productivity and
stability of genotypes decreased in the following order: G3 (Yliki), G6 (Chloi), and G2
(Dolichi) (placed in the concentric area of the ideal genotype). The which-won-where biplot
(Figure S4e) showed that the genotypes G3 (Yliki) and G6 (Chloi) were adapted well to the
E1 (2007) and E3 (2009) environments.

3.5. Exploratory Data Analysis

Cluster analysis was performed to find relationships among the studied alfalfa geno-
types and a heat map (Figure 5) was generated. Cluster analysis alone or in combination
with principal components analysis is generally used for the classification of various genetic
materials (e.g., peas and grapes) [26,57]. Samples from alfalfa genotypes were divided into
six groups (noted with different colors: purple, light blue, brown, blue, green, and red) of
increasing dissimilarity. A similar composition among the samples within the same group
is underlined. It is visible that alfalfa genotypes were divided into two distinct clusters (C1
and C2), each one having three subclusters (5C1, SC2, and SC3, and SC4, SC5, and SC6,
respectively). Grouping for each subcluster revealed that there exists differences among
alfalfa cultivations. More specifically, SC1 (purple) consisted of the Population 3 genotype,
which was characterized by a lower crude protein, crude fiber, ash content, number of
nodes, and plant height. SC2 (light blue) consisted of the Chloi genotype with lower crude
fiber, number of nodes, and plant height, but high protein content and intermediate-to-high
ash content. SC3 (brown) consisted solely of the Yliki genotype, characterized by lower
crude protein, number of nodes, and plant height, but a high content of ash, protein, and
intermediate-to-high content of crude fiber. SC4 (dark blue) included various other sub-
groups, which had intermediate plant height and ash content with two distinct subgroups,
one with high and one with lower crude fiber content. SC5 (green) contained various other
subgroups of genotypes with lower ash content and higher crude fiber and plant height.
Lastly, SC6 (red) included genotypes exhibiting higher plant height, low green mass yield,
and dry matter yield.
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Figure 5. Heatmap of correlations based on the variables measured in alfalfa using Ward’s method
on the standardized data to define distances between clusters. The color of the square areas in the
map dendrogram gradually changes from blue that indicates low values to red that indicates high
values. OIK 1 to 4 correspond to population 1 to 4.
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The principal components analysis was performed and scaled in two stages (1. All the

characteristics and 2. By missing the less relevant), in order to determine variability and
characteristics’ contribution, as presented in Figures 6 and 7. Stage one explained almost
55% of variability by two main coordinates, and stage two explained 73% of variability by
missing ash content, which showed slightly different behavior. The distribution of varieties

did not change considerably.

Component 2 (26.2 %)

Variety

® CHAIRONIA
A CHLOI

® DOLICHI

® FLORINA
AQOIK1

A OIK 2

-

24

34

A OKK3
A OIK 4
" YLIKI
" YPATI 84

T

3

T T T
2 1 0 1 2
Component 1 (28 %)

1.0
eighti(cm)
Number of Nodes
£ 059
g Crude Fiber (%]
: Crude Protein
£ 00 S )
v
=
o
o=
g Ash Content (%D!
U 05
Green Mass Yield:
Dry Matter Yield
-1.0- T T
-1.0 -0.5 0.0 05 1.0

Component 1 (28 %)

Figure 6. First stage component analysis with all characteristics. OIK 1 to 4 correspond to population

1to4.

4 Variety

34 . " CHAIRONIA

L A CHLOI

2 2 M. = DOLICHI
g
8 . Ai“.f . = FLORINA
o My Nt g A OK1
o L i A OIK 2
£ 0 s p
£ - AA . 4 OIK3
SRR P = 4 A OIK 4
S 5 A }A Ay £ . A ® YLIKI

= X a = YPATI 84

3 Aa

4 —— ——

4 3 2 1 0 1 2 3 4

Component 1 (37.7 %)

1.0-

0.5-

ight (cm)—

Number of Ni

e Fiber (%D:

0.0

Component 2 (35 %)

-0.5

Dry Matter Yiel

Green Mass Yield

T
-0.5 0.0
Component 1 (37.7 %)

T
0.5

1.0

Figure 7. Second stage component analysis by missing ash content. OIK 1 to 4 correspond to
population 1 to 4.



Agriculture 2024, 14, 542

13 of 17

4. Discussion

The final scheme of stability analysis is described in Figure 8. The stability index is
calculated for all traits of alfalfa. Then, a combined analysis involving raw data, ANOVA,
AMMI, and GGE biplot is performed in order to define the most stable traits and the
better genotypes exhibiting stability for these traits. Consequently, according to the specific
environmental conditions, the best (ideal) genotype that matched the certain conditions
was revealed.

Traits
i ANOVA-based
C> | andraw data
Alfalfa Stability index :
Genotypes =4 caleulation | |5 |AMMI analysis | | ., | Stable genotype
proposals .
= GGE biplots

Figure 8. A model of analyzing trait stability in alfalfa.

According to the ANOVA table, G x E interactions were highly significant in our
research. Greveniotis et al. [24-27,46,47] reported that G x E interactions often occur in
the cultivations of many plants aiming to support livestock, meaning different behavior
in different places or years. The main traits of alfalfa breeders and farmers, taking into
account green mass yield, dry matter yield, and protein content (%), are subjective to
GEI [5]. Metochis and Orphanos [58] and Tucak et al. [59] reported differentiated yielding
behavior in alfalfa according to environmental conditions or the origin of cultivars [4].
Using molecular markers and clustering, Alzahrani et al. [4] managed to separate cultivars
into two groups, according to the usefulness in a breeding program of alfalfa: that is, to
produce varieties more drought-tolerant and high-yielding. Also, Sayed et al. [15] reported
different behaviors of alfalfa genotypes due to genetic differences and the year of the
experiment for the yield, crude protein %, crude fiber %, and ash %.

In our study, crude fiber (%) showed the greatest stability index that exceeded 10,000
for five genetic materials, whereas crude protein content (%) also showed high values for
three genetic materials. The third qualitative trait, ash content, also showed high values.
For breeders, using the appropriate breeding technique requires an understanding of the
qualitative or quantitative inheritance of traits. According to Fasoulas [60], qualitative
inheritance is linked to both extensive trait stability and a modest number of genes gov-
erning a trait. Greveniotis et al. [27,46,47] claim that qualitative characteristics also show
high stability indices. According to Fasoulas [60], the low stability index values suggest a
somewhat unstable behavior brought on by quantitative inheritance and multi-gene activity.
Nevertheless, plant height is considered a quantitative trait with high values. Green mass
yield showed the lowest values, and variety Dolichi together with Population 4 showed
the highest values for green mass. Dolichi, Ypati 84, and Yliki showed the highest values
for dry matter yield.

All qualitative traits (protein, ash, and fiber content) showed high heritability values
based on the stability index and over 90%, as reported by Greveniotis et al. [27,46] in
other cultivations. Yield stability indices have acceptable levels concerning heritability,
ensuring that the genotype reflects better in the phenotype, simplifying the identification
of promising genotypes by breeders. Sayed et al. [15] reported high estimates for GCV%
and PCV%, but these values do not always follow high heritability estimates, indicating
the presence of genetic variability and effective potential selection for the traits studied.
These findings were in agreement with our results and nevertheless, our results were based
on stability estimates of certain characteristics after calculating stability indices and not
on per se measurements of these characteristics. It seems that stability may ensure high
heritability, after successful breeding for the characteristics studied, as a consequence of a
proper breeding procedure. This remark may be useful to breeders who develop genetic
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materials to be used as potential cultivars, providing farmers with high-quality seeds that
will exhibit high and stable performance.

Significant correlations were found between crude protein content and green mass
yield. This suggests that, although not always linearly, high protein content stability
can be ensured by high green mass yield stability, and vice versa. Also, the trait num-
ber of nodes strongly correlated to plant height, crude protein, and crude fiber content.
Greveniotis et al. [27] proposed that correlations between qualitative traits and yield com-
ponents may be useful for indirect selection in order to accelerate breeding procedures.
Afsharmanesh [61] reported that alfalfa’s dry matter yield highly correlates with the traits
of plant height, stem number/unit area, and leaf area index. Although plant height was
used as a selection criterion to obtain superior genotypes at early stages [62], in the present
study, there was no correlation between plant height and yield in the case of the stability of
performance. Takawale et al. [63] reported significant correlations between the following
traits of alfalfa: green mass yield was significantly correlated to plant height, tillers per
plant to internodal length, dry matter yield to plant height, tillers per plant, and internodal
length and crude protein yield. Yield to crude protein content is in agreement with our
findings, but breeding for yield must include the parameter of the increasing number
of nodes.

AMMI and GGE analysis revealed the G8 (Population 2) genotype as the most pro-
ductive and acceptably stable across all environments for all traits, followed by G6 (Chloi),
G5 (Chaironia), and G2 (Dolichi). Both analyses showed, more or less, the same genotypes
as stable and desirable. The AMMI tool was successfully used by Temesgen et al. [64] to
define the most adaptable genotypes for specific environments, while Gurmu et al. [65]
utilized the GGE biplot to define the most adaptive faba beans cultivars.

In the present study, the statistical elaboration of the results with the abovementioned
tools revealed that genotype was an important factor affecting yield. In the case of alfalfa
under Mediterranean conditions, GGE biplot analysis discriminated genotype types accord-
ing to biomass yield, or total yield, and those having high adaptability for both traits [15].
These literature findings indicate that stability analysis of our genotypes under different
environmental conditions is fundamental to distinguishing the most adaptable cultivars
for cultivating or breeding purposes. GGE analysis discriminated the obtained data better
than AMMI,; thus, we suggest using it when discovering the best genotypes suited for a
specific environment.

Successful grouping of genetic materials was performed by using certain selected traits.
Differently, the principal component analysis also resulted in variety distribution, where
ash content showed a negative contribution. By excluding that characteristic, the variability
explanation reached 73%. Maybe this is due to the total ingredient content of the materials
used and must be analyzed further because of the consequences on animal nutrition.

5. Conclusions

In different environments, the stability of performance has more importance than
the performance per se. Our approach for modeling the stability of alfalfa involved
stability index measurements, genetic parameter calculations, and statistical tools, including
cluster analysis, AMMI, and GGE. Interactions G x E were statistically significant for all
traits studied. Dolichi and Population 4 showed the highest stability values for green
mass. Ypati 84, Yliki, and Dolichi showed the highest stability values for dry matter yield.
According to genetic parameters, all qualitative traits (protein, ash, and fiber content)
showed high heritability. Yield stability indices were at a satisfactory level. Correlations
showed a significant relationship between green mass yield and crude protein content,
which means high yield stability may ensure high protein content stability and the opposite,
under certain environmental and breeding conditions.

The AMMI and GGE analysis revealed that the optimal genotypes to utilize are the
G8 (Population 2) followed by cultivars G6 (Chloi), G5 (Chaironia), and G2 (Dolichi) for
all traits. The results of the present study revealed that the GGE biplot is an efficient tool
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for identifying adaptable and stable cultivars. These findings can be used to make the best
choice in terms of cultivars and the populations of alfalfa that best fit a specific environment.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agriculture14040542 /s1, Figure S1. Plant height (cm) stability
analysis, based on (a) AMMI adaptation map; (b) AMMI1 biplot; (c) Environmental stability GGE
biplot; (d) Genotypic stability GGE biplot; (e) Which-won-where GGE biplot for specific adaptability
of genotypes over environments. The genotypes closer to the ideal genotype are the desirable.
Figure S2. Number of nodes stability analysis, based on (a) AMMI adaptation map; (b) AMMI1 biplot;
(c) Environmental stability GGE biplot; (d) Genotypic stability GGE biplot; (e) Which-won-where
GGE biplot for specific adaptability of genotypes over environments. The genotypes closer to the
ideal genotype are the desirable. Figure S3. Crude fiber content (%DM) stability analysis, based on
(a) AMMI adaptation map; (b) AMMI1 biplot; (c) Environmental stability GGE biplot; (d) Genotypic
stability GGE biplot; (e) Which-won-where GGE biplot for specific adaptability of genotypes over
environments. The genotypes closer to the ideal genotype are the desirable. Figure S4. Ash content
(%DM) stability analysis, based on (a) AMMI adaptation map; (b) AMMI1 biplot; (c) Environmental
stability GGE biplot; (d) Genotypic stability GGE biplot; (e) Which-won-where GGE biplot for
specific adaptability of genotypes over environments. The genotypes closer to the ideal genotype are
the desirable.
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